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For kale (Brassica oleracea ssp. acephala L.), the inheritance of resistance and that of tolerance to clubroot
(Plasmodiophora brassicae) were studied. Six homozygous lines belonging to the half marrow-stem and green
curly kale groups were intercrossed in a diallel F, mating design. Inheritance of resistance was assessed from
a glasshouse test on young plants and from a field trial on adult plants. A Disease Index was used to estimate
the behaviour of each progeny. Tolerance Lo clubroot was defined as the ratio of yield produced by a progeny
on a clubroot-infected part of the field compared with its yield on an uninfected soil. Resistance to clubroot
on young and adult kales is mainly controlled by genetic effects. The broad sense heritability assessments
are greater than 0.8 for the 2 trials. Resistance inheritance is characterized by a predominance of additive
genetic effects with incomplete dominance. Yet, the additive components have less relative importance
compared to dominance effects in the inheritance of resistance of adult kales (h?,; = 0.55 compared to 0.78
for young kales). Many dominant alleles control resistance. The phenotypic and genetic values calculated
for resistance are not correlated with those of tolerance. The dominance genetic effects control a great part
of the genetic variation for tolerance (h?,, = 0.16). Breeding programmes are proposed to increase clubroot
resistance level in the kale group. A maternal individual recurrent selection on progenies could be undertaken.

Francois Laurens, Institut National de la Recherche Agronomique, Station d’Amélioration des Espéces

Fruitiéres et Ornementales, B.P. 57, 49071 Beawcouze Cedex, France

Clubroot, one of the most severe diseases affecting
Cruciferous crops, is provoked by Plasmodiophora
brassicae, an obligate pathogen which remains in
the heterogeneous soil pathogen populations. Cul-
tural or phytosanitary control methods are not
efficient enough to fight it, so that genetic control
appears to be the most interesting approach. Few
convincing genetic studies have attempted to ana-
lyze resistance to clubroot in the Brassica genus.

Inheritance of resistance to clubroot varies ac-
cording to the species. Many studies, reviewed by
CRUTE (1986), consider the relationship between
Brassica rapa and P. brassicae in terms of a gene-
for-gene relationship. According to the hosts stud-
ied, 2, 3, or 4 genes with major effects are involved
(JamEes and WiLLiAMS 1980; CRUTE 1986).

All the studies on genetic control of resistance to
clubroot in B. napus point to an oligogenic inheri-
tance (CrRUTE et al. 1980). Some disagreements
remain about the exact number of genes involved
(BROKENSHIRE 1982; CRrRUTE et al. 1983;
GusTAFssonN and FALT 1986). Of interest are the
results of WILLIAMSON (1984, 1987), who worked

on the same B. napus plants with many pathogen
populations, and revealed the existence of non-
differential interactions.

Precise genetic control of resistance to clubroot
in the various types of B. oleracea group is still
unclear. The studies are based on a small number
of genotypes and are often inconsistent; the most
widely studied sources of resistance are 3 cabbage
cultivars (B. oleracea ssp. capitata): Badger Ship-
per, Bindsachsener, Bohmerwaldkohl, and their
self-progenies. The authors usually conclude that
the inheritance of resistance to clubroot in B.
oleracea is quantitative and involves recessive alle-
les (SEAMAN ct al. 1963: WEISAETH 1974; CRUTE
et al. 1983; Vooriprs and VISSER 1991). CHIANG
and CRETE (1976) analyzed a 4 x 4 diallel and
demonstrated a high level for broad sense heritabil-
ity with mostly additive genetic effects.

Several workers succeeded in proving that the
relationship between the cultivar Badger Shipper
and P. brassicae is differential (CHIANG and
CRETE 1970; CRUTE et al. 1983). While most au-
thors think that many genes are involved in the
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genetic control of resistance in other genotypes,
YosHIKAWA (1983), who worked on progenies of
crosses between cultivar Bohmerwaldkohl and a
susceptible cabbage, demonstrated that 1 to 4
genes control this character.

