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Abstract Clubroot disease is a major threat to crops

belonging to the Brassicaceae. It is controlled most effec-

tively by the use of resistant cultivars. Plasmodiophora

brassicae, the causal agent, shows a wide variation for

pathogenicity, which can be displayed by using differential

host sets. Except for Brassica juncea and B. carinata,

resistant accessions can be found in all major crops. Most

resistance sources are race-specific, despite some race-

independent resistant accessions which can be found in B.

oleracea. European field isolates from P. brassicae display

great variation and show a tendency to overcome different

resistance sources from either B. rapa or B. oleracea. At

present, resistance genes from stubble turnips (B. rapa) are

most effective and most widely used in resistance breeding

of different Brassica crops. Resistance to P. brassicae from

turnips was introduced into Chinese cabbage, oilseed rape,

and B. oleracea. Although most turnips carry more than one

resistance gene, the resistant cultivars from other crops

received primarily a single, dominant resistance gene hav-

ing a race-specific effect. Populations of P. brassicae that

are compatible against most of the used resistance sources

have been present in certain European areas for many

decades. Such pathogen populations appeared in Japanese

Chinese cabbage crops only a few years after the intro-

duction of resistant cultivars. As the spread of virulent

P. brassicae pathotypes seems to be slow, resistant cultivars

are still a very effective method of control in many cropping

areas. Mapping studies have revealed the presence of sev-

eral clubroot-resistance genes in the Brassica A and C

genomes; most of these genes are showing race specificity.

Only in B. oleracea was one broad-spectrum locus detected.

Two loci from the A genome confer resistance to more than

one pathotype, but not to all isolates. Progress made in the

determination of resistance loci should be used to formulate

and introduce an improved differential set. Future efforts

for breeding P. brassicae resistance will focus on durability

by broadening the genetic basis of clubroot resistance by

using either natural variation or transgenic strategies.
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Introduction

Clubroot disease of the Brassicaceae has been a major

threat to crops belonging to this family for centuries.

Brassica oilseeds, cabbage and kale, Chinese cabbage,

radishes, and mustards can be infected by Plasmodiophora

brassicae Wor., the causal agent of clubroot. The disease is
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estimated to be present in approximately 10% of all areas

where host plants are cultivated (Crête 1981), including

Indonesia and Norway, and it is a constant challenge for

Brassica breeders. One of the earliest records of clubroot in

Europe dates back to the 4th century in Italy (Crisp and

others 1989). In Spain the disease was described in the

15th–16th centuries, in England in the 18th century, and by

the 19th century clubroot had spread to most European

countries, the U.S., and Japan (Colhoun 1958; Yoshikawa

and Buczacki 1978). Clubroot is now considered one of the

most serious diseases affecting B. oleracea crops. Its

prevalence ranges from 3.5 to 10% of the land used for

these crops worldwide (Crête 1975, 1981), up to 20% in

Canada (Landry and others 1992), and up to 70% in Vic-

toria, Australia (Donald and others 2006b), with yield

losses conservatively estimated at over 15% in the U.K.

(Dixon 1999) (see Dixon, this issue). The disease limits the

spread of Brassica crops into those areas where soil and

climatic conditions support infection. Although clubroot

has been largely a disease of vegetable crops in the last

century, it is now of increasing importance for broadacre

crops such as oilseed rape (B. napus L.) or turnip rape (B.

rapa L.) as a result of the substantial increase in Brassica

oilseed acreage.

Plant resistance is still the most powerful tool for

combating clubroot disease. Agricultural control means

such as liming are more circumscribed in their effective-

ness or applicability. Reducing the frequency of Brassica

crops in a rotation will significantly delay the initial inci-

dence of clubroot, although this is not a preferred option of

growers faced with an increasing demand for plant oils. In

addition, crop rotation alone will not eliminate the disease

at infested sites in the short to medium term. Breeding for

clubroot resistance (CR) focuses today on Chinese cabbage

(B. rapa spp. pekinensis) in Japan and Korea, oilseed rape

in Germany and Sweden, and several B. oleracea vegeta-

bles for which most CR breeding activities are centered in

the Netherlands and in France. Recently released resistant

cultivars belong to three Brassica species: B. napus, B.

oleracea, and B. rapa. They all possess, however, CR

gene(s) that originate from Dutch or Belgian stubble tur-

nips (B. rapa spp. rapifera). The CR from this source is

regarded as race-specific. Therefore, a major aspect in this

review is the durability of CR.

Durable resistance was defined by Johnson (1984) as

‘‘resistance that remains effective during its prolonged and

widespread use in an environment favorable to the dis-

ease.’’ To identify a durable resistance source requires that

a CR cultivar is in extended use for a long period. Such a

cultivar will not exist when considering CR. Therefore

resistance geneticists need other ways to estimate the

durability of resistance sources, such as significant inter-

actions between host and pathogen genotypes according to

a factorial analysis of variance. Vanderplank (1978) sug-

gested determining the ranking orders of host genotypes

with as many different pathotypes as possible. Constant

ranking orders would form the major criterion for identi-

fying a race-independent resistance type, which could be

expected to be durable, with the most resistant genotype

being the candidate for a durable resistance source. For

clubroot disease, such data have been generated mainly

during the 1980s using the European Clubroot Differential

(ECD) set (Buczacki and others 1975; Crute and others

1983; Toxopeus and others 1986; see below). The differ-

ential screening of P. brassicae’s pathogenicity was based,

however, on poorly defined resistance genotypes. During

the past decades, CR genetics have focused more on the

identification and mapping of resistance genes. This

knowledge should be used now to analyze the specific

effects of defined genes for CR.

Biology of P. brassicae and Its Interaction with Hosts

Based on molecular data, taxonomists have reclassified P.

brassicae into the new taxon Rhizaria, which is a diverse

group of amoeboid protists with two different flagellae

(Nikolaev and others 2004). Plasmodiophora brassicae is

neither a fungus nor a slime mold, as previously consid-

ered. The general biology of P. brassicae was recently

reviewed in Dixon (2006). It is widely accepted that the life

cycle of P. brassicae consists of two infection phases

(Karling 1968; Ingram and Tommerup 1972). Plasmodio-

phora brassicae’s lifestyle is strictly biotrophic; only

stages that do not grow occur outside the host. After ger-

mination of resting spores in the soil, primary zoospores

are released; these become attached to the surface of cor-

tical root cells, in particular to the root hairs, and inject

their protoplast into the cytoplasm. Inside the host cell

cytoplasm the P. brassicae amoeba undergoes endomitotic

divisions forming a multinucleate primary plasmodium.

The primary plasmodium cleaves into sporangiosori (Kar-

ling 1968), which give rise to the secondary zoospores. The

secondary zoospores are either released into the rhizo-

sphere and then infect the root cortex from outside or they

infect neighboring cortical cells directly from inside the

root hair (Aist 1977). This second pathway is now con-

sidered to have greater relevance. It has been assumed that

secondary zoospores fuse and form binucleate zoospores

Cook and Schwartz 1930; Tommerup and Ingramm 1971;

Ingram and Tommerup 1972). Meiotic divisions in the

multinucleate secondary plasmodium, just after karyogamy

and before sporangiogenesis, have been described by a

number of authors (Tommerup and Ingramm 1971; Ingram

and Tommerup 1972; Garber and Aist 1979a, b; Buczacki

and Moxham 1980; Braselton 1981). So far these
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observations remain the only evidence for sexual stages in

P. brassicae’s life cycle. Fähling and others (2004) tried to

detect recombination between single-spore isolates using

RFLP markers but could recover only the parental marker

patterns again.

