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Abstract

Key message A repertoire of the genomic regions involved in quantitative resistance to Leptosphaeria maculans in
winter oilseed rape was established from combined linkage-based QTL and genome-wide association (GWA) mapping.
Abstract Linkage-based mapping of quantitative trait loci (QTL) and genome-wide association studies are complementary
approaches for deciphering the genomic architecture of complex agronomical traits. In oilseed rape, quantitative resistance
to blackleg disease, caused by L. maculans, is highly polygenic and is greatly influenced by the environment. In this study,
we took advantage of multi-year data available on three segregating populations derived from the resistant cv Darmor and
multi-year data available on oilseed rape panels to obtain a wide overview of the genomic regions involved in quantitative
resistance to this pathogen in oilseed rape. Sixteen QTL regions were common to at least two biparental populations, of
which nine were the same as previously detected regions in a multi-parental design derived from different resistant parents.
Eight regions were significantly associated with quantitative resistance, of which five on A06, A0S, A09, CO1 and C04
were located within QTL support intervals. Homoeologous Brassica napus genes were found in eight homoeologous QTL
regions, which corresponded to 657 pairs of homoeologous genes. Potential candidate genes underlying this quantitative
resistance were identified. Genomic predictions and breeding are also discussed, taking into account the highly polygenic
nature of this resistance.

Introduction

Blackleg or stem canker caused by the fungus Leptospha-
eria maculans (Desm.) Ces. et de Not. is one of the most
devastating diseases of winter and spring oilseed rape (Bras-
sica napus L.) worldwide. The disease is of major economic
importance in Europe, North America and Australia (West
et al. 2001; Fitt et al. 2006). Different oilseed rape plant
developmental stages are affected by L. maculans and in
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some cases it can completely kill the young susceptible seed-
lings and cause catastrophic yield loss (Marcroft et al. 2002;
Fitt et al. 2006). Different resistance types, such as mono-
genic or polygenic resistance, usually operate at different
plant developmental stages and control the disease at dif-
ferent stages of the fungus life cycle. Plants show resistance
either through large effect R genes (monogenic) or moder-
ate to small effect quantitative (polygenic) resistance. In B.
napus, blackleg resistance at the seedling stage is governed
by race-specific R genes (RIlm genes) active from cotyle-
don stage onwards. In adult stages, race non-specific QTL
limit the development of necrosis at the basis of the stem
(Delourme et al. 2006; Rimmer 2006; Huang et al. 2009;
Raman et al. 2013; Larkan et al. 2016). Major R genes are
often used to effectively control a particular pathogen but
their durability is a concern for breeders. Quantitative resist-
ance is generally more durable than major-gene-mediated
resistance but its genetic dissection might not be easy due
to the influence of R genes in the genetic background or
interactions with the environment. However, once QTL are
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identified, their deployment either in combination with R
gene(s) or alone in elite varieties could be a long-term solu-
tion for controlling disease infestation for several years in a
sustainable way (Pilet-Nayel et al. 2017). This was clearly
demonstrated for blackleg of oilseed rape. Varieties whose
resistance is based solely on major genes lose their effective-
ness only 3—4 years after their release (Brun et al. 2000; Li
et al. 2003; Rouxel et al. 2003). Furthermore, quantitative
resistance mediated by multiple genetic factors was shown
to increase the potential for durability of major resistance
genes (Brun et al. 2010; Delourme et al. 2014).

The genetic architecture of oilseed rape resistance to
blackleg is quite complex. More than fifteen specific resist-
ance genes were identified in B. napus or introgressed in B.
napus from the related Brassica species B. rapa, B. juncea
and B. nigra (RImI—-11; LepR1-4) (Delourme et al. 2006;
Rimmer 2006; Balesdent et al. 2013) and mapped on A02,
A06, AO7 and A10 (Delourme et al. 2004, 2006; Long et al.
2011; Yu et al. 2005, 2008, 2013). QTL regions have been
mapped by linkage-based mapping and GWAS. Quantita-
tive resistance is complex in nature, with multiple genes
working together to defend the plant against the pathogen
and it is often drastically affected by changing environ-
ments or genetic backgrounds. Thus, QTL stability is often
verified in multiple environments and/or crosses. In oilseed
rape, the effect of genetic background and environment on
quantitative resistance to blackleg has been shown. In win-
ter oilseed rape, quantitative estimation of blackleg disease
led to the identification of more than ten QTL using two
doubled haploid (DH) populations derived from the resist-
ant parent ‘Darmor’ (Pilet et al. 1998, 2001; Jestin et al.
2012). In multi-environment trials, six of these QTL were
found to be less sensitive to environmental factors and thus
appear to be relatively stable QTL (Huang et al. 2016).
Jestin et al. (2015) used a multi-parental design to identify
QTL common among different genetic backgrounds and
background-specific QTL. Larkan et al. (2016) carried out
a multi-environment study in Australia and identified and
delineated four significant and stable QTL in spring oilseed
rape. Quantitative resistance could be mapped effectively
only in the absence of R genes that correspond to highly
frequent avirulence genes in the field fungus population.
Otherwise, the R genes would interfere with leaf lesion
development and fungus progression into the plants, which
would render quantitative resistance evaluation less effec-
tive. Hence, mapping populations and panels that do not seg-
regate for effective R genes in the field conditions used for
phenotyping offer advantages in efficiently capturing quan-
titative resistance. This strategy was employed in the first
GWAS studies for blackleg resistance where the selected
panel was devoid of highly effective specific resistance genes
to L. maculans in field conditions and the identified regions
were involved in quantitative resistance (Jestin et al. 2011;
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Fopa Fomeju et al. 2014; 2015). R genes and QTL for quali-
tative and quantitative resistances, respectively, have also
been reported in B. napus even in the presence of genotypes
containing major R genes through the combination of field
experiments and cotyledon stage inoculation in controlled
conditions (Raman et al. 2012, 2013, 2016). Nevertheless,
in B. napus, there is a paucity of blackleg-related association
mapping studies which explore natural allelic diversity for
quantitative resistance in available germplasms and assess
the stability of the associations across environments. The
identification of consistent QTL regions among different
GWAS would help for breeding and identification of can-
didate genes for quantitative resistance through combined
functional characterization.

Before SNPs, microsatellites were the most commonly
used molecular markers to generate genetic maps and QTL
studies in B. napus. Since the availability of SNP arrays in
Brassica, saturated genetic maps have been developed (Chal-
houb et al. 2014; Clarke et al. 2016). These maps as well as
the B. napus genome sequence (Chalhoub et al. 2014) are
now available for more precise comparisons of linkage and
GWAS QTL. In this study, we took advantage of multi-year
data available on three segregating populations derived from
the resistant cv Darmor and multi-year data available on
oilseed rape panels. We integrated these data with previ-
ously published data to obtain a complete repertoire of the
genomic regions involved in quantitative resistance to L.
maculans in winter oilseed rape. A combined study includ-
ing both linkage-based QTL mapping and GWAS should
provide complementary results which can be used to refine
the similar QTL genomic regions targeted by both studies.
Prospects for breeding and identification of potential causal
genes in the associated genomic regions are discussed.

