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Key message
Partially dominant resistance to Turnip yellows virus associated with one major QTL was

identified in the natural allotetraploid oilseed rape cultivar Yudal.

Abstract

Turnip yellows virus (TuYV) is transmitted by the peach-potato aphid (Myzus persicae) and
causes severe yield losses in commercial oilseed rape crops (Brassica napus). There is
currently only one genetic resource for resistance to TuYV available in brassica, which was
identified in the re-synthesised B. napus line 'R54’. In our study, 27 mostly homozygous B.
napus accessions, either doubled-haploid (DH) or inbred lines, representing a diverse subset
of the B. napus genepool, were screened for TuYV resistance/susceptibility. Partial resistance
to TuYV was identified in the Korean spring oilseed rape, B. napus variety Yudal, while the

dwarf French winter oilseed rape line Darmor-bzh was susceptible. QTL mapping using the



established Darmor-bzh x Yudal DH mapping population (DYDH) revealed one major QTL
explaining 36% and 18% of the phenotypic variation in two independent experiments. A DYDH
line was crossed to Yudal and reciprocal backcross (BC1) populations from the F1 with either
the susceptible or resistant parent revealed dominant inheritance of the TuYV resistance. The
QTL on ChrA04 was verified in the segregating BC1 population. A second minor QTL on ChrC05
was identified in one of the two DYDH experiments, it was not observed in the BC; population.
The TuYV resistance QTL in ‘R54’ is within the QTL interval on Chr A04 of Yudal, however, the
markers co-segregating with the ‘R54’ resistance are not conserved in Yudal, suggesting an
independent origin of the TuYV resistances. This is the first report of the QTL mapping of TuYV

resistance in natural B. napus.
Introduction

Oilseed rape (OSR; Brassica napus; genome AACC, 2n=38) is the second most important
oilseed crop after soybean in the world, however in Europe, OSR is the major source of
vegetable oil, oilseed meals and biodiesel (Carré and Pouzet 2014). Annual global production
of OSR has doubled since 2000 (FAO 2018) and reached 76.2 million tonnes in 2017, which is
equivalent to 14% of the worldwide oilseed crop production. OSR and vegetable brassicas,
however, are not reaching their full yield potential in the UK. The average yield for oilseed
rape in the UK (3.4 tonne/ha) (DEFRA 2018) is clearly below the estimated potential yields of
current cultivars (6.5-7 tonne/ha) (Berry and Spink 2006). Turnip yellows virus (TuYV),
formerly known as Beet western yellows virus (BWYV), is considered to be a major contributor
to this shortfall (Stevens et al. 2008). TuYV is a Polerovirus (Luteoviridae family) transmitted
by aphids in a persistent, non-circulative manner. The main vector of TuYV is the peach-potato
aphid Myzus persicae and annual sampling has shown that up to 72% of winged M. persicae
carried TuYV (Stevens et al. 2008). TuYV transmission by M. persicae is highly efficient with
transmission rates of over 90% (Schliephake et al. 2000). Surveys in the UK revealed that 42-
70% of oilseed rape crops were infected with TuYV (Hardwick et al. 1994). Incidences of 10-
85% have been recorded within crops (Hardwick et al. 1994; Hill et al. 1989; Jay et al. 1999;
Walsh et al. 1989). TuYV is seen as the most widespread and common disease in oilseed rape
in Europe. Symptoms of TuYV infection are often reminiscent of abiotic stress, particularly
nutrient deficiency, and can include reddening of leaves and stunted growth. In addition,

TuYV infection has been shown to reduce seed vyield in single OSR plants by 40-50%
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(Schroeder 1994) and cause yield losses in OSR crops of 11-46% (Graichen and Schliephake
1999; Jay et al. 1999; Jones et al. 2007). In the past, the most common strategy to control
TuYV has been the use of chemical measures against the vector, in particular insecticide-
(neonicotinoid) treated seeds, but most of these treatments are now banned for OSR in the
EU, emphasising the need for alternative control measures such as natural plant resistance.

The only characterised genetic source of TuYV resistance in brassica to date, is the re-
synthesised B. napus line ‘R54’. This has been incorporated in to several commercial OSR
varieties. It is associated with a single dominant QTL on ChrA04 and provides incomplete
resistance to TuYV (Graichen 1994; Juergens et al. 2010). The expression of the ‘R54’
resistance has been reported to be influenced by environmental factors such as temperature.
Elevated ambient temperatures are thought to affect the development of high TuYV titres in
infected plants, diminish TuYV resistance, or even lead to its breakdown (Dreyer et al. 2001).
A general effect of high temperature promoting stress and increasing TuYV susceptibility in
OSR was reported previously (Graichen 1998). Increased TuYV incidence as a consequence of
mild winters resulting in higher vector activity, would indicate that global warming is likely to
exacerbate yield losses of OSR crops caused by TuYV infection. Additional genetic resources
for TuYV resistance breeding are gaining importance in commercial OSR production.

To identify new genetic sources of TuYV resistance, a B. napus diversity set
representing a structured sampling of diversity across the B. napus genepool including
doubled-haploid and inbred lines of winter OSR, spring OSR, kale and swede and re-
synthesised B. napus, from different regions of the world were screened for TuYV
susceptibility. The objective of this study was to identify QTLs associated with TuYV

resistance and validate the corresponding QTLs in a BC1 generation.



Materials and methods
Plant material

Variation in TuYV susceptibility was studied in a diverse sub-set of 27 accessions from the
B. napus diversity set developed at Warwick Crop Centre (Table 1). For QTL analysis of TuYV
resistance in B. napus cultivar Yudal, two mapping populations were used. Firstly, the
doubled-haploid (DH) population DYDH (Darmor-bzh x Yudal) of 120 individuals derived from
the cross of French winter oilseed rape Darmor-bzh line with the Korean spring oilseed rape
cultivar Yudal (Delourme et al. 2006). Secondly, to verify QTLs identified in the DYDH
population, a backcross (BC1) population was produced by crossing a TuYV-susceptible DYDH
line (DYDH130) to a Yudal plant to produce an F1 population (Yudal x DYDH130). Thirteen F;
plants were challenged with TuYV and tested for TuYV titre. A partially TuYV-resistant F1 plant
was crossed with the susceptible parent Darmor-bzh to produce a segregating BC1 population
(Darmor-bzh x [Yudal x DYDH130]; see Fig S1 for a summary of the crossing strategy). To
further assess dominance/recessivity of the TuYV resistance, a second BC; population was
generated by crossing a different partially TuYV-resistant F; plant with Yudal ([Yudal x
DYDH130] x Yudal). All plants were cultivated in Levington’s M2 peat compost in an insect-
proof, air-conditioned glasshouse at 18°C. The commercial oilseed rape variety ‘Caletta’
(Semundo Ltd., now Senova, Cambridge, UK) possesses the TuYV resistance originating from
the re-synthesised B. napus line ‘R54” and was used as a control for genotyping corresponding

