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Abstract Sclerotinia stem rot is the most devastating
disease of rapeseed (Brassica napus L.) in China. Quan-
titative trait loci (QTLs) involved in resistance to Sclero-
tinia sclerotiorum were detected in a rapeseed population
of 128-F,.; families derived from a cross between the
male sterility restorer line H5200 and a partial resistant
line Ning RS-1. A total of 107 molecular markers includ-
ing 72 RFLPs, 30 AFLPs, 3 SSRs and 2 RAPDs were
employed to construct a genetic linkage map with 23
linkage groups covering 1,625.7 ¢cM with an average
space of 15.2 cM. Resistance was assessed empirically at
two developmental stages: with a detached leaf inocula-
tion at the seedling stage and in vivo stem inoculation at
the mature plant stage. The observed resistance was
scored for each plant as leaf resistance at the seedling
stage (LRS) and stem resistance at the mature plant stage
(SRM). A total of 13 loci were identified by one-way
ANOVA and six QTLs were detected with MapMaker-
QTL. We found that three of the six QTLs were associat-
ed with leaf resistance at the seedling stage and collec-
tively accounted for 40.7% of the total phenotypic varia-
tion, each accounting for 23.2%, 16.6% and 13.6%
respectively. Three QTLs were found corresponding to
the disease resistance at the mature plant stage, explain-
ing 49.0% of the phenotypic variation. Epistasis was
observed for the resistance and the additive by additive
interactions were the predominant type of epistasis. It
was concluded that both single-locus QTLs and epistatic
interactions played important roles in Sclerotinia resis-
tance in rapeseed.
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Introduction

Sclerotinia sclerotiorum (Lib.) de Bary is a fungal patho-
gen that infects hundreds of plant species (Purdy 1979).
Diseases caused by Sclerotinia are worldwide, and a
most serious problem, since the infection can occur on
leaves, stems and pods at different developmental stages.
Sclerotinia stem rot is one of the most devastating
diseases of rapeseed in China, which causes yield loss
ranging from 10 to 80%, and oil quality declines as well
(Oilcrop Research Institute, Chinese Academy of Sci-
ences 1975). Chemical methods have been used to con-
trol this disease. However, due to negative environmen-
tal effects, they are not a good choice. Thus, the use of
resistant cultivars may be the most economical and
effective way of controlling this disease. Exploring the
genetic basis of resistance to Sclerotinia will help im-
prove cultivars with durable resistance, which will have
both environmental and economical benefits.

Genetic studies have shown that the resistance to
Sclerotinia can be either monogenic or polygenic, de-
pending on the plant species and materials under investi-
gation (Abawi et al. 1978; Baswana et al. 1991). Three
quantitative trait loci (QTLs) associated with the resis-
tance to Sclerotinia in soybean have been mapped (Kim
and Diers 2000). Previous physiological studies on
disease resistance in bean and sunflower indicated that
oxalic acid was involved in pathogenesis of Sclerotinia
(Maxwell and Lumsden 1970; Noyes and Hancock 1981;
Godoy et al. 1990). Using oxalic acid as a selection indi-
cator, several cultivars conferring partial resistance were
characterized in China (Zhou et al. 1994). However,
there were no rapeseed cultivars immune to Sclerotinia.
Moreover, little is known about how many genes in rape-
seed are involved in Sclerotinia resistance.

QTL mapping has proved to be a powerful approach
to understanding the genetic basis of quantitative traits
(see reviews by Tanksley 1993; Young 1996). QTLs as-
sociated with some important traits in rapeseed have
been mapped, including resistance to black-leg disease
(Ferreira et al. 1994, 1995a; Dion et al. 1995; Pang et al.
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1996a,b; Chevre et al. 1997; Mayerhofer et al. 1997;
Pilet et al. 1998a,b), resistance to club-root (Matsumoto
et al. 1998), resistance to white rust (Ferreira et al.
1995b), glucosinolate content (Toroser et al. 1995; Uzunova
et al. 1995) and other important agronomic traits
(Teutonico and Osborn 1994; Song et al. 1995; Butruille
et al. 1999; Rajcan et al. 1999). Results from mapping
and genetic analysis of Sclerotinia resistance QTLs in
rapeseed would be very useful for marker-assistant se-
lection and durable resistance cultivar breeding.

