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The Inheritance of Partial Self-compatibility 
Inbreds Homozygous for Different S-Alleles 

T. Hodgkin 
Scottish Horticultural Research Institute, Dundee (Scotland) 

in Brassica oleracea L. 

Summary. In a study of partial self-compatibility in Bras- 

sica oleracea, flower number, seeded siliqua and seed pro- 
duction were recorded on self- and cross-pollinated inflo- 
rescences of 32 progenies obtained by inter-crossing and 
selFmg 8 plants homozygous for the incompatibility alleles 
$2, Ss, Sis and S4s. 

Progeny differences for both self- and out-cross seed 
production could be largely attributed to G.C.A. effects 
which were essentially uncorrelated. For cross-pollinated 
inflorescences heterosis was also important. Significant 
differences were found for selfed seed set and its two com- 
ponents, the proportion of flowers producing seeded sil- 
iquae and the numbers of  seed per seeded siliqua, between 
parents with the same S-allele which could not be attri- 
buted to S-genotype alone. No evidence of  increased self- 
compatibility in particular S-allele heterozygotes (mutual 
weakening) could be found. 

Outcross seed production depended primarily on the 
numbers of seeds set per seeded siliqua while self seed pro- 
duction was largely determined by the proportion of flow- 
ers which produced seeded siliqua. It is suggested that this 
is a key character for the production of inbred lines with 
reduced partial self-compatibility. 
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The degree of  partial self-compatibility appears to be 
controlled by modifier genes (Nasrallah and Wallace 1968; 
Haruta 1966; Hodgkin 1975) and by the degree of domi- 
nance of the incompatibility alleles (S-alleles) present 
(Thompson and Taylor 1966a). It is also influenced by 
environmental and physiological factors such as tempera- 
ture (van Marrewijk and Visser 1975), relative humidity 
(Carter and McNeilly 1975), age of plant and age of flow- 
er (Hodgkin 1976). 

Hodgkin (1975, 1978, 1980) studied the mode of ac- 
tion of genes modifying the strength of self-incompatibil- 
ity and found that the inheritance of self seed production 
in partially self-compatible plants was complex, but it was 
possible to identify inbreds which produced fewer selfed 
seeds because they had a large proportion of flowers with 
a fully-functional incompatibility system. 

In the previous experiments a single recessive or mod- 
erately recessive S-allele was used, with the result that no 
observations were made on the relation between S-allele 
and the level of partial self-compatibility present, or on 
the interactions between S-alleles. This paper describes an 
experiment in which inbred plants homozygous for differ- 
ent S-alleles were intercrossed in order to obtain further 
information on the inheritance of partial self-compatibili- 
ty in B. oleracea and, in particular, to investigate the ef- 
fect of different S-alleles on the expression of genes modi- 
fying S-allele function. 

Introduction 

Brassica oleracea has a single locus, multi-allelic, sporo- 
phytic self-incompatibility system (Thompson 1957) 
which is utilised in the production of horticultural and 
agricultural hybrid cultivars. Unfortunately the incompat- 
ibility system often fails to operate with complete effi- 
ciency (partial self-compatibility) with the result that 
inbreds seeds (sibs) are frequently present in hybrid cul- 
tivar seed lots. 

Materials and Methods 

Eight inbred plants (7 Brussels sprout and 1 cabbage) were inter- 
crossed and selfed by bud pollination to give a half diallel with 
selfs. Of the 36 possible progenies four had insufficient seeds - 
the selfed progenies of parents 1, 2 and 7 and the crossbred 1-2. 
The parent plants were homozygous for four different S-alleles; 
parents 1 and 2 for $2, parents 3 and 4 for S s, parents 5 and 6 
(the cabbage) for Sts and parents 7 and 8 for S4s. The dominance 
relationships of the S-alleles in the parents are as follows (from 
Thompson and Taylor 1966b; Ockendon 1975; van Hal unpub- 
lished): 

0040-5752/80/0058/0101/$1.20 



102 Theor. AppL Genet. 58 (1980) 

S 2 S s - S 2 dominant to S s in pollen, independant action in 
stigma 
S 2 S~5 - S =  dominant to Sts in pollen, independant action in 
stigma 
S 2 $45 - independant action in pollen, $45 dominant to S 2 in 
stigma 
S 5 S~s - $15 dominant to S 5 in pollen, independant action in 
stigma 
S 5 S4s - S4s dominant to S 5 in pollen and partially dominant 
in stigma 
S~5 $45 - S4s dominant to Sts in poUch, independant action 
in stigma 

Mutual weakening between the S-alleles in a number of these com- 
binations has been reported by van Hal (unpublished) and Thomp- 
son (1972) and so has partial dominance of S 2 to $4~ in the stigma. 
The 32 available progenies were sown into peat blocks and plant- 
ed to give two blocks in each of which rows of experimental 
plants alternated with rows of Brussels sprout cultivar used as polli- 
nator (Hodgkin 1978). During the year of flowering (1974) one 
inflorescence from each of four randomly chosen plants of every 
progeny in each block was bagged to permit only self pollination. 