Such contradictory conclusions may be ex-
plained by the diversity of methodological ap-
proaches (inoculation methods, inoculum con-
centrations), by the environmental conditions, by
the analyses, and the interpretations (different Dis-
ease Index and Cut Off Point calculations). The
genetic types of the plant material and of the
pathogen were also often unknown. Furthermore,
inheritance studies were based on a few genotypes,
mostly coming from the European Clubroot
Differential (E.C.D.) set, among which genetic ho-
mozygosity of some entries is doubtful.

HANSEN (1989), one of the first to work on in-
heritance of tolerance to clubroot, analysed a 10 x
10 diallel which involved the cultivar Badger Ship-
per and 9 Norwegian genotypes coming from the
cultivar Bindsachsener, and revealed that the char-
acter is under the control of incomplete dominance.

Despite the lack of precise knowledge, some
breeding programmes have been undertaken to
obtain cultivars with a better level of resistance to
clubroot. Most of the time, they involved intraspe-
cific sources of resistance. The cultivar Badger
Shipper has often been used to improve resistance
to clubroot in many B. oleracea groups: cabbage,
Brussels sprouts, broccoli, cauliflower (CRUTE et
al. 1980). The cultivars Béhmerwaldkohl and Bind-
sachsener, which are also good sources of resis-
tance, have often been included in breeding
schemes (WEISAETH 1974; CRUTE and PINK 1989).
Breeding for resistance has often been performed
with classical methods based on successive back-
crosses (BAGGETT 1983, for cabbage; BAGGETT
and KEAN 1985, for broccoli). For 15 years, the
introduction of genes of major effects coming
from other Brassica species has been developed.
For instance, the Canadian cultivar Richelain
(CHIANG and CRETE 1989) comes from the origi-
nal interspecific cross between a clubroot-resistant
rutabaga (B. napus) and a colchicine-induced te-
traploid genotype cabbage B. oleracea ssp. capi-
tata). WILLIAMSON and BRADSHAW (1989) have
also undertaken a recurrent breeding programme
in the kale group with genotypes collected in differ-
ent parts of the world. After 4 selection cycles,
resistance level was increased significantly.

The present study, concerning the analysis of a
dialle] crossing design including homozygous lines
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of Brassica oleracea ssp. acephala, was aimed at
assessing the inheritance of resistance to clubroot
from field trials and glasshouse experiments. An
analysis of tolerance in the field was also per-
formed, and a breeding programme for increasing
the level of resistance in the kale group will be
proposed.

In a further paper, we shall be studying inheri-
tance in both kale and cauliflower to propose new
breeding schemes for resistance in the cauliflower

group.

Materials and methods

Six homozygous lines of kale were intercrossed in a
complete diallel F, mating design. Each parent was
self-fertilized. The origin of the parental lines is
given in Table 1. All the homozygous lines came
from kale breeding programmes of the breeding
Station LN.R.A Rennes-Le Rheu (France). The
plants had not been selected for resistance to club-
root before. The six lines were chosen according to
a large screening of kale accessions for resistance
to clubroot and according to their wide range of
behaviour.

Two trials were performed; one, conducted un-
der glasshouse conditions on young plants for the
complete diallel set; the other, in the field, for adult
plants on a half diallel set.

Test on young plants

The experiments were undertaken in a greenhouse
during the summer of 1989. Maximum temperature
was fixed at 20°C. The glasshouse was fitted out
with cooling and shade equipments. Five 4-day-old
seedlings were planted in 8-cm-diameter plastic
pots filled with steamed moist peat (pH = 6). Four
pots were grouped in a water-filled tray, which
represented one statistical replication. Two trays
were studied for each genotype.