co-segregating markers (Juergens et al. 2010).
Phenotyping

The TuYV isolate used for phenotyping originated from OSR in Suffolk, UK (Patron 1999) and
was maintained in OSR cv. ‘Mikado’ in an insectary under 16 h photoperiod at 20 + 2°C by
serial transmission using M. persicae (Mp1s clone). M. persicae carrying the TuYV isolate were
used to challenge plants at the 3 - 4 true leaf stage (3 weeks post sowing). One segment of
leaf from a TuYV-infected oilseed rape plant, or one segment of leaf from an uninfected
oilseed rape plant each with 8-10 M. persicae on, was placed on individual challenged, or
control plants respectively, for a period of seven days. The aphids were then killed using
insecticide sprays 0.4 ml/L Lambda-cyhalothrin (Hallmark Zeon, Syngenta, Fulbourn, UK) and
0.75 g/L Pymetrozine (Plenum W.G., Syngenta, Fulbourn, UK). Two DYDH populations (SP1
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and SP2; 115 DYDH lines per experiment) and two BC; populations (200 plants per population)
were challenged with TuYV. The relative levels of TuYV in plants were determined six weeks
post-TuYV challenge by Triple Antibody Sandwich Enzyme-Linked Assay (TAS-ELISA) and

absorbances (Asosnm) Were recorded as described previously (Hunter et al. 2002).
Data analyses

Analysis of variance and means separation using least significant differences (LSD) for TAS-
ELISA Asosnm Vvalues were carried out using GenStat Release version 12.1 (Payne et al. 2009).
One-way ANOVA tests were performed to identify significant divergence between the
B. napus accessions, D'Agostino-Pearson Test for normality (a=0.05) was applied to assess
distribution of ELISA absorbance values in DYDH and BC; populations used in QTL analysis
experiments, and nonparametric Spearman correlation was calculated to assess the
reproducibility of the resistance tests of both DYDH experiments (SP1 and SP2), using

GraphPad Prism version 8.1.0 (GraphPad Software, San Diego, California USA).
QTL analysis

One hundred twenty DH lines of the DYDH population were genotyped using a Brassica 20K
single nucleotide polymorphism (SNP) array (Chalhoub et al. 2014) and a genetic map was
estimated using JoinMap 4 (van Ooijen 2006). For the BC; from the Darmor-bzh x Fi cross,
DNA was isolated from 107 individuals by LGC Genomics (Hoddesdon, UK) and genotyped
using the Illumina Brassica 60K Infinium SNP array at the University of Western Australia. QTL
associated with TuYV resistance were identified using R/qtl (Broman et al. 2003). The
distribution of some ELISA values significantly deviated from normality, so were transformed
appropriately. If transformation did not achieve a normal distribution, single QTL analysis
(scanone) was performed using a non-parametric algorithm (Kruglyak and Lander 1995). For
all other datasets, single QTL (scanone) and two-dimensional QTL (scantwo) analyses were
performed using the Haley-Knott regression (Haley and Knott 1992). Genome-wide LOD
significance (a < 0.05) was determined by permutation test with 10,000 permutations for
scanone and 1,000 for scantwo. For multiple QTL modelling (MQM), a stepwise
forward/backward search algorithm (stepwiseqtl; max. qtl=4) was performed to identify the

QTL model of maximum penalized LOD score (Broman and Sen 2010; Manichaikul et al. 2009).



Confidence intervals (Cl) of 1.5 LOD were calculated and extended to the next adjacent

marker to define QTL intervals.
Genomic DNA extraction and PCR genotyping

Genomic DNA was extracted from leaf tissue of B. napus accessions Yudal, Darmor-bzh and
from ‘Caletta’ seeds according to the method published previously (Dellaporta et al. 1983).
PCR amplification of the ‘R54’ TuYV resistance co-segregating markers was performed using
specific primers for marker STS3e32m50-447-320 (forward: 5’-GATCCGTTTGGGTCTTGGTA-3’;
reverse: 5'-TTGATGTGAAACGCACATTG-3’) and STS1e31m48-437 (forward: 5’-
ATCGGACATTGGTCAGGTTC-3’; reverse 5-CATACCCCACTGGTTCTTGG-3’) as described

previously (Juergens et al. 2010) and amplicons were sequenced by Sanger sequencing.
Results
TuYV susceptibility in diverse B. napus accessions

The susceptibility of B. napus plant lines to TuYV varied based on virus titres determined six
weeks after infection using TAS-ELISA. The mean virus titre (absorbance, Assnm) for the
different accessions ranged from 0.485 to 1.985 (Fig. 1) with significant differences (one-way
ANOVA test; F (26,183) = 1.895, p = 0.0082). All B. napus accessions showed significantly
higher mean absorbance values than the mean absorbance of the healthy control plants
(A20snm=0.014 + 0.01), indicating that all tested accessions were infected by TuYV. The highest
virus titre was detected in Rafal DH1 (As0snm*SE = 1.985+ 0.318), whilst Yudal had the lowest
virus titre (Asosnm*SE = 0.485 £ 0.09). In total, 24 of the 27 B. napus accessions developed virus
titres of >50% of the maximum virus concentration measured in Rafal DH1, two accessions
showed infection between 25 and 50% of the maximum and only Yudal was <25% of the
maximum. Although not showing complete resistance, Yudal (Assnm = 0.485) had a
significantly lower virus titre than all other lines (LSD for comparing mean absorbance values
between accessions was 0.411 at d.f. = 163, P < 0.05), except Sarepta (Asosnm = 0.812). The
TuYV titre of challenged Darmor-bzh was >3 times that in Yudal (A205nm+SE = 1.595+0.619 vs

0.485+0.09), showing that Darmor-bzh is significantly more susceptible to TuYV than Yudal.

TuYV resistance phenotyping of Darmor-bzh x Yudal DH lines



To map QTL for resistance in the pre-existing Darmor-bzh x Yudal DH mapping population
(Delourme et al. 2006), a new genetic map was generated using a B. napus 20K SNP array.
8152 high quality polymorphic SNPs were identified and assembled into an initial genetic map
representing the 19 B. napus linkage groups. This map was simplified to a minimal map of the
1298 markers required to distinguish all the recombination events in the population and
annotated according to their corresponding physical chromosomes in the B. napus genome
(Chr AO1 to A10 and Chr CO1 to C09). The overall size of the linkage map was 2196.3cM with
minimum spacing of 1.7cM and maximum spacing of 13.3cM. The smallest linkage group was

Chr A04 (65cM) with 39 markers and the largest was Chr C03 (196.6cM) with 114 markers

(Supp Fig. 2).