The secondary infection phase, which is initiated by the

secondary zoospores, takes place in the cortex. Secondary

plasmodia spread inside the root and induce the unorga-

nized growth of the affected tissue, which causes the dis-

integration of the concentric root structure and of a major

part of the vascular system (Mithen and Magrath 1992;

Morgner 1995; Kobelt and others 2000). The typical root

tumors (clubs) develop and malnutrition and wilting of the

plant initiates the final phase. Heavily infected plants will

die before flowering. Due to the decay of the root tumors,

the resting spores, which are formed after cleavage of the

secondary plasmodium, will be released into the soil. The

life cycle, the impact of the environment, and the bio-

chemistry of the host–pathogen interaction are considered

in other chapters (Kageyama and Asano, this issue; Dixon,

this issue; Ludwig-Müller and others, this issue) of this

special issue.

Characterization of the Resistance Response

Although the primary phase is rather unspecific and has

been observed in resistant (Macfarlane 1955; Voorrips

1992; Morgner 1995) and even in nonhost plants (Bawden

1949; Webb 1949), the secondary infection phase is the

period when susceptibility or resistance becomes apparent

in all the host species studied so far (Dekhuizen 1979;

Kroll and others 1983; Morgner 1995; Kobelt and others

2000; Tanaka and others 2006; Donald and others 2007).

Stages belonging to the secondary infection phase are at

least quantitatively reduced and delayed in resistant inter-

actions. Kroll and others (1983) compared three radish

cultivars that showed quantitative differences in resistance

for their degree of colonization by P. brassicae. Although

secondary plasmodia were present initially in all three

cultivars, their development stopped completely only in the

wholly resistant cultivar, whereas considerable delay in the

development of secondary stages was seen in the partially

resistant cultivar. Morgner (1995) studied the histology of

P. brassicae infections in roots of resistant B. napus (ECD-

06), B. rapa (cv. Chorus), and B. oleracea (‘Böhmer-

waldkohl’) hosts and identified secondary stages, particu-

larly the early secondary plasmodia, as present in the

cortex 12 days post infection (dpi), but no plasmodia or

resting spores were detected at 22 dpi. Apparently, patho-

gen development was stopped before the completion of the

life cycle. The presence of secondary stages in resistant

hosts was also described by Kobelt and others (2000) in

Arabidopsis and by Donald and others (2007) in a B. ol-

eracea breeding line obtained from Syngenta Seeds. Kobelt

and others (2000) compared Arabidopsis ecotypes of dif-

fering strengths of resistance for their colonization by P.

brassicae during secondary infection. The most resistant

ecotype, Ze-0, restricted the pathogen’s development most

strongly, leading to a significant delay and reduction of late

stages of the life cycle. However, small amounts of resting

spores were formed.

Often biotrophic pathogens are restricted by a hyper-

sensitive response (HR), which has been defined as ‘‘the

rapid death of plant cells in association with the restriction

of pathogen growth’’ by Goodman and Novacky (1994).

The concept of this reaction is questioned for root patho-

gens and probably is not fully applicable to CR. Dekhuizen

(1979) studied the histology of resistant turnips (B. rapa)

and observed necrotic areas in infected roots which he

interpreted as evidence of a hypersensitive response.

Morgner (1995) could not confirm this observation in the

CR Chinese cabbage cv. Chorus. Kobelt and others (2000)

observed autofluorescence and also necrotic areas in

infected roots of resistant Arabidopsis ecotypes. The

number of necrotic spots was correlated with the degree of

resistance and also to the amount of inoculum; however,

the pathogen was not fully restricted by necroses. The time

required for necrosis development was much longer than

that known for hypersensitive responses to biotrophic leaf

pathogens.

The physiologic effects of CR were studied in Arabid-

opsis by Jubault and others (2008). They found remarkable

differences with respect to the regulation of arginine

catabolism and polyamine metabolism between a suscep-

tible and a partially resistant ecotype. So far it is not clear

whether these different reactions are a part of or a result of

the defense reaction. See Ludwig-Müller and others (this

issue) for a discussion on metabolism and plant growth

regulator events during clubroot disease.

Epidemiology of P. brassicae

Successful infection by P. brassicae depends on several

environmental factors (see Dixon, this issue, for a detailed

discussion). Uneven distribution of these environmental

conditions in the field can lead to a scattered pattern of

infested patches. One major factor that affects disease

incidence is soil pH. Infections occur mainly where the pH

is below 7. Reports of disease incidence at pH values

around 8 are rare but do exist (Colhoun 1953). This may

reflect the capacity of P. brassicae to adapt, especially

when other factors are optimal. Soil humidity is another

key factor; the zoospore stages of P. brassicae’s life cycle

depend on soil water for movement (Dobson and others
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1982) and this could explain the prevalence of infections in

those patches of a field where drainage is not sufficient.

Soil temperature between 20 and 22�C was shown to be

optimum for disease severity in the field (Thuma and others

1983; Einhorn and Bochow 1990), although the geo-

graphical distribution of the disease leads to the suggestion

that P. brassicae could adapt itself to different temperature

regimes. In summary, infections can be expected when

resting spores, young host roots, low pH, and wet and

warm weather coincide.

Plasmodiophora brassicae depends on the movement of

contaminated material for long-distance dispersal. Oppo-

site to leaf pathogens wind dispersal is only of minor rel-

evance and is expected to depend on the drift of

contaminated soil. Medium to long distance spread is

assisted by infected transplants of cole crops, farm

machinery, animals, and water runoff. Spore dispersal over

short distances by active movement in the rhizosphere

seems of limited relevance for spreading because both

primary and secondary zoospores appear to be incapable of

swimming more than a few millimeters (Doyle 1990).

Zoospore movements should be sufficient to allow attach-

ment to the nearest root surface. An evolutionary strategy

to cope with poor dispersal is longevity and a high repro-

duction rate, which applies to P. brassicae. Resting spores

are capable of remaining viable in soil for at least 17 years,

with an estimated half-life time of 3.6 years (Wallenham-

mar 1996). One gram of infected root tissue contains at

least 1–2 9 108 spores, and a single host plant can produce

root tumors weighing more than 20 g. On the assumption

that the plant in this example was initially infected by 104

spores, this would mean a 100,000-fold increase in one

generation, lasting approximately 6 weeks.

Due to the nonspecificity of the primary infection phase,

it has been assumed that some nonhost plants as well as

resistant plants reduce the inoculum level in contaminated

soils by causing the resting spores to germinate without

allowing their multiplication (Yamagishi 1987; Harling and

Kennedy 1991; Friberg and others 2006) but the experi-

mental evidence is unclear. The observation of viable

P. brassicae resting spores coming from infections of what

are regarded as nonhost plant species (that is, Beta vulgaris

or Tropaeolum majus) by Ludwig-Müller and others (1999)

raises the question: To what extent do other plants as cru-

cifers play a role in the maintenance or increase of the soil

inoculum? Detection of soil infestations, a major pre-

requisite for epidemiologic studies, is achieved mainly by

bioassays using highly susceptible plants as indicators, that

is, Chinese cabbage or brown mustard (Melville and Haw-

ken 1967; Rouxel and Cadiou 1988). Some PCR-based

methods for detecting P. brassicae in soil, plant, or water

samples have been reported (Ito and others 1997; Faggian

and others 1999; Cao and others 2007) and will lead to the

development of real-time PCR protocols for the quantitative

detection of soil infestation levels (see Faggian and Strel-

kov, this issue).

