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Abstract A linkage map of Chinese cabbage (Brassica
rapa) was constructed to localize the clubroot resistance
(CR) gene, Crr3. Quantitative trait loci analysis using an
F; population revealed a sharp peak in the logarithm of
odds score around the sequence-tagged site (STS)
marker, OPC11-2S. Therefore, this region contained
Crr3. Nucleotide sequences of OPC11-2S and its proximal
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markers showed homology to sequences in the top arm
of Arabidopsis chromosome 3, suggesting a synteny
between the two species. For fine mapping of Crr3, a
number of STS markers were developed based on geno-
mic information from Arabidopsis. We obtained poly-
morphisms in 23 Arabidopsis-derived STS markers, 11
of which were closely linked to Crr3. The precise posi-
tion of Crr3 was determined using a population of 888 F,
plants. Eighty plants showing recombination around
Crr3 locus were selected and used for the mapping. A
fine map of 4.74 cM was obtained, in which two markers
(BrSTS-41 and BrSTS-44) and three markers (OPC11-
2S, BrSTS-54 and BrSTS-61) were cosegregated.
Marker genotypes of the 21 selected F, families and CR
tests of their progenies strongly suggested that the Crr3
gene is located in a 0.35 cM segment between the two
markers, BrSTS-33 and BrSTS-78.

Introduction

Clubroot disease caused by Plasmodiophora brassicae
is one of the most serious diseases in Chinese cabbage
(Brassica rapa) and other Brassica crops. P. brassicae is
a soil-borne, obligate pathogen. The pathogen infects
the roots of plants, which start abnormal growth and
finally result in massive galls, called clubs. This abnor-
mal growth prevents the roots from taking up water
and nutrients, resulting in the slow growth of host
plants. Consequently, the disease reduces crop quality
and the commercial value of the products. Because the
pathogen survives as resting spores for long time
periods in the soil, it is hard to control the disease by
cultural practice or agrochemicals. Thus, the breeding
of resistant cultivars is one of the most effective
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approaches to minimize crop loss from infection with
this pathogen.

Although no high-resistance resources have been
found among varieties of Chinese cabbage, resistance
resources to the pathogen have been found in some
European turnips (Wit 1964; Williams 1966; Yoshikawa
1993). Clubroot resistance (CR) cultivars of Chinese
cabbage have been bred by introducing the resistance
gene from CR European turnips into Chinese cabbage
(Yoshikawa 1981). Yoshikawa (1993) reported that
resistance in European turnips seems to be controlled
by a single dominant gene and some genes with minor
effects. In addition, European turnips have at least
three independent dominant genes that each confers
resistance to different P. brassicae pathotypes (Wit
1964; Toxopeus and Janssen 1975; Crute et al. 1980).

Recent molecular marker technology has revealed
four independent CR genes in B. rapa. Crrl and Crr2,
derived from the European turnip Siloga, were reported
by Suwabe et al. (2003). Piao et al. (2004) found CRb
derived from the CR Chinese cabbage cultivar, ‘CR
Shinki’. Another CR gene, Crr3 derived from the Euro-
pean turnip Milan White has also been reported (Hirai
et al. 2004). DNA markers linking these four CR genes
have also been developed. Simple sequence repeat
(SSR) markers, BRMS088 and BRMS096, link to Crrl
and Crr2, respectively (Suwabe etal. 2003). Several
molecular markers linked to CRb have been developed
by converting amplified fragment length polymorphism
(AFLP) markers into sequence-characterized amplified
region (SCAR) markers (Piao et al. 2004). OPC11-2S
linked to Crr3 has been developed from a random ampli-
fied polymorphic DNA (RAPD) fragment (Hirai et al.
2004). These markers can be used for marker-assisted
selection (MAS) in the breeding of Chinese cabbage cul-
tivars. However, molecular markers are sometimes
monomorphic in a breeding population. Therefore, a sin-
gle linkage marker is not enough for breeders and a set of
linkage markers should be developed for MAS.

From sequence analysis of the linkage markers to
Crrl and Crr2, we have recently found that these two
regions have homology to the central part of chromo-
some 4 of Arabidopsis thaliana (Suwabe et al. 2006).
These findings suggest that these two loci originate
from the same region of the ancestral genome. In con-
trast, it is unknown whether Crr3 and CRb evolved
from a common origin to that of Crr/ and Crr2. There-
fore, increasing the number of linkage markers of Crr3
and CRb may be useful to understand their evolution-
ary origin, as well as to breed CR cultivars with MAS.

In this article, we describe the fine mapping and
quantitative trait loci (QTL) analysis of Crr3. A num-
ber of DNA markers linked to Crr3 were developed
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using the Arabidopsis DNA database. Synteny analysis
of the genome region around Crr3 suggested that this
locus originated from a chromosomal segment different
from Crrl, Crr2 and CRb. The usefulness of these new
molecular markers and the evolutionary origin of CR
loci are discussed.