Self and outcross seed set, seeded siliqua production and flower 
number were recorded from these infloreseenees and equivalent 
unbagged ones as described previously (Hodgkin 1978). The num- 
bers of seeds per flower and its two components, the proportion 
of flowers giving seeded siliquae and the number of seeds per seed- 
ed siliquae were analysed as log transformations using the proce- 
dure of Gilbert (1967) which fits additive parental main effects or 
'combining abilities' according to the model 

YiJ = bi + bj + interaction 

where b i is the general combining ability (G.C.A.) of the ith parent 
plus one half of the general mean, bj that of the jth parent plus 
one half of the general mean, and the interaction, or specific com- 
bining ability (S.C,~.), includes all differences not attributable to 
parents. Each analysis was performed with and without the selfed 
progenies included and the analyses of data from bagged inflores- 
cences were done for parents and for S-alleles. Tables of untrans- 
formed data are given but the analyses given are based on trans- 
formed data. Significance was tested against the pooled within 
family variance, since block differences were not significant. 

Table 1. Means for seed set on unbagged inflorescences of B. oleracea half diallel progenies 

Unbagged inflorescences Bagged inflorescences 

Progeny Seeds per flower Seeded siliquae Seeds per Seeds per flower Seeded siliquae Seeds per 
per flower seeded siliquae per flower seeded siliquae 

3-1 4.78 0.73 6A2 0.83 0.24 2.53 
3-2 7.90 0.72 10.98 0.80 0.20 3.24 
3-3 3.26 0.64 4.81 2.74 0.47 5.50 
4-1 3.82 0.60 5.40 0.83 0.38 2.00 
4-2 9.95 0.70 14.23 3.14 0.27 10.67 
4-3 5.48 0.77 6.75 4.95 0.59 7.84 
4-4 3.87 0.66 5.77 2.07 0.50 3.94 
5-1 6.18 0.61 10.30 1.25 0.35 3.19 
5-2 11.88 0.75 15.18 1.99 0.32 6.64 
5 -3 12.03 0.82 14.29 5.89 0.67 8.05 
5-4 9.64 0.73 12.87 5.58 0.66 7.87 
5-5 2.21 0.32 5.69 1.61 0.37 3.38 
6-1 4.90 0.75 6.40 0.41 0.16 2.00 
6-2 5.89 0.67 8.21 1.44 0.18 5.53 
6 -3 6.61 0.68 10.00 1.02 0.24 3.75 
6-4 7.14 0.79 9.09 1.06 0.30 4.09 
6-5 6.69 0.82 8.21 2.49 0.31 5.91 
6-6 0.84 0.28 2.99 0.30 0.09 2.45 
7-1 5.77 0.69 9.15 0.35 0.14 1.87 
7-2 7.62 0.69 11.49 0.37 0.15 2.81 
7-3 7.53 0.74 9.86 0.64 0.19 2.56 
7-4 6.46 0.77 8.29 1.06 0.27 3.50 
7-5 6.33 0.69 8.83 2.10 0.39 4.03 
7-6 5.42 0.63 7.41 0.06 0.04 1.50 
8-1 3.92 0.77 5.00 0.44 0.19 2.26 
8-2 5.57 0.81 6.93 0.31 0.15 2.11 
8-3 6.47 0.77 8.48 0.73 0.26 3.00 
8-4 7.07 0.74 9.37 1.07 0.30 3.75 
8-5 5.78 0.69 8.57 1.82 0.39 4.06 
8-6 5.50 0.63 8.78 0.49 0.18 2.69 
8-7 5.40 0.74 7.12 0.74 0.21 3.27 
8-8 1.70 0.39 4.20 0.38 0.15 2.64 

Mean 6.05 0.68 8 A7 1.53 0.29 4.02 
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Table 2. Analysis of seed production variates (after log transformation) on un- 
bagged inflorescences of B. oleracea half diallel progenies 