Materials and methods
Plant material

For QTL analysis, the plant material consisted of three
populations sharing the same resistant parent and its dwarf
version on one hand and three susceptible oilseed rape
accessions on the other hand. ‘Darmor’ is a French winter
double-low line registered in 1983 and exhibits partial but
high level resistance to L. maculans. The mutated dwarfing-
gene Bzh was introgressed into ‘Darmor’ by backcrossing
and selfing (Foisset et al. 1995) to derive the ‘Darmor-bzh’
isogenic line. The segregating DH population, derived from
the ‘Darmor-bzh’ X “Yudal’ cross (DY population), was pre-
viously described by Foisset et al. (1996). ‘Yudal’, which
is susceptible to blackleg, is a Spring Korean line which
behaves as an early flowering winter type in temperate cli-
mates. More than 900 DH lines were produced either by
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spontaneous chromosome doubling or colchicine treatment
(Foisset et al. 1996). Different sets of DH lines from the DY
population were evaluated in France and the UK in seven
winter oilseed rape field experiments over different crop-
ping seasons (Table 1). ‘Samourai’ and ‘Bristol” are two
winter-type double-low lines, released in 1989 and 1993,
respectively, and susceptible to blackleg. From ten ‘Dar-
mor’ X ‘Samourai’ F1 plants, a total of 134 DH lines were
derived by in vitro androgenesis (DS population) and evalu-
ated in 2-year field experiments (Table 1; Pilet et al. 2001).
A single ‘Darmor’ X ‘Bristol” F1 plant was self-pollinated
to derive the F,.; population (DB population) of 119 indi-
viduals and the F3 families were evaluated in a 2-year field
experiment (Table 1; Jestin et al. 2015).

For GWAS analysis, a panel of 166 winter B. napus vari-
eties was used (Supplementary Table 1). The panel was
composed of modern winter oilseed rape (WOSR) varie-
ties with low seed erucic acid and glucosinolate content (00
quality) and old varieties with high seed erucic acid and
high glucosinolate content (++ quality). The varieties were
chosen to represent a wide range of WOSR diversity and
derived from different breeding programs. The absence of
any highly effective specific resistance genes conferring total
resistance in our field trial conditions was verified for the
varieties included in the panel so that only the level of quan-
titative resistance was evaluated. This was deduced from
cotyledon tests using isolates carrying known AvrLm genes
(Balesdent et al. pers. comm.). Thus, we excluded WOSR
varieties known to carry Rlm?7, a highly effective gene that
was recently introduced into WOSR varieties in France. The
panel was evaluated for blackleg resistance in four differ-
ent years (2006, 2013, 2014 and 2015). In 2006, only 96

genotypes were included for disease resistance analysis;
however, in the other years, 166 genotypes were evaluated
for blackleg resistance.

Field experiments

Field experiments for segregating populations consisted
of a-designs with three replicates and were carried out in
1995, 1996, 2007, 2011 and 2012 at Le Rheu, INRA, France
(Jestin et al. 2012) and in 2008 and 2009 at Rothamsted
Research (RRES), UK (Huang et al. 2016) for DY popula-
tion, in 1998 and 1999 at Le Rheu, INRA, France (Pilet et al.
2001) for DS population and in 2008 and 2010 at Le Rheu,
INRA, France (Jestin et al. 2015) for DB population. The
panel was also evaluated in a-designs with three replicates
in 2006, 2013, 2014 and 2015 at Le Rheu, INRA, France
(Jestin et al. 2011; Fopa Fomeju et al. 2015). Each replicate
included a 5-row plot (2.5 m?) or a 10-row plot (6 m?) of
each DH line/F3 family and the parental lines at INRA and
RRES, respectively. In each replicate, control resistant and
susceptible varieties were replicated in each row X column
block to check the homogeneity of the trial. To ensure homo-
geneous disease infection, contaminated residues collected
from the previous season were scattered throughout the plots
in each cropping season at a density of one stem (at RRES)
or two stems (at INRA) per m*> when the crop was at the two
to three leaf growth stage. Stem canker severity was assessed
2-3 weeks before harvest (mid-June). Forty plants per plot
were uprooted and stem canker was assessed on a 0-9 dis-
ease index scale (DI) (Aubertot et al. 2004). DI increases
with crown canker severity, starting from zero for healthy
plants to nine for completely lodged plants.

Table 1 Populations used for QTL mapping, broad- and narrow-sense heritabilities, number of detected QTL for each year and BLUP estimates

and percentage of variation (R?) explained by these QTL

Population Population type No. of lines Year Broad-sense Narrow-sense No. of QTL R?
heritability heritability

‘Darmor-bzh’ X “Yudal’ (DY) DH 154 1995 0.87 0.68 5 41.1
154 1996 0.82 0.75 66.1
119 2007 0.93 0.80 11 60.5
119 2008 0.73 0.49 3 36.6
275 2009 0.90 0.75 54.6
260 2011 0.86 0.50 9 46.1
271 2012 0.92 0.55 12 539
286 BLUP 0.95 0.77 16 71.5

‘Darmor’ X ‘Bristol’ (DB) F2:3 112 2008 0.78 0.86 9 92.6
112 2010 0.80 0.73 11 85.7
112 BLUP 0.83 0.81 14 98.8

‘Darmor’ X ‘Samourai’ (DS) DH 116 1998 0.60 0.50 5 429
116 1999 0.41 0.40 19.7
116 BLUP 0.68 0.74 4 39.8
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Statistical analysis of the phenotypic data

All statistical analyses were carried out with R software (R
Core Team 2013). Normality of the phenotypic data was
tested with Shapiro—Wilk test (@ =0.05). To account for dif-
ferent variances and correlation between years, BLUP (Best
linear unbiased predictions) was estimated using a mixed-
effects model implemented in the Ime4 package (Bates et al.
2015). For each mapping population and the panel, the effect
of genotype, experiment (year) and block was estimated
following the global mixed model: Py, =pu+ G;+ E;+ By,
+ &, Where Py, is the DI of the ith genotype in the kth
replicate of the jth experiment, G; is the random effect of
genotype, E; is the random effect of experiment, By is the
random effect of replicate and ¢, is the random residual
error effect. Broad-sense heritability was then calculated as
h?=6*Gl[6*G + 6”¢/N], where ¢°G is the genotypic variance,
o°¢ is the residual error variance estimated from the selected
model, N is the total number of replicates for all experiments
(2 or 3 per experiment).

A second mixed linear model was applied to each indi-
vidual year experiment: P;j=p+ G;+ B;+ &, where Pj; is
the DI of the ith genotype in the kth block, G; is the ran-
dom effect of genotype, B; is the random effect of replicate
and ¢;; is the random residual error effect. For each experi-
ment, broad-sense heritability was calculated as H?=6%G/
[6*G + (c’e/n)], where 6°G is the genotypic variance, o°¢
is the residual error variance estimated from the selected
model and n is the number of replicates in the considered
experiment. Marker-based estimation of narrow-sense herit-
ability (h?) for all the biparental mapping populations was
obtained using the heritability package (Kruijer et al. 2015)
in R software.

Genetic maps

Genotyping data for the DY population included SNPs
from the Brassica 60K Illumina Infinium SNP array (Clarke
et al. 2016), the 20K Illumina Infinium SNP array (Chal-
houb et al. 2014) and from the 8K Illumina Infinium SNP
array (Delourme et al. 2013). Genotyping data for the DB
population included SNPs from the 20K Illumina Infinium
SNP array (Chalhoub et al. 2014). The DY and DB genetic
maps were obtained from Chalhoub et al. (2014) and 60K
SNPs were added to the DY map. The DS population was
genotyped using the Brassica 60K Illumina Infinium SNP
array. Automatic allele calling for each locus was done using
GenomeStudio software (Illumina Inc., San Diego, USA).
The clusters were manually edited when necessary. Techni-
cal replicates and signal intensities were verified and only
the most reliable calls were retained. The genetic maps were
built with Carthagene software (De Givry et al. 2005) using
the group command to assign markers to linkage groups
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and the annealing, flips and polish commands to refine the
marker order. For QTL analysis, SNPs were selected with a
custom script to retain one marker per genetic position and
as many common markers between populations as possible.
Three genetic maps were then used for QTL mapping: the
DY, DB and DS maps contained 3767, 2374 and 929 SNPs
and covered 2128.2, 1942.9 and 1946.1 cM, respectively
(Supplementary Table 2).