Materials and methods
Plant materials

A CR-turnip inbred line, N-WMR-3, was used as the
pollen parent. This is a parental line of the F; hybrid
CR-turnip cultivar, ‘CR Shinano’, which has a CR trait
derived from the European fodder turnip, Milan White
(Otani et al. 1982). The Chinese cabbage doubled hap-
loid (DH) line, A9709, which is susceptible to the club-
root pathogen, was used as the seed parent. A
population of 81 F; families was obtained by bud polli-
nation of each F, line derived from crossing A9709 and
N-WMR-3. The F; population was used for genetic and
linkage analyses. The F, plants, obtained by selfing the
F; plants, were used for scoring the disease index (ID)
(Suwabe et al. 2003) for the CR trait. These scores
were used as the phenotype of each F; line, as
described previously (Hirai et al. 2004).

For fine mapping, a population of 888 F, plants was
obtained by selfing the F; plants derived from crossing
of the above parentage. This population was screened
with two DNA markers linked to Crr3, BrSTS-20 and
BrSTS-26, to identify recombinants in this region. The
selected 80 plants were used for fine mapping around
Crr3 locus. Parts of the selected plants were selfed to
obtain F; seeds. The F; plants were used for scoring the
ID, which was used as the phenotype of each F, family.

Pathogen and CR test

The Ano-01 isolate of the clubroot pathogen (P. brass-
icae), which was maintained by infection of the Chi-
nese cabbage cultivar ‘Muso’ (Takii & Company Ltd,
Kyoto, Japan), was used for the test. The infection pro-
file of this isolate has been reported by Kuginuki et al.
(1999). The host range of the isolate was narrower than
that of Wakayama-01, the isolate used in a previous
study (Suwabe et al. 2003).

The CR test was performed three times from
September 2005 to December 2005, as previously
described (Hirai et al. 2004), with minor modifications
of the culturing conditions, shown below. The infected
plants were grown in a greenhouse maintained at a
minimum temperature of 25°C under natural daylight
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conditions. Tungsten lights (2 pmol/m?/s) were turned
on from sunset to 9:00 p.m. to maintain long-day condi-
tions. The mean ID of the triplicated tests was used for
subsequent genetic analysis.

Development of genetic markers linked to Crr3

PCR primers were designed based on the Arabidopsis
genome database at the National Center for Biotechnol-
ogy Information (http://www.ncbi.nih.gov/). Based on
the exon sequences, primers were designed using
Primer3 software (http://www.frodo.wi.mit.edu/cgi-bin/
primer3/primer3_www.cgi) (Rozen and Skaletsky 2000)
to amplify ~1 kb fragments containing introns to obtain
maximal polymorphisms. The primers were used to
amplify genomic fragments of B. rapa. The amplified
fragments of the expected sizes were cut from the gel,
extracted using the QIAquick gel extraction kit (Qiagen,
Valencia, CA, USA), and ligated to a pCR-XL-TOPO
vector (Invitrogen, Carlsbad, CA, USA) or a pGEM-T
vector (Promega Corporation, Madison, WI, USA). The
resultant plasmids were sequenced with an ABI 310
Genetic Analyzer (Applied Biosystems, Foster City,
CA, USA) and the sequence was used to design new
primer pairs for detection of polymorphisms. In some
cases, primers based on the Arabidopsis genome were
directly used for detection of polymorphisms in B. rapa.
TCROS, a linkage marker for CRb (Piao et al. 2004), was
also examined in this study. However, because amplifi-
cation of the TCRO5 fragment was rather faint, the
amplified fragment was sequenced and the flanking
sequence was obtained by thermal asymmetric inter-
laced (TAIL)-PCR (Liu and Whittier 1995). A pair of
new primers was designed and used for the linkage
marker of CRb (Table 1). Two RFLP probes of B.
napus, BN142 and BN308 (Harada et al. 1988), were
sequenced to develop PCR-based markers for B. rapa
(Table 1). The nucleotide sequences reported here have
been deposited in the DDBJ/EMBL/GenBank data-
bases under accession numbers AB265743-AB265780.

Marker analysis

Genomic DNA was isolated from fresh or freeze-dried
leaves using the CTAB method (Murray and Thompson
1980). The redesigned marker was amplified by PCR in
10 pl of reaction mixture containing 10 ng of genomic
DNA, 1 x PCR buffer (supplied by TaKaRa Bio, Otsu,
Japan), 0.25 U of Tag DNA polymerase (TaKaRa Bio),
2 nmol of each dNTP, and 5 pmol of each primer. The
reaction was performed using a GeneAmp PCR System
9700 (Applied Biosystems) with the following parame-
ters: 1 cycle of 94°C for 30 s; 35 cycles of 94°C for 30,

optimized annealing temperature for 30 s (Table 1), and
72°C for 1 min; and a final extension at 72°C for 3 min.
SSR markers of B. rapa were amplified as previously
reported (Suwabe et al. 2002, 2006). RAPD analysis was
conducted with Operon primers (Operon Biotechnolo-
gies, Huntsville, AL, USA) as described previously
(Hirai et al. 2004). Amplified products were separated
on a 1.5% or 3% agarose gel.