TuYV titres in 115 DYDH lines were determined in two independent experiments (SP1
and SP2). Overall mean ELISA values of both experiments were similar (0.62 for SP1 and 0.68
for SP2) and both test populations showed significant positive correlation in Spearman
correlation test (rs=0.3808, P<0.0001, a. = 0.05). Experiment SP1 and SP2 differed in their
overall range of absorbance values (0.09 — 1.73 for SP1 and 0.27 — 1.18 for SP2), the majority
of DH lines in SP1 and SP2 (93 and 79% respectively) showed mean virus titres intermediate
between the resistant and susceptible parental means (Fig. 2A and B). None of the test
populations showed a clear skewed or bimodal distribution (mediansp1=0.6 and

mediansp=0.7).

Distribution of ELISA values in SP1 (Fig. 2A) deviated significantly from a normal
distribution. Appropriate transformation of SP1 ELISA values did not result in significant
normality. Non-parametric QTL analysis (Fig. 2C, Table 2) detected one significant QTL
(gTUYVA4) with a LOD score of 11.3, explaining 36.01% of the phenotypic variation at position
10 cM on linkage group Chr A04. The QTL 1.5 LOD confidence interval (Cl) was flanked by
marker scaffoldv4_71 1383505 at position 0 cM and scaffoldv4_649 37158 at position 13.9

cM, comprising a 13.9 cM QTL region (Fig. 4).

ELISA values in SP2 were normally distributed (Fig. 2B) and single QTL analysis (Fig. 2C,
Table 1), multiple QTL modelling (Supp Table 1) and pairwise QTL analysis (Supp Table 2)
identified two QTLs, one on Chr A04 and the other on Chr C05, which act additively, without

interaction, according to the QTL model with the highest LOD score. The results for SP2



confirmed qTUYVA4 on Chr A04 as detected in SP1, although with a lower LOD score
(LOD=5.11, LODthreshold = 3.25; o < 0.05) and a wider 1.5 LOD interval, spanning a region of
27cM between marker scaffoldv4_71_ 1383505 and scaffoldv4_455 425140 (Fig. 4). The QTL
on Chr CO5 (LOD = 3.78, LODthreshold = 3.25; 0.<0.05) explained slightly less of the phenotypic
variation than that on Chr A04 (13.8% vs 18.2%) and comprised a 1.5 LOD confidence interval

between positions 0cM and 19cM.
QTL analysis for TuYV resistance in the BC; population.

To determine dominance/recessivity, further investigate the potential QTL identified in the
DH population and attempt to increase the mapping resolution, BC: populations were
explored. To generate a parental cross, one of the TuYV-susceptible DYDH lines (DYDH130)
was crossed with Yudal (Yudal x DYDH130). The rationale for crossing a susceptible line to the
resistant parent was to ensure all potential Yudal resistance alleles would be represented in
the segregating BC; population which might not have been the case if a resistant DYDH line
was crossed with Darmor-bzh. F1 plants from this cross were used to generate two BC;
populations by crossing with the susceptible Darmor-bzh as female (Darmor-bzh x [Yudal x
DYDH130]) and with the partially resistant Yudal as male parent ([Yudal x DYDH130] x Yudal;
Supp Fig. 1). Two hundred plants of each BC; population were challenged with TuYV and virus
titres were determined (Fig. 3A). Both BC1 populations showed a continuous distribution of
ELISA values. Of the BC; plants from the [Yudal x DYDH130] x Yudal cross, 79.5% showed ELISA
values lower than the mean ELISA value of the Yudal control plants + standard deviation
(thresholdyudal+sp). In contrast, of the BC; plants from the Darmor-bzh x [Yudal x DYDH130]
cross, 50.5 % had ELISA values lower than the thresholdyudai+sp. As the backcross to the
resistant parent ([Yudal x DYDH130] x Yudal) resulted in a vast majority of BC; partially
resistant individuals, whilst the backcross with the susceptible parent (Darmor-bzh x [Yudal x
DYDH130]) showed segregation of TuYV-partially resistant and -susceptible BC; individuals

this indicated the resistance in Yudal is dominant, but only partially dominant.

A subgroup of 107 plants of the segregating BC, population from the Darmor-bzh x
[Yudal x DYDH130] cross, representing the range of the measured virus titres were genotyped
for QTL analysis. Polymorphic SNPs (7790) were obtained and assembled into a minimal

genetic map of 567 markers as described above for the DYDH map. Markers in this map only



segregate in regions of the genome where the DYDH130 has the Darmor-bzh genotype and
so were not informative for QTL analysis in the DYDH130 Yudal genome segments where all
the genotypes in the BCi population would be heterozygous. The overall map size was
934.3cM, minimum and maximum spacing was 1.7cM and 18.9cM, respectively. The linkage
groups were annotated in accordance with the physical chromosomes. However, no linkage
group representing ChrAO5 was identified because this was entirely Yudal genotype in
DYDH130, although this was not known at the time of generating the crosses. ChrA08 was
annotated as two linkage groups named ChrAO8A and B, again because this linkage group had
two Darmor-bzh segments separated by a Yudal segment. The linkage groups ranged from

5.6cM and 6 markers (ChrA06) to 115.8cM and 79 markers in ChrA03 (Supp Fig. 3).

