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Summary

Clubrootis one of the most damaging diseases in Brassica oleracea crops world-wide. The pathogenicity of Plasmo-
diophora brassicae is highly variable between as well as within field populations. Several sources of resistance to
clubroot have been identified in B. oleracea. Generally, resistance tends to inherit partly as a recessive, partly as an
additive trait, and appears to be controlled by few major genes. Progress in the understanding of the inheritance of
resistance is being made through the use of single-spore isolates of the pathogen, and the use of molecular markers

for resistance genes.

Abbreviations: cv —cultivar, DH —doubled haploid, ECD — European Clubroot Differential set, RFLP — Restriction

Fragment Length Polymorphism

Introduction

Clubroot, caused by the fungus Plasmodiophora bras-
sicae Wor., is probably the most damaging disease of
cole crops (Brassica oleracea L.) and other crucifer-
ous crops worldwide. The pathogen causes swelling
of parts of the roots and sometimes of the stem base
into characteristic clubs. These clubs inhibit nutrient
and water transport, stunt the growth of the plant and
increase the susceptibility to wilting. After some weeks
the clubbed roots decay, weakening the support of the
plant.

The incidence of clubroot was discussed by Créte
(1981). He estimated that in Northwestern Europe,
Japan, North America and Australia, about 10% of
a total of 660.000 ha of B. oleracea crops was infested
with clubroot. For all cruciferous crops, the infested
area in those regions amounted to 196.000 ha. The
spores can remain infectious for at least 15 years (Mat-
tusch, 1977). Cultural practices, especially the appli-
cation of calcium and boron, and liming to decrease
the pH of the soil, may reduce disease pressure, but are
often not sufficient to keep the crop healthy. The effects

of chemical control are limited, since most treatments
are either banned due to environmental regulations, or
are too expensive.

The introduction of cultivars with resistance or tol-
erance to clubroot would be desirable. Nevertheless,
only a very small number of resistant cultivars have
been released. Breeding programs aimed at the intro-
duction of resistance to clubroot have been few, and
the results of these programs were often disappointing.
This general lack of success is due to the relative-
ly small number of sources of resistance, the recessive
and often apparently complex inheritance of resistance,
and the genetic variability of the pathogen.

In this paper the literature on resistance to clubroot
in Brassica oleracea is reviewed. In addition, rele-
vant studies of the biology of P. brassicae and results
obtained in host species other than B. oleracea are dis-
cussed. Earlier reviews of Colhoun (1958), Karling
(1968) and Crute et al. (1980) have been complement-
ed with more recent publications.
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Terminology

Some terms have been employed ambiguously in club-
root literature. To prevent misinterpretation, they are
briefly introduced here.

A field isolate is a population of the pathogen
obtained either directly from the soil of an infested
field, or from clubs of susceptible plants grown in the
field, and maintained in isolation on plants not carrying
any known resistance. A single-spore isolate is a popu-
lation derived from clubs of a plant inoculated with one
single resting spore and maintained in isolation.

Pathogenicity is the ability of a pathogen popu-
lation to cause clubroot symptoms on host plants.
Differential pathogenicity (sensu Crute et al., 1980)
indicates different ranking of pathogenicity of popula-
tions in dependence of the host genotype. Converse-
ly, the relative ranking of populations exhibiting non-
differential pathogenicity does not depend on the host
genotype.

Resistance to clubroot indicates the ability of a
plant genotype to limit the development of clubs on the
roots, when infected by P. brassicae. Partial resistance
and complete resistance refer to the level of reduction
of club formation in comparison with a completely
susceptible genotype. Differential and non-differential
resistance are defined analogous to differential and
non-differential pathogenicity.