Linkage analysis and map construction

Segregation of each marker in the F; population
(n =67) (Hirai et al. 2004) and the screened F, popula-
tion were scored. Based on the obtained data, a linkage
map at the region for Crr3 was constructed using Join-
Map ver. 3.0 (Van Ooijen and Voorrips 2001). A mini-
mum logarithm of odds (LOD)-likelihood score of 4.0
was used for map construction. The Kosambi map
function (Kosambi 1944) was used to calculate the
genetic distance between markers. A QTL analysis of
CR was carried out using MapQTL ver. 4.0 (Van
Ooijen etal. 2000). An interval mapping analysis
(Lander and Botstein 1989; Van Ooijen 1992) was
conducted for detection of QTL.

Results

Development of DNA markers based on genomic
information of Arabidopsis

Preliminary genome mapping and QTL analysis of the
F; population revealed that the SSR markers,
BRMS058 and BRMS206, are linked to the CR gene,
Crr3. The mapping data indicated that the CR locus,
Crr3, was located between BRMS058 and BRMS206.
These linkage markers and the previously identified
STS marker, OPC11-2S, showed sequence homology to
the top arm of the Arabidopsis chromosome 3 (Table 1)
(Hirai et al. 2004). Therefore, it is likely that this region
of the B. rapa genome has conserved synteny with the
top arm of the Arabidopsis chromosome 3. We then
tried to add more linkage markers around the Crr3
locus using genomic information of Arabidopsis.

We designed 82 primer pairs based on open reading
frames (ORFs) in chromosome 3 of the Arabidopsis
genome. These primers were used for the amplification
of genome sequences from the parent B. rapa plants. Of
the 82 primer pairs tested, 48 pairs (59%) amplified
fragments of the expected sizes. Two of the primers,
BrSTS-20 and BrSTS-28, amplified clear polymorphic
fragments. However, the remaining 46 primer pairs
amplified monomorphic bands or unclear polymorphic
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bands. Two of the 46 primer pairs (BrSTS-16 and
BrSTS-33) showed polymorphic bands after the ampli-
fied products were digested with restriction enzymes.
The primers based on the Arabidopsis genome sequence
were used for directly scoring the genotype of these four
loci (Table 1). The remaining monomorphic and unclear
polymorphic fragments amplified from both parent
plants were cloned and sequenced. New primer pairs
were designed when nucleotide polymorphisms were
found between the sequences of the parental lines.
Based on the nucleotide sequences, eleven, seven and
one of the 44 pairs were successfully converted to CAPS,
indel and SSR markers, respectively. Consequently, 23
polymorphic markers were developed (Table 1), all of
which were codominant. Two PCR-based markers,
BN142CAPS and BN308CAPS, were also developed
from RFLP probes of B. napus.

Mapping and QTL analysis

The above-mentioned 23 markers were used for con-
struction of a linkage map based on the segregating F;
population (Hirai etal. 2004). These markers were
mapped in three linkage groups (LGs), LG 2, LG 3 and
LG 5. Eleven markers were mapped in LG 2, where
the previously identified CR locus, Crr3, was mapped

(Fig. 1). LG 2 also included five RAPDs, 11 SSRs and
two previously developed STSs (OPC11-1S and
OPC11-2S; Hirai etal. 2004). The presence of SSR
markers (Suwabe et al. 2006) and RFLP probe-derived
markers (BN142CAPS and BN308CAPS) indicated
that LG 2 corresponds to R3 of the internationally
agreed Brassica reference linkage groups (see http://
www.brassica.info/information/lIg_assigments.htm),
whereas the correspondence of the other two LGs with
Brassica reference linkage groups was uncertain. The
order of the marker loci mapped in the three LGs in B.
rapa was the same as that in Arabidopsis chromosome
3 (Fig. 2), except for one change in LG 5. Four markers
in LG 2, OPC11-2S, BrSTS-33, BrSTS-54 and BrSTS-
61, were cosegregated in this population.