Panel genotyping

The association panel was genotyped using the Brassica 60K
[lumina Infinium SNP array (Clarke et al. 2016). Chromo-
somal physical positions for all these genotyped SNPs were
retrieved from already mapped SNPs (Clarke et al. 2016) or
inferred from their genetic positions on our genetic maps for
SNPs anchoring on random chromosomes. Following geno-
typing, the data were loaded into GenomeStudio V2011.1
(Illumina Inc.) for manual cluster refinement considering
QC functions such as GenTrain and GenCall scores. After
removing monomorphic and badly clustered SNPs, 37346
high-quality SNPs were retrieved for further analysis. Out
of 37346, 8582 SNPs were further removed because of high
heterozygosity or minor allele frequencies (<5%). Finally,
28764 high-quality SNPs were used for GWAS. Missing
values among these 28764 SNPs were imputed using the
knncatimputeLarge function of the scrime package imple-
mented in R (Schwender and Ickstadt 2008).

QTL mapping

For each population, BLUPs of genotype random effects
extracted from the multi-year experiment as well as the dif-
ferent year-wise mean DI were used for QTL detection. A
multiple QTL mapping model was tested using the R/qtl
package (Broman et al. 2003) for the differently calculated
BLUP.

For each variable, a simple interval mapping (SIM) was
performed using the scanone function. The number of posi-
tions with a LOD score equal to or above 2.5 was used to
declare the number of cofactors in the composite interval
analysis (CIM) performed with the cim function. Positions
with LOD scores equal to or above 2.5 were included as
QTL in the first model. An ANOVA was fitted to the multi-
ple QTL model (fitgtl function). QTL were retained in this
first model when their effects were significant (a=0.05).
Interactions were investigated using the addint function
and were included in the model when significant (¢ =0.05).
Again, an ANOVA was fitted to the multiple QTL model
with added interactions (fitgtl function). The addgtl function
was then used to test for further significant QTLs, followed
again by an ANOVA fitted to the new model. These tests for
new interactions and new QTL were performed iteratively
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until no further QTL or interactions could be added to the
model. We then applied the refineqtl function which used an
iterative algorithm to refine the locations of QTL in our mul-
tiple QTL model, with the aim of obtaining the maximum
likelihood estimates of the QTL positions. A last ANOVA
was fitted to this final multiple QTL model. Based on the
ANOVA, the percentage of variation explained by the global
model and the R? of each QTL was assessed. The figt! func-
tion also provided the LOD value for each QTL. The confi-
dence intervals of each QTL were assessed with a LOD drop
of one (lodint function). QTL positions and marker names
at these positions, confidence intervals, percentage of varia-
tion explained by each QTL (R?), allelic effect and favorable
alleles were scored.

Population structure, relative kinship analysis
and GWAS

For population structure and kinship analysis, a reduced set
of SNPs was used to avoid biasness due to linkage disequi-
librium (LD). For this, SNPs were pruned using the “indep-
pairwise” option in PLINK 1.03 (Purcell et al. 2007) such
that all SNPs within a given window size of 100 had pair-
wise 7 <0.2. After filtering, only 2661 independent SNPs
were retained for principal component analysis (PCA) and
kinship analysis. Pairwise LD analysis (+?) was performed
considering the whole set of SNPs (28764) using PLINK
1.03. Structure in the diversity panel was deciphered using
the SNPRelate package in R employing the whole set as well
as a pruned set of SNP markers (Zheng et al. 2012). For each
variety, BLUPs extracted from the multi-year experiment as
well as the different year-wise mean DI were used for GWAS
to detect common and year-specific associations. GWAS
was performed using a compressed mixed linear model
(CMLM) implemented in the genomic association and pre-
diction integrated tool (GAPIT), which is based on efficient
mixed model association (EMMA) developed by Kang et al.
(2008). An independent SNP-based matrix of genetic simi-
larity generated through the EMMA function of GAPIT was
used to model the variance—covariance matrix of the random
effect. For significance of association, a P value threshold
of —log;, (3) was used to consider false negatives or type
II errors in the study and to rule out the overly conservative
nature of type I errors. We also generated LD-based haplo-
type blocks only around significant SNPs (selected through
GAPIT) in PLINK using the default method of Gabriel et al.
(2002). Haplotypes < 0.2 frequency were removed while
others were tested for association with blackleg BLUP data
using PLINK. Narrow-sense heritability (h?), which is the
proportion of phenotypic variance explained by the genetic
variance, was also estimated as h> = 6%g/(c°g + (c°¢) imple-
mented in GAPIT, where azg is the additive genetic variance
and ¢”¢ is the residual variance.

Genome-wide prediction

For genome-wide prediction of blackleg resistance using
SNP markers in the current germplasm set, we used ridge
regression best linear unbiased prediction, rrBLUP (Endel-
man 2011) implemented in R. To assess the prediction
ability, 20-70% of the whole dataset (166 genotypes) were
randomly sampled as training sets to predict trait values of
the corresponding validation sets. The prediction ability (r)
of the model was assessed using the Pearson’s correlation
between the observed and cross-validated (500 iterations)
predicted trait values to obtain the prediction accuracy. SNP
markers were also tested for their prediction accuracy on the
basis of their P value threshold (P <0.001, P<0.01, P<0.1)
in GWAS.

Results

Phenotypic analysis of biparental mapping
populations

The frequency distribution of phenotypes observed among
different environments and locations as well as BLUPs all
showed continuous distributions for all three populations
(DY, DB and DS) (Table 1; Supplementary Table 2; Sup-
plementary Fig. 1A, 1B & 1C). Phenotypic distributions of
the DI for the DY population in 2008 and 2011 were skewed
towards low or high disease levels, respectively. The mean
disease severity as estimated by the mean DI varied across
years but the DI from the different environments and loca-
tions were significantly highly correlated within all three
populations (Supplementary Fig. 1A, 1B & 1C). The over-
all frequency distribution of BLUPs for the DS population
was very narrow where, except for one DH line, the BLUPs
ranged from —0.90 to 0.84, which is less variable as com-
pared to DY (—2.74 to 2.10) and DB (- 1.53 to 1.90) popu-
lations. Variability in disease scores led to the highest broad-
sense heritability in the DY (0.95) population followed by
the DB (0.83) and DS (0.68) populations (Table 1).