Genetic Variation of the Interaction Between

P. brassicae and Its Hosts

Genetic variation in P. brassicae was first demonstrated by

Honig (1931) when she compared three cruciferous species

for resistance toward P. brassicae isolates of different

origin. Scheijgrond and Vos (1954) showed variation of

P. brassicae on hosts from the same species. In the fol-

lowing decades resistant genotypes for the major Brassica

crops were identified, except for B. juncea and B. carinata

(Walker and Larson 1948; Gante 1951; Weisaeth 1961;

Lammerink 1964; Tjallingii 1965; Ayers and Lelacheur

1972; Crute and others 1980; Brokenshire 1982; Schoeller

1987; Crisp and others 1989; Monteiro and Williams 1989;

Williamson and Bradshaw 1989; Bradshaw and William-

son 1991). Resistant accessions were found more fre-

quently in certain crop types, for example, in white

cabbage or kale types for B. oleracea, or in the storage

root-forming types of B. rapa and B. napus.

The interaction between P. brassicae and its hosts has

been studied intensively using different tester sets (Table 1).

The ECD set (Buczacki and others 1975) has played a major

Table 1 Overview of present clubroot differential sets

Set No. hosts Species represented Known resistance

genes

No. pathotypes

to be identified

ECD set (Buczacki

and others 1975)

15 (12 resistant) 59 B. rapa A, B, C in B. rapa hosts 48 Theoretical

59 B. napus 23 Realistica

59 B. oleracea

Williams (1966) 4 29 B. napus Not identified 16

29 B. oleracea

Somé and others (1996) 3 B. napus Not identified 8

Kuginuki and others (1999) 2 B. rapa Not identified 4

a Difference between theoretical and realistic numbers is due to complex genotypes and shared R genes between different hosts
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role in race designation; it consists of five hosts from each of

B. rapa, B. napus, and B. oleracea. Crute and others (1983)

analyzed more than 240 internationally collected data sets

from ECD tests and concluded that CR in B. rapa and B.

napus was race-specific, whereas the resistance of the B.

oleracea ECD hosts appeared to be basically nondifferential.

Plasmodiophora brassicae does not form formae specialis;

however, isolates might differ in particular with repect to

their pathogenicity toward resistant hosts from certain crop

species (Crute 1986). Only very few isolates were capable of

overcoming the resistance of B. rapa hosts, whereas sus-

ceptible reactions were very frequent in most B. napus and B.

oleracea hosts. This was still true when Toxopeus and others

(1986) published their survey of a worldwide collection of

data generated by using the ECD series. So far, pathogenicity

for the B. rapa ECD hosts appears to be specific for some

isolates from Europe and, after introduction of CR B. rapa

cultivars, from Japan (Williams and Walker 1963; Crute

1986; Donald and others 2006b; Hirai 2006; Strelkov and

others 2007). It is remarkable that pathogenicity against B.

oleracea and some B. napus hosts did not occur in isolates

with no obvious selective origin, whereas virulence toward

B. rapa hosts was present in isolates that merely had a

selective history in this direction (Toxopeus and others

1986).

Interestingly, pathogenicity toward resistant B. rapa hosts

seems to be associated with pathogenicity toward resistant B.

napus hosts, whereas resistant B. oleracea hosts are more

likely to show heavy infections with P. brassicae isolates

that were not virulent on most resistant B. rapa and B. napus

hosts (Crute and others 1983). This dissociated pathoge-

nicity might be an expression of different CR mechanisms

that must be overcome. On the other hand, this might be a

result of CR genes being introduced into B. napus from one

of its ancestral species, B. rapa. Diederichsen and Sacristan

(1996) combined CR from B. rapa host ECD-04 and B. ol-

eracea host ECD-15 in resynthesized B. napus lines and

found that CR from B. oleracea was hardly effective in B.

napus unless it was combined with CR from B. rapa. Thus,

the expression of CR from both parental species in B. napus

differs; CR genes from B. oleracea might be present in

natural B. napus without being noticed. Taken together, CR

from B. rapa should be regarded as based on strong and

efficient but race-specific resistance genes.

Other differential sets consisting of fewer differential

hosts have been introduced by Williams (1966), Somé and

others (1996), and Kuginuki and others (1999). All sets are

sufficient in distinguishing P. brassicae isolates, at least in

particular geographical regions. Their major characteristics

are summarized in Table 1. Many clubroot workers prefer

to use fewer hosts for obvious reasons; however, investi-

gations such as those by Crute and others (1983) and

Toxopeus and others (1986) did yield valuable information

about the interaction of P. brassicae with major host crops

and this would not have been possible with the use of

smaller sets.

All clubroot differential sets lack exact information

about the number and identity of resistance genes in the

hosts. For the B. rapa ECD hosts, combinations of two to

three resistance genes (A, B, C) were proposed by Wit

(1964) and Toxopeus and Jansen (1975). There are dif-

ferent models of the genetics of the B. napus ECD hosts

that are based on at least four race-specific genes (Crute

and others 1983; Crute 1986; Gustafsson and Fält 1986). It

is assumed that most differential hosts represent complex

CR genotypes. Combinations of CR genes will lead to an

underestimation of the frequency of compatible isolates of

P. brassicae for individual CR genes and, moreover, of the

degree of variation in P. brassicae. In Table 2 race-specific

reactions of the B. rapa ECD hosts are compared with

those from B. napus lines that represent the B. rapa CR

genes A, B, or C separately or have a single QTL according

to markers mapped by Werner and others (2008). The B.

rapa hosts showed much fewer compatible interactions

than did the monogenic differentials, and even when two

genes were overcome individually, their respective com-

bination in a B. rapa host still provided at least a quanti-

tative level of CR. At least from a European perspective,

the number of P. brassicae pathotypes seems to be limited

more by the number of differential hosts rather than by a

capacity for adaptation. The relatively recent introduction

of clubroot into America and Australia in the 19th century,

probably via diseased fodder plant material by colonists

(Colhoun 1958; Donald and others 2006a), seems to be

associated with less diverse pathogen populations in the

Table 2 Race specificity of CR in Brassica hosts displaying CR

genes from B. rapa

Host Postulated loci Disease index with P. brassicae isolate

China1 Schwaan H1 Polen1

B. rapa ECD hosts

ECD-01 B ? C 42 9 44 2

ECD-02 A ? C 5 2 29 0

ECD-03 A ? B 0 19 48 0

ECD-04 A ? B ? C 0 0 9 0

B. napus hosts

55–6 A 23 17 91 40

140–4 B 82 100 96 99

102–4 C 83 0 41 100

914–8 (A03 65.3)a 39 0 86 100

914–48 (A08 57.8)a 10 8 93 8

a Map position according to Werner and others (2008); susceptible

reactions (DI [ 33) in italic; testing procedures as in Diederichsen

and Sacristan (1996)
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New World compared with Europe (Donald and others

2006b).

An important problem for race differentiation is the

genetic heterogeneity present on both sides of this host-

pathogen interaction. Many host species, such as B. rapa,

B. oleracea, and R. sativus, are outbreeders and display

heterogenic resistance reactions in crop cultivars as well as

in differential hosts. These reactions lead to speculation

about the genetic identity of the differential host and to

uncertain interpretations of compatibility. Heterogeneity

has to be expected even more for P. brassicae isolates. In

accordance with most clubroot literature, the term ‘‘iso-

late’’ is used here for a heterogeneous P. brassicae field

population in the natural state in which it was collected

from the field as infected roots and maintained subse-

quently in susceptible host genotypes. At least in Europe

such a field collection has to be regarded as heterogenic.

Different pathotypes can be found even inside a root tumor

club (Jones and others 1982b). Single resting spore-derived

isolates (SSI) have been generated (Buczacki 1977; Jones

and others 1982a; Schoeller and Grunewald 1986; Voorrips

1996; Manzanares-Dauleux and others 2000; Fähling and

others 2004; Xue and others 2008) and often these differ in

pathogenicity in comparison to the original collection.