QTL analysis was conducted using the constructed
map. A sharp peak in the LOD score was observed at the
above cosegregated loci (Fig. 1, bold types). The peak
LOD score was 27.2. This position explained 85.9% of
the phenotypic variation. Therefore, Crr3 is most likely
to be located in a region around these four markers.
TCRO5-R, a linkage marker for CRb originally devel-
oped by Piao et al. (2004), was used for mapping in this
population. This marker was mapped in the same linkage
group, LG 2 (R3), at a distance of 37.9 ¢cM from the peak
LOD score of the present CR (Fig. 1). Moreover, the

Fig.1 A partial linkage map LG 2
of the region containing Crr3
anq QTL analysis fo.r clubroot 0.0 OPAO7
resistance. Left: A linkage 5.2 OPCO08-3
map containing the Crr3 5.7 OPABO2
locus. Marker names and their 6.2 OPAA19
genetic distances (cM) are
indicated at the right and left ;gg Egmgggg
sides of the linkage map, 291 OPC11-1S
respectively. Markers 31.7 BN142CAPS
prefixed with BRMS are SSR 33.0 BN308CAPS
markers (Suwabe et al. 2002, 3391 Erg¥g'§g BrSTS-69
2006). Those prefixed with OP 354 B;STS:78 rots
are RAPD and RAPD-de- ’ BrSTS-54 BrSTS-61 N
rived STS markers (Hirai 36.5 BrSTS-33 OPC11-2S v
et al. 2004). Other markers 37.0 BrSTS-44
were developed in this study 37.4 BrSTS-41
(Table 1). Markers at the 282 — E:§¥§:gg
peak of the LOD score are 488 = BRMS158
shown in bold type. Right: 50.7 OPBO05
The QTL likelihood-profile 51.6 BRMS206
for the CR trait. LOD score 63.9 | Egmgggg BRMS042-1
and map distance are B
indicated on the x and y axes, 64.4 BRMS042-2
respectively. The positions of
markers are indicated with 74.4 TCRO5-R
filled triangles on the LOD 78.2 BrSTS-406
profile. The peak value of the
LOD score is also shown 84.1 BRMS124-R

93.6 ——— BRMS084

95.4——BRMS176 g N o P

o o o

@ Springer


http://www.brassica.info/information/lg_assigments.htm

Theor Appl Genet (2006) 114:81-91

87

Fig. 2 Three linkage groups
(LGs) of B. rapa showing

Arabidopsis Chr.3

synteny to the top arm of Ara-
bidopsis chromosome 3. LGs
of B. rapa and Arabidopsis
chromosome 3 are repre-
sented by open and dotted LG 3 LG 2 (R3)
boxes, respectively. The Ara- M At3g11964 LG 5
bidopsis chromosome is -
shown upside down. Markers M 13909200 BrSTS-08b
on LG 2 (R3) are only partly A
shown here (see Fig. 1). Fig- 13908900
ures are not to scale
BrSTS-08a 11.1
t3g06610
127 = BRSTS-16
BrSTS-48 o :
0.6 9.0
BroTS-30 &3 At3g06060
BrSTS-67 BrSTS-55
BrSTS-26 " BroTs-53
3.6
BrSTS-26b
64
BrSTS28

LOD score at TCR05-R was 2.04 and did not show any
peak. This observation was confirmed by another STS
marker linked to CRb, BrSTS-406, which was developed
in this study. Therefore, CRb and Crr3 are thought to be
different loci that are independent of each other. These
results clearly show the monogenic nature of CR in this
population, as suggested previously (Hirai et al. 2004).

Fine mapping of Crr3

A total of 888 F, plants were used to obtain more
detailed information of the map position of Crr3. The
seedlings of the population were first selected for recom-
bination between two DNA markers, BrSTS-20 and
BrSTS-26, which are located ca. 4 cM upstream and 3 cM
downstream from the peak position of the LOD score in
the segregating F; population, respectively (Fig. 1). The
80 selected F, individuals were then used to construct a
detailed linkage map around Crr3 (Fig. 3). A partial map
of 4.74 cM was obtained. We already reported two link-
age markers, OPC11-1S and OPC11-2S for Crr3. Among
them, only OPC11-2S was mapped at this distance. Two
markers (BrSTS-41 and BrSTS-44) and three markers
(OPC11-2S, BrSTS-54 and BrSTS-61) were cosegre-
gated, even in this population. F; seeds were then

obtained by selfing of the selected F, plants. The number
of F; seeds obtained was enough for 21 F, families. These
seeds were then used for the CR test. The results are
illustrated in Fig. 4. CR scores of the families were clearly
segregated into three ID scores: (1) less than 0.1, (2)
more than 2.7, and (3) intermediate (from 0.6 to 1.8).
Because QTL analysis suggested that CR in this popula-
tion was monogenic in nature, these segregants could be
classified into three corresponding categories: (1) homo-
zygotes for the resistant allele, (2) homozygotes for the
susceptible allele, and (3) heterozygotes, respectively
(Fig. 4). The CR scores and genotypes of the F, families
were compared. The genotypes between BrSTS-33 and
BrSTS-78 (0.35 cM) did not show discrepancy with the
ID scores obtained. Therefore, the CR locus, Crr3, is
likely to be located within this region.