In this study, we investigated the genetic basis of par-
tial resistance to Sclerotinia in the breeding line Ning
RS-1. A segregating F, population of 128 individuals
was generated with Ning RS-1 as male parent crossed
with a male sterility restorer line H5200. We assessed the
number of QTLs conferring resistance to Sclerotinia at
two developmental stages. We also analyzed epistatic in-
teractions contributing to the resistance.

Materials and methods
Plant materials

The breeding line of Brassica napus, Ning RS-1, with partial
resistance to S. sclerotiorum, was kindly provided by Ms. Yuqing
Chen, Jiangsu Academy of Agricultural Sciences, China. H5200, a
Polima male sterility restorer line of B. napus, was obtained from
Professor Tingdong Fu of Huazhong Agricultural University.
H5200 was used as the female parent in this cross. One F, plant
derived from the cross was self-pollinated to produce an F, popu-
lation. One hundred and twenty eight F, individuals were selected
at random and self-pollinated to generate F,.; families. Zhongyou
821, possessing intermediate-resistance to Sclerotinia, was used as
a resistant control in the inoculation experiment. The pathogen
isolate HY-12 was kindly provided by Dr. Guoqing Li of Huaz-
hong Agricultural University.

DNA probes

Two sources of DNA probes were used in this study. The genomic
and cDNA clones from Brassica were kindly provided by Profes-
sor Thomas Osborn of the University of Wisconsin, Madison.
Clones with “wg” prefixed were genomic clones derived from Psl
fragments of B. napus cv Westar. Clones with “tg” prefixed were
genomic DNA clones from EcoRI fragments of Brassica rapa cv.
Tobin. Clones prefixed “ec” were derived from a B. napus cv
Westar cDNA library. The EST (expressed sequence tag) clones
from Arabidopsis thaliana were kindly provided by Professor
Randy Scholl of the Arabidopsis Biological Resource Center,
Ohio State University. These EST clones were re-named with
“Pa”. When more than one fragment was detected with one probe,
a lower case letter, a, b or ¢ etc., was added as a suffix to the
marker name.

Field experiments

The 128 F,.; families, the two parents and the partial resistance
control were planted using a randomized complete block design
with three replicates in the field station of Huazhong Agricultural
University in 1999. Each replicate was composed of 131 plots
each with 20 plants in two rows. The distances were 0.3 m be-
tween rows and 0.18 m between plants within rows. Eight plants
randomly selected from each plot were subjected to the disease re-
sistance assessment.

Culture of S. sclerotiorum

A rapeseed isolate of S. sclerotiorum, HY-12, was maintained and
cultured on solid Potato/Dextrose/Agar (PDA, 20% potato, 2%
dextrose and 1.5% agar) medium. Mycelial agar disks of 5-mm
diameter punched from the growing periphery of the 2-day old
culture of S. sclerotiorum on PDA were used as inoculums to in-
fect the plants (Godoy et al. 1990).

Assessment of resistance to S. sclerotiorum

Assessment of leaf resistance at the seedling stage (LRS): a young
leaf was excised from each plant at the 9 to 12 leaf stage, 30
leaves were placed into a box bedded with wet-paper, and subse-
quently inoculated with two pieces of mycelial agar plug in a
diameter of 5-mm cultured from this fungus separately (Godoy et
al. 1990). The boxes were covered with plastic film, and then kept
at 20-25 °C in dark. The lesion diameter was measured at 48 h
after inoculation to evaluate the level of resistance.

Assessment of stem resistance at the mature plant stage
(SRM): plants in the field were inoculated 1 month before harvest
using a tooth-pick method, in which sterilized tooth-picks were
co-cultured with the fungus in PDA medium for 48 h to make the
mycelium grow along the tooth-pick and stopped culturing when
the tooth-picks were completely covered with the mycelium. Plant
stems were pierced through with the mycelium-covered tooth-
picks at a height about 35 cm above the ground. The lesion length
along the stems was measured 5 days after inoculation.