Single-spore isolates (SSIs) are most valuable for genetic

analysis. For breeding and selection purposes, specific

virulence properties are of greater importance. Clubroot

disease reactions in resistance tests frequently give quan-

titative reactions; this can also apply to the interaction

between monogenic CR hosts and SSI. Race-specific CR

genes can yield quantitative disease phenotypes, which

should not be interpreted as a criterion for race-indepen-

dent resistance as in other pathosystems.

Crop-Specific Status of CR Breeding

The following sections provide an overview of the current

status of CR breeding in major cruciferous crops. It might be

helpful to consider the phylogenetic relationship among

Brassica species. B. napus is a recent, natural amphidiploid

hybrid between B. rapa and B. oleracea (U 1935). According

to recent chromosome nomenclature, B. rapa has the chro-

mosomes A1-A10 and B. oleracea the chromosomes C1-C9

which together form the B. napus genome. Both ancestral

species of B. napus are regarded as still being closely related

to each other (Lagercrantz 1998). Interspecific transfer of

CR has played an important role in breeding during the last

50 years and also possibly in spontaneous gene flow.

Breeding CR benefits strongly from modern breeding

methods such as embryo rescue techniques which support

interspecific transfer. Major challenges for CR breeding

remain the identification and choice of resistance sources

and of P. brassicae isolates to be used for selection and the

management of race-specific resistance. In most Brassica

crops hybrid cultivars have a strong position in the seed

market, leading to a preference for dominant CR genes.

Breeding for CR in B. rapa Crops

In East Asian countries such as China, Korea, and Japan, B.

rapa displays very wide morphologic variation. Besides the

turnip and oil seed types, many kinds of leafy vegetables

are grown there. Most relevant is the heading vegetable,

Chinese cabbage. As a result of its long cultivation period

of up to 150 days, Chinese cabbage is more vulnerable to

clubroot compared with short-term crops such as Pak Choi,

Mizuna, or Mibuna, which are per se equally susceptible.

Flowering vegetables, from which flower buds and stalks

are used for cooking, require longer cultivation periods and

also suffer badly from clubroot (Hirai and Matsumoto

2007). Efforts in breeding for CR by seed companies have

focused mainly on Chinese cabbage. A number of CR

Chinese cabbage cultivars were released in Japan, and

some CR flowering vegetables and CR turnip cultivars

have also been released and are used in commerce. Oilseed

turnip rape is the prevalent spring oil crop in areas with

short growing seasons like the northern parts of Canada

and Scandinavia. Partially resistant lines of this oil crop

were developed in Sweden using the Chinese cabbage

WR60 as resistance donor (C. Persson, SWSeeds Sweden,

personal communication). They have higher yields than

susceptible lines on sites infested by P. brassicae (Wal-

lenhammar 1996; Wallenhammer and others 2000).

Addressing the clubroot problem in Japan, Dr. H. Yos-

hikawa of the National Institute for Vegetable, Japan, per-

formed an extensive survey of CR in crucifer crops. He

found no CR lines in East Asian germplasm (Yoshikawa

1993). Because B. rapa originated in the Mediterranean

area, it is reasonable to speculate that the genetic diversity

in European germplasm is greater than in East Asian

germplasm despite their morphologic diversity. Genetic

resources with CR in B. rapa were found only in European

turnips (Yoshikawa 1993) as was also suggested by Crute

and others (1980). European turnips such as cvs. Siloga,

Gelria, Milan White, and Debra have been used for breed-

ing different CR cultivars. Some of these turnip cultivars

have also been used to select the differential hosts ECD-02

(from cv. Gelria) and ECD-01 (from cv. Debra) of the ECD

set (Crute 1986).

A number of CR loci in B. rapa have been identified and

distinguished with the aid of molecular markers. The first

report on this was by Kuginuki and others (1997), who

mapped a locus presently known as Crr1. A number of

studies have been published since on CR in this species.

Four more major CR loci have since been reported (Hirai
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and others 2004; Piao and others 2004; Saito and others

2006; Suwabe and others 2003, 2006) and have been

reviewed recently (Hirai 2006). Table 3 summarizes the

available information about eight CR loci or QTL that have

been mapped in B. rapa. Four of these reside on chromo-

some A03, probably representing two complex regions that

control CR. One region, originally identified by mapping

CRb and its marker TCR05 (Piao and others 2004), is

assumed to be located in the top part of A03 because a QTL

derived from cv. Gelria could be allocated around TCR05

and was mapped between 12.5 cM (BRMS124) and

30.2 cM (BRMS206) on the map of Suwabe and others

(2006) by M. Hirai (unpublished data). Locus CRa was

identified as being linked with the SCAR marker HC352b

(Matsumoto and others 1998, 2005; Hayashida and others

2008), which has recently been mapped by Sakamoto and

others (2008) on A03 in the vicinity of markers that were

mapped in this region. Therefore, CRa and CRb might be

allelic or closely linked CR loci. So far, it is not known

whether they differ in their race specificity, but they differ

in their mode of inheritance (Table 1).

Another region on A03 is highlighted by the Crr3 locus,

which is located between 34.6 cM (BRMS158) and

73.5 cM (BRMS058) on the map of Suwabe and others

(2006; see also Saito and others 2006). Recently, Sakamoto

and others (2008) reported a large QTL (CRk) around

OPC11-2S, a marker of Crr3. The locus CRk was derived

from Chinese cabbage cv. CR Kanko, and it is possible that

it is identical, allelic, or closely linked to Crr3.

Other QTL or major loci that have a strong impact on

CR were found on chromosomes A02 [CRc (Sakamoto and

others 2008) derived from cv. Debra] and A08 [Crr1

(Suwabe and others 2003)]. Because only a few resistant

turnip cultivars have been used as CR sources, it is likely

that additional CR loci will be identified in this crop type.

The QTLs for CR residing in the Brassica A genome and

originating from turnip (ECD-04) were also mapped in B.

napus (Werner and others 2008). A QTL on A03 had a

strong effect on CR for three P. brassicae isolates in this

study. This QTL was located at 65.3 cM in the map of

Werner and others (2008); it might correspond to Crr3 or

eventually to Crb. Their map did not have enough markers

in common with the previously mentioned maps, however,

so the identity of these loci/QTLs remains to be deter-

mined. Furthermore, the correspondence of the QTL on

A08 from Werner and others (2008) and Crr1 (Suwabe and

others 2003), which seems to be in close vicinity according

to a common marker (BRMS088), requires clarification.

Mapping studies have advanced over the past 10 years

but there is little knowledge about the performance or race

specificity of each CR gene, and, furthermore, it is not

known which CR locus would correspond with those

present in CR cultivars. Differential race-specific responses

of the CRk and CRc loci were reported by Sakamoto and

others (2008). According to the available information about

race-specific effects of CR genes from B. rapa, it is most

likely that the mapped CR loci confer race-specific resis-

tance, as in Japanese CR cultivars. Kuginuki and others

(1999) and Hatakeyama and others (2004) suggested the

use of two commercial CR Chinese cabbage cultivars

showing opposite interactions with most Japanese field

isolates of P. brassicae for race designation. The CR genes

of these cultivars are unknown, however; therefore, more

studies are required to clarify the performance and the

broadness of major CR loci identified so far.

