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Abstract A number of clubroot resistant (CR) Chinese
cabbage cultivars have been developed in Japan using resis-
tant genes from CR European fodder turnips (B. rapa ssp.
rapifera). Clubroot resistance in European fodder turnips
are known to be controlled by the combined action of sev-
eral dominant resistance genes. We have developed three
Chinese cabbage clubroot-resistant doubled haploid (DH)
lines—T136-8, K10, and C9—which express resistance in
different manners against two isolates of Plasmodiophora
brassicae, M85 and K04. Depending on the isolates, we
identified two CR loci, CRk and CRc. CRk was identified by
quantitative trait loci (QTL) analysis of an F, population
derived from a cross between K10 and Q5. This locus
showed resistance to both isolates and is located close to
Crr3 in linkage group R3. The other locus, CRc was identi-
fied by QTL analysis of an F, population derived from a
cross between C9 and susceptible DH line, 6R. This locus
was mapped to linkage group R2 and is independent from
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any published CR loci. We developed sequence-tagged site
markers linked to this locus.

Introduction

Clubroot caused by a soil borne fungus Plasmodiophora
brassicae Woronin, is one of the most serious diseases of
cruciferous crops. The heirloom Chinese cabbage (Bras-
sica rapa L. ssp. pekinensis) cultivars are highly suscepti-
ble to the disease and are destructively damaged in severely
infected fields. A number of clubroot resistant (CR) Chi-
nese cabbage cultivars have been developed in Japan using
the resistant genes from CR European fodder turnips
(B. rapa ssp. rapifera). Clubroot resistance in European fodder
turnips has been investigated and is known to be controlled
by few major resistant genes (Toxopeus and Janssen 1975;
Wit 1964). Therefore, clubroot resistance in Chinese cab-
bage cultivars appears to be expressed in the same way as
in turnips with certain modifications. Previously published
studies had reported five major CR genes (loci) Crrl, Crr2,
Crr3, CRa, and CRb, and their linked markers BRMS088,
BRMS096 (Suwabe et al. 2003), OPC11-2S (Hirai et al.
2004), HC352b-SCAR (Hayashida etal. 2008), and
TCROS5 (Piao et al. 2004), respectively. Comparison of the
effects of these CR genes is difficult because of the use of
different resistant sources, screening methods, and patho-
gen isolates. We have developed three CR doubled-haploid
(DH) lines of Chinese cabbage—T136-8 (Matsumoto et al.
1998), K10, and C9—which express different kind of resis-
tance against two isolates of P. brassicae, M85 and K04.
CRa, a dominant resistance locus was identified by linkage
analysis of an F, population derived from a cross between
T136-8 and susceptible DH line, Q5 (Matsumoto et al.
1998).
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The present study reports two CR loci, which were iden-
tified by quantitative trait loci (QTL) analysis of two F,
populations derived from crosses between resistant DH
lines of different sources and susceptible DH lines. We have
reported the development of the sequence-tagged site (STS)
markers linked to the novel CR loci.

Moreover, we have also discussed the utility of STS
markers for marker-assisted selection (MAS) in Brassica
species and the possibility to use these three clubroot-resistant
DH lines for classification of field isolates of P. brassicae.

Materials and methods
Plant materials

Two F, populations of Chinese cabbage were used to inves-
tigate clubroot resistance. One F, progeny resulted from a
cross between the DH lines K10 and Q5. The CR line K10
derived from the commercial cultivar “CR Kanko” (Nippon
Norin Seed Co., Tokyo, Japan) was crossed with a clubroot
susceptible line Q5, which has orange—yellow colored flow-
ers and inner leaves of the head. In the other cross combina-
tion, two DH Chinese cabbage lines, C9 and 6R were used
as parents. The CR line C9 was derived from the European
fodder turnip “Debra” crossed with the clubroot susceptible
line 6R. A single F, hybrid plant was bud self-pollinated to
obtain the F, progeny. F, individuals were bud self-polli-
nated to obtain the F; families that were used to test with P.
brassicae isolates and to calculate QTL.