Mean squares 

Item d.f. Seeds per flower Seeded siliquae Seeds per 
per flower seeded sfliquae 

G.C.A. 7 3.4746 ***a 1.9432"** 1.3828"** 
S.C.A. 24 2.8790*** 1.3693"** 0~520"** 
Within ~m~y 
v~iance 199 0.5281 0.3226 0.1681 

a*** indicates significance at the P < 0.001 

Resul t s  

Seed Production on Unbagged Inflorescences 

The number o f  seeds produced per flower on unbagged in- 
florescences averaged 6.05 with progeny means o f  from 
0.84 to 12.03 (Table 1). Both G.CA.  and S.C.A. were 
highly significant (P < 0.001, Table 2) in the analysis 
which included selfed progenies, but  the S.C.A. term was 
not  significant when selfs were excluded. This was because 
substantial heterosis occurred; selfed progenies averaging 
2.38 seeds per flower and crossed progenies 7.24. 

The G.C.A. constants (Table 3) show a twofold differ- 
ence between the best and worst arrays. Parents 2 , 3  and 5 
contributed high seed set levels and parents 1, 6 and 8 
contributed low levels; this is reflected by the seed set lev- 
els o f  the available selfed progenies (Tables 1,3),  

Progeny means for the fraction o f  flowers with seeded 
siliquae ranged from 0.28 to 0.82 with an experimental 
mean of  0.68 (Table 1). The analysis with selfed progenies 
showed significant G.C .A. and S .C A.  variation (P < 0.001, 
Table 2) but neither term was significant when selfs were 
excluded. It appeared that heterosis (the selfed progeny 
mean was 0.46 compared with an outeross progeny mean 

of  0.72), and differences between selfed progenies were 
the only important sources o f  between progeny variation 
for this character. 

The mean number o f  seeds per flower on unbagged 
inflorescenees was 8.47 with progeny means ranging from 
2.99 to 15.18 (Table 1). Both G.C.A. and S.C.A. were 
highly significant (P < 0.001, Table 2) when selfs were in- 
eluded and, as before, a major cause of  the significant 
S.C.A. term was heterosis, crossbred progenies giving al- 
most twice as many seeds as selfed ones. However, S.CA. 
was significant (P < 0.01) in the analysis without self data, 
suggesting that there were other forms o f  genetic interac- 
tion for the character. In contrast with the other compo- 
nent a highly significant GCA was obtained when selfed 
progenies were excluded from the analysis. The G.C.A. 
constants showed that parents 2 and 5 contributed the 
highest seed set and 1 and 8 the lowest. Crossbred proge- 
nies 6-5, 2-8 and 3-4 (Table 1) had fewer seeds than ex- 
pected because o f  gene interaction. 

The number o f  seeds per flower was closely correlated 
with its two components at both  genotypic and pheno- 
typic levels (Table 5). The correlation coefficients between 
the two components were much lower and only the geno- 
typic one was significant (0.43, P < 0.001, Table 5). 

Table 3. Array constants (twice the Gilbert Constants) for seed production variates on unbagged and bagged inflores- 
cences from a half diallel between B. oleracea inbreds 

Unbagged inflorescences Bagged inflorescenees 

Array Seeds per Seeded siliquae Seeds per Seeds per 
flower per flower seeded siliquae flower 

Seeded siliquae Seeds per 
per flower seeded siliquae 

1 4.89 0.69 6.30 0.68 0.24 2.31 
2 8.14 0.72 11.17 1.34 0.21 5.17 
3 7.26 0.75 9.54 2.12 0.34 4.42 
4 7.08 0.73 9.42 2.53 0.40 5.67 
5 8.36 0.73 11.18 3.02 0.44 5.68 
6 6.02 0.71 8.30 0.99 0.20 3.64 
7 6.36 0.71 8.88 0.76 0.20 2.73 
8 5.67 0.74 7.75 0.80 0.24 3.02 
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This is probably a reflection of the nature of  the variation 
found for seeded siliqua per flower. 

For unbagged inflorescences therefore, seed produc- 
tion was under the control of  genes acting in a largely ad- 
ditive or dominant manner on seed number per seeded 
siliqua. Heterosis was an important feature for both com- 
ponents of  seed set, and inbred progenies produced less 
than one third of  the final seed set of  crossbred progenies. 
Gene interaction was present, but was relatively unimpor- 
tant, for seed number per seeded siliqua. 

Seed Production on Bagged Infloreseences 

Some plants of  all progenies set seed on bagged inflores- 
cences giving an experimental mean of 1 53,  higher than 
that obtained previously (Hodgkin 1978, 1980). Progeny 
means ranged from 0.06 to 5.89 (Table 1) and analysis 
showed that only G.C.A. was significant (P < 0.001, Table 
4). There was evidence of  some heterosis for bagged seed 
set, selfed progenies producing on average 1 seed per flow- 
er fewer than crossbred ones. 