Most mapping studies have used a CR cultivar or CR

breeding line as a resistant parent. These breeding lines

have already been selected and may have only a proportion

of those CR genes that might have been present in the

original CR source. In this context, a study by Suwabe and

Table 3 Mapped CR loci in Brassica rapa and their linked markers

CR locusa Identified as Linkage

group

Linked

markers

Inheritance References

Crab Major gene A03 HC352b-

SCAR

Dominant Matsumoto and others (1998);

Hayashida and others (2008)

Crr1 Major gene A08 BRMS-088 Codominant Suwabe and others (2003, 2006)

Crr2 Modifier gene A01 BRMS-096 Codominant Suwabe and others (2003, 2006)

Crr3 Major gene A03 OPC11-2S Codominant Hirai and others (2004); Saito and others (2006)

CRb Major gene A03 TCR05 Codominant Piao and others (2004)

Crr4 QTL A06 BRMS-125 Codominant Suwabe and others (2003, 2006)

CRkc QTL, possibly major gene A03 OPC11-2S Codominant Sakamoto and others (2008)

CRc QTL, possibly major gene A02 m6R Dominant Sakamoto and others (2008)

a Suffixes, a, b, and c in the locus name do not correspond to A, B, and C genes of ECD set, but indicate chronological order of discovery
b Very near or identical to CRb
c Very near or identical to Crr3

J Plant Growth Regul (2009) 28:265–281 271

123



others (2003) is noteworthy. Their study used a doubled-

haploid (DH) line, G004, as a resistant parent. This line

was selected from DH lines derived from an F1 between the

CR turnip cv. Siloga and a susceptible Chinese cabbage

line. Kuginuki and others (1997) selected DH lines with

CR similar to that of cv. Siloga. This selection was

essential for finding Crr2 in addition to Crr1. The effect of

Crr2 was visible only in the presence of Crr1. The Crr2

locus was lost during the breeding of commercial CR

Chinese cabbage, but it was shown to be essential for

resistance toward highly virulent pathotypes (Suwabe and

others 2003). Finding and mapping CR loci that increase

the broadness of CR is the target of future studies. These

CR loci will become important in breeding cultivars with

more durable resistance.

Breeding CR B. oleracea Crops

Vegetable B. oleracea has a long history of selection into

different crop forms such as cabbage, cauliflower, Brussels

sprouts, and broccoli. The earliest descriptions of B. oler-

acea crops date back to the ancient Greeks and Romans who

mention stem kales, headed cabbages, and possibly kohlrabi

(Thompson 1976; Snogerup 1980). Forage kales (B. oler-

acea var. acephala) are one of the most primitive groups

used for livestock. The more modern red and white cab-

bages (B. oleracea convar. capitata var. capitata) trace

back to the 12th century in Germany and to the 14th century

in England. Savoy (B. oleracea convar. capitata var. sab-

auda) probably originated from Italy and spread to France

and Germany in the 16th–17th centuries (Thompson 1976).

In many parts of Europe ‘‘ancient’’ forms, for example,

Italian local varieties of broccoli and cauliflower B. olera-

cea var. botrytis, are still grown as locally specialized

varieties, both as fodder types and for human consumption

(Massie and others 1996).

The cabbage cv. Badger Shipper was one of the first CR

cabbage cultivars introduced in North America in the 1960s

(Crute and others 1980). The resistance was thought to be

based on a single gene group with an unknown number of

genes (Chiang and Crête 1976). This resistance, however,

was readily broken after introduction in the field. However,

in the absence of the resistant cultivar for 3 years, the

pathogen population seemed to lose pathogenicity to cv.

Badger Shipper, suggesting that there are adverse fitness

costs associated with pathogenicity (Crute and others 1980).

Other attempts to introduce resistant B. oleracea cultivars

include broccoli and cabbage lines developed in North

America (Baggett 1983; Baggett and Kean 1985) that are

resistant to various pathotypes present in North America,

resistant cabbage cultivars released in Norway based upon

resistance from the primitive cabbage cultivar Böhmer-

waldkohl (Weisaeth 1977), and a cabbage landrace from the

Shetland Islands [Dixon 1988; for a more complete over-

view see Crute and others (1980) or Voorrips (1995)].

In Canada, the B. napus swede cv. Wilhelmsburger was

chosen as a means to introduce resistance into B. oleracea

(Chiang and others 1977; Chiang and Crête 1983), as the

prevalent races from the U.S. and Canada seem to lack

virulence to most of the B. napus differential hosts (Chiang

and Crête 1989). A single resistant BC1 plant with n = 26

was selected for introgression of CR into the cabbage

cultivar Badger Shipper and the cabbage line 8-41 (Chiang

and others 1977, 1980; Landry and others 1992). They both

possess resistance against race 6, similar to cv. Wil-

helmsburger (Chiang and Crête 1976; Williams 1966). This

work resulted in the release of two CR cultivars, Acadie

and Richelain (Chiang and Crête 1985, 1989). The first

disease resistance QTLs that were mapped in Brassica were

reported in 1992 by Landry and others, who found two

QTLs for CR in this material.

The CR introduced by Chiang and Crête seems of only

limited value for European conditions because of the high

frequency of compatible isolates (see above). Toxopeus and

others (1986) concluded that the turnip B. rapa ECD hosts

had the strongest and broadest resistance. Within B. oleracea

many resistance sources have been described (for example,

Crute and others 1980; Crisp and others 1989; Hansen 1989;

Voorrips and Visser 1993; Manzanarez-Dauleux and others

2000). Only a few lines or cultivars have reached the com-

mercial state (Crute and others 1980; Voorrips 1995).

Linkage drag between CR and undesired traits such as

reduced shelf-life has been reported for some B. oleracea CR

sources (Crute and others 1980). Although CR from B. ol-

eracea is regarded as mainly nondifferential, it is less used in

breeding than race-specific CR from B. napus or B. rapa. The

most recent CR B. oleracea cultivars carry race-specific CR

that originates from B. rapa (see below). There are reasons

for this. CR from B. oleracea is genetically more complex,

mainly recessive, and therefore difficult to use in breeding,

particularly in hybrid breeding. In addition, P. brassicae

isolates that can completely overcome the resistance of all B.

oleracea ECD hosts are very common (Crute and others

1983; Toxopeus and others 1986).

In different QTL analyses of CR in B. oleracea, major

and minor QTLs were found (Voorrips and others 1997;

Moriguchi and others 1999; Rocherieux and others 2004;

Werner and others 2008). It is unknown whether some of

these QTLs are allelic or identical because most of them

have not been mapped onto a reference map. Rocherieux

and others (2004) identified several isolate-specific QTLs

and one major QTL that conferred resistance to all five P.

brassicae isolates used in their study. Werner and others

(2008) mapped QTLs from B. rapa and B. oleracea after

introduction into B. napus and identified eight QTLs in the

B. oleracea C genome, all showing race specificity. Despite
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its nondifferential appearance, it has to be assumed that CR

from B. oleracea is likely to be based on a mixture of race-

specific and race-independent CR loci.

For hybrid cultivars based on cytoplasmic male sterility

(CMS), the use of recessive CR would require that all three

lines involved in breeding (CMS female, maintainer, and

male line) possess identical CR alleles for several loci. To

fix such a complex CR in breeding lines would inevitably

require the application of molecular markers for all

involved loci and, furthermore, dihaploidization techniques,

making this a very long-term, expensive, and difficult

breeding process. There would still be a risk of creating

only partial and race-dependent resistance. For these rea-

sons the CR sources in B. oleracea were considered to be

too complex by breeders from Syngenta Seeds B�V., who

decided to use the B. rapa CR source. The use of this source

in B. oleracea made it necessary to overcome the species

barrier for stable introgression of CR from the A into the C

genome. The first interspecific crosses were made in 1987

between a broccoli inbred line and Chinese cabbage cv.