Pathogen

Two isolates of P. brassicae M85 (Matsumoto et al. 2005)
and K04 were used in the resistance tests. Chinese cabbage
clubroot-resistant DH lines—T136-8, K10, and C9—
expressed resistance in different ways against M85 and K04
(Table 1). The M85 isolate was maintained by infecting of
the Chinese cabbage cultivar “Muso” (Takii & Co. Ltd,
Kyoto, Japan). K04 which had virulence to commercial CR
Chinese cabbage cultivars “Kukai,” “Kobo,” and “CR
Shinki” (Takii & Co. Ltd, Kyoto, Japan) was maintained by
infection of the Chinese cabbage cultivar “Kukai.”

Test for clubroot resistance

Inoculation tests were carried out in glasshouses as previ-
ously described (Matsumoto et al. 1998). Fifteen seeds per
F; family were sown in a plastic tray with inoculated soil
(two replications). Inoculum was adjusted to 3.0 x 10°
spores/g of soil. Parental lines were used as resistant and
susceptible controls. Thirty days after sowing the plants
were evaluated for clubroot infection. Disease symptoms
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Table 1 Resistance responses of DH and F, cultivars of Chinese cab-
bage against P. brassicae isolates, M85 and K09

Variety Isolate

M85 K04
F,
Muso S S
Kukai R S
DH
Q5 S S
6R S S
T136-8 R S
K10 R R)
() S R

R resistant, no symptoms, disease index was scored 0, (R) partial resis-
tant, a few small clubs on lateral roots, disease index was scored 1, §
susceptible, larger clubs on lateral roots and/or slight swelling of main
roots and severe galling of tissues of both lateral roots and main roots,
disease indexes were scored as 2 and 3

were scored as follows: 0, no symptoms; 1, a few small
clubs on lateral roots; 2, larger clubs on lateral roots and/or
slight swelling of main roots; 3, severe galling of tissues of
both lateral and main roots. The disease index for each F,
individual was calculated from the mean grades of two F;
progeny tests.

DNA extraction and marker analysis

DNA was extracted from the leaves of 98 and 60 F, plants
derived from K10 x Q5 and C9 x 6R according to the
cetyltrimethylammonium bromide method (Murray and
Thompson 1980). Restriction fragment length polymor-
phism (RFLP) analysis was performed as previously
described (Matsumoto et al. 1998). Random amplification
of polymorphic DNA (RAPD) analysis was performed
using 12-mer random primers (Wako Pure Chemicals,
Osaka, Japan). Amplified fragment length polymorphism
(AFLP) analysis was performed using the AFLP Analysis
System I kit (Invitrogen Corp., Carlsbad, CA, USA). Sim-
ple sequence repeat (SSR) markers of B. rapa were ampli-
fied as previously reported (Suwabe et al. 2002, 2006). The
STS markers for CRa (Hayashida et al. 2008), CRb (Piao
et al. 2004), Crr3 (Hirai et al. 2004), and self-incompatibil-
ity (Sakamoto and Nishio 2001) were also analyzed.
Another STS marker, m6R (forward: 5'-CCTCTTG-
GAAAACCCATGAA-3', reverse: 5'-GCAATTATTGGC-
CTGTTCGT-3') was designed from CR susceptible line,
6R, specific fragment (Accession number AB435409, frag-
ment size: 890 bp) which was derived from a bulk segre-
gant analysis (Michelmore etal. 1991) of F, population
derived from C9 x 6R.
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Construction of linkage map

Linkage analysis for the molecular markers and the club-
root resistance genes was performed using JoinMap 3.0
(Biometris, Wageningen, The Netherlands). Segregation
ratios of markers were tested for deviations from the
expected Mendelian ratios using the chi-square test imple-
mented by Joinmap 3.0 at a significance level of o = 0.05.
Loci that were completely linked were identified and
removed from the data set before the groups was deter-
mined. Linkage groups (LGs) were established with a mini-
mum logarithm of odds (LOD) threshold of 4.0. Genetic
distances between markers were estimated by Kosambi
function (Kosambi 1944).