Pathogenesis

The pathogenesis of clubroot is well described by
Ingram & Tommerup (1972). The disease cycle can
be roughly divided into two stages, the first occurring
in the root hairs and the second in the root cortex.
The first stage starts with the germination of a pri-
mary zoospore from a haploid resting spore in the soil.
The zoospore attaches to a root hair and injects its cell
contents into the host cell (Aist & Williams, 1971).
In the infected root hair, repeated nuclear divisions
of the pathogen lead to a multinucleate plasmodium,
which later develops into tens or hundreds of uninucle-
ate zoosporangia. In contrast to the second stage, the
development of P. brassicae in root hairs into zoospo-
rangia has also been observed in non- crucifers, includ-
ing some monocotyledons (Webb, 1949; MacFarlane,
1952; Kole & Philipsen, 1956). From the zoosporan-
gia, haploid secondary zoospores are released. Naiki
et al. (1984) showed that secondary zoospores again

can infect root hairs, which results in a rapid, asexual
propagation of the pathogen.

The second stage in the pathogenesis starts with the
secondary zoospores. Two zoospores can fuse, result-
ing in a dikaryotic zoospore, as reviewed by Ingram
& Tommerup (1972). It is not known whether fusion
is necessary for infection of the root cortex to occur,
nor whether different mating types of P. brassicae exist.
However, genetically uniform single-spore isolates can
complete the disease cycle, implying that either fusion
of zoospores is not necessary, or that homothallic geno-
types of P. brassicae exist.

After infection of the root cortex, the pathogen
exists as intra-cellular, multinucleate plasmodia.
Dekhuijzen (1975, 1981) observed that, at least in
infected callus tissue, isolated plasmodia did not pen-
etrate the host cell wall. He postulated that the spread
of the pathogen occurs mainly by the stimulated divi-
sion of infected cells, a process which results in the
formation of the clubs. The enhanced cell division is
thought to be stimulated by the elevated concentrations
of cytokinins (Dekhuijzen & Overeem, 1971; Dek-
huijzen, 1980) and auxins. The auxins are presumably
derived from indole glucosinolates, normally present
in roots of crucifers, due to the presence of intracellular
P, brassicae plasmodia (Butcheretal., 1974, 1976).

Later in development, the haploid nuclei in multi-
nucleate plasmodia fuse in pairs (Tommerup & Ingram,
1971). After meiosis the newly formed diploid nuclei
develop into haploid resting spores which are released
into the soil when the clubbed roots decay. During
this second stage in the pathogenesis as many as 10"!
resting spores per plant can be produced (Voorrips,
unpublished results).

Mechanisms and components of resistance

At any stage in the life cycle, host resistance could
conceivably block or hamper pathogen development.
Investigations have focussed on two stages: the infec-
tion of root hairs by primary zoospores, and the pro-
duction of auxins in the root cortex.

Voorrips (1992) demonstrated large differences in
the levels of root hair infection among 13 host geno-
types with varying levels of resistance, but observed
no correlation between resistance to root hair infection
and resistance to clubroot development. Conceivably,
even a very low survival of P, brassicae during the root
hair stage allowed infection of the root cortex. Only
complete resistance to root hair infection, which was



not observed in this study, would confer resistance to
clubroot.

If the enhanced auxin levels present in infect-
ed roots are indeed processed from glucobrassicin
and other indole glucosinolates (Butcher et al., 1974,
1976), then host genotypes producing no indole glu-
cosinolates might be (non-differentially) resistant to
clubroot. However, the evidence for a correlation
between indole glucosinolate content and clubroot sus-
ceptibility is conflicting. Butcher et al. (1976) and
Ockendon & Buczacki (1979) found clear correlations
between resistance and low indole glucosinolate con-
tent among cruciferous species. Chong et al. (1981,
1984) obtained similar results with cabbage breed-
ing lines. In contrast, Mullin et al. (1980) found no
such correlation in 43 rutabaga and turnip cultivars.
Ludwig-Miiller et al. (1993) found no ditference in
indole glucosinolate content between control plants of
resistant and susceptible Chinese cabbage, but found
an enhanced level in infected plants of the susceptible
genotype. Rausch et al. (1983) proposed that only very
small amounts of auxins, and therefore of indole glu-
cosinolates are needed for club formation. So, although
presumably the auxin production from indole glucosi-
nolates is an important factor in the development of
clubroot, no general relation between indole glucosino-
late content and clubroot resistance has been found.