The parasite; source and preparation of inoculum. —
Clubroot galls were first extracted from infected
caulifiower roots collected in a Brittany field; then
they were washed and stored at — 18°C until needed
(Buczackr et al. 1975). To prepare spore suspen-
sions, galls were thawed slowly, then mixed in a
blender, and finally filtered through three decreas-
ing mesh-diameter sifters (500 u, 250 i, 100 p). The
spore concentration was determined with a Mal-
lassez cell. The final inoculum density for this
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Table 1. Origin of the kale lines
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Code Type'  Origin Number of generations
of self-fertilizing
A HMS Lines coming from recurrent basic 11
population of cv. ‘Proteor’?
B HMS id 13
I HMS  id 17
J HMS id 9
K HMS id 14
i CVF unknown’ 5

! Morphological type of kale: HMS = Half Marrow stem; CVF = green curly kale

* ‘Proteor’ = Half Marrow stem population cultivar

¥ Complex genetic origin; inbred material but number of generations of inbreeding

unknown

experiment reached 107 spores/ml of suspension.
This inoculum mixture gives a reading of 17/31/31
according to the European Clubroot Differential
Set (BuczAckl et al. 1975).

Inoculation method. — 20 ml of the resting spore
suspension was poured on the five plantlets of each
pot (2 x 10° spores for 1 cm® of moist soil) accord-
ing to the inoculation method used at LN.R.A. Le
Rheu (LEMOULEC 1986). Plantlets were inoculated
on 20 July 1989.

Disease assessment. — After 47 days, the plants
were uprooted and assessed for clubroot, using the
0-3 scale suggested by Buczackr et al. (1975). A
Disease Index (D.I.) was calculated by summation
of the coefficients (0; 25; 50; 100) affecting each
plant class frequency. The D.I. calculation seems
well related to symptom evaluation (DOUBLET et al.
1988).

Test on adult plants in field conditions

Seeds were sown in moist peat, and after one-
month growth in the greenhouse, the plantlets were
planted out, at the beginning of July 1989 in a field
of Brittany (PLouGouLM [.N.R.A. Station). Chi-
nese cabbage plants had been scattered in the field.
Symptom evaluation of these susceptible plants
confirmed the distinction between two parts in the
field. So., two blocks of 20 plants were planted on
the part of the field naturally strongly infected with
clubroot, while two other blocks were planted on
the uninfected part.

No irrigation equipment could be installed in the
trial field, and 1989 was a very dry year in Brit-
tany. The conditions were therefore not favorable
for the development of the epidemics.

After 68 days of growth, the plants were up-
rooted. Symptoms were assessed with the same
scale as above using the same Disease Index. On
the other hand, as an indication of tolerance, the
ratio between yield (fresh weight of the aerial
parts) from the two blocks on infected soil and the
mean yield of the two non-infected replications was
calculated.

Statistical analysis

Diallel analysis was carried out according to two
methods: GRIFFING's random effects model
(1956a,b) and Hayman’s graphic analysis (HAY-
MAN 1954).

Griffing’s analysis was performed on the green-
house test with method 3 (with reciprocal proge-
nies) and on the field test, with method 4 (without
reciprocals). Because of the allogamous biology of
Brassica oleracea, self-fertilized genotypes were not
included in the analysis. They were only used for
parental-phenotypic-value analysis.

General combining ability (GCA) and specific
combining ability (SCA) variances were calculated.
They allowed to evaluate the genetic variance com-
ponents described in Table 2.

The relative importance of additive and domi-
nance genetic components was estimated with the
ratio s%,/s?,. Heritability was evaluated from
Griffing’s genetic variance component estimations.

Individual GCA effects (gi) for each parent were
also calculated (GRIFFING 1956b). Means of the
parental lines were ranked and separated by Dun-
can’s New Multiple Range Test at the 0.05 proba-
bility level.

Hayman’s analysis (HAYMAN 1954) is based
on the analysis of a complete diallel mating set
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Table 2. Assessment of genetic variance components and herita-
bility

— 5%, = 25%5c4 = additive genetic variance
— 5%, = S°gc4 = dominance genetic variance
— 5%, = reciprocal effect variance

— =5 +5p
g
—85p=5g 5

where s2_ is the residual variance estimation, based on the mean
of the 2 replications