Following TuYV challenge, the mean viral titre (Asosnm) of this BC1 population was 1.25
and ranged from 0.19 to 3.3 (Fig. 3B). The ELISA values of the Darmor-bzh x F1 BC1 population
had to be transformed (A0snm®°) to obtain normal distribution. Single QTL analysis (Fig. 3C;
Table 2) and multiple QTL modelling (Supp Table 1) identified a single QTL on linkage group
ChrA04, confirming qTUYVAA4 in the BC; population. The position of the QTL was determined
at 15.5 cM with a LOD score of 2.95, slightly above the genome-wide significance threshold
of 2.91 LOD (a < 0.05), explaining 11.9% of the phenotypic variation. The QTL was linked to
markers Bn-A04-p560622 at position 0 cM (LOD = 1.50) and Bn-A04-p10088142 at position
21.3cM (LOD = 1.71), comprising the entire linkage group (Fig. 4). No other significant QTL

was detected.
Physical position of TuYV resistance in Yudal

The physical position of the qTUYVA4 flanking markers, identified in each of the DYDH and
BC; experiments, was determined by sequence comparison with the B. napus genome of
Darmor-bzh (assembly: GCA_000751015.1) (Chalhoub et al. 2014) using the BLASTN
algorithm (Altschul et al. 1990). In all three experiments, the qTUYVA4 1.5 LOD intervals
comprised overlapping regions of Chr A04. The smallest interval was found in experiment SP1
(10.75 Mb) and was entirely enclosed in the larger intervals identified in the SP2 and BC;
experiments (13.79 Mb and 10.79 Mb). The minimal qTUYVA4 interval comprises 1262
annotated genes in B. napus. Since the QTL associated with TuYV resistance in ‘R54’ was also

mapped on Chr A04, we compared its physical position with that of qTUYVA4. In the



original Darmor-bzh B. napus genome assembly (Chalhoub et al. 2014), none of the co-
segregating markers for the TuYV resistance in ‘R54’ (STS3e32m50-447-320 and STS1e31m48-
437) were located on Chr A04, but could be identified on a non-annotated chromosomal
scaffold (ChrAnn_random). However, both ‘R54" TuYV resistance markers were
unambiguously found on Chr A04 of the re-annotated Darmor-bzh B. napus genome assembly
v8.1 (Bayer et al. 2017) and the B. rapa genome assembly (GCA_000309985.2) (Wang et al.
2011), encompassing approximately 3 and 4.7 Mb regions, respectively; located inside the
gTUYVA4 interval (Fig. 4). PCR analysis using the ‘R54’ TuYV resistance molecular markers,
suggested the possible absence of the ‘R54’ resistance-linked alleles in Yudal and Darmor-
bzh. Sanger sequencing of the amplicons for STS3e32m50-447-320 and STS1e31m48-437 (385
bp and 376 bp, respectively) revealed identical sequences of both markers in Yudal and
Darmor-bzh, possessing the size of those from the susceptible plants described in the
mapping of the resistance in ‘R54’; STS3e32m50-447-320 was 41 bp larger and STS1e31m48-
437 was 61 bp smaller than ‘R54’ (Juergens et al. 2010). In contrast, the B. napus cultivar
‘Caletta’ (possesses the ‘R54’ TuYV resistance), showed homozygosity for the co-segregating
alleles of the ‘R54’ TuYV resistance (344 bp for STS3e32m50-447-320 and 437 bp for
STS1e31mA48-437).

Discussion

TuYV resistance in B. napus

TuYV is one of the most widespread and common diseases, causing severe yield losses in
commercial oilseed rape and vegetable brassica crops in Europe. To date, no brassica
germplasm with complete immunity to TuYV has been reported. The only mapped genetic
resource for TuYV resistance in brassica is the incomplete resistance in the re-synthesised B.
napus line ‘R54’ (Graichen 1994; Juergens et al. 2010), which is thought to have derived from

its parental A-genome donor Chinese cabbage (Dreyer et al. 2001). In this study, we report

for the first time the occurrence of TuYV resistance in a natural allotetraploid B. napus variety.

a—clear—reduction—in—FuYV—titre—in—our—FAS-EHSA—assays—Although the resistance was

incomplete, TuYV titres in Yudal were 1.7 to 4.1 times lower than in any other tested

accession. The resistance appears to be commercially useful, as in a controlled experiment,
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TuYV-challenged Yudal did not have a significantly lower seed yield than unchallenged Yudal
controls, whereas other commercial varieties had significantly reduced yields (Asare-Bediako

2011).

TuYV resistance inheritance and QTLs

Utilising115-lines-from-the Darmer-bzh-xYudal- BDYDHpepulation; One major QTL for TuYV
resistance in Yudal was found on ChrA04 (qTUYVAA4). It was significantly associated with TuYV

resistance and explained between 18 and 36% of the phenotypic variation in—replicated
glassheuse—experiments{SP1and-SP2}. We determined the dominancefreeessivity of the
TuYV resistance by phenotyping two BCi populations. genrerated-by-erossingFi-plants-with

suggesting-dominant-inheritance-of-the Tu¥V-resistanece: However, the segregation of virus

titres in these BC; populations (Fig. 3A) indicated that the resistance was actually partially
dominant. The qTUYVA4 interval identified in the DYDH population was verified in the
segregating BCy population {Barmer-bzh-xYudalbxBYDH130}}, albeit with a low LOD score of
only 2.95, just passing the genome-wide significance threshold. The LOD scores for qTUYVA4
in the homozygous DYDH population were 11.3 and 5.1 in SP1 and SP2, respectively,
exceeding the genome-wide significance thresholds by far and the corresponding 1.5 LOD
confidence interval narrowed qTUYVA4 down to 14/10.8 and 27/13.9cM/Mb regions on Chr
A04. In the segregating BC: population {Parmer-bzhx{YudalxDY¥BH130}}, the qTUYVA4
confidence interval comprised the entire ChrA04 linkage group, providing no further
resolution of qTUYVAA4. This was mainly due to the weak association of qTUYVA4 with TuYV
resistance and the low recombination frequency on Chr A04 in the BCi. According to the
minimal spanning tree of the BC; genetic map, only 19 markers covered all recombination
events on the 21cM/12.8Mb segment of Chr A04 (Supp Fig. 3) inherited from DYDH130,
representing only 58% of the physical map of Chr A04 (22.5Mb). In contrast, the DYDH genetic
map covers 21.8Mb of Chr A0O4 generating a 65cM linkage group for Chr AO4 and enabled
mapping of qTUYVA4 between markers at positions 0.4 and 12.6Mb (Fig. 4). The weak

association of qTUYVA4 with TuYV resistance in the BC; population is most likely a
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consequence of the heterozygosity of TuYV resistance gene(s) in the BC; and the ability to
only phenotype single plants. In contrast, QTL mapping using the homozygous DH population
provided higher LOD scores and resolution and facilitated phenotyping of several plants for
each DH line in multiple experiments. This demonstrates that a DH mapping strategy was
clearly advantageous for mapping this quantitative virus resistance trait.