Thus, although processes occurring during patho-
genesis are known in some detail, the mechanisms
responsible for resistance have not yet been elucidat-
ed.

Pathogenicity of P. brassicae

Field populations of P. brassicae exhibit clear differ-
ences for pathogenicity. Several test series of host
genolypes carrying resistance from different sources
have been employed to classify populations with
respect to differential pathogenicity (reviewed by Crute
et al., 1980). Currently the differential series of
Williams (1966) and the European Clubroot Differ-
ential set (ECD, Buczacki et al., 1975) are commonly
used.

It was first shown by Haji Tinggal (1980, cited in
Haji Tinggal & Webster, 1981) and Jones et al. (1982a)
that field isolates were not genetically uniform, as they
found differences between inocula obtained from dif-
ferent slices of the same club or from clubs of different
plants from the same field. The variation within field
isolates was even more clearly demonstrated by using
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single-spore isolates (Buczacki, 1977, Haji Tinggal
& Webster, 1981; Jones et al., 1982b; Scott, 1985;
Schoeller & Grunewaldt, 1986). Since resting spores
are haploid (Tommerup & Ingram, 1971), single-spore
isolates are genetically uniform except for mutations.
Frequently single-spore isolates were obtained which
were less pathogenic than the original field isolate.
This could be indicative of segregating pathogenicity
genes in the pathogen population. However, Jones et al.
(1982b) also obtained single-spore isolates pathogenic
on host genotypes that were resistant to the original
field isolate. Possibly genotypes with rare pathogenic-
ity genes were extracted from the population, perhaps
even selected for by the isolation procedure. Jones
et al. (1982b) showed that a pathogenic isolate was
inhibited by a non-pathogenicisolate, suggesting com-
petition for infection sites or host resources. Anoth-
er explanation may be a rapidly induced resistance,
as described in other host-pathogen interactions (e.g.
Ward, 1983).

The existence of genetic variation for pathogeni-
city within field populations is also demonstrated by
the response of field isolates to selection pressure.
Crute & Pink (1989) showed that five successive pas-
sages of a field isolate through a partially resistant line
of Bohmerwaldkohl yielded an isolate with a higher
pathogenicity on the resistant line as well as on a sus-
ceptible control. Also, the erosion of the resistance of

.cabbage c¢v Badger Shipper within a few years after

its release was probably due to selection of pathogenic
genotypes (Seaman et al., 1963). In absence of the
resistant host, the pathogenicity of the population in the
field towards Badger Shipper diminished again (Sea-
man et al., 1963), supporting the hypothesis of reduced
fitness of genotypes carrying pathogenicity genes.

This genetic variation implies that the characteriza-
tion of a field isolate using a differential test series is in
fact only valid for the inoculum used in the test. Oth-
er clubs, and especially clubs obtained after further
propagation of the isolate may contain a population
with different pathogenicity. It is therefore essential
that relevant control host genotypes are included in
every clubroot test. The concept of races is not very
effective in the case of field isolates of clubroot, since
neither the pathogen populations nor the differential
hosts fulfill the necessary conditions of genetic unifor-
mity and stability (Parlevliet, 1985). Rather, a system
is required based on identified pathogenicity and resis-
tance genes.

Progress in this area may become possible by the
use of host plants carrying well characterized resistance
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genes, and by studying genetically uniform single-
spore isolates. The advantages of single-spore isolates
are the stability of the genotype of the isolate over prop-
agation cycles, and the absence of interaction between
different pathogen genotypes. Meanwhile, it must be
recognized that single-spore isolates may represent
atypical pathogen genotypes. It will therefore be neces-
sary to compare the results obtained with single-spore
isolates, with those obtained with the original field
isolates and mixtures of single-spore isolates.