QTL analysis for clubroot resistance

The QTL detection was performed with the QTL Cartogra-
pher software version 2.5 (Basten et al. 2005) using com-
posite interval mapping (CIM). CIMs were performed at
LOD threshold values which were estimated by means of a
permutation test with 1,000 permutations.

Results
Construction of linkage maps

The linkage map of the F, progeny derived from K10 x Q5
has been constructed using the AFLP, RAPD, RFLP, STS,
and SSR markers. In the AFLP analysis, 96 polymorphic
markers were detected in the products generated from 21
primer pairs. In the RAPD analysis, 88 polymorphic mark-
ers were detected from 24 primers. In the RFLP analysis,
112 polymorphic loci were detected using 86 probes. 22
polymorphic markers were detected in the SSR and STS
analysis. When a total of 318 polymorphic markers were
analyzed, 236 markers were distributed into 12 LGs, cover-
ing 640.3 cM and the average interval between markers
was 2.7 cM (Table 2; Fig. 1a). The presence of SSR mark-
ers BRMSI144, BRMSO018, BRMS026, BRMSO08S,
BRMS173, BRMS001, BRMS158, BRMS232, BRMS096,
BRMSO013 (Suwabe et al. 2006), and NiF02 (Lowe et al.
2004) indicated that LG 1, 2, 3,4,5,6,7, 8,9, and 11 corre-
spond to R9, 7, 2, 8, 4, 3, 5, 1, 10 and 6 of the internation-
ally agreed Brassica reference LG.

The linkage map of the F, progeny derived from
C9 x 6R have been constructed using 160 AFLP, 3 RAPD,
7 RFLP, 5 STS, and 12 SSR markers which were screened
from the polymorphic markers of 266 AFLP, 3 RAPD, 15
RFLP, 5 STS, and 21 SSR. These markers were distributed
into 10 LGs, covering 485.9 cM, and the average interval
between the markers was 2.6 cM (Table 2; Fig. 1b). The

Table 2 Characteristics of B. rapa likage map

Linkage Length No. of markers

Group (cM) AFLP RAPD RFLP STS SSR Total
(K10 x Q5)

1 85.0 8 12 8 1 2 31
2 72.9 7 12 17 1 1 38
3 71.7 8 5 4 0 1 18
4 69.8 7 8 14 0 1 30
5 64.2 7 9 3 0 1 20
6 63.6 9 4 11 2 1 27
7 44.5 2 5 2 0 1 10
8 423 4 3 3 0 1 11
9 41.8 6 4 9 0 1 20
10 39.0 1 3 7 0 0 11
11 31.2 5 3 2 0 1 11
12 14.3 0 3 6 0 0 9
Total 640.3 64 71 86 4 11 236
(C9 x 6R)

1 68.2 18 0 0 1 1 20
2 60.3 29 0 2 0 1 32
3 56.3 22 0 0 1 1 24
4 53.2 21 0 0 0 1 22
5 48.4 13 0 0 0 0 13
6 47.7 15 0 0 1 3 19
7 46.8 20 3 0 1 2 26
8 39.8 11 0 1 0 2 14
9 37.6 10 0 2 0 1 13
10 27.6 1 0 2 1 0 4
Total 485.9 160 3 7 5 12 187

presence of anchor SSR markers BRMS129, BRMS056,
BRMSO013, BRMS054, BRMS007, BRMS057, BRMS242,
BRMS026, BRMS082, BRMS088, BRMS173 and
BRMS106 (Suwabe et al. 2006) indicated that LG 1, 2, 3, 4,
6, 7, 8 and 9 corresponds to R7, 1, 6, 4, 5, 2, 8 and 3 of the
internationally agreed Brassica reference LGs.