Consistent with the nature of a quantitative trait, TuYV titres measured using the TAS-
ELISA technique resulted in continuous distributions of phenotypes in all DYDH and BC;
experiments. None of the DYDH and BC; phenotyping experiments showed a clear bimodal
distribution of susceptible to resistant plants, as would be predicted for a 1:1 segregation of
a strong monogenic trait. Thus, TuYV resistance in Yudal may depend on additional
contributing genes, environmental factors and/or may be an artefact of the phenotyping of
this partially dominant trait. The mapping of TuYV resistance in ‘R54’, showed a clear single
QTL, but was based on phenotypes also not showing a bimodal distribution (Dreyer et al.
2001). Nevertheless, the markers derived from this mapping approach have been very
successful in introgressing the resistance from ‘R54’ in to the commercial oilseed rape variety
‘Caletta’ (Graichen and Peterka 1999). A second QTL qTUYVCS5 was identified in one of the DH
experiments (SP2), explaining 11.9% of the phenotypic variation, acting additively, without
interaction with qTUYVAA4. The estimated effects of the QTLs on Chr A04 and Chr CO5 (Table
2) showed opposite effects of allelic substitution, suggesting that both parental lines
contributed to the resistance response. Although susceptible to TuVV, Darmor-bzh did not
show the highest virus titre amongst the 27 tested B. napus accessions. However, as the
gTUYVCS effect was only seen in one of the two experiments on the DYDH lines, it remains
speculative as to whether the slightly lower TuYV infection in Darmor-bzh was actually caused
by genetic factors. No additional significant QTL were detected in either the DYDH experiment
SP1, nor in the segregating BC1 population, suggesting, that the contribution of qTUYVC5
towards TuYV resistance may have been due to specific environmental conditions present
during the SP2 experiment. The promoting effect of increased temperature on TuYV
susceptibility in ‘R54’ and oilseed rape varieties was described previously (Dreyer et al. 2001;
Graichen 1998). However, SP1 and SP2 were carried out as replicated glasshouse experiments
under similar temperature regimes, but during different seasons (autumn and winter).

Additional factors like light intensity, or day length could have played a role during the
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complex interaction between plants, aphids and TuYV, influencing the course of virus
infection and ultimately eliciting additional genes to contribute towards the interactions.

TuYV resistance in Yudal and in ‘R54’ are both associated with one major QTL, located
on Chr AO4. The genomic region between the two co-segregating markers of the ‘R54’ QTL, is
within the larger 10.75Mb Cl of gTUYVAA4. The ‘R54’ QTL and qTUYVA4 share about 166 genes.
However, gTUYVA4 includes 1096 additional gene loci, which are not co-segregating with the
‘R54’ TuYV QTL, representing a plethora of potential alternative candidate loci for the TuYV
resistance in Yudal. Intriguingly, both TuYV resistance sources are dominant and quantitative.
As the co-segregating markers for the TuYV resistance in ‘R54’ are conserved in the
commercial variety ‘Caletta’ (possessing resistance derived from ‘R54’), but are not conserved
in Yudal, this could indicate that the resistance alleles in ‘R54’ and qTUYVA4 are not derived
from the same source. This suggests both B. napus lines are very likely to have originated
from different B. rapa A-genome donors. Yudal (B. napus var. oleifera) is a native rapeseed
inbred line of Korean origin (Jeong et al. 2012; Wagner et al. 2019), developed as a high erucic
acid Brassica napus cultivar in 1969 (Choy et al. 2007; Kae et al. 1971). As a native
allotetraploid B. napus variety, Yudal’s A-genome presumably derived from the natural
hybridisation of B. rapa and B. oleracea, ~5,000-10,000 years ago. In contrast, ‘R54’ was
generated via re-synthesis in the 1970s at the University of Gottingen (Juergens 2009), using
a cross between the cabbage cultivar ‘Stone Head’ (B. oleracea var. capitata) and the Chinese
cabbage ‘N0.67’ (B. rapa ssp. pekinensis). As the underlying molecular mechanism and the
gene(s) involved in the TuYV resistances in ‘R54’ and Yudal are unknown, it is not feasible to
dismiss the possibility that both resistances are based on similar genetic loci.

TuYV infection and TuYV-related yield losses are predicted to become more severe in
the future as a consequence of increasing temperature due to climate change. There are
currently a number of commercial varieties of OSR with partial resistance to TuYV (for
example Amalie, Aspire, Annalise, Architect, Ambassador, Artemis, Aurelia from Limagrain,
Saint-Beauzire, France; Darling, Dazzler, Ludger, Temptation from DSV, Lippstadt, Germany;
Allessandro, Feliciano from KWS, Einbeck, Germany; Atora, Dominator from Rapool-Ring,
Isernhagen, Germany; Cadran, Coogan from RAGT, Rodez, France; Addition from Soufflet
Seeds, Poznan, Poland; DMH440 from Dekalb AgResearch, Dekalb, USA). Many of these
possess resistance derived from ‘R54’ and no other independent TuYV resistance source is

described for any of these varieties. Growing these varieties is creating strong selection
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pressure for resistance-breaking strains of TuYV. Additional independent sources of
resistance are therefore essential to reduce selection pressure for ‘R54’ resistance-breaking
TuYV and promote durable control of the virus in the future. It remains to be seen, whether

Yudal will provide a useful additional source of resistance to TuYV.
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Table 1 Brassica napus accessions tested for resistance/susceptibility to Turnip yellows virus

(TuYV) infection

Accession name Crop type Genetic status Country of
origin
Apex Winter oilseed rape St Denmark
Bienvenu DH4 Winter oilseed rape DH France
Brauner Schnittkohl DH2 Siberian kale DH Germany
Bronowski DH1 Spring forage rape DH Poland
Canard DH13 Winter forage rape DH UK
Capricorn DH1 Winter oilseed rape DH UK
Couve Nabica DH2 Couve nabica DH Portugal
Darmor-bzh Winter oilseed rape Inbred France
Dwarf Essex DH4 Forage rape DH UK
English Giant DH1 Winter fodder rape DH UK
Hanna DH1 Spring oilseed rape DH Sweden
Jet Neuf DH1 Winter oilseed rape DH France
Judzae DH2 Swede landrace DH South Korea
Major DH Winter oilseed rape DH France
Moana, Moana rape DH3 Fodder rape DH New Zealand
Monty-028DH Spring OSR DH Australia
Ningyou 7 Winter oilseed rape DH China
Q100 Synthetic DH -
Rafal DH1 Winter oilseed rape DH France
Sarepta DH1 Winter OSR DH France
Sensation NZ DH4 Swede DH New Zealand
Stellar DH Spring oilseed rape DH Canada
Tapidor DH Winter oilseed rape DH France
Victor Winter oilseed rape unspecified Sweden
Vige DH1 Swede DH Norway
Westar DH10 Spring oilseed rape DH Canada
Yudal Spring oilseed rape DH South Korea
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Table 2 Details of quantitative trait loci (QTL) for Turnip yellows virus (TuYV) resistance

detected in a BCy population (Darmor-bzh x [Yudal x DYDH130]) and in two experiments (SP1

and SP2) on the DYDH population

LOD

Pos Additive

EX. Name Chr (cM) cI (a<0.05) oD %R?®  effect d.f.  Flanking markers
SP1  qTUYVA4 A04 10 014  3.07 113 360 -05226 114 gcaffoldv4 71 1383505
scaffoldv4_649 37158
SP2 qTUYVA4 A04 129 027 325 511 182 -0.1637 114 gcaffoldv4 71 1383505
scaffoldv4_455 425140
qTUYVC5 C05 3 019 325 378 13.8 0.1388 114 scaffoldv4_266_34073
scaffoldv4_215 634572