— h?,, = narrow sense heritability = s%, /s’p
— h?,, = broad sense heritability = s’ /s%p

according to a fixed model. Although the graphic
method we used does not give as exact an estima-
tion as Griffing’s method, it can confirm the ge-
netic control of resistance and the importance of
dominant and recessive alleles in inheritance, and it
will be used to illustrate the potential genetic pro-
gress for resistance breeding. The variables V,
(variance of the parents), V, (variance of rth array)
and W, (covariance between the parents and
their offsprings in rth array) are calculated. On
the graph W_=f(V,), the statistical inequality
W2, <V, x V, means that points remain inside the
parabola W2 =V_ x V.. The points (V,, W) are
distributed along a corresponding straight line
(D,) of unit slope inside the limiting parabola
W2, =V, x V_. The position of the line (D,) com-
pared with the parallel tangent of the parabola
gives information about the genetic control of the
character. The position of (V,, W.) points on the
line gives the relative proportions of dominant and
recessive alleles in each parent. The six hypotheses
postulated by HAYMAN (1954) are required to use
this diallel analysis theory. Some of them are tested
in this study: the uniformity of the variable (W -
V,) indicates the validity of the assumptions in the
genetic model (HAYMAN 1954) for the material
used in this experiment; the Bartlett test permits to
check the independent gene distribution among the
parents. Some assumptions could not be checked
(epistasy, biallelism, ...).

Results
Analysis of the resistance

This section will compare field tests with glass-
house experiments.

Plants in the field trial were, on average, slightly
more damaged on the basis of Disease Index
(DL gu = 56 %; DI .., =31 %). Yet the isolate
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inoculated in the glasshouse was very aggressive,
i.e., the ECD hosts inoculated at the same time
were heavily attacked (Dlcyinese cabbage = 100 %05
Dlgcomean = 72 %)

Correlations for Disease Index were made on the
phenotypic values between the 21 genotypes com-
mon to the two experiments (half diallel). They
were found to be highly significant (p < 0.001; Fig.
1). Despite a high mean resistance level in the kale
group, analyses of variance indicate that genotype
effects are highly significant (Table 3) for the 2
experiments. Besides, field conditions are respon-
sible for a slight block effect (p<0.05). Because the
1989 summer was dry, results obtained in the field
experiments must be analysed cautiously.

In the early test assessment, general combining
ability (G.C.A.) effects represent the major genetic
component of variation of resistance to clubroot
among crosses and are highly significant (p <0.001;
Table 3). Specific combining ability effects have a
minor importance but are still significant at a 0.05
level, while no reciprocal effects are observed.
Thus, the genetic results obtained in the glasshouse
test can be compared with those of the field trial
analysed only on half diallel crossing set.

Estimations of the genetic variance components
are presented in Table 4. The s /s%, (=7.7) ratio
shows the preponderance of the genetic variance
over the residual error variance. The additive ge-
netic variance (s?, = 312.4) is 10 times higher than
the dominance component (s? = 30.04).

Genetical analysis of resistance to clubroot is
slightly different for adult kale. Table 3 shows that
GCA effect level is lower and, yet, highly signifi-
cant (p<0.01). Despite their lesser importance,
SCA effects are significantly detected (p < 0.05).
The %5 /s° ., ratio ( = 6) is high but lower than for
early testing. Additive variance is slightly greater
than dominance component (Table 4). Compared
to that obtained in the trial on young plants, the
52, /s?p, ratio is weak and close to 1 (84 /s’p = 1.4).

Heritability estimates confirm the results (Table
5). In the 2 trials, the broad sense heritability is
very hlgh (ths glasshouse — 086: hzbs field = 082)’
showing the great importance of genetic variance
in the inheritance of resistance to clubroot for the
kale plants. The high narrow sense heritability esti-
mated in the glasshouse trial (h’ gasshouse = 0.78)
reveals the main influence of additive effects in the
inheritance. In comparison, the value obtained in
the field experiment is lower (h? sq = 0.55). The
importance of genetic effects being similar in both
trials, the latter assessment implies that additive
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Fig. 1. Behaviour (Disease Index) of genotypes (half diallel) in the field and

glasshouse trials.