QTL identification

Using the composite interval mapping (CIM) for QTL iden-
tification, three to 12 QTL were detected according to the
year in the DY population (Supplementary Table 3A), which
individually explained from 2.1 to 17.0% of the phenotypic
variation. Overall 16 QTL were detected for the BLUP
estimates extracted over years in the DY population. All
these QTL were located on 15 linkage groups and cumu-
latively accounted for 75.9% of the phenotypic variation
(Table 2). One QTL on A04 showed the largest LOD score
(22.8) and contributed to more than 10% of the phenotypic
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;afgpzesgiitg:t;cgg{,fgg and QTL Chr. Position (cM) LOD R? Detection in individual years

DS populations DY population
DY_BLUP_AO1 AO01 69.8 10.5 4.5 1995, 1996, 2007, 2011
DY_BLUP_AQ2a A02 1.0 13.8 6.0 2007, 2012
DY_BLUP_A02b A02 61.7 8.4 35 2009, 2001, 2012
DY_BLUP_AO03 A03 129.2 9.9 4.1 2007
DY_BLUP_A04 A04 22.5 22.8 10.7 2007, 2008, 2011, 2012
DY_BLUP_AO05 AO05 27.0 8.8 37 1996, 2011, 2012
DY_BLUP_A06 A06 91.1 15.1 6.6 1996, 2007, 2009, 2011, 2012
DY_BLUP_A07 A07 20.0 14.5 6.3 2007, 2011, 2012
DY_BLUP_AO0S8 A08 13.0 7.6 32 1995, 2012
DY_BLUP_A09 A09 473 14.4 6.3 1995, 2007, 2011, 2012
DY_BLUP_CO1 C01 15.0 52 2.1 2008, 2009
DY_BLUP_C04 C04 61.5 7.8 32 1995, 2007, 2011
DY_BLUP_C06 C06 102.0 8.3 34 -
DY_BLUP_C07 Co7 59.3 5.9 2.4 1996, 2007, 2011
DY_BLUP_C08 C08 63.2 104 4.4 1996, 2007, 2012
DY_BLUP_C09 C09 111.0 12.6 5.4 1995, 1996, 2008, 2009
DB population
DB_BLUP_AO1 A01 26.0 13.3 3.0 -
DB_BLUP_A04 A04 23.0 13.9 3.2 -
DB_BLUP_A06 A06 90.0 394 17.0 -
DB_BLUP_A08 A08 34.8 11.0 2.4 2008, 2010
DB_BLUP_A09 A09 8.3 34.0 12.8 2008
DB_BLUP_CO01 C01 62.0 10.3 2.2 2008
DB_BLUP_C02 C02 104.3 17.9 4.6 2008
DB_BLUP_CO03 C03 45.8 34.2 12.9 2008, 2010
DB_BLUP_C04a C04 82.0 28.4 9.3 -
DB_BLUP_C04b C04 130.5 21.8 6.1 -
DB_BLUP_CO06a C06 5.7 223 6.3 -
DB_BLUP_C06b C06 96.3 29.4 9.8 -
DB_BLUP_C09 C09 16.0 332 12.2 -
DS population
DS_BLUP_A02a A02 3.0 4.0 10.4 1998
DS_BLUP_AO02b A02 74.5 3.7 9.4 -
DS_BLUP_A06 A06 37.7 2.8 7.1 1999
DS_BLUP_C04 C04 70.8 3.0 7.7 1998

variation. Most of the DY BLUP QTL were detected in two
to five individual years except for the QTL on A03 which
was only detected in 2007 and the QTL on C06 which was
never detected in individual years. Nine and 11 QTL were
detected in 2008 and 2010 in the DB population, respec-
tively (Supplementary Table 3B), with each accounting for
3.1-34.7% of the phenotypic variation. This resulted in 13
QTL detected from the BLUP estimated over years that were
located on 11 linkage groups and accounted for 94% of the
phenotypic variation (from 2.2 to 17.0% each) (Table 2).
The DB BLUP QTL were either detected in one or two indi-
vidual years or were not detected in individual years. Dif-
ferent genetic effects were observed according to the QTL.
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Five and one QTL were detected in 1998 and 1999 in the
DS population, respectively (Supplementary Table 3C), with
each accounting for 4.8-19.7% of the phenotypic variation.
This resulted in four QTL detected from the BLUP esti-
mated over years that were located on three linkage groups
and accounted for 39.8% of the phenotypic variation (from
7.1 to 10.4% each) (Table 2). The DS BLUP QTL were
either detected in one individual year or were not detected
in individual years. Narrow-sense heritability (h?) and the
QTL number identified in each population were related to
the broad-sense heritability (H?) variations. Only one QTL
was identified in 1999 for the DS population with H*>=0.41
and h>=0.40. In contrast, the highest numbers of QTL were
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identified for the DY population in 2007 and 2012 (11 and
12 QTL, respectively), the 2 years with the highest A (0.93
and 0.92, respectively).

In each population, the support intervals for the BLUP
QTL generally overlapped with those of individual-year
QTL but in some cases, their positions were quite different
(Supplementary Fig. 2). Some significant epistatic interac-
tions were detected between some QTL in the DY and DB
populations (Supplementary Table 3) but these were not
consistent between years or with those detected from the
BLUP estimates. In the three populations, the resistance
allele was mainly inherited from the resistant parent ‘Dar-
mor’ except on AO1, A03, COl where it was from “Yudal’
or ‘Bristol’, C06 from ‘Samourai’, CO8 from ‘Bristol’ and
‘Samourai’ and C09 from ‘Bristol’.

The support intervals for each individual-year and BLUP
QTL were projected on the ‘Darmor-bzh’ sequence using
the physical position of the nearest flanking SNP (Supple-
mentary Table 4; Supplementary Fig. 3) in order to com-
pare QTL localization between the three populations. Only
one region on C04 showed overlapping support intervals
between the three populations. Fifteen regions were detected
in two populations on AO1, A02 (two regions), A03, A04,
A05, A06 (two regions), A08, C02, C04, CO5, C06 and CO8
(two regions). Most (nine regions) were common in the DY
and DB populations. Six of these regions were detected for
BLUP estimates in the two populations (on A02, A04, A06,
A08, C04, C06) and five regions for BLUP estimates in one
population and individual-year QTL in the other population
(on AO1, A02, A0S, A06, CO8). The last three regions car-
ried overlapping individual-year QTL.

Population structure and LD patterns
in the diversity panel

The germplasm collection used in this study included a
total of 166 genotypes collected from different countries
and breeders. To look for structure in the germplasm col-
lection, we used the whole set of SNPs (28764) as well
as the pruned set of markers (2661). No significant differ-
ences in the germplasm structure and variance explained
by principal components (PCs) were observed because of
LD between the markers. In PC analysis, no major PC was
detected and the first three PCs explained only 12.2% of the
variance (Supplementary Fig. 4) where the first component
explained only 4.7% of the variance. The genotypes were
scattered throughout the PC plots without any specific or
deep sub-population structure (Supplementary Fig. 4). We
also generated a kinship matrix of identity by state (IBS)
coefficients across all the genotypes using the pruned set of
SNPs. An IBS coefficient-based heatmap implied no clear
ancestry in the panel and an average of 0.67 random allele
sharing was observed throughout the panel. We observed

three sub-groups (reported in Supplementary Table 1) in
genotype clustering based on allele-sharing coefficients.
Genome-wide pairwise LD between SNPs was calculated
across all the genotypes to investigate the potential of the
array to capture all significant regions associated with
disease. The pairwise > values were divided into bins of
10 kb and mapped against physical distance (kb) across the
chromosome, and LD decay was observed up to 2 Mb. The
maximum average P (0.83) was observed between SNPs at
a distance of 10 kb distance from each other and it decreased
to its half value (0.40) at around 90 kb. However, a sharp
decay in LD was noted up to 150 kb after which it decayed
relatively more slowly.