Discussion

Use of genomic information of Arabidopsis to obtain
genetic markers in B. rapa

The model plant A. thaliana is a close relative of Bras-
sica species that are extensively cultivated as oil and
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B. rapa Arabidopsis
LG 2 (R3) Chr.3
B. rapa Arabidopsis
STS marker locus tag
BrSTS-20 At3g09200
1.95 540
BrSTS-35 At3g07170
0.63 150
BrSTS-44 At3g06760
BrSTS-41 15 | At3g06700
0.17 BrSTS-33 20 | At3g06654
190
0.23
OPC11-2S At3g06270
BrSTS-54 20 | At3g06190
90
0.12 BrSTS-61 At3g05970
BrSTS-78 50 | At3g05840
0.12 130
BrSTS-72 At3g05560
0.76 220
BrSTS-69 At3g05010
0.76 310
BrSTS-26 At3g04120
(cM) (kb)

Fig. 3 A partial linkage map of B. rapa in the region of Crr3 (LG
2 (R3)) based on an F, population (n = 888) and a corresponding
physical map of Arabidopsis. Marker names of the B. rapa LG
and gene loci of Arabidopsis are shown at the left and right sides
of Arabidopsis chromosome 3, respectively. Genetic distances be-
tween markers in the B. rapa linkage map are given in cM.
Approximate nucleotide distances between the loci of Arabidop-
sis are shown in kb. Two markers (BrSTS-41 and BrSTS-44) and
three markers (OPC11-2S, BrSTS-54 and BrSTS-61) were coseg-
regated, respectively, in this mapping population

vegetable crops worldwide. The whole genome of
A. thaliana has been sequenced (Arabidopsis Genome
Initiative 2000), and Arabidopsis genome information

@ Springer

has been effectively used in comparative genome anal-
ysis of Brassica species. In addition, some parts of the
genome structure are conserved, even in distantly
related species, such as rice (Mayer et al. 2001), tomato
(Ku et al. 2000) and legumes (Kevei et al. 2005).

Brassica species and Arabidopsis are classified in the
same family, Brassicaceae, and are thought to have
evolved from a common ancestor ca. 14.5-20.4 million
years ago (Yang etal. 1999). The genome sizes of
diploid Brassica species are estimated to be three- to
four-fold larger than those of Arabidopsis (Johnston
et al. 2005). Many studies have compared Brassica and
Arabidopsis genomes based on linkage and/or physical
maps (Lagercrantz 1998; Axelsson et al. 2001; Rana
et al. 2004; Suwabe et al. 2006). These studies have
revealed that small genomic segments of Arabidopsis
are triplicated and dispersed throughout the Brassica
genome. In these small segments, the order of genes is
conserved, although some inversions and large-scale
deletions have been found (Cavell et al. 1998; O’Neill
and Bancroft 2000; Ryder et al. 2001). Therefore, the
genomic information of Arabidopsis can be used for
the fine mapping of Brassica genomes.

We effectively used the Arabidopsis genome infor-
mation for the detailed mapping of the targeted
regions in the B. rapa genome around Crr3. Because
exon sequences are generally conserved in evolution,
we designed primers based on the exon sequences of
Arabidopsis. However, 41% of the primer pairs did not
amplify DNA fragments in B. rapa. Several hypotheses
could account for this failure of amplification. Because
all gene loci in the Arabidopsis genome have not been
experimentally characterized, some of the ORFs that
we chose to use for primer design may be less con-
served, nonfunctional genes. Thus, divergence of exon
sequence during evolution could have caused the fail-
ure of amplification. Alternatively, some of the coding
regions of the Arabidopsis genome may have been lost
in the Brassica genome during the course of evolution,
as shown by Rana et al. (2004). We included introns for
the targeted region of the amplification to obtain poly-
morphisms. Insertion of long introns into the Brassica
DNA may also have caused failure of the amplifica-
tion. After sequencing the amplified fragments, we
obtained 23 polymorphic markers, half of which were
mapped in the target region of LG 2. The overall per-
centage of the obtained linkage markers (11/
82 =13.4%) may be useful for future studies on Bras-
sica species, since we do not have any information on
the divergence of triplicated sequences in this region.

The rest of the polymorphic STS markers were
mapped in different LGs (LG 3 and LG 5), even
though their primers were designed based on the same
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Fig. 4 Graphical genotype of AtSTS-61
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chromosomal region from Arabidopsis. These markers
did not fall into LG 2 when the minimum LOD score
was lowered to 3.0 during map construction (data not
shown). Therefore, the three LGs seem to be indepen-
dent, although their detailed chromosomal assign-
ments remain incomplete. Some loci have been
duplicated and are scattered throughout the Brassica
genome during evolution. We may have picked up
polymorphisms of such paralogous loci, resulting in
them being mapped to LGs different from LG 2. Alter-
natively, duplication and loss may have occurred in
some loci during the evolution of the Brassica genome.
Further study using more gene-specific markers could
clarify this issue.