Sources of resistance to clubroot in B. oleracea

Contrary to the situation in B. rapa and B. napus,
completely resistant accessions have only rarely been
described in B. oleracea. This has stimulated much
screening work in the cole crops, uncovering sever-
al accessions partially resistant to field isolates (Table
1). Most of these accessions were cabbage, kale or
curly kale types. In other cole crops, only low levels of
resistance were found (e.g. Dixon & Robinson, 1986;
Crisp et al., 1989; Voorrips & Visser, 1993). Sever-
al highly resistant lines were bred from some of the
resistant accessions. However, the cultivars carrying
clubroot resistance have found only limited applica-
tion, because of an insufficient level of resistance, a
quick erosion of resistance, or because of insufficient
quality.

Voorrips & Visser (1990) produced doubled hap-
loid lines (DH-lines) from partially resistant cabbage
and kale accessions. Some of these DH-lines were
almost completely resistant. This suggested that some
accessions described as partially resistant did in fact
segregate for resistance. As B. oleracea is a cross-
fertilizing species many accessions are likely to be het-
erogeneous. Since the level of resistance of an acces-
sion is expressed as the average disease severity of
several plants, a partially resistant accession may still
harbour genes for complete resistance. It is perhaps
unfortunate that research and breeding for clubroot
resistance have concentrated on the few sources with
high levels of resistance, and ignored the potential of
accessions with low partial resistance. Other sources
of resistance could possibly have been identified in this
way.

Also of interest is the range of pathogen isolates
to which a host genotype is resistant. Toxopeus et
al. (1986) reported a summary of ECD tests (Bucza-
cki et al., 1975) involving 299 field isolates, carried
out by 18 researchers in different countries. None of

the 15 ECD host genotypes was resistant to all field
populations tested. The five B. oleracea ECD hosts
were susceptible to the majority of the isolates. Crute
et al. (1983) and Crute (1986) demonstrated that cvs
Bohmerwaldkohl, Bindsachsener and Verheul interact-
ed non-differentially with a range of isolates, whereas
cv Badger Shipper interacted differentially. Tests of
Voorrips & Thomas (unpublished) also indicated that
cv Bohmerwaldkohl and, to a lesser extent, Bindsach-
sener were partially resistant against different clubroot
isolates in Europe. Badger Shipper and related acces-
sions, as well as the OSU broccoli lines (Baggett, 1976;
Baggett & Kean, 1985) were highly resistant or highly
susceptible, depending on the clubroot isolate. Nev-
ertheless, some field isolates were highly pathogenic
to Bohmerwaldkohl and Bindsachsener (Voorrips &
Thomas, unpublished). The distinction between dif-
ferential and non-differential resistance is therefore
gradual rather than absolute, and is dependent on the
isolates used. The suggestion of Crisp et al. (1989)
that genes for differential resistance should be exclud-
ed in order to breed for non-differential resistance is
therefore likely to be counter-productive. What is real-
ly needed is information on the interaction of resis-
tance genes with pathogenicity genes, and informa-
tion regarding the distribution of pathogenicity genes
in pathogen populations. Studies in this field would
greatly benefit from the use of well-defined single-
spore isolates of P. brassicae.

Classical genetic studies of resistance and
tolerance

Several classical genetic studies of clubroot resistance
in B. oleracea have been published, using either diallel
crossing schemes, or segregating progenies from cross-
es between two lines (Table 2). Generally, symptoms
were assessed visually and rated on a symptom scale.
For genetic analysis, either a qualitative approach was
used by classifying plants with low symptom grades
as resistant and the others as susceptible, or a quanti-
tative approach based on the symptom grades. Hansen
(1989) studied tolerance to clubroot, defined in this
case as the yield on infested relative to uninfested test
plots in the field. This measure of tolerance has a prac-
tical foundation, but it is seriously confounded with
resistance.