BC; qTUYVA4 A04 155 0-21 291 295 119 -0.2318 106 Bn-A04-p560622

Bn-A04-p10088142

Fig. 1 Turnip yellows virus (TuYV) challenge of Brassica napus accessions. Means and

standard error of Asosnm determined via TAS-ELISA. Yudal and Darmor-bzh are indicated in

white and grey, respectively.

Fig. 2 Frequency distribution of Turnip yellows virus titres in Yudal x Darmor-bzh doubled-

haploid (DYDH) lines in experiments SP1(A) and SP2(B). Virus titres of the resistant (Yudal)

and susceptible (Darmor-bzh) parents and non-linear regression of a Gaussian distribution

curve are indicated. C. LOD plot of QTL analysis of DH populations SP1 experiment 1 using

non-parametric interval mapping (black) and SP2 experiment 2 using Haley & Knott (grey).

LOD threshold (a<0.05) of 10,000 permutations is indicated as a dashed line.

Fig. 3 A. Ranked Turnip yellows virus (TuYV) titres after normalisation to the maximum and

minimum TAS-ELISA absorbance values (Aasos) for the BC1 populations Darmor-bzh x [Yudal x

DYDH130] (black) and [Yudal x DYDH130] x Yudal (grey) together with mean values of 10-20

Yudal (triangle) and Darmor-bzh (circle) control plants. The mean value for Yudal + standard

deviation (thresholdyudal+sp) for each of the BCy populations are indicated as a dashed line. B.

Frequency distribution of TuYV titres in the Darmor-bzh x [Yudal x DYDH130] BC;

population. Mean values of 10 resistant (Yudal) and susceptible (Darmor-bzh) control plants

and non-linear regression of a Gaussian distribution curve are indicated. C. LOD plot of QTL
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analysis of BC; population (Darmor-bzh x [Yudal x DYDH130]) using Haley & Knott. LOD

threshold (a<0.05) of 10,000 permutations is indicated as dashed line.

Fig. 4 Genetic linkage maps of ChrA04 from DYDH and BC; experiments and physical
position of Turnip yellows virus (TuYV) resistance QTL on ChrA04 using the Brassica rapa

genome assembly GCA_000309985.2 v3.0.

Supplementary Information:

Supplementary Table 1 Multiple QTL modelling for DYDH SP2 and Darmor-bzh x [Yudal x
xDYDH130] BC;.

Supplementary Table 2 Permutation-based testing for DYDH SP2 based on an assumed

2-QTL model (scantwo), accounting for potential additive and epistatic effects.

Supplementary Fig. 1 Schematic overview of crosses used in this study

Supplementary Fig. 2 Genetic linkage map of the Brassica napus genome for the DYDH

population

Supplementary Fig. 3 Genetic linkage map of the Brassica napus genome for the

Darmor-bzh x [Yudal x DYDH130] BC; population
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Fig. 1 Turnip yellows virus (TuYV) challenge of Brassica napus accessions. Means and

standard error of Asosnm determined via TAS-ELISA. Yudal and Darmor-bzh are indicated in

white and grey, respectively.
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Fig. 2 Frequency distribution of Turnip yellows virus titres in Yudal x Darmor-bzh doubled-
haploid (DYDH) lines in experiments SP1(A) and SP2(B). Virus titres of the resistant (Yudal)
and susceptible (Darmor-bzh) parents and non-linear regression of a Gaussian distribution
curve are indicated. C. LOD plot of QTL analysis of DH populations SP1 experiment 1 using
non-parametric interval mapping (black) and SP2 experiment 2 using Haley & Knott (grey).

LOD threshold (a<0.05) of 10,000 permutations is indicated as a dashed line.
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Fig. 3 A. Ranked Turnip yellows virus (TuYV) titres after normalisation to the maximum and
minimum TAS-ELISA absorbance values (Aaos) for the BC1 populations Darmor-bzh x [Yudal x
DYDH130] (black) and [Yudal x DYDH130] x Yudal (grey) together with mean values of 10-20
Yudal (triangle) and Darmor-bzh (circle) control plants. The mean value for Yudal + standard
deviation (thresholdyudal+sp) for each of the BCy populations are indicated as a dashed line. B.
Frequency distribution of TuYV titres in the Darmor-bzh x [Yudal x DYDH130] BC;
population. Mean values of 10 resistant (Yudal) and susceptible (Darmor-bzh) control plants
and non-linear regression of a Gaussian distribution curve are indicated. C. LOD plot of QTL
analysis of BC; population (Darmor-bzh x [Yudal x DYDH130]) using Haley & Knott. LOD

threshold (a<0.05) of 10,000 permutations is indicated as dashed line.
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Supplementary Table 1 Multiple QTL modelling for DYDH SP2 and Darmor-bzh x [Yudal x
xDYDH130] BC;. Interacting QTLs are in brackets and models with the highest LOD are

highlighted in grey.

Experiment model pLOD
A04[12.9cM] 2.42
A04[12.9cM]+C05[2cM] 3.56

SP2
A04[12.9cM]+C05[2cM]+C03[71.5cM] 2.98
(A04[12.9cM]+C08[35.4cM])+C05[1cM]+C03[26.9cM] 2.44
A04[15.5cM] 0.26
A04[15cM]+C09[16.1cM] -0.55
BC: (A04[15cM]+C05[16.1cM]) -1.36
(A04[15.5cM]+C09[16.1cM])+A03[45cM] -2.7

(A04[15.5cM]+C09[16.1cM])+A03[44.7cM]+A09[0cM] -4.14




Supplementary Table 2 Permutation-based testing for DYDH SP2 based on an assumed

2-QTL model (scantwo), accounting for potential additive and epistatic effects. Likely model

is highlighted (grey).