DNA markers and assays

Total DNA used for RFLP, AFLP, SSR and RAPD analysis was
extracted from young leaves of each F, plant and their parents,
using the SDS method described by Li et al. (1994). DNA samples
were digested with restriction enzymes EcoRI and HindIIl. South-
ern blotting, probe labeling and hybridization were conducted
following the method of Meng et al. (1996). Post-hybridization
washes varied according to the probes. Blots were washed once at
low stringency (2 x SSC, 0.1% SDS, 65 °C) for 10 min, followed
by two washes at high stringency (0.1 x SSC, 0.1% SDS, 65 °C)
for 10 min each. For Arabidopsis EST clones, low stringency (2 X
SSC, 0.1% SDS, 65 °C) washes were conducted once for 10 min,
and then followed by two intermediate stringency (1 x SSC, 0.1%
SDS, 65 °C) washes, each for 10 min.

Three pairs of primers were used in SSR analysis. Primer pair
SSR59A, was synthesized according to Szewc-McFadden et al.
(1996). The other two, Nal4 G10 and Nal4G09, were download-
ed from the Brassica database (http://www.ukcrop.net ). PCR was
performed in a PE-9600 thermocycler (Perkin Elmer Corp.,
Norwalk, Conn., USA) in a total volume of 20 ul per reaction con-
taining 80 ng of genomic DNA, 50 ng of primers, 0.4 mM of all
the four dNTPs, 1 x PCR buffer (Sangon Biotechnological Com-
pany, Shanghai, China, SBC-Shanghai), 1.5 mM of MgCl,, and
1.0 U of Tag DNA polymerase. The PCR reaction profiles were:
94 °C for 1 min, followed by 35 cycles of 94 °C for 1 min, 61 °C
for 1 min and 72 °C for 1 min, extension at 72 °C for 10 min, and
then held at 4 °C. The gel was stained with silver staining kits
(Promega, Madison, Wis., USA) according to the manufacturer’s
instructions.

Two RAPD primers, S28 with the sequence of 5 GTGACG-
TAGG and S74 with 5" TGCGTGCTTG (synthesized by SBC-
Shanghai), were used in the analysis. PCR was carried out in a
total volume of 20 ul per reaction, containing 50 ng of genomic
DNA, 8 uM of random primers, 0.2 mM of all the four dNTPs, 1
x PCR buffer, 1.5 mM of MgCl,, and 1.5 U of Tag DNA polymer-
ase (all the PCR reagents were bought from SBC-Shanghai). PCR
reactions were conducted following the method of Wang et al.
(2000).

The AFLP analysis was conducted as described by Vos et al.
(1995). Total DNA was digested simultaneously with restriction



enzymes EcoRI and Msel. The PCR reaction was undertaken by
two successive amplifications with one and three selective nucleo-
tides at the 3" end, respectively. Ten pairs of primers with three
selective nucleotides at 3’ end were used: A53 (E+AGGM+CAG),
A54 (E+AGGM+CTC) AG3 (E+AGTM+CAG) A76 (E+AGCM+CTA) A78
(E+AGCM+CGT)  A45 (E+ACTM+CTG)  A55 (E+AGGM+CTG)  Al14
(E+AACM+CTC), A72 (E+AGCM+CAC) and A74 (E+AGCM+CTC).
Markers generated by the AFLP technique were prefixed with the
letter A and suffixed by the molecular weight of the marker fragment.

Statistical analysis

The genotype of F, individuals was scored as co-dominant and
dominant markers. For co-dominant markers, alleles from
NingRS-1 were scored as A, alleles from H5200 as B and the het-
erozygote as H. For dominant markers, the bands present in
NingRS-1 were scored D and those derived from H5200 as C.

The association of marker loci with trait values was assessed
by one-way analysis of variance (ANOVA), using a significance
level of p < 0.01. Digenic interactions were screened among all
possible two-locus combinations of the co-dominant markers with
two-way ANOVA based on unweighted cell means (Snedecor and
Cochran 1980; Yu et al. 1997). The significance of the digenic
interactions on resistance was assessed at the level of p < 0.05.
The significant digenic interactions were further partitioned into
four components: additive (first locus) x additive (second locus)
(AA), additive X dominance (AD), dominance X additive (DA)
and dominance X dominance (DD).