Phenotypic variation for blackleg disease
in the diversity panel

Differences among year-wise means of the genotypes for dis-
ease resistance with continuous phenotypes were observed.
The DI of genotypes among different years were highly
correlated. The maximum correlation (0.87) was observed
between the 2014 and 2015 datasets, while the lowest cor-
relation was between the 2006 and 2013 phenotypic means.
The histograms and boxplots of individual-year DI and
BLUPs are presented in Supplementary Fig. 5. Disease data
from 2006 were normally distributed while a small amount
of positive skewness was observed in the 2014 and 2015
data. However, in 2013, the DI was highly positively skewed
towards a low level of disease. All sources of variations due
to genotype, year and block/year were significant in the
global model. The ANOVA showed that DI was significantly
variable between different replicates within a year (P value
3.29e—05) with a large F value (10.48) in the case of 2013
followed by 2015 (P value: 0.00327, F value: 5.781). Dif-
ferences due to replicates within years were non-significant
in the case of 2006 and 2014. Thus, by considering years
and replicates as major sources of variation, BLUPs were
calculated to minimize the errors caused by simple means
of all the years for GWAS. BLUPs ranged from — 1.086 to
2.78 (Supplementary Table 1).

Association analysis

After filtering the SNPs with quality criteria, 28764 SNPs
were finally retained for association analysis. Compressed
MLM was used to examine the association of SNPs with
blackleg disease scores. To control for false-positive associa-
tions because of population structure and cryptic relatedness
among individuals, we used a kinship matrix based on the
pruned set of SNPs as a random effect in the mixed model.
As discussed earlier, PCs in this study were not informative
and did not identify any new clustering over kinship rela-
tionship matrix. Significant threshold levels were adjusted
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according to the background noise of false-positive associa-
tions and —log;, (3) was found to be the most appropriate
in our study, where only a few SNPs were truly significantly
associated with blackleg resistance and where this trait is
highly polygenic with individual associations explaining
only a small part of the phenotypic variation. We re-checked
the significant associations using a linear model in R and
by generating haplotypes around the significant SNPs and
checking their re-association with blackleg disease scores
in PLINK. We also performed conditioning on some of
the most significant SNPs to investigate the confounding
effects of background loci that may be present throughout
the genome due to LD. Using the most significant SNPs
as cofactors in the model helped to find some new asso-
ciations and to increase the power in terms of P values of

already captured significant loci with low power. Overall,
five regions were detected to be significantly associated with
the DI for BLUP on chromosomes A08, A09, C03, C04 and
C09 (Fig. 1; Supplementary Table 5). The most significant
associations were detected on chromosome A0S followed
by C04 with large LD blocks. Most of the significant SNP
alleles were common alleles with MAF ranging from 32
to 48%. However, two of the alleles on C03 and C09 had a
MAF of 11 and 14%, respectively.

A highly significant association on AO8 was detected
with SNP Bn-A08-p14512862 (12213572 bp), with a P
value =2.37E—06 and explaining almost 9% of the phe-
notypic variation. We also reviewed the LD haplotype
and haplotype frequency around this significant SNP
marker. We tracked the physical interval of the LD block
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Fig. 1 Manhattan and Q-Q plots showing the stem canker resist-
ance-associated regions (pink) from multi-year BLUP estimates in
the GWAS panel. A1, A2 are the GWAS results employing CMLM
model without conditioning on SNPs. B1, B2 are the GWAS results
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by conditioning on most significant SNP from A08 chromosome. C1,
C2 are the GWAS results by conditioning on most significant SNPs
from AO8 and C04 chromosomes
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by setting the LD decay to > =0.2 from the most signifi-
cantly associated SNPs and found that the AO8 LD region
is large (1.7 Mb) and located between 10557498 bp (Bn-
A08-p12638473) and 12279616 bp (Bn-A08-p14718347).

The most significant SNP on C04 was located at
30349322 bp (Bn-C4-p33755696) and explained almost
5% of the phenotypic variation with a P value =0.0002.
Significant SNPs from this C04 region clustered in a
LD block which was located from 30153297 bp (Bn-
C4-p32955161) to 31443717 bp (Bn-C4-p34813310)
covering a 1.2 Mb region.

Apart from some major regions on AO8 and C04,
other less significant regions were also detected on AQ9,
CO03 and CO09. Significant SNPs on A09 were located at
4769933 bp (Bn-A09-p4862871) and explained almost
4% of the phenotypic variation with a P value =0.0006.
The major LD block was quite small (30337 bp) for
this region, but it has an extended association (r?) with
several other SNPs of up to several kb. The significant
region on C0O3 showed an R? value of almost 4% with a P
value =0.0008 and was detected at around 29823812 bp
(Bn-C3-p31174419). Significant SNPs from this region
were located in a large LD block (~ 7 MB) spanning from
23339613 bp (Bn-C3-p25434294) to 30313720 bp (Bn-
C3-p32268237). However, all the significant SNPs from
this region were found at the end of this LD block in a
little isolated region with high r*. A single SNP (Bn-
C9-p4178485) was also detected on C09 with an R* value
of almost 5% and a P value =0.0004. This SNP had a MAF
of only 14% and was linked through high * (LD) with only
two other SNPs in the same LD block.

We also used the most significant SNP on A0S8 as a
cofactor in the model and a new association was detected
on C06. Conditioning on this SNP also improved the sig-
nificance level of SNPs located on A09 and C04. We also
conditioned on the second most significant SNP from C04
in the model which resulted in another significant associa-
tion on CO1 at a significance level of —log,, (3) P value.
We reconfirmed the significance of these associations by
plotting phenotypic means expressed by the respective
haplotype of the SNP and testing the significance of the
slope using a linear model in R. Both these newly detected
SNPs on CO1 and C06 showed an R? of almost 4% and
were, respectively, located at 9059861 (Bn-C1-p9646961)
and 28381033 (Bn-C6-p8469110) bp.

Finally, we investigated the cumulative explanatory
power by looking at the joint effect of all the significant
SNPs. For this, multiple linear regression was fitted in R
where all the significant SNPs from A0S, A09, CO1, CO03,
C04, C06 and C09 were used as explanatory variables
while BLUP was the response variable. Collectively, all
these variables explained 55% of the phenotypic variation.

Significant alleles and narrow-sense heritability

A minor allele haplotype of the most significant SNP on
AO08 was related to resistance and provided the highest level
of resistance (BLUP = — (0.58) with a moderate allelic effect
(—0.31) (Fig. 2). In all other cases, major alleles of all the
significantly associated SNPs showed higher resistance
with a moderate allelic effect (Fig. 2). High narrow-sense
heritability was observed for the year-wise DI as well as
for BLUPs estimated from over all the years. A year-wise
minimum A?=87% was observed for 2014 while the maxi-
mum was for 2013 (h*=98.7%). As BLUP is a cumulative
expression of all types of random effects, it showed the high-
est h? (99.4%).

Genotype x environment effects

Substantial changes in the significant loci were observed
between years. None of the GWAS peaks were consistently
significant in all the years but BLUP-associated regions on
AO08, C01, CO3 and C04 were significant in more than one
year (Supplementary Fig. 6). However, the effects of the
most stable GWAS peaks varied greatly across the years.
Some of the significant GWAS peaks were detected in only
1 year. For example, two peaks on A03 were only signifi-
cant in 2013 when the DI was quite positively skewed com-
pared to other years. In 2013, two other GWAS peaks on
AO05 and CO1 were also detected but linear modeling and
cofactor analysis later showed that these peaks were associ-
ated because of LD with two of the most significant sig-
nals on AO3. In 2014, some of the loci from the A genome
were detected near the significance threshold; however,
only one small effect variant (Bn-A06-p15037349) on A06
was significant. A significant SNP (Bn-C6-p14996206) on
C06 (21920027 bp) was also detected from 2006 data. It
was quite far from the significant SNP (Bn-C6-p8469110:
28381033 bp) detected for BLUP on the same chromosome
but plenty of SNPs in these two regions were in LD.