Table 3. Diallel analysis of variance for the variable Disease Index (GRIFFING 1954)

Source Glasshouse trial Field trial
(GRIFFING’s method 3) (GRIFFING's method 4)
df Mean Degree of " dr Mean Degree of
square significance square significance
Genotype 29 601.86 i 14 962.47 b
Block 1 104.69 NS 1 876.86 *
G.C.A 5 1353.05 FEE 5 838.85 e
S.C.A 9 103.27 * 9 282.52 *
Reciproc 135 68.83 NS - - -
Res® 29 43.19 14 80.32

(D% Gipnificant at the 0.001 level of probability

**: Significant at the 0.01 level of probability

*: Significant at the 0.05 level of probability

NS: Non significant

@ Residual error calculated from the mean of the 2 replications

Table 4. Assessment of genetic variance components for Disease
Index on young and adult plant trials

Young Adult
52, 332.44 480.36
B 312.40 278.16
55 30.04 202.20
s 43.19 80.32

effects are still higher than dominance but much
less than in young plant trial.

Hayman’s analysis was performed on the green-
house trial. The graph W, =1f(V,) (Fig. 2) con-
firms and adds information about inheritance of
resistance in this group of kale parents. The D,
line cuts the W, axis at (0,53) level, and is situ-
ated between the tangent to the parabola and
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Fig. 2. Hayman’s graphic analysis for the variable D.I. in the glasshouse trial. W, = {{V,) graph.

Table 5. Assessment of heritability for resistance (D.1.) and toler-
ance (L.Y.) for the 2 trials

Resistance (D.1.) Tolerance (L.Y.)

Glasshouse(" Field® Field?
h?,, 0.86 0.82 0.75
h? 0.78 0.55 0.16

ns

() Assessed by GRIFFING’s method no. 3
) Assessed by GRIFFING's method no. 4

the origin (0,0) line, a typical position of partial
dominance.

Parents behave differently in terms of resistance
to clubroot: D.I. values range from 6 to 78 % in
the early trial and from 17 to 76 % in the field
trial. The same parent ranking is observed on both
trials (Fig. 3) even though the level of differentia-
tion is weaker for the field experiment because of a
higher residual error variance. Two parents may be
distinguished for their higher level of resistance: L
and I. According to the young plant trial, J and A
genotypes are the most susceptible.

GCA values give information about parental
ability to transmit resistance (Fig. 4). It must be

noted that the variable is Disease Index which marks
for susceptibility; hence, negative GCA values mean
good resistance. For both trials, the ranking of GCA
values is almost the same as that of phenotypic
values. Only the J genotype, which is among the most
susceptible parents, seems to transmit its resistance
efficiently (GCA value = — 0.21 for the glasshouse
trial), with a better behaviour in the field experiment
(GCA = —7.41). From both trials, 3 groups of
plant material could be distinguished (Fig. 4): the
L line, with its very good ability to transmit resis-
tance to its progeny; I, J, K lines, whose GCA values
are close to 0, and the parents A and B, which have
significant positive values.

On the graph W, = (V) plotted from Hayman’s
analysis (Fig. 2), the parents remain along the line
D,. The parents L and I have lower values of V,
and W,. Hence, they have many dominant alleles.
J, the most susceptible line, has the higher values
of V., and W,_. Thus, according to Hayman, it
possesses mostly recessive alleles.

So, the most resistant parents have many domi-
nant alleles and the most susceptible, less. For
these genotypes, the resistance character is con-
trolled by dominant alleles.
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L I K B A J
% 63 15.2 41.7 43 72.1 783 1%.0
Glasshouse trial
L I BJAK
% 1';.4 35::6 69”.7. 74i8 | 1§OO
714 762
Field trial
Fig. 3. Disease Index values of the 6 parents for the 2 trials (test Duncan 5 %).
L I K A B
-14.2 -4.7 1.7 SEAS
Glasshousec trial
L J I K B A
-21.5 77:4 -3.7 +2.9 +9.0 +208
Field trial

Fig. 4. G.C.A. values of the 6 parents for the 2 trials (test Duncan 5 %).