Most of these studies pointed in the same general
direction: the various types of resistance and tolerance
inherit as partly or completely recessive traits and are



Tuble 1. Original sources of resistance to clubroot and derived lines and cultivars in Brassica oleracea

Original source Lines and cultivars References

Bohmerwaldkohl and Bindsachsener  Respla, Resista Gante, 1951; Weisaeth, 1977

Irish fodder cabbage Crisp et al., 1989; Crute & Pink, 1989

Shetland fodder cabbage Dennis & Gray, 1954

Russian cabbage cabbage cultivars Giessmann & Bauch, 1974

unknown cabbage® cabbage lines Oregon-100,-123, -140, - 142 Baggett, 1983

unknown kale? cvs Badger Shipper, Richelain, cabbage Walker & Larson, 1960; Chiang &
line 8-41°¢ Créte. 1989

curly kale curly kale cultivars Nieuwhof & Wiering, 1962; Voorrips

& Visser, 1993

B. napus cv Wilhelmsburger cv Richelain, cabbage line 8—41¢ Karling, 1968; Chiang & Créte, 1989

cauliflower® Catovic-Catani & Rich, 1964

unknown MSU 134 broccoli Vriesenga & Honma, 1971

unknown? broccoli lines OSU CR-1 to -8 Baggett, 1976, Baggett & Kean, 1985

@ Baggett (1983) used an accession obtained from the Institute for Horticultural Plant Breeding, the Netherlands (now CPRO-
DLO) as source of resistance. This accession was most likely derived from Bindsachsener, BShmerwaldkohl or from the breeding
programme leading to cv Badger Shipper, since those were the only clubroot-resistant cabbage accessions available at the institute
at that time.

b Cabbage cv Badger Shipper was derived from a chance cabbage x kale hybrid.

¢ The results of Catovic-Catani & Rich (1964) were based on only five plants per accession and were therefore questionable.

4 The clubroot resistant parent used by Baggett (1976) was a leafy annual with small, loose flower heads of unknown origin.

= Cabbage line 8-41 and the derived cv Richelain were descended from both B. napus cv Wilhelmsburger and, via cv Badger
Shipper, from an unknown kale accession.

Tuble 2. Summary of classical genetic studies of clubroot resistance and tolerance in Brassica oleracea

Resistant parents Populations  Test Analysis Conclusions Reference

cabbage line 8—41 Fa. BC field qualitative 2 recessive genes Chiang & Créte, 1970

cabbage line 8—41, cv diallel glasshouse quantitative mainly additive, | recessive Chiang & Créte, 1976

Badger Shipper gene group

broccoli MSU 134 F, glasshouse qualitative 1 or 2 recessive genes Vriesenga & Honma, 1971

Bshmerwaldkohl F2, BC glasshouse quantitative 4 genes® Yoshikawa, 1983

Bohmerwaldkohl F2,BC glasshouse quantitative Additive and recessive Crute & Pink, 1989

kale K269 F2, BC glasshouse qualitative | recessive gene Yoshikawa, 1983

several cabbage accessions  diallel field quantitative  additive and recessive Hansen, 1989

several kale accessions diallel glasshouse quantitative many genes, mostly dominant  Laurens & Thomas, 1993
field

several kale and cabbage Fi glasshouse qualitative  all recessive Voorrips & Visser, 1993

accessions

@ Crute et al. (1980) re-interpreted the data of Vriesenga & Honma (1971) and concluded to I rather than 2 genes.
b Yoshikawa (1983) apparently neglected the fact that his accession of BShmerwaldkohl was not a pure line, which invalidates his
analysis.
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under control of a limited number of major genes. Lau-
rens & Thomas (1993) obtained different results: they
found evidence for many dominant alleles for resis-
tance in kale accessions. These kales were selected
for resistance to field isolates from Brittany, which
are rather different from most European and American
isolates (Voorrips & Thomas, unpublished results).