Both G.C .A. and S.C.A. variation were partitioned into 
that which could be attributed to S-allele differences and 
that which was due to differences between progenies or 
parents with the same S-genotype. G.C.A. variation for 
both sources was highly significant (P < 0.001, Table 4) 
although it was higher for parents carrying different S-alle- 
les. The array constants show that S s (parents 3 and 4) 
was associated with high seed sets while $2 (parents 1 and 
2) and S4s (parents 7 and 8) were associated with low 
sets. By contrast, parents with Sis showed a large degree 
of independant variation, one giving highly self compati- 
ble progenies and the other only moderately self-compati- 
ble ones. 

The between S-allele interaction term was significant 
at P < 0.05 (Table 4) and the progeny means suggested 
that this was because the seed set in Ss S4s and Sis Sis 
progenies was lower than expected. The former probably 
reflects the dominance of the low partial self-compatibili- 
ty of the S4s parents and the latter inbreeding depression 
in two of the Sis Sis progenies (5-5 and 6-6). 

On average bagged flowers produced 0.29 seeded sili- 
quae per flower, less than half that produced by unbagged 
inflorescences. However, progeny differences were much 
more marked than for the unbagged character ranging 
from 0.04 to 0.67 (Table 1) and only G.C.A. effects were 
significant (P < 0.001, Table 4). The partition of the vari- 
ation showed that both within and between S-allele varia- 
tion were important, but the latter was the greater. The 
differences between the constants and their ranking were 
similar to those for seeds per flower (Table 3) except for 
a slightly higher value for parents 1 and 2. 

The number of seeds per siliqua averaged 4.02 and 
progeny means ranged from 1.50 to 10.67 (Table 1). Both 
G.C.A. and S.C.A. terms were significant (P < 0.001 and 
P < 0.01 respectively, Table 4) but whilst G.C.A. effects 
were significant both for between and within S-alleles, 
S.C.A. effects were significant only for differences be- 
tween progenies with the same S-alleles. 

The G.C.A. constants (Table 3) showed that whilst 
Ss parents behaved similarly (as did S4s ones) there were 
significant differences between $2 and S~s parents. The 
progeny means suggested that the significant S.C.A. term 
was a reflection of a high seed set for progeny 4-2 and a 
low seed set for progeny 4-3 (both $2 Ss). There was no 
evidence of significant heterosis. 

Both components of seed set were closely correlated 
with bagged seed set per flower, particularly at the geno- 
typic level (Table 5). In contrast to the unbagged data 
there was also a significant correlation between the two 

Table 4. Analysis of seed production variates (after log transformation) on bagged in- 
florescences of B. oleracea half diallel progenies 

Mean squares 

Item d.f. Seeds per flower Seeded siliquae Seeds per 
per flower seeded siliquae 

G.C.A. 7 17.0852"** 5.6587*** 4.1518"** 
between S-alleles 3 23.9224*** 8.9015"** 4.5236*** 
within S-alleles 4 11.9555"** 3.2266* 3.8729*** 

S.C.A. 24 1.4052 0.9340 0.6300"* 
between S-alleles 5 2.5335* 0.4705 0.5612 
within S-alleles 19 1.1083 1.0560 0.6480* 

Within family variance 1.0599 (196) 1.1969 (196) 0.3204 (171) 

*, **, *** indicate significance at the 0.05, 0.01 and 0.001 levels respectively. The 
number in parenthesis gives the appropriate degrees of freedom for the within family 
residual mean square 



T. Hodgkin: Inheritance of Partial Self-compatibility in Brassica oleracea 105 

Table  5. Correlation coefficients for seed set in B. oleracea. The upper triangle contains pheno- 
typic correlations (d.f. 194) and the lower triangle genotypie ones (d.f. 30) based on family means 

Unbagged seeds per flower 1 - 0.17 
Bagged seeds per flower 2 0.16 - 
Unbagged seeded sfliquae 
per flower 3 0.79*** 0.01 
Bagged seeded siliquae 
per flower 4 0.16 0.92* * * 
Unbagged seeds per seeded 
siliquae 5 0.88*** 0.24* 
Bagged seeds per seeded 
siliquae 6 0 .17  0.94"** 

1 2 

0.70"*'0.17 
0.05 0.87*** 0.20 

- 0.10 0.24 

0D9 - 0.18 

0.43"*'0.19 

-0.05 0.73*** 0.30** 
3 4 5 

0.83*** 0.16 
0.87*** 

0.02 

0.54** 

0.20 

6 

*, **, *** indicate significance at the 0.5,0.01 and 0.001 levels respectively 

components at both the phenotypic (054,  P < 0.01) and 
genotypic (0.73, P < 0.001) level. 