Overlapping QTL in linkage and association
mapping

We investigated the combined results of linkage-based map-
ping and LD-based association mapping to identify the QTL
that are significantly associated with blackleg resistance in
the B. napus panel. Small differences were evident since
different sets of markers were used in the linkage and asso-
ciation mapping. Globally none of the QTL were detected
throughout all the populations in linkage-based mapping and
GWAS. However, some of the GWAS regions did partially
or completely overlapped with QTL detected in one or two
linkage-based mapping populations (Fig. 3; Supplemen-
tary Fig. 3). Co-localization with linkage-based QTL was
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Fig.2 Boxplots of the distribution of stem canker BLUPs within each genotypic class of the seven most significant SNPs in GWAS. Genotypic
data are transformed into numeric format where ‘0’ and ‘2’ represent the homozygous state while ‘1’ is for heterozygous state

observed for both of the most effective BLUP-GWAS QTL
(on A08 and C04). The most significant GWAS-BLUP peak
(A08:12213572) on AO8 completely overlapped with the
major BLUP-QTL (DY_BLUP_AO0S) identified in the DY
population. The second most significant GWAS-BLUP peak
on C04 overlapped with the BLUP-QTL (DB_BLUP_C04)
detected in DB populations. Overlapping was also detected
in other GWAS-based less effective QTL but with less strin-
gency. A 2014-specific GWAS region on A06 overlapped
with only one QTL detected in 2007 in the DY population,
even though the region harbors some other significant year-
wise and BLUP QTL. The 2014-specific GWAS peak on
A06 is also situated very close to the most significant BLUP-
QTL detected in the DB population that explained almost
15.8% of the phenotypic variation. The significant GWAS-
BLUP region mapped on A09 overlapped with DY_BLUP_
A09, DY_2011_A09 and DY_2012_A09 QTL. However,
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as the region was quite large because of extended LD, the
most significant SNPs from this region were situated a small
distance away from the overlapped region. A partial overlap
was also detected between a GWAS-BLUP peak on CO1 and
DB_2008_C01 QTL and between a GWAS peak on C06 and
DB_2010_C06 QTL. None of the GWAS-based QTL over-
lapped with DS QTL except on C04 where DS_BLUP_C04
QTL was located within an uncertain interval.

To find out the homoeologous relationship between QTL
identified from multi-year BLUPs and year-wise data in
GWAS and the mapping populations, the co-localized QTL
were considered as same ones. We then identified a total of
31 and 29 QTL regions on the A and C genomes, respec-
tively. We inferred the corresponding A. thaliana genomic
block for each QTL using homology between B. napus and
A. thaliana genes. QTL were found in most genomic blocks
and many were localized in homoeologous or paralogous
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Fig.3 Schematic representation of the physical position of the linkage-based (in orange and red) and LD-based (in blue) QTL identified from
individual years and BLUP estimates of DI. The upper curve represents the density of QTL presence along all the chromosomes

regions (Supplementary Table 6). Homoeologous B napus
genes were found in eight pairs of homoeologous regions
(Fig. 4), which corresponded to 657 pairs of homoeolo-
gous genes. These homoeologous relationships were shared
between regions either identified only in GWAS (A09/C09),
or in linkage mapping (A01/CO1, A03/C07, A06/C06, A06/
C05, A06/C07) or between regions identified in GWAS and
in linkage mapping (A04/C04, A09/C09). The number of
homoeologous genes varied across these regions from 15
on A04/C04 (T genomic block) to 217 (U genomic block)
on A01/C01. C04 was identified as the second most impor-
tant QTL in the GWAS and completely overlapped with a
BLUP-QTL identified with the DB and DS populations. It
was located only 879 kb away from an important BLUP-
QTL in the DY population. Its homoeologous counterpart
corresponded to DY_2007_A04 QTL and was very close to
DY_BLUP_C04 QTL.

Prediction of stem canker quantitative resistance

We found 23 varieties that shared resistance alleles at the
most significant BLUP-associated SNPs, especially on A0S,
A09, C03, C04 and C09 regions (Supplementary Table 7).
Collectively, all these 23 varieties showed a BLUP mean of
—0.97. In the most significant regions on AO8 and C04, the
resistant haplotypes from C04 contributed to a higher level
of resistance (—0.79) than AO8 (—0.56).

The ability to predict blackleg resistance in the B. napus
panel was assessed employing various combinations of train-
ing sets and SNP markers. The predictive ability varied from
0.53-0.64 for 20-70% training population ratios. However, it
changed slightly to 0.63 for a 60% training set. Thus, all the

remaining combinations were made using a 60%:40% ratio
for training and validation sets. We then selected only the
most significant markers identified in GWAS to assess pre-
dictive ability, including markers with P <0.001 (77 SNPs),
P <0.01 (461 SNPs), P<0.1 (3134 SNPs), and the predic-
tive abilities were 0.68, 0.84 and 0.88, respectively. The pre-
dictive ability of year-wise blackleg DI was also assessed
using 60%:40% training and validation set ratio and the 3134
significant SNPs at P <0.1. It was 0.80 for 2014 and 2015
and 0.81 for 2013.

Discussion

With combined multi-year analyses of LD- and linkage-
based mapping, we could obtain a wide overview of quan-
titative resistance factors to L. maculans in winter oilseed
rape under field conditions. The continuous distribution of
stem canker DI for the biparental populations and the panel
in different years and locations clearly confirmed that the
resistance tagged in our study is quantitative. None of the
genomic regions captured through LD- and linkage-based
mapping explained a very high level of disease variation,
which supports the fact that this quantitative resistance is
highly polygenic and controlled by several low effect loci
distributed throughout the genome, as earlier pointed out
in our previous studies (Pilet et al. 2001; Jestin et al. 2011,
2012; Fopa Fomeju et al. 2014, 2015). Using high numbers
of SNPs and the available B. napus sequence, we were able
to project all the identified QTL regions on the physical map
of B. napus and to precisely investigate the stability of these
QTL over genetic backgrounds and years. Many consistent
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Fig.4 Comparative physical
map showing the homoeologous
relationship between genes
underlying blackleg resistance
QTL. Visualized by Circos.

The middle ring represents the
Arabidopsis thaliana genomic
blocks (GB). The inner ring
represents the compilation of
support intervals of the linkage-
based (in red) and the LD-based
(in blue) QTL. Dark red and
blue indicate the BLUP QTL

as well as population/GWAS-specific genomic regions were
identified from this wide analysis.

Broad-sense heritability for stem canker resistance in
all biparental populations was high and comparable to that
found in Pilet et al. (1998), Jestin et al. (2015), Larkan et al.
(2016) and Raman et al. (2016), which suggests that a large
percentage of phenotypic variation for stem canker DI is due
to genotypic components. The DS population was less vari-
able for stem canker disease and the BLUP range was nar-
rower compared to the DY and DB populations. The three
populations ranked in the same order for broad-sense herit-
ability. The number of detected QTL was related to disease
severity distribution and broad-sense heritability in different
years. In the case of the DY population, the highest numbers
of QTL (11-12) were identified when disease was normally
distributed and with the highest broad-sense heritabilities,
e.g., in years 2007 and 2012. In GWAS, there is also an
implicit assumption that the phenotypes follow a normal dis-
tribution, a skewed phenotype can severely affect the power
and type I error (Goh and Yap 2009). In our GWAS panel,
phenotypic data from 2013 showed a positively skewed DI.
This led to two false-positive associations on A05 and CO1,
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which were detected through allele discriminant and cofactor
analysis. Compared to 2014 (mean MAF=0.34) and 2015
(mean MAF=0.33), MAFs in the associated regions were
also comparatively low (0.22) for 2013-specific associations.
BLUP-GWAS results were more similar to 2006, 2014 and
2015 results than those of 2013.