Assumed LOD score/significance LOD score for
model  threshold for any 2 loci (based A04[13] + CO5[2]
on 1,000 permutations, a =

0.05)
Mf 7.06 8.89
Ma 5.55 8.88
Mi 4.93 5.38 x 10’3
Mfv1 5.53 3.84
Mav1 3.38 3.84

Mf, full model; Ma, additive model; Mi, interactive effects; Mfv1; full model
versus a single QTL model; Mav1; additive model versus a single QTL model.
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Supplementary Fig. 1 Schematic overview of crosses used in this study



A01 A02 A03 Ao04 A05

o. scaffoldva_725_119618 0.0 scaffoldva_4501_3363 00 scaffoldva_1590_44613 0. scaffoldva_71_1383505 00— affoldva_33_1907506
1.0 scaffoldv4_18_1539003 1.0 scaﬂ'o!dvd 224_443831 1.0 affold 33 1565935
2 scaffoldv4_224_841931 18 scaffoldvé_5622_3483 19 affoldva_33_1300124
31 scaffoldv4_18_1192738 2 scaffoldv4_71_710972
42 scaffoldva_56_1092492 40 scaffoldva_29_227718 3 scaffoldva_71_1786 39 affoldva_33_1227717
49 scaffoldva_2738_28484 48 scaffoldva_4971_6989
62 scaffoldvd_18_918489
74 scaffoldvd_56 966870 70 scaffoldva_29_610370 69 scaffoldva_20_1899723
- 8.0 scaffoldv4_29_1179907 79 scaffoldva_33_866381
9.4 scaffoldv4_18_629465 95 scaffoldvé_56_935022 95~ | — scaffoldva_29_1342774 88 scaffoldv4_138_722044 89 affoldva_33_733514
folovd 56 9.9 —f— scaffoldva_29_1376407 99 affoldva_33_627465
1s scaffokiva_18 202022 O scaffoldvd_56_863424 10.6— ||~ scaffoldv4_29_1547698 10 scaffoldvé_3928_1845
e 11.6— | [~ scaffoldv4_29_1611574 11 scaffoldva_273_132085  11.9 1624_35436
126 scaffoldva_18_183086 1624
Jid v 10 80958 12 scaffoldva_391_282789
scaffoldva_18_ 138 scaffoldva_56_318965 139 scaffoldva_649_37158 140 33_243259
14.7 scaffoldva_649_275539 =
157 scaffoldv4_18_23041 157 scaffoldv4_668_313197
168 scaffoldva_9085_2609 17,0 ——— scaffoldv4_1849_30091 167 scaffoldva_29_1667126  16.7 scaffoldva_564_298121
178 scaffoldva_820_39527 7.7 scaffoldva_29_1789341  17.7 scaffoldva_564_25459
102 scaffoldv4_820_202549 187 scaffoldva_20_1899517 187 scaffoldva_972_46500 o
20.1 scaffoldv4_9817_2019 - 19.8 scaffoldva_29_2142307 19.7 scaffoldva_972_105248 19.5 _16_27732
212 scaffoldva_430_426491 208 soofd 1181 0728 o 465, 154575
224 —| | — scaffoldv4_9521_3475 : scaffoldv4_488_ 218 affoldva_16_362131
233 scaffoldva_430_330801 23,0 — || — scaffoldva 207 248008 225 I Scaidvd 70190002 228 scaffoldvé_2361_18580 230 froldva_16_536437
255 scationvs 430 ooszs 28 scaffoldva_207_330909 243 — |~ scaffoldv4_70_1088250 54 scaffoldvé_d02_376421
266 scaffoldva_430_10207  ~° scaffoldv4_2107_19488 53— | | scaffoldva_70_1057816 25 scaffoldvd_492 415893, , ffoldva_1439_50035
=490 27.3~_|— scaffoldva_70_839033 26. scaffoldva_455_425140 - ffoldva_1439 2
28, scaffoldva_512_34847 27.7 — | scaffoldva_70_701909 215 _16_845699
287 scaffoldv4_11307_1453 28,6 — [ scaffoldv4_70_351185 20 scaffoldva_455_350434 286 affoldva_1432_64341
a6 scaffoldva_30_125575 45, scaffoldva_2831_22549 29.6 — || scaffoldv4_70_221656
foldvd 30 355472 307 scaffoldv4_455_183434 308 ffoldva_16_1113852
32.0 —|—|— scaffoldv4_30_
51— Jscafiolqva 30 11181 324 scaffoldva_4018_1625 » scaffoldvé 1760 8405
- scaffoldvd_3626_7303 334 scaffoldva_440_200829 iva 70 2 - -1760_
— ™~ scaffoldvd_3431_1 344 scaffoldva_440_251544 uo scaffoldvd_70_24203 341 caffoldva_2832_22567
342 scaffoldva_3431.10000 3s. floldvé_597_141556
35.3 — T~ scaffoldv4_30_1319339 2 scaf }_S97_ 35.1 scaffoldvd_306_454294
36.4 — 1 scaffoldv4_30_1446915  36.5 scaffoldv4_440_446028 36. scaffoldv4_306_625014
: -39 440 scaffoldva_507.
37. scaffoldv4_30_1551298 37,6 scaffoldvé 413253530 a0 prsrses oy T 4;3:226 373 scaffoldv4_620_163676 375 affoldva_16_1676230
387 scaffoldv4_905_13147 388 scaffoldv4_1678_33355
o7 scaffoldv4_30_1696405 39 scaffoldva_648_187318
40, scaffoldva_52_1567262  40.7 scaffoldv4_684_145395 409 ffoldvd_491_271129
42 scaffoldva_30_2137025 421 scaffoldva_277_289828 42, scaffoldv4_52_1490366
43 scaffoldva_52_802873 foldva
524 432 _491_200859
440 scaffoldvd_52_705651 438 scaffoldva_2595_1699 P affoldva_10584_882
454 scaffoldva_277_573147 453 _285_715376
463 scaffoldva_708_261915 461 scaffoldva_52_04539 46. scaffoldva_299_506648
473 scaffoldva_1878_19406 471 scaffoldva_1651_42899
486 scaffoldva_793_62395 484 scaffoldva_239_181286 48.6 —|_|— scaffoldva_898_101600
- 48.9— |~ scaffoldva_194_963074 6 285 630797
49.9 — [~ scaffoldv4_194_862386
tos—| s so s f05 | | —whios o e S3 T iomos e o etz g
51. scaffoldva_546_20784 - _964_ - "85 - _299_¢ affold
- 526 scaffoldva_4012_2224 518 scaffoldva_565_366665 574 scaffoldva_188_972499 :;'g afiokh -;2;‘*;;?,‘23