The inheritance of seed production on bagged inflores- 
cences was controlled largely by additive genes, with some 
evidence of  dominance for low levels of  self-compatibility 
in the S4s parents. Heterosis was slight affecting only the 
production of seeded siliqua, and gene interaction was 
virtually absent. 

D i s c u s s i o n  

Both bagged and unbagged seed production were largely 
controlled by genes acting additively or showing some do- 
minance and, for unbagged seed set, heterosis was a major 
feature. However, the G.C.A. constants indicated that the 
two characters were independantly inherited. Thus, parent 
5 had high constants for bagged and unbagged seeds per 
flower and parent 6 had low ones, whilst parent 2 had a 
high constant for bagged seed set and a low one for unbag- 
ged seed set. Parent 2 with a moderately high constant for 
unbagged seed set had a low constant for bagged seed set. 
The results confirm the existance of inbreds with high out- 
cross seed production and low self seed production and 
suggest that selection for both characteristics may be suc- 
cessful in non-inbred material. 

The correlation coefficients between the bagged and 
unbagged variates of the two components of  seeds per 
flower were not significant, with the exception of  that be- 
tween bagged and unbagged seeds per seeded siliqua at the 
genotypic level (0.30, P < 0.05, Table 5). Much higher 
correlations between these two variates were found previ- 
ously (Hodgkin 1978, 1980), but present results support 
the earlier conclusion that the number of  seeds per seeded 
siliqua on bagged inflorescences is related to that on un- 
bagged inflorescences. The correlations between bagged 
and unbagged G.C.A. constants show this even more clear- 
ly. Neither seeds per flower or seeded siliquae per flower 

were correlated but there was a significant correlation 
(0.85, P < 0.01) between bagged and unbagged seeds per 
seeded siliqua. 

The results also support the earlier conclusion that the 
more important component for outcross seed set is seed 
number per seeded siliquae, while for self seed set it is the 
proportion of flowers in which partial self-compatibility 
occurs and which therefore set seed. The numbers of  seeds 
set per siliqua on selling would appear to be considerably 
influenced by those fertility factors which determine out- 
cross seed set. 

The major objective of this study was to investigate the 
expression of partial self-compatibility in progenies with 
different S-genotypes. Of the S-alleles used $2 and S4s 
are usually classified as moderately recessive (Ockendon 
1975) and Ss and Sis as highly recessive. It has been sug- 
gested that plants with recessive S-alMes are more likely 
to be partially self-compatible than plants with dominant 
ones. Plants with combinations of  some of these alleles 
(Ss Sis) have been found to be highly self-compatible, 
possibly because of a phenomenon described as mutual 
weakening (Thompson 1972). 

The results suggest that the levels of partial self-compa- 
tibility vary considerably, independantly of S-allele status, 
even for alleles as recessive as Sis. Mutual weakening 
would be expected to induce specific allelic interactions 
in the progenies but there was no evidence of  this as the 
observed interactions could be attributed to individual 
progenies or to dominance for reduced partial self-compa- 
tabllity. Mutual weakening cannot therefore be regarded 
purely as an S-allele specific phenomenon and some back- 
ground effects must be involved in its expression. It seems 
not unlikely that low self-compatibility lines can be ob- 
tained for any S-allele and that partial self-compatibility 
is controlled by genes acting largely independantly of the 
S-locus. The association between partial self-compatibility 
and recessive S-alleles may have occurred because the 
breeding of  better open pollinated cultivars has resulted in 
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an increasingly narrow genetic base with an unconscious 
preference for the commoner recessive S-alleles together 
with a degree of inbreeding. 

In three previous studies (Hodgkin 1975, 1978, 1980) 
considerable gene interaction was found as well as additive 
and dominant  gene action. In contrast, these results show 
that gene interaction does not always occur and that selec- 
t ion of inbred lines with reduced partial self-compatibility 
may not  be as difficult as was previously suggested. While 
breeders may prefer to retain plants with dominant  S- 
alleles, the results suggest that agronomically superior 
plants with recessive S-alleles should not  be discarded be- 
fore their self-compatibility level has been tested. The test 
used to assess self-compatibility will depend on the breed- 
er's facilities and preferences but  all my experiments sug- 
gest that it is sufficient to record the proportion of flow- 
ers in which partial self-compatibility occurs, because a 
successful reduction in self seed set has always depended 

on this. 
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