Linkage map construction was performed using the program
Mapmaker/EXP 3.0 (Lander et al. 1987, 1989). A LOD threshold
of 3.0 and a maximum recombination distance of 37.2 was used to
group loci. A combination of three-point and multipoint analysis
was applied to find the most probable locus order within each
linkage group. Recombination frequencies were transformed to
centiMorgans (cM) using the Kosambi mapping function (Kosambi
1944). Linkage groups with one or two markers that appeared in
previously published maps of B. napus were assumed to be in the
same linkage groups as previously designated (Butruille et al.
1999). While linkage groups without reference markers were
named randomly. QTLs were identified with the program Map-
maker/QTL 1.1 (Lincoln et al. 1992), which uses the interval-
mapping procedure. A LOD score of 2.0 was applied to indicate
putative QTLs, and a LOD score of above 3.0 was used to indicate
QTLs, which had a significant effect on the phenotype. A multiple
QTL analysis was used to determine the total phenotype variance.

Results

Segregation pattern of the resistance

Both LRS and SRM measurements of the resistance to
Sclerotinia segregated within the F,,; population. For
LRS, the average lesion diameter on leaves of individual
plants ranged from 2.05 to 3.77 cm. For SRM, the lesion
length ranged from 2.33 to 5.82 cm. The continuous dis-
tribution at both developmental stages suggested a poly-
genic nature of the resistance (Fig. 1). The correlation
coefficient between LRS and SRM was very low (0.15,
p < 0.01), implying that different loci might be involved
at different developmental stages.

Identifying the resistance loci

One-way ANOVA was used to detect loci associated
with the two measures of resistance. A total of two AF-
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Fig. 1 Frequency distribution of individual plants with various
degrees of resistance to S. sclerotiorumin in the F,; population
derived from the cross between H5200 and Ning RS-1. The resis-
tance was estimated by the lesion length (cm) on leaf or stem. The
mean value of the parent was shown by arrows. LRS: leaf resis-
tance at the seedling stage; SRM: stem resistance at the mature
plant stage. N refers to Ning RS-1, and H refers to H5200

Table 1 Loci associated with Sclerotinia resistance based on one-
way ANOVA (p < 0.01)

Trait Locus P value R2 (%)

LRS A54.400 0.000 9.39
Pa65 0.000 7.33
Pal26 0.000 5.98
A54.90 0.000 5.23
Pa27 0.002 5.06
Wgbel 0.002 4.89
Pal0 (35F2T7) 0.001 4.60
Wg4d5 0.005 4.22
Wgbhlc 0.003 3.37

SRM Wgbel 0.004 443
Wg4d5 0.005 4.16
Palll 0.008 3.87
Wg6b10 0.01 2.64

LPs and nine RFLPs, four of which were generated by
Brassica genomic clones and five by Arabidopsis EST
clones, were found to be associated with the two mea-
sures of resistance. Nine markers were associated with
LRS, and the marker A54.400 explained the largest
amount of variation (9.39%). Two RFLP markers,
Wgbcl and Wg4dS, were detected as associated with
both LRS and SRM (Table 1).

Data for 113 segregating loci were used to construct a
linkage map. Mapmaker analysis at a LOD threshold of
3.0 placed 107 of these loci into 23 linkage groups span-
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Table 2 Putative QTLs for

resistance to Sclerotinia Traits QTLs LG Marker interval Pos.2 Peak LOD RZ (%)>  Adde
detected by Mapmaker/QTL
analysis in the F, ; population LRS qLRS1 17 Pal0-Wgbcl 2.0 3.12 13.6 -0.157
: qLRS2 3 Wg2d5a-Pal45 22 2.03 23.2 0.006
gqLRS3 12 Pa65-Pa2l 12 2.34 16.6 0.073
40.7
SRM qSRM 1 15 A75.260-A55.350 18 3.20 39.8 -0.349
qSRM?2 10 Wg2d5d-A54.380 16 2.54 17.4 -0.177
qSRM3 7 A76.270-A45.210 12 2.20 30.4 -0.415
49.0