Parkin, which possesses a single dominant resistance gene

(Fig. 1). Embryo rescue (Harbert 1969) was used to obtain

F1 and BC1 plants. Nine resistant BC2 plants were derived

from a single BC1 plant. The expected 1:1 segregations

were found only in the BC4, suggesting that the CR gene

had been introgressed in the C genome. A backcross pro-

gram in cauliflower, cabbage, and Brussels sprouts was then

initiated; it included several years of backcrosses, selec-

tions, line development, and test crosses. Field tests eval-

uating the resistance in B. oleracea background under field

conditions were carried out for several years at naturally

infested locations in Europe. In all tests the CR entries

remained resistant, whereas the susceptible controls were

heavily infected (E. Linders, data not shown). Trials per-

formed in India, Australia (Donald and others 2006a, b),

and other countries yielded similar results. These results

indicated that the resistance gene was as effective in the

B. oleracea background as in the original B. rapa cultivar

and encouraged introduction of cultivars into the market.

The CR cultivars were introduced to the market in 2005

(for example, cauliflower cvs. Clapton and Clarify and

cabbage cvs. Kilaton and Tekila) and well received by

growers. The resistance from B. rapa does not cover all

isolates of P. brassicae (Toxopeus and others 1986), how-

ever. A small number of isolated infections were observed.

Medium to severe attacks occurred at some locations in

Germany, Poland, and Brittany, France. This situation had

already been encountered with B. rapa cv. Parkin before

introduction of the new cultivars. Often infections of the CR

cultivars are quantitative with small clubs as reported for

CR Chinese cabbage cultivars (Osaki and others 2008).

Compatible isolates sometimes have a reduced fitness on

susceptible B. oleracea hosts as compared with a standard

isolate not capable of overcoming B. rapa genes. An isolate

that was capable of infecting CR cv. Parkin from Indonesia

did show a strongly reduced reproduction rate on three

susceptible cabbage cultivars (Table 4). Donald and others

(2007) studied the histology of the Clapton-like resistance

and showed that the pathogen was inhibited in the cortex;

for some isolates this interaction may be more quantitative

than qualitative. Fitness costs associated with certain

pathogenicity factors, as has been observed with cv. Badger

Shipper (see above, Crute and others 1980), or interaction

between pathotypes may be present and certainly more

research is needed to elucidate this.

When advising growers, they must be told that resis-

tance will not work against all pathotypes. Including cv.

Clapton in a new differential set would help to monitor the

occurrence of compatible races. In the current situation it is

important that growers use this resistance in combination

with existing local husbandry measures such as liming,

Chinese cabbage cv. Parkin (n=20) Broccoli 
(n=18) 

X
Embryo rescue

X Broccoli 

BC1 
Embryo rescue

X Broccoli 

F1 

BC2

Normal seed set

R:S=4:1
n=19-26

R:S =9:80
n=18-20

R:S=2:2
n=19

Cauliflower

BC4

Cabbage Brussels sprouts 

1987

R:S =1:1
n=18

1988

1990

2000

Line development

First cross

Stable introgression

Test hybrids

2005

Field tests

Market introductionClubroot resistant cultivars 

Fig. 1 Introgression of clubroot resistance from B. rapa cv. Parkin

into B. oleracea crops at Syngenta Seeds B�V.; chromosome numbers

and segregation ratios for resistance are given for initial generations

Table 4 Reproduction ratea of a standard isolate compared to an

Indonesian isolate capable of infecting CR Chinese cabbage cv.

Parkin on three cabbage entries with different levels of susceptibility

Entry Spores/g infected root Spores/plant Mean score (0–5)

Stand. Ind. Stand.b Ind.c Stand. Ind.

Marathon 595 199b* 1809 347b 5.0 4.3b

Cab. 1 563 248b 802 158a 4.9 3.4ab

Cab. 2 468 68a 792 64a 4.6 2.5a

Mean 542b 172a 1134b 189a 4.8b 3.4a

a Reproduction rate = No. of spores 9 106 per gram of infected root

or per plant
b Stand. = race 4, Nord-Ditmar Germany
c Ind. = Indonesian

* Different letters indicate significant differences between means

according to two-way ANOVA and Tukey test after square root

transformation; n = 14, p \ 0.05. Scoring scale: 0 = no symptoms,

5 = fully diseased
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calcium fertilizers (for example, calcium cyanamide and

calcium nitrate), drainage, and fungicides (if allowed)

(Donald and others 2006a) in an integrated disease control

strategy to prevent further erosion (see Donald and Porter,

this issue). Breeding combinations with resistance sources

from B. oleracea is an additional future option, but the

technical and scientific difficulties mentioned earlier make

the solely genetic solution a real challenge.

CR Breeding in B. napus

Brassica napus is a recent amphidiploid Brassica species

with very little intraspecific variation and no wild acces-

sions. Both ancestral species, B. rapa and B. oleracea, are

still important genetic resources for increasing the genetic

variation in B. napus. Although traditional high-erucic-acid

and high-glucosinolate B. napus oilseed crops had only

limited use (for example, for lamp oils in the past centu-

ries), modern double low cultivars of oilseed rape and its

Canadian variant canola have experienced a dramatic boom

in production since 1978. Due to its improved oil and meal

quality, oilseed rape has become the major oil crop in

Europe, Canada, Australia, and China. Its acreage has

reached more than 6 9 106 ha in 2007 within the European

Union alone. In Europe and Canada, oilseed rape or canola,

respectively, is now often grown every third year in a

rotation. The use of rapeseed oils for biofuel has signifi-

cantly contributed to the value of this crop and its growing

acreage.

Clubroot disease was originally most important to the

storage-root-forming B. napus type spp. napobrassica

(swede or rutabaga) and to fodder rape (B. napus spp. ol-

eifera var. annuum) compared with winter oilseed rape

because their growing period better matches the pathogen’s

temperature requirements. As a result of the spread of

oilseed rape into areas where soil conditions are more

conducive, clubroot incidences are more frequent in this

crop. In a Swedish survey, 72% of 190 soil samples from

oilseed rape fields tested positive for the presence of P.

brassicae (Wallenhammar 1996). In naturally infested

fields, Wallenhammar and others (1999) found up to 50%

yield reduction in spring oilseed rape. In Canada, the first

incidences of clubroot in B. napus were recorded in 2003 in

Alberta and the disease is still spreading in this region

(Strelkov and others 2005; Xue and others 2008).

Breeding for CR in B. napus focused initially on swedes,

where resistant types had been identified by Colhoun

(1958) and Ayers and Lelacheur (1972). Swedes have been

used to introduce CR into B. oleracea (Chiang and others

1977, see above) and received CR genes from B. rapa by

interspecific hybridization (Lammerink 1969; Williamson

and Bradshaw 1989; Bradshaw and others 1997). Fodder

rape cultivars with CR were bred after selection of resistant

individuals (Lammerink 1964; Johnston 1970); some of

these are included in the ECD set. The genetics of CR in

the ECD B. napus differentials (ECD-06 to ECD-10) has

been studied by Gustafsson and Fält (1986), who postu-

lated that four race-specific genes are present in these hosts

(Table 5). Based on differential pathogenicity patterns with

many isolates, Crute and others (1983) postulated a slightly

different allocation of CR loci. Genes with the same

numbers in both models may not be identical. The differ-

ence between both models is most probably due to the

choice of P. brassicae isolates that were used in the

Swedish study. By using an isolate with the capability to

overcome the gene ‘‘R3’’ sensu Crute and others (1983),

the effect of this gene cannot be observed; this would

explain the identification of only one gene in ECD-06 and

two in ECD-10 by Gustafsson and Fält (1986).