Analysis of tolerance

In the glasshouse trial conditions, no difference of
yield was found between plants which had been
inoculated and plants which had not. So, the anal-
ysis of tolerance was made only on adult plants in
the field trial. Fig. 5 shows the behaviour of hy-
brids and parents for resistance and tolerance.
Homozygous lines are the most susceptible to yield
losses following a clubroot attack, while the hy-
brids’ behaviour is very variable. The number of
genotypes showing strong damage (high Disease
Index) but with high yield (L.Y. > 100) is large.
These values could be explained by a weak mean

attack level and by an undervaluation of the yield
of the plants which were in another part of the
field and were not injured. Furthermore, Fig. 5
(D.I.=f(L.Y.)) reveals clearly the dispersion of
the points. Disease Index and LY are not signifi-
cantly correlated.

The analysis of variance for the tolerance vari-
able presents a significant genotype effect (p<0.01;
Table 6). As for the Disease Index. replication
effect is significant at the 0.05 level of probability,
but the residual error is large. Despite the limits,
diallel analysis with Griffing’s method 4 (model I)
could still be performed, as listed in Table 6.
Although they are only slightly significant, SCA
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Fig. 5. Disease Index (D.I.) and Loss of Yield (L.Y.)
values for all the genotypes in the field trial.

@ homozygous line, + hybrids

Table 6. Diallel analysis of variance on the variable “Loss of
Yield” (L.Y.) for the field trial

Source df Mean Degree of ("
square significance

Genotype 14 1900.76 *¥

Block 1 2461.6 *

G.C.A. 5 1158.95 NS

S.C.A 9 834.44 *

Res® 14

252.13

(##: Sjgnificant at the 0.01 level of probability

*: Significant at the 0.05 level of probability

NS: Non significant

@ Residual error calculated from the mean of the 2 replications

effects are the main components of genetic varia-
tion, while GCA effects are not significant.

The genetic effects are not as clearly revealed as
in the resistance study (s%g/s%.s = 2.95, for toler-
ance; 6 for resistance) and still the broad sense
heritability assessment (h?,,=0.75) accounts for
their major role in the inheritance of tolerance.
However, contrasting data for the inheritance of
resistance, the inheritance of tolerance is mainly
controlled by dominance effects. The s?, /s ratio
( =0.28) is inferior to 1 and the value of narrow
sense heritability is very low (h?,, = 0.16).

The study of parent GCA value ranking pro-
vides further evidence of the difference between the
variables describing resistance and tolerance, i.e.,
Spearman’s correlation coefficient between geno-
type ranking for D.I. and L.Y. is negative, very
weak (rhgpeaman = —0.39) and not significant.
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Discussion — Conclusion

This study confirms some of the limits of field
trials, such as the duration and the location of the
experiments, the influence of climatic conditions
that give high residual error, and significant repli-
cation effects which limit the expression of genetic
variance. Confronted with these problems, the
breeder aims to perform reliable early tests. Many
inoculation methods have been tested for screening
Brassica plants against P. brassicae, including
the “root-dip method” (JoHNSTON 1968), the
“germinated-seed-dip test” (LEwIS and BROKEN-
SHIRE 1977), the “slurry method” (TOXOPEUS
and JANSEN 1975; CrReETE and CHIANG 1980;
YOSHIKAWA 1983) and the “spraying method”
which we used or the “localized-watering method”
(LaMMERS and Toxopgeus 1977; SCHOELLER and
GRUNEWALD 1987; RoD 1988). The present study
confirms the accuracy of the “spraying inoculation
method™ in glasshouse conditions, where the high
correlation coefficient for the D.I. variable con-
firms that young plant behaviour is similar to adult
plant behaviour. While conducting the present
study, we compared the different methods (Lau-
rens, unpublished), and could therefore verify the
differences in efficiency that many authors had
shown before (DixonN 1976; LEwIS and BROKEN-
SHIRE 1977; SCHOELLER and GRUNEWALD 1987,
RoD 1988). The “spraying method” and the “lo-
calized-watering method” are the most efficient.
Both methods rank genotypes for their clubroot
behaviour in the same order, but, the latter giving
stronger attacks on the plants than the former for
a fixed inoculum concentration, it can be used to
screen for highly resistant plants.