aThe position of the Peak LOD was calculated in cM from the left marker
bR2 is the percentage of phenotypic variation explained by the detected QTL
¢ The negative value of the additive effect represents the alleles from the resistant parent Ning RS-1

has a positive effect on the trait

LG3 LG7
Pad
23.9 ?;i‘:; 33.9
26. ATR.2T70 ‘
]2 2 Walel 179 A45.210
; 23.5
Wq2d5 Wasg3
23.7 < 8.5
Palas : B
LG 10 LG 12
Fad
4843 Wg2dsd 32.2 S
28.8 Sj s 4 30‘4 Pa6s
At : pa2l
LG 15 LG 17

6.5 Pak7 24.2 Wgéhle
17.3 Pa78h 150 A54.100
19 n7ﬁ-?ﬁﬂl4 i A54.400 H‘
A55.350 : Paln
Wgbcl

LRS SRM

Fig. 2 Locations of putative QTLs contributing to Sclerotinia re-
sistance at the seedling stage and at the mature plant stage respec-
tively in the F,.; population derived from a cross between H5200
and Ning RS-1. The numbers of the linkage groups (LG) are shown
at the top (only linkage groups containing the resistant QTLs are
shown). The one-LOD confidence interval for each QTL was indi-
cated by different bars on the right, and cMs on the left. The posi-
tion of the peak LOD was shown by a small black triangle

ning a total of 1,625.7 cM with an average marker dis-
tance of 15.2 cM. Thirteen linkage groups, LG1 to LG 8,
LG10, LG13, LG14, LG15 and LG17, had one or two
markers that appeared in previously published maps of
B. napus (Butruille et al. 1999) and the other ten linkage
groups were randomly named. The 107 markers on the
23 linkage groups were used for QTL mapping. Thirty-
two co-dominant markers identified from the 107 mark-
ers were used for two-locus interaction analysis.

Table 3 Two-locus interactions affecting Sclerotinia resistance at
the seedling stage detected at p < 0.05 by two-way ANOVA

Locus 1 Locus 2 Type Vi, (%)? P value
Wglgda Pa31 AA 5.95 0.008
AD 5.19 0.013
Ec4dl11 Wgof2 AA 8.71 0.006
DA 5.10 0.035
Wgof2 SSR59A AA 4.38 0.043
AD 7.68 0.008
SSR59A Wgbcel AA 4.10 0.013
DD 7.56 0.001
Wglgda Wgle3 AA 4.45 0.018
Pa3l Pall4b AA 6.31 0.007
Wgof2 Tglc8a AA 7.56 0.009
Wgle3 Wglab AA 5.02 0.014
DD 3.41 0.042
Wgbel Wgod5 AA 5.47 0.007

aV,_, indicates the phenotypic variation explained by the specific
type of two-locus interaction

A total of six QTLs were identified for the two mea-
sures of resistance using Mapmaker/QTL. Half of the
positive loci detected by one-way ANOVA were located
closely to the QTL intervals (Table 2, Fig. 2). However,
two loci, Pal26 and A54.90, identified by one way
ANOVA as showing association with Sclerotinia resis-
tance, did not have correspondence with the QTLs, as
they were not placed in the linkage group. Three QTLs
were detected to determine LRS and located in three dif-
ferent genomic regions. The major QTL, gLRS1, located
on LG17, explained 13.6% of the phenotypic variation
with a LOD score of 3.12. The other two putative QTLs
had lower LOD scores. These three QTLs jointly
accounted for 40.7% of the total phenotypic variation.
Another three QTLs, identified to be associated with
SRM, were also located in three different genomic
regions. The major QTL, gSRM I, being mapped on link-
age group 15, explained 39.8% of the total phenotypic
variation. Two AFLP markers flanked this region and
were linked at a distance of 19.0 cM. The other two
QTLs, however, had lower LOD scores. The three QTLs
together explained 49.0% of the total phenotypic varia-



tion. None of the QTLs detected were associated with
both measures of resistance.