QTL analysis for clubroot resistance

With the interval mapping analysis for the F, progeny
derived from K10 x QS5, one putative QTL for clubroot
resistance to the two isolates, M85 and K04 was detected
and localized on LG 6 (R3). The largest QTL effect (LOD
20.3) for clubroot resistance to M85 was significantly
detected in the interval between 27.7 and 50.2 ¢cM on LG 6
(R3), based on the LOD threshold of 8.1 in the permutation
test. The largest QTL effect (LOD 14.5) for clubroot resis-
tance to K04 was also detected in the same region, based on
the LOD threshold of 6.7 in the permutation test. The
effects of the QTLs detected are listed in Table 3. Published
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<« Fig. 1 Linkage map of B. rapa obtained from F, plants derived from

K10 x QS5 cross (a) and C9 x 6R cross (b). RFLP, AFLP, RAPD, SSR
and STS are indicated by different characters, ariel bold, ariel, italic,
white in black box and underlined. Locus names are indicated on the
right side of LGs and map distances in centi-Morgans are on the left.
The number in parentheses at the top of each linkage group, R/-R10,
indicates the internationally agreed Brassica reference LG

CR gene linked markers BRMS088, BRMS096, HC352b-
SCAR and TCRO5 were not detected in this region
(Fig. 2a). This result indicates that these QTLs are indepen-
dent of the CR genes Crril, Crr2, CRa and CRb. This CR
locus was named CRk. Crr3 linked marker OPC11-2S was
located in this region. Crr3 is possibly involved within the
location of QTLs obtained here.

With the interval mapping analysis for the F, progeny
derived from C9 x 6R, one putative QTL localized on LG
7 (R2), involved clubroot resistance to the K04 isolate
(Table 4). This QTL (LOD 24.0) was located between
E01M1-03 and E12M1-08 (map distance 27.4 cM), based
on the LOD threshold of 5.3 in the permutation test. None
of the published CR loci were included in R2 and CR
linked markers, BRMSO088, 096, OPC11-2S, HC352b-
SCAR, and TCRO5 were not detected in this region
(Fig. 2b). This result indicates that this QTL is independent
of the CR genes Crrl, Crr2, Crr3, CRa, CRb, and CRk.
This new CR locus was named CRc.

Association between the markers and clubroot resistance

As for the relationship between CR and linked marker
genotypes in the F, population between K10 and Q5, the
K10 homozygote exhibited a high level of resistance to
M85 and insufficient resistance to K04 on each marker
(Fig. 3a). The Q5 homozygote was susceptible to the two
isolates.

From genetic and phenotypic analyses of the F, progeny
of C9 x 6R, we found a STS marker, m6R closely linked to
CRc (Fig. 4). m6R was designed using the sequence of
890 bp fragment which was amplified in susceptible bulk.
A bulk segregant analysis was conducted in the F, progeny

of C9 x 6R using a 12-mer random primer (5'-TGGC-
CTCTTGGA-3"). Susceptible and resistant bulks were
including ten individuals of susceptible and resistant,
respectively. Thus, m6R is a dominant marker for suscepti-
ble. About 761 bp fragments were found in 6R homozygote
and heterozygote but not in C9 homozygote. C9 homozy-
gote exhibited complete resistance to K04 and susceptibil-
ity to M85 and 6R homozygote exhibited susceptible to the
two isolates on each marker (Figs. 3b, 4).