According to the genetic approach, the resis-
tance character on young and adult kales is mainly
controlled by genetic effects, and is characterized
by a predominance of additive effects with incom-
plete dominance. However, the narrow sense heri-
tability is lower for the field trial, stressing that
additive effects have less relative importance than
dominance components in the resistance inheri-
tance of adult plants. The results could be ex-
plained by several factors:

(1) the 2 trials were not performed on the same
genotypes (complete and half diallel);

(2) the plant development was larger in the field
than in glasshouse. So, in the field trials, the attack
level assessed with D.I. values resulted largely in
resistance character and also in plant vigor.
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(3) although we showed that no reciprocal effects
were present, methods 3 and 4 of Griffing’s diallel
analysis could give some variable assessments
(Laurens, unpublished);

(4) higher residual error and significant reciprocal
effects in the field trial could also bias the compari-
son.

Nevertheless, as for both trials the s?, /s’ ratio is
always superior to 1, it accounts for higher additiv-
ity effects in the genetic control of resistance to
clubroot in the kale group. This analysis also
shows that many dominant alleles control resis-
tance. Our conclusion contrasts most of the previ-
ous studies involving recessive alleles (WALKER
and LARSEN 1951; GALLEGLY 1956; AYERS 1957;
SEAMAN ect al. 1963; CHIANG and CRETE 1976;
WEISAETH  1974; YosHIKAWA 1983; Voo-
RIPS and VISSER 1991). Such contradictions may
be explained by the choice of plant material; the
cultivars Badger Shipper, Béhmerwaldkohl, Bind-
sachsener, or their progenies are almost always at
the basis of all genetic studies. The originality of
our conclusions comes from the fact that the kale
group represented here is of a very different origin:
half marrow stem and curly green kale popula-
tions. This study confirms the various assessments
of the inheritance of resistance to clubroot: in-
volved alleles are not the same even inside the B.
oleracea ssp. acephala.

Conversely, for tolerance, the conclusions are
very different as, for most of the genotypes, an
increase of susceptibility results in a loss of yield
but the correlation on phenotypic values for D.I.
and L.Y. is not significant.

According to the genetic approach, the heritabil-
ity of tolerance is very weak compared to that of
resistance. The dominance component controls a
great part of the genetic variation. Furthermore,
the ranking of GCA wvalues is very different: the
most resistant genotypes are not the most tolerant.
The results on tolerance heritability are consistent
with those obtained by HANSEN (1989), who
worked on kales whose origins were very different
from those of ours.

Several complex characters are included in the
calculation of L.Y., i.e., weight of leaves, foliar
morphology, yield, ... So, vigor plays a key role in
the expression of the character, as also does the
environmental effect between 2 plants.

Breeding programmes could be undertaken on
the basis of our results. They must concern only
kale belonging to half marrow stem and curly
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green populations. If we take into account the
genetic control of resistance to P. brassicae in the
kale group, we can propose a maternal individual
recurrent selection on progenies. The basis popu-
lation should be built by intercrossing homozygous
genotypes which have the highest level of resistance
to clubroot. Among the few parents studied, a
great variability of behaviour for clubroot resis-
tance was found; some resistance sources will soon
be available. In the basis population, the resistant
reproductive plants should be chosen for their
phenotypic values and also after analysis of half-
sib progenies. Intercrosses between heads of each
family build up the improved population. For this
average resistant material the “localized-watering
method” must be used with increasing inoculum
concentrations as the population resistance level
progresses. After a few breeding cycles, it could be
possible to add selection for tolerance which could
occur only on the field. Taking into account the
importance of dominant effects, the breeding strat-
egy should be very different from that proposed for
resistance. A recurrent selection on specific ability
may be developed, but it would be very long and
very difficult to undertake because all the trials
would have to be performed in the field.

Among Brassica oleracea, cauliflower has a big-
ger economical importance than kale. It is affected
by clubroot which is one of the main diseases of
the crop. While resistance sources are available for
kales, none are available in the “Botrytis” group.
One solution for breeding resistance is to transfer
resistance from kale to caulifiower. Because of the
great variability in the genetic control of resistance,
specific studies are indispensable before a breeding
programme can be developed. Such studies were
already underway and will be presented separately.
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