Several attempts were made to introduce CR from both

ancestral species into B. napus. Diederichsen and Sacristan

(1994) combined different sources of CR from B. rapa and

B. oleracea. The expression of CR in resynthesized B.

napus forms was compared (Diederichsen and Sacristan

1996). Both CR sources were less efficient in the B. napus

background compared with the original parent; in particu-

lar, CR from B. oleracea appeared to be strongly diluted,

indicating the presence of epistatic factors in the B. rapa

genome. Combining the most resistant ancestral parents led

to resynthesized B. napus forms that were resistant against

all isolates of P. brassicae that were available in their

study, representing a level and broadness of CR that had

not been present previously in B. napus. Bradshaw and

others (1997) crossed an autotetraploid of the B. rapa host

ECD-04 with a tetraploid kale and selected a CR swede

after backcrossing; in 1996 the CR cultivar cv. Invitation

was released to the UK seed market.

Two CR oilseed rape cultivars, cv. Mendel and cv.

Tosca, were introduced to the European seed market in

2000. Both cultivars possess race-specific CR (Diederich-

sen and others 2003) originating from a resynthesized B.

napus form (Diederichsen and others 2003; Happstadius

and others 2003). The hybrid cultivar Mendel has yields

comparable with other cultivars from the same breeding

period. In Germany, its market share has been increasing

from 0.7% in 2001 to 2% in 2006. Its breeding process is

Table 5 CR genotypes postulated for B. napus ECD hosts

B. napus ECD

host

Gustafsson and

Fält (1986)

Crute and others

(1983)

ECD-06 CR2 R2 ? R3

ECD-08 CR1 ? CR3 R1

ECD-09 CR1 ? CR2 R1 ? R2

ECD-10 CR1 ? CR4 R1 ? R3 ? R4
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illustrated in Fig. 2. Resistance was initially combined in a

resynthesized B. napus by crossing two ECD hosts, B. rapa

ECD-04 and B. oleracea ECD-15, with the aid of ovule

culture (Diederichsen and Sacristan 1994). After back-

crossing, dihaploidization, and selection with a highly

virulent isolate of P. brassicae, a resistant DH line was

identified and used for breeding and genetic analysis. The

latter confirmed the presence of three dominant, race-spe-

cific CR genes from ECD-04 in a backcross population

(Diederichsen and others 1996), as expected. Further

backcrosses and selections with undefined P. brassicae

isolates originating from infested crops led to the resistant

parent of the hybrid cultivar Mendel. Subsequent mapping

of CR in cv. Mendel revealed one major locus plus two

recessive genes (Diederichsen and others 2006), indicating

that two dominant CR genes were lost during breeding. The

resistance of cv. Mendel is efficient in most cropping areas.

Compatible populations of P. brassicae were known to

exist before its release and occasionally infected crops of

cv. Mendel have been observed. In many cases the infected

individuals were identified to be volunteers of previous

crops. However, because cv. Mendel’s resistance is based

on only one major gene (recessive genes are unlikely to

contribute in a hybrid cultivar), it is marketed carefully by

the breeder. It is recommended only in those cases where

clubroot infections have already been encountered and

should not be grown as insurance against potential disease

incidence. Control strategies involving the integrated use of

pyramids of control methods (see Donald and Porter, this

issue) will help to prolong the usefulness of this cultivar.

Identification of race-independent CR genes from

B. oleracea in B. napus was attempted by using as the CR

source a resynthesized B. napus form that originated from a

cross between ECD-04 and the cabbage landrace Böh-

merwaldkohl. Nineteen QTLs were detected in a DH

population (Werner and others 2008), all showing race

specificity. There was no indication of race-independent

QTLs, which were assumed to be present in the B. oleracea

C genome. The only strong QTL in the C genome that

could be detected in this material originated from the

susceptible parent cv. Express and conferred CR to only

one isolate of P. brassicae. Some QTLs had overlapping

confidence intervals on chromosomes A03 and A08 and

conferred CR against more than one isolate. Based on this

study, the QTLs with the broadest effects against

P. brassicae pathotypes in B. napus could be expected to

be located in the B. rapa A genome.

Manzanares-Dauleux and others (2000) identified

resistance against a SSI in the B. napus dwarf line Darmor-

bzh. They mapped one major gene and two QTLs in a DH

population. As the linkage groups of their map had not

been allocated to either the A or the C genome, it cannot be

concluded whether CR from Darmor-bzh originated from

B. rapa or B. oleracea. As CR from Darmor-bzh has not

been observed in the field so far, it seems likely that the

major gene has a race-specific effect that has already been

overcome in the field. The authors identified some inter-

esting epistatic interactions between the CR loci and other

genomic regions, highlighting the value of mapping studies

for improving our understanding of resistance genetics.

CR in Radish (Raphanus sativus L.)

Radish, a cruciferous crop closely related to Brassica,

originated in the Mediterranean region (Kitamura 1958;

Tsunoda 1980), but today is more important in East Asia

where a wide variety of genotypes are found (Kaneko and

others 2007). Yoshikawa (1993) surveyed CR in radishes

and found that most Japanese cultivars are highly resistant,

except for some cultivars with bolting resistance, such as

cvs. Tokinashi or Ninengo. Some northern Chinese culti-

vars were highly susceptible. European radish cultivars

such as Comet and White Icicle showed mild symptoms or

were resistant (Yoshikawa 1993). Rat-tail radish, which is

grown in tropical Asia for the consumption of its pods, is

resistant to the pathogen (M. Hirai, unpublished data).

Resistance to clubroot seems to be widespread in this

species, but there are reports of clubroot outbreaks in radish

in the U.S. (Thuma and others 1983) and more recently in

Japan (Horikoshi and Tairako 2002). In Japan, radish was

believed for a long time to be totally immune to clubroot.

Therefore, radish is often used as a cleaning crop for fields

contaminated with P. brassicae (Murakami and others

2000). The susceptible cultivars were newly bred, so it is

possible that some CR genes were lost during breeding.

1987: B. oleracea ECD-15 (CC, n=18) x  B. rapa ECD-04 (AA, n=20)  
(Kale type resistance)      (Turnip, A+B+C) 

Resynthesized B. napus 15/04 (n=38) x cv. Falcon 

Dihaploidisation and selection of DH 47/19  

  
BC2F1-Population ((DH47/19x Falcon)xFalcon)  
3 dominant, race-specific CR genes identified 

Dihaploidisation steps, selection in greenhouse tests 

2001: Release of cv. Mendel (1 dominant + 2 recessive genes) 

Fig. 2 Breeding of B. napus cv. Mendel by Norddeutsche Pflanzen-

zucht H.G. Lembke KG
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Because of its relevance, it is desirable to unravel the

genetic basis of CR in radish. Kamei and others (2007)

recently reported on a QTL analysis of radish CR using a

Japanese radish as the resistant parent and a Chinese cul-

tivar as the susceptible parent. They found that the trait is

controlled by one locus or closely linked loci in a single

linkage group. Using nine types of monosomic addition

lines of radish, Akaba and others (2008) showed that only

one addition type had clear resistance, suggesting that CR

is controlled predominantly by a single radish chromo-

some. Therefore, it seems likely that only a single locus

controls a large part of radish CR. Considering the broad-

ness of CR from radish, simple inheritance was unex-

pected. Resistant radishes can be bred by a simple

backcross method starting with a Japanese radish as a

donor plant. Mass selection is risky, however, when the

trait is dominant.

If CR from radish could be transferred into Brassica

species, it might be valuable for breeding highly resistant

Brassica cultivars. Some efforts to transfer CR to Brassica

have been reported using sexual or somatic hybrids

between radish and Brassica species (Hagimori and others

1992; Hagimori 1995; Xing and others 1989). Recombi-

nation between Brassica and Raphanus chromosomes

would be a precondition for a successful introgression.

Attempts to introgress other traits such as restorer genes for

cytoplasmic male sterility into Brassica did show, however,

that this is a rare event (Sakai and others 1996; Delourme

and others 1998).