Discussion

We identified three clubroot resistant loci CRa, CRk, and
CRc for two different P. brassicae isolates, M85 and K04.
These loci nearly co-segregated with three markers
HC352b-SCAR, HC688, and m6R, respectively. CRa was
derived from fodder turnip line ECD-02 (Matsumoto et al.
2005), a member of the European Clubroot Differential set
(Buczacki et al. 1975). CRk and CRc were derived from
fodder turnip “Debra.” CR Chinese cabbages have been
bred using European turnips “Gelria R,” “Siloga,” “Debra,”
and “Milan White” (Hirai 2006). Crrl, Crr2, and Crr4
were derived from “Siloga” (Kuginuki et al. 1997, Suwabe
et al. 2003, 2006). Crr3 was derived from “Milan White”
(Hirai et al. 2004; Saito et al. 2006). CRb was derived from
ECD-01 (Piao et al. 2004). The precise relationship of the
CR loci should be described using polymorphic anchor
markers, such as microsatellite and STS markers. The dis-
tribution of microsatellite markers indicated that CRa and
CRk were located in R3 of the internationally agreed Bras-
sica reference LGs (Kim et al. 2006) but independent of
each other. Crr3 was also located in R3 and its linked
marker OPC11-2S (Hirai et al. 2004) was mapped in the
QTL region of CRk in our analysis. This means that CRk
and Crr3 may be near each other but not be the same locus
because these two loci were derived from different CR ori-
gins and inoculated with different isolates and conditions.
Fine mapping should be needed to identify the relationship
between these loci. The linked markers for CRb were

Table 3 Summary of QTLs de-

. Isolate Linkage Closest Position LOD R* (%) Additive Dominance
tected for clubroot resistance
. . . group marker (cM) effect effect
against two different isolates of
P. brassicae using CIM M85 LG6 (R3)  HC688 37.1 186 614 1.16 0.64
LG6 (R3) HC186 39.3 15.1 55.8 1.08 0.56
LG6 (R3) E11M2-03 42.6 18.1 65.0 1.21 0.36
LG6 (R3) OPC11-2S 46.2 20.3 71.1 1.24 0.42
K04 LG6 (R3) HC688 37.1 14.1 56.5 0.54 0.38
LG6 (R3) HC186 39.3 11.3 50.2 0.51 0.34
LG6 (R3) E11M2-03 42.6 13.7 57.1 0.57 0.31
LG6 (R3) OPC11-2S 46.2 14.2 58.6 0.57 0.31
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Fig. 2 a A partial linkage map of the region containing CRk and QTL
analysis for clubroot resistance. Left a linkage map containing the CRk
locus. Locus names are indicated on the right side of LGs and map dis-
tances in centi-Morgans are on the left. RFLP, AFLP, RAPD, SSR and
STS are indicated by different characters, ariel bold, ariel, italic, white
in black box and underlined. Right the LOD profile of QTL for the CR
trait. LOD score and map distance are indicated on the x and y axes,
respectively. Thick broken line and thick solid line indicate LOD plots
of resistance to M85 and K04, respectively. Thin broken line and thin
solid line indicate LOD thresholds of 8.1 (resistance to M85) and 6.7
(resistance to K04), respectively. b A partial linkage map of the region
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containing CRc and QTL analysis for clubroot resistance. Left a link-
age map containing the CRc locus. Locus names are indicated on the
right side of LGs and map distances in centi-Morgans are on the left.
RFLP, AFLP, RAPD, SSR and STS are indicated by different charac-
ters, ariel bold, ariel, italic, white in black box and underlined. Right
the LOD profile of QTL for the CR trait. LOD score and map distance
are indicated on the x and y axes, respectively. Thick broken line and
thick solid line indicate LOD plots of resistance to M85 and K04,
respectively. Thin broken line and thin solid line indicate LOD thresh-
olds of 7.0 (resistance to M85) and 5.3 (resistance to K04), respectively

Table 4 Summary of QTLs de-

. Linkage Closest Position LOD R? (%) Additive Dominance
tected for clubroot resistance rou marker (M) effect effect
against K04 isolate of P. brassi- group
cae using CIM LG7 (R2) E14M3-02 25 24.0 72.1 122 0.06