The origin of CR loci in B. rapa

Earlier studies of CR in turnips suggested that there
were three independent CR genes in B. rapa (Buczacki
et al. 1975; Toxopeus and Janssen 1975). However, five
CR loci have recently been identified in B. rapa using
molecular markers, of which the sequence information

has been disclosed for four (Piao et al. 2004; Suwabe
et al. 2006; this study). In this study, we mapped link-
age markers for CRb and Crr3 to the same linkage
group. The linkage group should be R3, because of
common markers (Suwabe et al. 2006). Linkage mark-
ers for Crrl and Crr2 show homology to the central
part of the long arm of Arabidopsis chromosome 4
(Suwabe et al. 2006). We also found that linkage mark-
ers for CRb (TCRO5-R and BrSTS-406) show homol-
ogy to the same part of the Arabidopsis genome
(Table 1). Therefore, these three CR genes may have
originated from the same part of the ancestral genome.
In this fine mapping study, we clearly show that the
genomic region around Crr3 has synteny to the top of
the long arm of Arabidopsis chromosome 3. Therefore,
the origin of Crr3 seems to be different from that of the
other three CR loci, Crrl, Crr2 and CRb. The map
position of another CR locus, CRa, is not yet known,
because sequence information of its linkage markers
has not been disclosed (Matsumoto et al. 1998). Fuchs
and Sacristan (1996) reported a CR locus (RPBI) in
Arabidopsis chromosome 1. Therefore, at least three
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parts of the ancestral genome may be involved in the
evolution of CR genes in crucifer plants. Although
many studies have reported the mapping of CR genes
in B. oleracea, no sequence information is available
(Grandclément and Thomas 1996; Voorrips et al. 1997;
Nomura et al. 2005). Therefore, the origin of CR genes
in B. oleracea remains unknown. Reciprocal mapping
of anchor markers to the previous linkage maps as well
as our map will be necessary to clarify the correspon-
dence of each CR locus in detail.

In addition, for further understanding of the evolu-
tion of the CR loci, it will be necessary to clone these
CR genes and compare them at the nucleotide level.
We have developed a number of high-density linkage
markers to Crr3, which would enable the map-based
cloning of Crr3.

Breeding of CR cultivars using DNA markers
in B. rapa

Breeding of CR Chinese cabbage cultivars was based
on the assumption that CR is controlled by a single
dominant locus (Yoshikawa 1993). In this context, a
simple backcross was an effective way to introduce one
CR locus to the Chinese cabbage. However, infection
of some CR cultivars has been reported in some pro-
duction areas in Japan (Kuginuki et al. 1999), indicat-
ing a breakdown of the introduced CR trait. Breeding
of more resistant CR cultivars is therefore desirable.
Most of the present CR Chinese cabbage cultivars in
Japan are F; hybrids between CR and clubroot-suscep-
tible parents. Therefore, they would be heterozygous
at the CR locus. Some CR loci show partial dominance
and CR homozygotes are more resistant than hetero-
zygotes (Suwabe et al. 2006). In addition, considering
the variation in the pathogen, a single CR gene would
not be enough to protect Brassica crops from some vir-
ulent populations of P. brassicae (Hatakeyama et al.
2004). Breeding of more resistant CR cultivars would
require the accumulation of more than two CR genes
in a single cultivar. Pyramiding CR genes with MAS
may be an ideal strategy for this complex breeding pro-
cedure. The linkage markers of Crr3 developed in the
present study are codominant and PCR-based mark-
ers. Their polymorphisms are easily detectable with
agarose gel electrophoresis. Thus, they will be an effec-
tive tool in marker-assisted pyramiding of CR genes in
Chinese cabbage and other Brassica crops.

Acknowledgments The authors thank Ms. S. Kasaoka for her
technical assistance, Dr. M. Tsuro for his helpful advice on DNA
analysis, Prof. C.F. Quiros of the University of California, Davis,
for providing B. napus RFLP probes and Mr. D. Kyuwa for offer-
ing information on the linkage marker, BrSTS-406. This work was

@ Springer

partly supported by a grant from the Ministry of Agriculture,
Forestry and Fisheries of Japan MP-1606 to M.H.

References

Arabidopsis Genome Initiative (2000) Analysis of the genome
sequence of the flowering plant Arabidopsis thaliana. Nature
408:796-815

Axelsson T, Shavorskaya O, Lagercrantz U (2001) Multiple flow-
ering time QTLs within several Brassica species could be the
result of duplicated copies of one ancestral gene. Genome
44:856-864

Buczacki ST, Toxopeus H, Mattusch P, Johnston TD, Dixon GR,
Hobolth LA (1975) Study of physiologic specialization in Plas-
modiophora brassicae: proposals for rationalization through
an international approach. Trans Br Mycol Soc 65:295-303

Cavell AC, Lydiate DJ, Parkin IAP, Dean C, Trick M (1998) Col-
linearity between a 30-centimorgan segment of Arabidopsis
thaliana chromosome 4 and duplicated regions with the Bras-
sica napus genome. Genome 41:62-69