In recent years, BLUP estimates of phenotypic data
gained importance in plant breeding to obtain a more precise
genetic value for each genotype and has been widely used in
multi-environment QTL mapping in many crops for detec-
tion of QTL (Gore et al. 2014; Rabbi et al. 2014; Allard et al.
2016; Avia et al. 2017; Zhang et al. 2017). In our study, DI
means and variances varied significantly between different
years. BLUP offers advantages over means of phenotypes
over different years by accounting for non-genetic varia-
tions caused by replications and environments. Globally,
except for DS_BLUP_C04 QTL, the mean size of the sup-
port intervals was lower with BLUP estimates. The BLUP
QTL were compared with those obtained in different years
to determine which regions are most robust and could be
the most reliable for marker-assisted breeding. In the DY
population, which was evaluated across many years, clusters
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of individual-year QTL either overlapped or were scattered
around BLUP QTL. Such QTL clusters were observed on
linkage groups AO1, A02, A04, A0S, A06, A07, A09, CO1,
C04, C0O8 and C09. The variation in locations of individual-
year QTL between years confirms that genotype X environ-
ment interactions have a strong impact on QTL detection and
location accuracy as shown in Huang et al. (2016) for stem
canker. Disease severity is assessed at the end of a long crop-
ping season, which is about 9 months for WOSR, and then
results from this long period of interaction between the host
plant, L. maculans and the environment. QTL effects might
then differ across varying environments due to climatic vari-
ation that can impact the level and timing of infection (Evans
et al. 2008) or the effect of individual determinants of plant
response to infection. Phenotyping through visual assess-
ment of the necrosis on the stem sections may also give rise
to slight variations in the assessment of the DI that could
affect the QTL location. Sixteen regions were common to
at least two populations, mainly between the DY and DB
populations. Of these, nine were common to the 15 regions
previously identified in a connected multi-parental design
on A01, A02, A0S, A06, C04, CO5, CO6 and CO8 (Jestin
et al. 2015). The six other regions on A09, C01, C03, C04
and C09 from Jestin et al. (2015) were detected in a sin-
gle population in the present study. These co-localizations
highlight the fact that many QTL present in ‘Darmor’ or
its parent ‘Jet Neuf’ were introduced into current varieties
through breeding.

GWAS from BLUP estimates summarized the associated
regions that were detected in the year-wise analyses and dis-
carded the non-significant ones found in 2013. Significance
level of some of the BLUP peaks and number of associations
within these peaks have been improved in comparison to
individual year GWAS results. This current GWAS study
with multiple linear regressions, including all the signifi-
cant loci, overall explained 55% of the phenotypic variation.
This ensures that the 60k chip would be sufficient to har-
ness the phenotypic variability of stem canker in B. napus
under field conditions. All accessions in the GWAS panel
showed a moderate genetic relationship with each other,
which limits the probability of false positives in the case of
a deep population sub-structure. Thus, only kinship matrices
were used to account for sub-structure in our GWAS. Fopa
Fomeju et al. (2014, 2015) previously performed GWAS
to identify genomic regions underlying blackleg resistance
and used PCs to check for false positives. This could have
overestimated the structure and lead to false negatives. The
current study included many years of disease evaluation
with a more stringent significance threshold which led to
increased association significance and accuracy. In all, 138
SNPs were significant at -log10 (3), which on a LD (+*=0.2)
basis can be divided into 11 genomic regions. Two highly
significant regions on AO8 and C04 contained most of these

SNPs (63 and 27, respectively). Both these BLUP-associated
significant regions are common with the genomic regions
published in Fopa Fomeju et al. (2014, 2015) where both
regions were the most significant in a KP-CML model. Our
BLUP-associated genomic results from A09 and C09 were
also common with the significant results in Fopa Fomeju
et al. (2014, 2015). Most of the significant results in dif-
ferent years were consistent with those obtained with the
estimated BLUP but some were specific to a year, due to
genotype X environment interactions. In 2013, the less severe
disease resulted in phenotype skewness and two specific
GWAS peaks were observed, specifically on chromosome
A03 (Bn-A03-p2891056: 2451234 and Bn-A03-p20550791:
19385492). Both these were also observed in Fopa Fomeju
et al. (2015). Indeed, our GWAS results for 2006- and
2013-specific disease index were exactly the same as the
GWAS results of Fopa Fomeju et al. (2014, 2015). GWAS
results for BLUP associated with C0O3 (~29.8 MB) and C04
(~30.5 MB) are new in our study. This could result from a
normal non-skewed distribution of the disease index in 2014
and 2015 compared to 2013, which improved the overall
BLUP estimates. We also found a 2014-specific association
on A06 (Bn-A06-p15037349: 16498797) which is new with
regard to the studies of Fopa Fomeju et al. (2014, 2015).
Other newly associated genomic regions would have been
detected from our BLUP estimates if we had set a low P
value threshold (P <0.05) like Fopa Fomeju et al. (2015)
but that may also have resulted in some false-positive
associations.

Consistent mapping of BLUP-associated genomic regions
makes them a better choice for identifying candidate or
causal markers in future studies or for marker-assisted
breeding. Stem canker resistance sharing haplotypes across
23 varieties in the panel on chromosomes A0S, A09, CO3,
C04 and C09 conferred a high resistance phenotype. These
varieties may also contain some other small effect alleles
which were untagged in the current GWAS. All these geno-
types were distributed randomly in the three kinship groups;
however, most (13) were located in group 2 where all the
varieties showed a good level of resistance (BLUP =—0.73).
This set of varieties can further be incorporated in different
breeding programs for improvement of stem canker resist-
ance in B. napus.

The identification of overlapping genomic regions in
LD- and linkage-based mapping is a two-way validation
of stem canker resistance QTL from ‘Darmor’ that are
segregating in the WSOR panel. In particular, the mark-
ers associated in AO8, A09/C09 and C04 genomic regions
captured through both analyses and their consistency with
previous studies (Fopa Fomeju et al. 2014, 2015) suggest
their major role in controlling stem canker quantitative
resistance. Thus, these markers could be used to trace
introgression of favorable QTL alleles in canola breeding
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programs. GWAS is basically known to resolve the large
LD blocks because of the accumulated recombination
events in the germplasm (Mitchell-Olds and Schmitt 2006;
Nordborg and Weigel 2010). However, in our study, one
of the GWAS peaks from A08 spanned over a distance of
1.7 MB which is either due to the presence of a cluster of
genes involved in stem canker resistance in adult plants in
this region or because this region is pericentromeric with
a low recombination rate. The most significant SNPs from
this region showed a scattered LD pattern over a large
physical distance that did not show the expected continu-
ous decrease of r* for LD. This could result from genetic
or physical mapping inaccuracy in this region.