Quantitative genetic theory as applied in the stud-
ies mentioned in Table 2 is only applicable to con-
tinuous, normally distributed data. With the exception
of Hansen (1989) however, all the quantitative genet-
ic studies were based on ordinal data, the symptom
grades. It would be interesting to verify the conclusions
by analyzing the original data using more appropriate
statistical methods (e.g. Jansen, 1991).

Molecular markers for resistance genes

Landry et al. (1990, 1992) were the first to report link-
age studies of clubroot resistance genes with genet-
ic markers. They studied an Fs-population from a
cross between a cabbage breeding line resistant to race
2 (Williams, 1966) and a susceptible rapid-cycling
B. oleracea line. The parentage of the resistant line
included B. napus cv Wilhelmsburger, resistant to races
2,3, 6 and 7 as well as cv Badger Shipper, resistant to
races |, 3 and 6. The resistance tests were performed
with a field isolate designated as race 2, using the test
series of Williams (1966). For the QTL analysis, the
symptom ratings were transformed to obtain normal-
ly distributed data. Two QTL's for clubroot resistance
were mapped, located in two separate linkage groups.
Together they explained 61% of the variance in the Fs.
Presumably these QTL's originated from B. napus, but
this was not verified.

Figdore et al. (1993) studied the segregation of
RFLP markers and clubroot resistance to race 7
(Williams, 1966) in an F, from a cross between a sus-
ceptible cauliflower cv and broccoli line OSU CR-7
(Baggett & Kean, 1985}, which was resistant to race 7.
Symptoms were rated in three grades. Linkage of resis-
tance with RFLP markers was determined using con-
tingency Chi-square tests, appropriate for ordinal data.
They found strong evidence for one resistance gene
on chromosome 1C, and possibly spurious indications
for two other resistance genes. The resistance gene
on chromosome 1C was expressed in a semi-dominant
way. Treating the symptom ratings as quantitative data,
they estimated that this gene accounted for 12.6% of
the variance in the F,.

Breeding perspectives

Selection for clubroot resistance might in some cases
be expected to be reasonably efficient in view of the
relatively large heritabilities and the small number of
major genes involved (Chiang & Créte, 1976; Table 2).
However, for practical breeding the partially recessive
nature of resistance implies that both parental lines of
a resistant F;-hybrid cultivar need to carry the same
resistance genes. Backcrossing recessive alleles into
lines involves alternating generations of selfing or of
doubled haploids in order to reselect for resistance. The
need for those generations could be eliminated by the
use of molecular markers for resistance genes. Intro-
gression could be accelerated even further by selecting
for several markers from the recurrent parent.

The main problems in breeding resistant cultivars
are the large variation for pathogenicity in P. brassicae,
which may require the incorporation of several resis-
tances in cultivars intended for use in a large area, and
the lack of information on the interaction of resistance
genes with pathogen populations. These problems may
in the near future be addressed more effectively, using
techniques such as production of single-spore isolates,
microspore culture and molecular mapping of resis-
tance genes. Pathogen isolates can be more precisely
characterized by their interaction with plants carrying
known resistance genes. For genetic studies, popula-
tions of DH-lines derived from resistant x resistant
or resistant x susceptible crosses will be more use-
ful than F, or backcross populations, as such lines
can be tested repeatedly to reduce environmental vari-
ation. In addition, resistance to several pathogen iso-
lates, preferably of monospore origin, can be mapped
in the same population of DH-lines. In this way the
level and specificity of resistance conferred by any
resistance gene can be determined. In the future, it will
be worthwhile to combine efforts to characterize genes
for clubroot resistance obtained from various sources
and to find molecular markers to trace those genes in
successive generations, in order that they can be ratio-
nally employed in breeding for resistance.
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