Crute IR, Gray AR, Crisp P, Buczacki ST (1980) Variation in
Plasmodiophora brassicae and resistance to clubroot disease
in Brassicas and allied crops—a critical review. Plant Breed
Abstr 50:91-104

Fuchs H, Sacristan MD (1996) Identification of a gene in Arabid-
opsis thaliana controlling resistance to clubroot (Plasmodio-
phora brassicae) and characterization of the resistance
response. Mol Plant Microbe Interact 9:91-97

Grandclément C, Thomas G (1996) Detection and analysis of
QTLs based on RAPD markers for polygenic resistance to
Plasmodiophora brassicae Woron in Brassica oleracea L.
Theor Appl Genet 93:86-90

Harada JJ, Baden CS, Comai L (1988) Spatially regulated genes
expressed during seed germination and postgerminative
development are activated during embryology. Mol Gen
Genet 212:466-473

Hatakeyama K, Fujimura M, Ishida M, Suzuki T (2004) New clas-
sification method for Plasmodiophora brassicae field isolates
in Japan based on resistance of F; cultivars of Chinese cab-
bage (Brassica rapa L.) to clubroot. Breed Sci 54:197-201

Hirai M, Harada T, Kubo N, Tsukada M, Suwabe K, Matsumoto
S (2004) A novel locus for clubroot resistance in Brassica
rapa and its linkage markers. Theor Appl Genet 108:639-643

Johnston JS, Pepper AE, Hall AE, Chen ZJ, Hodnett G, Drabek
J, Lopez R, Price HJ (2005) Evolution of genome size in
Brassicaceae. Ann Bot 95:229-235

Kevei Z, Seres A, Kereszt A, Kal6 P, Kiss P, Téth G, Endre G,
Kiss GB (2005) Significant microsynteny with new evolution-
ary highlights is detected between Arabidopsis and legume
model plants despite the lack of macrosynteny. Mol Genet
Genomics 274:644-657

Kosambi DD (1944) The estimation of map distance from recom-
bination values. Ann Eugen 12:172-175

Ku HM, Vision T, Liu J, Tanksley SD (2000) Comparing se-
quenced segments of the tomato and Arabidopsis genomes:
large-scale duplication followed by selective gene loss cre-
ates a network of synteny. Proc Natl Acad Sci USA 97:9121-
9126

Kuginuki Y, Yoshikawa H, Hirai M (1999) Variation in virulence
of Plasmodiophora brassicae in Japan tested with clubroot-
resistant cultivars of Chinese cabbage (Brassica rapa L. ssp.
pekinensis). Eur J Plant Pathol 105:327-332

Lagercrantz U (1998) Comparative mapping between Arabidop-
sis thaliana and Brassica nigra indicates that Brassica



Theor Appl Genet (2006) 114:81-91

91

genomes have evolved through extensive genome replica-
tion accompanied by chromosome fusions and frequent rear-
rangements. Genetics 150:1217-1228

Lander ES, Botstein D (1989) Mapping Mendelian factors under-
lying quantitative traits using RFLP linkage maps. Genetics
121:185-199

Liu YG, Whittier RF (1995) Thermal asymmetric interlaced
PCR: automatable amplification and sequencing of insert
end fragments from P1 and YAC clones for chromosome
walking. Genomics 25:674-681

Matsumoto E, Yasui C, Ohi M, Tsukada M (1998) Linkage anal-
ysis of RFLP markers for clubroot resistance and pigmenta-
tion in Chinese cabbage (Brassica rapa ssp. pekinensis).
Euphytica 104:79-86

Mayer K, Murphy G, Tarchini R, Wambutt R, Volckaert G, Pohl
T, Diisterhoft A, Stickema W, Entian KD, Terryn N, Lem-
cke K, Haase D, Hall CR, van Dodeweerd AM, Tingey SV,
Mewes HW, Bevan MW, Bancroft I (2001) Conservation of
microstructure between a sequenced region of the genome of
rice and multiple segments of the genome of Arabidopsis
thaliana. Genome Res 11:1167-1174

Murray MG, Thompson WF (1980) Rapid isolation of high molec-
ular weight plant DNA. Nucleic Acids Res 8:4321-4325

Nomura K, Minegishi Y, Kimizuka-Takagi C, Fujioka T, Morigu-
chi K, Shishido R, Ikehashi H (2005) Evaluation of F, and F;
plants introgressed with QTLs for clubroot resistance in cab-
bage developed by using SCAR markers. Plant Breed
124:371-375

O’Neill CM, Bancroft L (2000) Comparative physical mapping of
segments of the genome of Brassica oleracea var. alboglabra
that are homologous to sequenced regions of chromosomes
4 and 5 of Arabidopsis thaliana. Plant J 23:233-243