Digenic interactions for the resistance

Data from 32 co-dominant loci were employed for inter-
action analysis. Nine digenic combinations from a total
of 375 two-locus combination tests showed significant
(p < 0.05) interactions for LRS resistance (Table 3).
Most of the digenic interactions involved the loci of
which one member either located on one of the QTL
intervals or had a significant effect on the disease resis-
tance when one-way ANOVA was performed. The pre-
dominant type of digenic interactions was additive X
additive (AA). Dominance X dominance (DD) and DA or
AD digenic interaction was much in deficiency.

Discussion

Based on this segregating population, 113 loci were as-
sembled into 23 linkage groups and five unlinked loci
with a LOD threshold 3.0. The number of linkage groups
is greater than the number of chromosomes in the hap-
loid genome of B. napus. This is mostly due to the limit-
ed number of markers used in the analysis. Furthermore,
some of the linkage groups were designated on the basis
of only one or two markers that were common with
Butruille et al. (1999).

We detected 13 marker-locus associations (by ANOVA)
and six QTLs (using Mapmaker/QTL) for the two mea-
sures of resistance to Sclerotinia, LRS and SRM, in
B. napus. In this experiment, LRS was assessed at the
seedling stage using a detached leaf inoculation method,
indicating that the LRS QTLs may be leaf-specific or
seedling-specific resistant. For SRM, the assessment was
conducted at the mature plant stage and the pathogen
was inoculated in vivo into the stem. Therefore, the
resistance measured as SRM may reflect a form of stem
resistance and these QTLs may be stem-specific or ma-
ture plant-specific. It suggests that different resistance
loci might be involved at different developmental stages
or in different organs. Based on one-way ANOVA, two
RFLP markers, Wgbcl and Wg4dS, were associated with
both measures of resistance. Thus, these may represent
common QTLs for the two measures of resistance.

In this population, the total phenotypic variations
explained by the QTLs were 40.7% for LRS and 49.0%
for SRM respectively. Other unexplained variations may
be contributed by epistasis, by undetected QTLs or envi-
ronmental errors. Alleles from the partial resistant parent
gave a larger contribution to the resistance phenotype,
while the susceptible parent contributed alleles with
small effect on the resistance. New genotypes that com-
bine alleles from both parents may arise in this popula-
tion and could be used in a breeding program.

One genomic region on linkage group 17 was shown
to be associated with LRS by QTL mapping. Markers
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flanking this region were also identified by one-way
ANOVA as significantly associated with resistance. One
of the EST clones of Arabidopsis, Pal0, coding for cata-
lase, has a homologous segment in this region. It has
been reported that oxalate played an important role in the
pathogenesis of Sclerotinia (Maxwell and Lumsden
1970; Noyes and Hancock 1981; Godoy et al. 1990;
Cessna et al. 2000). It might be interesting to explore
whether the PalO analogue in this QTL region of
B. napus has a function for oxalate degeneration and
Sclerotinia resistance as well.

Epistasis has been regarded as an important genetic
basis of heterosis in rice (Yu et al. 1997). It was also
shown to control a large part of resistance in a pepper-
Phytophthora capsici interaction (Lefebvre et al. 1996).
A set of epistasis loci contributing to the Sclerotinia
resistance was identified in our study. Nine pairs of sig-
nificant interactions were detected for LRS from the 375
pairs of interactions between 32 co-dominant loci. With o
= 0.05 for the individual test, the expected numbers of
spurious interactions (false positives) would be less than
five for LRS. The number we detected is beyond the
expected false positive, indicating that real two-locus in-
teractions existed in this population. Interestingly, in most
cases, two interaction loci were located in different link-
age groups and one of the loci had a significant main ef-
fect or was located on the QTL interval. Our data showed
that the AA type of interactions were much more frequent
than the DD and AD/DA types, which is similar to the re-
sults of the previous analysis of digenic interaction in rice
heterosis (Yu et al. 1997). It seems that epistasis, espe-
cially the interactions between additive loci, were a uni-
versal force to increase different biochemical functions in
plants. It might be deduced that QTLs played an impor-
tant role with a manner of additive interactions with other
loci on disease resistance. Considering that only a very
small number of co-dominant loci had been involved in
the experiment, and much more QTLs should exist except
for the six detected ones, the loci interactively and inde-
pendently influencing disease resistance would be great
in quantity and complex in function.
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