Transgenic Strategies to Generate CR

This review has not yet discussed the subject of transgenic

opportunities for the creation of CR. For a biotrophic

pathosystem the use of pathogen-induced expression of a

resistance gene that confers a HR reaction could be an

interesting control strategy. Fuchs and Sacristan (1996)

identified a gene that confers CR in the Arabidopsis tha-

liana ecotype Tsu (RPb1) which leads to a HR-like defense

reaction (Kobelt and others 2000). The cloning of RPb1 is

about to be completed (Rehn and others 2008; J. Siemens,

TU Dresden, personal communication), which might lead

to novel strategies of using natural resistance genes, for

example, in less related species such as B. oleracea.

Cloning of CR genes might allow identification of the

molecular basis of race differentiation in P. brassicae.

Although the resistance conferred by transgenic strategies

based on the use of resistance genes from heterologous

interactions is often not sufficient for commercialization

(Hennin and others 2001), such an approach might be more

promising when targeting the original pathogen in a related

host species. The current regulatory and political

environment is likely to make a traditional breeding

approach more realistic, particularly when considering the

size of the market for clubroot-resistant cultivars.

Relevant progress has been made in the characterization

of the interaction by P. brassicae with its hosts on the

molecular level, for example, by studying effects of

P. brassicae infection on transcripts (Devos and others 2005;

Siemens and others 2006). The latter study demonstrated the

dependence of clubroot infections on increased levels of

cytokinin (see Ludwig-Müller, this issue). Consequently,

transgenic Arabidopsis lines overexpressing cytokinin-

degrading proteins showed a quantitative level of clubroot

resistance against the four isolates used in their study

(Table 6). The intimate relationship between P. brassicae

and its hosts suggests a high degree of dependency of the

pathogen on its host. Future studies will show whether this

opens opportunities to design transgenic strategies and to

what extent these might provide more durable resistance.

Perspectives of Clubroot Resistance Genetics

and Breeding

Several examples demonstrate the rapid adaptation of

P. brassicae to a widespread CR source, as occurred for the

Table 6 Interaction of lines overexpressing cytokinin-degrading

enzymes (cytokinin oxidases/dehydrogenases AtCKX1, AtCKX2, At-
CKX3) and wild-type Col-0 with different isolates of Plasmodiophora
brassicae (Siemens and others 2006)

Line Isolate Disease index Ri/Rni

Col-0 eH 99.2 4.78 ± 0.86

Col-0 1CK 100.0 4.19 ± 0.83

Col-0 k1 96.9 2.58 ± 0.60

Col-0 e2 91.4 7.70 ± 0.94

35S::AtCKX1 eH 31.03 (s) 1.15 ± 0.28

35S::AtCKX1 1CK 50.6 (s) 0.66 ± 0.31

35S::AtCKX1 k1 40.8 (s) 0.99 ± 0.23

35S::AtCKX1 e2 62.5 (s) 1.29 ± 0.43

35S::AtCKX2 eH 90.07 (ns) 2.61 ± 0.80

35S::AtCKX2 1CK 100.0 (ns) 1.97 ± 0.53

35S::AtCKX2 k1 77.9 (s) 1.36 ± 0.45

35S:AtCKX2 e2 83.3 (ns) 3.39 ± 0.82

35S::AtCKX3 eH 61.6 (s) 1.23 ± 0.10

35S::AtCKX3 1CK 71.0 (s) 1.81 ± 0.65

35S::AtCKX3 k1 79.0 (s) 1.77 ± 0.51

35S::AtCKX3 e2 68.8 (s) 1.83 ± 0.49

The disease indices (DI), mean values, and standard deviations of the

root index Ri/Rni (fresh weight of infected root/fresh weight of

noninfected root) are given; (s) or (ns) = significant or not signifi-

cantly different from Col-0 (a = 0.05) according to Kruskal–Wallis

test and mean rank comparison
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cabbage cultivar ‘Badger Shipper,’ CR Chinese cabbage,

and CR radish in Japan (see above). Most of these CR

cultivars possessed monogenic resistance; this applies also

to the more recent CR cultivars such as cv. Clapton (B.

oleracea) and cv. Mendel (B. napus). A comparison of cv.

Mendel and cv. Clapton with a number of different P.

brassicae isolates indicated that their resistance showed

very similar race specificity (Diederichsen, unpublished

data). It is possible that both cultivars coincidentally have

the same CR locus. From the perspective of managing

resistance, it should be stressed that oilseed rape and cab-

bage have hardly any overlapping cropping areas. The

prospects for the durability of the present resistant cultivars

are unsettling and the question must be asked: Is CR

breeding going to enter a phase of boom-and-bust cycles

for different race-specific CR genes, thereby spending

valuable genetic resources? The spread of clubroot in

Canadian canola fields and the presence of compatible

isolates toward current CR cultivars create the demand for

a new generation of resistant cultivars.

For a realistic estimation of the likelihood of a wide-

spread occurrence of compatible isolates of P. brassicae,

many factors have to be considered. For most of these

factors we have only very rough estimations. Studies of

compatible isolates of P. brassicae are needed to under-

stand whether the pathogen’s loss of fitness is a frequent or

isolated phenomenon. For some genetical properties within

P. brassicae, such as the likelihood of mutations and

recombination in the pathogen, there is no knowledge at

all. The frequency of virulent isolates for cvs. Mendel and

Clapton is still low, although compatible isolates were

already present at the time of cultivar release. The surveys

of pathogenicity in P. brassicae made by Crute and others

(1983) and Toxopeus and others (1986) were based on

hosts with more than one CR gene. Therefore, a higher

frequency of compatible isolates could be expected for cv.

Mendel or cv. Clapton than for the B. rapa ECD hosts,

which was below 10% of all tested P. brassicae isolates.

On the other hand, the new CR cultivars are not yet used

widely and they are less often repeatedly grown at the same

site than Asian CR Chinese cabbage cultivars. Further-

more, P. brassicae spreads itself not very efficient. These

factors should provide breeders with some time to apply

strategies to increase the durability of CR.

Future CR cultivars will need a broader genetic basis for

resistance to P. brassicae, and it is the task of breeders and

scientists to cooperate in the identification and character-

ization of sources that can be expected to contribute sig-

nificant durable resistance. An important resource to

characterize resistance is a differential set that combines

relevant resistance sources and that could be used by most

clubroot workers. Major progress has been made in map-

based identification of CR genes or QTLs. This knowledge

should be used to clarify, for example, the identity of

certain loci and the broadness of their effect. An ideal

differential set should contain hosts of known monogenic

resistance genotypes that represent relevant resistance loci

for different areas. Furthermore, it should be possible to

easily maintain pure hosts, which is difficult with out-

breeding crops. Double haploid (DH) lines extracted from a

mapping population would be ideal, as these combine

homozygosity with the possibility of testing for the pres-

ence of a respective locus with markers. Efforts need to be

made to balance public and private interests to find an

agreement on the composition of such a differential set.

Another aspect of CR cultivars is their use as potential

catch crops with the aim of reducing soil inoculum levels

(Yamagishi and others 1986). A resistant cultivar would

encourage the germination of P. brassicae resting spores

without allowing them to multiply. This way the number of

resting spores is thought to decline during the growth of the

CR crops. However, as long as there is no reliable race-

independent CR cultivar, this is a risky strategy that would

significantly contribute to reductions in the durability of

current resistance sources by selecting compatible patho-

types. Resistant cultivars should be grown only for the

commercial crop itself. Clubroot control will always require

the whole spectrum of integrated control components, such

as crop rotation, liming, boron, calcium cyanamide or cal-

cium nitrate applications, hygiene, and drainage. The

resistant cultivar has a central role in this strategy.
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