LG7 (R2) mo6R 25.5 20.3 68.5 1.17 0.10
LG7 (R2) E15M4-06 27.6 17.8 66.0 1.15 0.14

mapped to R3 (Saito et al. 2006), but the location of that
locus was not clarified because Crr3 linked marker, TCR05
was not polymorphic in our population. The linked markers
for Crrl, Crr2, and Crr4 were mapped to the LG RS, R1,
and R6, respectively (Suwabe et al. 2003, 2006). In this
study, we mapped the novel CR loci CRc in R2, based on
the distribution of common markers (Suwabe et al. 2006).
CRc shows resistance to clubroot K04, but susceptibility to
M85 which was identified as race 2 according to William’s
classification (Williams 1966).

The effect of resistant loci could be identified as qualita-
tive or quantitative traits corresponding to the available

@ Springer

pathogen isolates. The resistance responses to the pathogens
are not simple because the composition of field isolates is
not homogeneous. P. brassicae isolated from a single root
gall, is composed of various mixed genotypes (Crute et al.
1980; Tjallingii 1965; Wit and Van de Weg 1964). The use
of homogeneous isolates, e.g. proliferated single-spore iso-
lates, can simplify the complex nature of interaction
between the clubroot resistance genes and P. brassicae
races. In B. oleracea, two to five QTLs were identified using
four single-spore isolates and a field isolate under controlled
conditions (Rocherieux et al. 2004). In B. rapa, the genetics
of resistance was analyzed using field isolates consisting of



Theor Appl Genet (2008) 117:759-767

765

Fig. 3 a Relationships between
clubroot resistance against
different two isolates of P. brass-
icae and genotypes of K10 x Q5
cross on each marker. Numerals
indicate the disease index

(O resistant, 3 susceptible).

b Relationships between
clubroot resistance against
different two isolates of

P. brassicae and genotypes of
C9 x 6R cross on each marker.
Numerals indicate the disease
index (0 resistant, 3 susceptible)
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Fig. 4 Agarose gel electropho-
resis profiles for the STS marker

m6R and means of disease index 1000bp —p -«
(0 resistant, 3 susceptible) of F; ey - -
plants 500bp —» =

CR-M 3 3

CRK 3 0 3

various mixed pathotypes. It is important to clarify the
genetic backgrounds of resistance to each pathotype;
however, exhaustive analyses for single-spore isolates are
too laborious. We have developed three clubroot-resistant
DH lines T136-8, K10, and C9 which are homozygous for
the CR loci CRa, CRk, and CRc, respectively. CRa corre-
sponds to the M85 isolate, while CRc to K04. CRk exhibits
pleiotropic effects to each pathogen. These DH lines may be
useful in classification of the field isolates of P. brassicae,
because they have discriminative resistance to different
pathotypes and permanently clone themselves.

Eight CR loci have been reported in B. rapa, including
this study. These loci apparently show varied phenotypic
responses to the pathogen, though the exact mutual effects
have not been evaluated. The epistatic interactions in the
expression of clubroot resistance in this species should be
important. In B. napus, significant epistatic interactions
were found between CR loci with and without main effects,
and between alleles either from the resistant parent or from
each parent (Manzanares-Dauleux et al. 2000). The DH
lines which are homozygous for CR loci and their linked
markers may be useful in detection of the interaction
between each CR gene.

Many CR Chinese cabbage cultivars were bred using a
major gene for clubroot resistance, but the obligate biotor-
oph agent P. brassicae is composed of various mixed path-
otypes in infected soils. Infection of CR cultivars has been
reported in some production areas in Japan (Kuginuki et al.
1999). It means that a single CR gene is not enough to pro-
tect Brassica crops from some field isolates of P. brassicae.
We have to accumulate a number of CR genes for breeding
widely usable cultivars with high resistance. Many STS (or
SCAR) markers linked to each CR genes have already been
developed. Markers assisted selection (MAS) may be an
effective strategy for accumulating CR genes in the Chinese
cabbage and other Brassica crops.
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