Otani F, Maruyama S, Tsukada M, Nagase Y (1982) Studies on
the breeding of clubroot resistance in Chinese cabbage and
Chinese mustard II. Process of breeding the clubroot resis-
tant line of Nozawana, a variety of Chinese mustard, and its
characteristics (in Japanese with English summary). Bull
Nagano Veg Ornam Crop Exp Sta Jpn 2:1-8

Piao ZY, Deng YQ, Choi SR, Park YJ, Lim YP (2004) SCAR and
CAPS mapping of CRb, a gene conferring resistance to Plas-
modiophora brassicae in Chinese cabbage (Brassica rapa ssp.
pekinensis). Theor Appl Genet 108:1458-1465

Rana D, van den Boogaart T, O’Neill CM, Hynes L., Bent E,
Macpherson L, Park JY, Lim YP, Bancroft I (2004) Conser-
vation of the microstructure of genome segments in Brassica
napus and its diploid relatives. Plant J 40:725-733

Rozen S, Skaletsky H (2000) Primer3 on the WWW for general
users and for biologist programmers. In: Krawetz S, Misener
S (eds) Bioinformatics methods and protocols: methods in
molecular biology. Humana Press, Totowa, NJ, pp 365-386

Ryder CD, Smith LB, Teakle GR, King GJ (2001) Contrasting
genome organization: two regions of Brassica oleracea ge-
nome compared with collinear region of the Arabidopsis tha-
liana genome. Genome 44:808-817

Suwabe K, Iketani H, Nunome T, Kage T, Hirai M (2002) Isola-
tion and characterization of microsatellites in Brassica rapa
L. Theor Appl Genet 104:1092-1098

Suwabe K, Tsukada H, Iketani H, Hatakeyama K, Fujimura M,
Nunome T, Fukuoka H, Matsumoto S, Hirai M (2003) Iden-
tification of two loci for resistance to clubroot (Plasmodio-
phora brassicae Wornin) in Brassica rapa L. Theor Appl
Genet 107:997-1002

Suwabe K, Tsukada H, Iketani H, Hatakeyama K, Kondo M, Fu-
jimura M, Nunome T, Fukuoka H, Hirai M, Matsumoto S
(2006) Simple sequence repeat-based comparative genomics
between Brassica rapa and Arabidopsis thaliana: the genetic
origin of clubroot resistance. Genetics 173:309-319

Toxopeus H, Janssen AMP (1975) Clubroot resistance in turnips
II. The ‘slurry’ screening method and clubroot races in the
Netherlands. Euphytica 24:751-755

Van Ooijen JW (1992) Accuracy of mapping quantitative trait
loci in autogamous species. Theor Appl Genet 84:803-811

Van Ooijen JW, Boer MP, Jansen RC, Maliepaard C (2000) Map-
QTL Version 4.0, Software for the calculation of QTL posi-
tions on genetic maps. Plant Res Int, Wageningen

Van Ooijen JW, Voorrips RE (2001) JoinMap Version 3.0, Soft-
ware for the calculation of genetic linkage maps. Plant Res
Int, Wageningen

Voorrips RE, Jongerius MC, Kanne HJ (1997) Mapping of two
genes for resistance to clubroot (Plasmodiophora brassicae)
in a population of doubled haploid lines of Brassica oleracea
by means of RFLP and AFLP markers. Theor Appl Genet
94:75-82

Williams PH (1966) A system for the determination of races of
Plasmodiophora brassicae that infect cabbage and rutabaga.
Phytopathology 56:624-626

Wit F (1964) Inheritance of reaction to clubroot in turnips. Hortic
Res 5:47-49

Yang YW, Lai KN, Tai PY, Li WH (1999) Rates of nucleotide
substitution in angiosperm mitochondrial DNA sequences
and dates of divergence between Brassica and other angio-
sperm lineages. J Mol Evol 48:597-604

Yoshikawa H (1981) Breeding for clubroot resistance in Chinese
cabbage. In: Taleker NS, Griggs TD (eds) Chinese Cabbage.
AVRDC, Shanhua, Tainan, pp 405-413

Yoshikawa H (1993) Studies on breeding of clubroot resistance in
cole crops (in Japanese with English summary). Bull Natl
Res Inst Veg Ornam Plants Tea Japan Ser A 7:1-165

@ Springer



	Fine mapping of the clubroot resistance gene, Crr3, in Brassica rapa
	Abstract
	Introduction
	Materials and methods
	Plant materials
	Pathogen and CR test
	Development of genetic markers linked to Crr3
	Marker analysis
	Linkage analysis and map construction

	Results
	Development of DNA markers based on genomic information of Arabidopsis
	Mapping and QTL analysis
	Fine mapping of Crr3

	Discussion
	Use of genomic information of Arabidopsis to obtain genetic markers in B. rapa
	The origin of CR loci in B. rapa
	Breeding of CR cultivars using DNA markers in B. rapa

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