Some of our significant genomic regions were very close
to or within 100 kb of SNPs identified by Raman et al.
(2016) from GWAS and linkage mapping results obtained
in ascospore shower tests in controlled conditions, which
should be at least partly related to quantitative adult plant
resistance (Supplementary Fig. 3). This suggests that these
regions may be involved in quantitative resistance both in
WOSR and SOSR. BLUP-QTL on A06, A07, A09 and C08
were found in the vicinity of the associations from ascospore
tests in Raman et al. (2016) and a few single associated
markers from Raman et al. (2016) were localized in or close
to our QTL or GWAS regions (on A04, A0S, A08, C04,
C05, CO07). However, most significant GWAS peaks (A08,
C03, C04 and C09) from our study were new with regard
to Raman et al. (2016). In contrast, the AO1 region identi-
fied as RIm12 in Raman et al. (2016) is located between the
two QTL regions we detected in the DY and DB popula-
tions. However, it does correspond to QTL region found by
Larkan et al. (2016) who studied field stem canker resist-
ance in two DH populations derived from SOSR-resistant
Australian varieties (AG-Spectrum and AV-Sapphire). This
region may thus be specific to SOSR. Raman et al. (2016)
also performed GWAS at the cotyledon stage and identified
many significant associated markers of which clusters of
associated markers at —log,,(p) >4 were located on A0S,
A07, A10, C03, C06, C09. The A0S, CO3 and CO9 regions
were located in the vicinity of QTL detected in our study
and the CO06 region co-localized with a QTL detected in
Larkan et al. (2016) from AV-Sapphire. The region on AQ7
corresponds to the RIm3/RIm4 location that was previously
detected (Delourme et al. 2004) and more precisely mapped
in Raman et al. (2012) and Larkan et al. (2016). The region
on A10 corresponds to the LepR3/RIm2 location. Whether
any Rilm-like R genes account for a proportion of quantita-
tive adult resistance remains to be investigated. Pilet et al.
(2001) already raised this hypothesis since a QTL was
located at the RIm2 position in the DS population. As dis-
cussed in Pilet et al. (2001), it is not possible to discriminate
between the partial effect of overcome R genes or linked
gene hypotheses.
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The GWAS panel selected for this study was devoid of
highly effective race-specific R genes (Rlm) to accurately
estimate the genetic architecture of quantitative resistance
to stem canker in B. napus. However, R gene analogs are
frequent throughout the B. napus genome (Chalhoub et al.
2014; Raman et al. 2016; Alamery et al. 2017), so all the
significant genomic regions in our study, 200 kb on either
side of the most significant SNPs, were searched for R
genes. None of the associations in our study was located on
AO07 which suggests that this R-gene hotspot was ineffec-
tive in providing resistance in adult plants under our field
conditions. Two closely located disease resistance genes
(BnaA08g14760D [At4g36140] and BnaA08g14770D)
were 178 kb away from the most significant SNP (Bn-
A08-p14512862: 12213572 bp) on A08 in GWAS. One of
these, At4g36140, is a TIR-NBS-LRR disease resistance
protein known to provide an innate immunity response in
Arabidopsis. However, its role in quantitative resistance
needs to be further investigated, for example through an
adult stage transcriptomic study of contrasting susceptible
and resistant genotypes The potential role of this candidate
gene in quantitative resistance meets the question raised
above, i.e., partial effect of overcome R genes or linked
genes.

The genetic control of a trait for stem canker quantita-
tive resistance could originate in homoeologous regions in
B. napus as discussed in Fopa Fomeju et al. (2014, 2015).
Our study confirmed that homoeologous and paralogous
regions are involved in the control of this trait. These dupli-
cated regions may have retained some common genes with
similar functions that could be good candidates for causal
genes underlying the QTL. However, the contribution of
these common genes to the resistance needs to be further
investigated. As known from Brassica species genome
comparisons and as discussed in Fopa Fomeju et al. (2014,
2015), fractionation or sequence evolution has occurred in
these duplicated regions and led to gene loss or gene sub-/
neo-functionalization. The causative genes in these regions
may then also be genes with different functions. With the
hypothesis that increasing the diversity of genetic factors
controlling the resistance would result in an increase in the
potential durability of the resistance, knowledge of the level
of functional redundancy and allelic diversity of the genes
controlling stem canker resistance would help to construct
resistant varieties with improved durability.

Based on the completely sequenced and annotated
genomes of A. thaliana and B. napus, LD regions sur-
rounding the significant associations from our study were
searched for candidate genes for stem canker. In the AO8
region (892400 bp, 442 genes), 6.2% of the genes were stress
responsive and the most significant SNPs from this region
are closely surrounded by important genes such as the mito-
gen-activated protein kinase kinase kinase 16 (MAPKKK16/
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At4g26890) and a WRKY transcriptional factor, which play
important roles in signal transduction and transcriptional
regulation under biotic and abiotic stress (Ichimura et al.
2002). The most significant SNP (Bn-A09-p4862871) from
chromosome AQ9 is located in a mitogen-activated pro-
tein kinase 7 (MAPK 7). Elicitors such as chitin produced
mainly by hemibiotroph fungi such as L. maculans can acti-
vate downstream defense responses through cytosolic pro-
tein kinases such as the MAPK kinase kinase (MAPKKK)
pathway which in turn activates an array of plant transcrip-
tion factors such as WRKY to regulate resistance-related
metabolites (RRMs) and proteins (RRPs) (Kushalappa et al.
2016). These RRMs and RRPs suppress pathogens due to
anti-microbial properties or through further enforcement of
cell walls by producing structural barriers (Kushalappa and
Gunnaiah 2013) and lead to reduced susceptibility or quan-
titative resistance (Kushalappa et al. 2016). The LD region
from CO1 contains two defensin-like proteins (At4g21520
and At4g22115) which are known to be involved in defense
against a broad range of fungi (Lay and Anderson 2005;
Wong et al. 2007; Thomma et al. 2002) and their activities
have been noted in roots, seeds, flowers, stems, and leaves
(Nawrot et al. 2014). Other significant regions were also
surrounded by several stress responsive proteins but further
studies are needed to find out the causal marker/gene and
to validate them functionally. Transcriptomic studies of the
B. napus/L. maculans pathosystem through high-throughput
RNA sequencing have so far only been performed at the
cotyledon stage to analyze compatible interactions (Lowe
et al. 2014; Haddadi et al. 2016) or the LepRI-AvrLepRI
interaction (Becker et al. 2017). Such studies performed at
different time points at later stages on stems would help to
identify potential mechanisms underlying quantitative resist-
ance to L. maculans.

Stem canker resistance is definitely a highly polygenic
trait with a high number of genomic regions that each
accounts for a low proportion of phenotypic variation and
that shows high genotype X environment interactions. Hence,
breeding for such a trait may be more efficient through
genomic selection. We thus investigated the potential for
predicting this trait in the studied panel. Due to the high
heritability of stem canker in our panel, the predictive ability
was less sensitive to the number of markers (Tan et al. 2017)
and changed slightly when the whole set of markers (0.63)
was reduced to 5000 randomly selected SNPs (0.62) with a
slight reduction in predictive ability. However, the incorpo-
ration of only 3134 SNPs that were significantly associated
with resistance at P <0.1 in the prediction model was suf-
ficient to get high prediction accuracy (88%). These 3134
SNP markers are distributed throughout the chromosomes
but many markers are located in the regions with signifi-
cant associations in GWAS or in the support intervals of
the QTL detected in the biparental populations. The need

for this entire set of SNPs to improve the predictive ability
shows the low power of GWAS to detect all regions associ-
ated with stem canker in our panel, which could result from
the highly polygenic genetic nature of this trait (Bian and
Holland 2017). This entire set of 3134 SNPs may be used
to predict stem canker resistance of elite WOSR lines for
breeding purposes but this would need to be validated in an
independent panel.
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