538 scaffoldva_565_322077 534 scaffoldva_185_443276 ’ -
54.1 scaffoldva_546_122861 546~ | | — scaffoldva_2771_25840 v4_565_
552 scaffoldva_6401_1949 556~ |_— scaffoldv4_859_102103 S48 scaffokdv4_48_1791100
56.2 scaffoldva_546_162492  55.8— | — scaffoldvd_1070_68593 :gg scaﬂo!gv:_i:o?_g:; 56.1 ffoldv4_640_04458
57.3 scaffoldva_546_368427 g scaffolava_46_12 7.1 198172219
57. scaffoldv4_617_191296 58, ffoldvé_642_291401
594\ |~ scaffoldvé_72_1600673 58.7 scaffoldva_10537_1748 - o
[ [ scaffoldva_10795_924 s00 foldva,_46. 1015561 50.2 _866_182329
& 4\— scaffoldva_72_481824 - scafloidva_48_ 603 ffoldva_85_1024857
62.4~ "~ scaffoldva_72_143663 scaffo o
EORNE / e Tatas0 621 scaffoldvé_209_38430 615 Idvd_9495_484 614 foldvs_85_481211
4.3 N1~ scaffoldva 457 15422 628 scaffoldva_46_255845 624 _85_414259
647 N/ scaffolova_374 269405 637 scaffoldva_200_13854 638 scaffoldva_9790_1371 64. scaffoldv4_604_25649
64.9— | — scaffoldv4_808_170698 64, scaffoldv4_1019_29076 649 scaffoldv4_78_370895 65.0 scaffoldva_963_117971 6 114 1278184
65.8 — || scaffoldv4_296_469793 . affoldva_114_
86,6 (- scaffoldvé_2630 29360 66. scaffoldva_78_886192 667 affoldvd_114_813566
o7.1 scaffoldvd_3072_11027 oo scaffoldv4_918_88653 68.2 scaffoldva_78_1314365 €7.7 affoldvé_114_376618
69.2 scaffoldv4_300_538800 9 scaffoldva_78_1342194 688 _114_250887
703 scaffoldv4_300_277471 69.9 _114_693
73 scaffoldva_300_227831 7 scaffoldva_78_1466032 709 flodvé_1958_38743
724 scaffoldva_14_2375515 720 _790_76140
739 scaffoldv4_300_108341 735 scaffoldva_14_2214112
751 scaffoldva_317_647048 746 scaffoldva_14_2057275
763 scaffoldva_1003_104878
- 769 scaffoldva_14_1502657 763 790_186320
s scalfoldvd 317459333 787 scaffoldva_1175_16272 78,5 —| | — scaffoldva_2059_2652
792 scaffoldva_317_208770 700 Sfove 535 351780 78.9 — ] T— scaffoldva_200_ 77533
802 scaffoldv4_654_277829 . = 80.0 — T~ scaffoldv4_200_122291
w24 fodva 1135 22057 81. scaffoldva_14_1419922
scaffoldv scaffol
- 83.1 scaffoldva_176_o71662  °28 ldva_14_1263733 832 flokivé. 200, 266812
842 scaffoldva_176_884417 o scafodvé_14_1173237 843 affoldvé_200_537060
858 scaffoldva_14_719365
8.8 scaffoldva_14_680005
87.3 scaffoldva_176_587763 i affold
87.9 scaffoldva_709 91318 g0 scaffoldva 176406343 876 _200_760069
893 scaffoldv4_7181_1848 89.1 scaffoldv4_14_481715 o
90.2 scaffoldv4_1900_13613  90.3 scaffoldva_5701_2053 90. scaffoldv4_14_332699 898 _813_226133
911 scaffoldva_20388_560
923 scaffoldva_472_369817
931 caffoldva_578_130505
937 scaffoldva_14_144090 o) flokdva_37616150
93 scaffoldva_484_354268
9.4 scaffoldva_484_244484 96.2 caffoldva_376_140798
floldva
97.¢ t— scaffoldv4_9067_1264 ~ 972 376_269069
99.3 ffi |_376_366343
100.9 scaffoldva_42_637885
103.4 floldva_1040_48733
104.3 760_218063
105.0 —}—{— scaffoldva_42_198168 foldva_789.
1055 — |~ scaffoldva_1013_66630 1053 —0 1797_47146
106.6 ——— scaffoldv4_88_636434
107.7 scaffoldv4_88_818860
108.6 scaffoldv4_88_1142412
109.7 scaffoldva_146_1016032
119 scaffoldva_146_730803
1130 scaffoldva_14532_1986
1140 scaffoldva_146_402095
1150 scaffoldva_77_1383810
115.9 scaffoldva_4574_4258
179 scaffoldv4_77_1156487
1188 scaffoldva_77_633577
121.5—|_{— scaffoldva_77_341371
121.9 — || scaffoldv4_1631_30822
122.8 — | [~ scaffoldv4_2373_14245
1238 — |~ scaffoldv4_120_320021
124.8 — ] scaffoldv4_120_569596
125.7 — T scaffoldva_120_1025216
127.6 —|_|— scaffoldva_222_60506
128.1 ——— scaffoldv4_222_221549
129.1 scaffoldva_3033_11420
130.1 scaffoldva_459_216353
131.1 scaffoldva_464_385322
131.8 — ] scaffoldv4_690_23346
1328 scaffoldva_2013_45806
133.8 scaffoldv4_453_51565
134.5 —(J— scaffoldv4_525_139108

Supplementary Fig. 2 Genetic linkage map of the Brassica napus genome for the DYDH

population



A06

0.0

|
T

I

_1206_32614

| scaffoldva_6541_3364
|_— scaffoldva_2110_24017
[ scaffoldva_3145_5535
[ scaffoldva_350_328552
+— scaffoldva_1174_73383
| — scaffoldva_90_1340484
+— scaffoldva_90_1175638

_90_1102322

_90_1001249
| scaffoldva_90_972832
o

914084
I scaffoldv4_90_845451
[~ scaffoldv4_90_806758

—90_685632
[~ scaffoldv4_6131_2054
[~ scaffoldv4_3264_395

790_506404
I~ scaffoldva_90_445171
| — scaffoldva_90_405831
+— scaffoldva_1831_1887

}_90_149962

_14496_260

scaffoldv4_116_279708
[~ scaffoldva_3568_12627
[_— scaffoldv4_116_796749
[ scaffoldva_116_1202554
[— scaffoldv4_116_1298329
[~ scaffoldv4_1024_45209
\scarfoldv4 833_51502
R\ scaffoldva_4085,_935
\scaﬂoldv4 592_93863
scaffoldvd_592_151254
scaffoldvd_592_211207
scaffoldv4_592_362213
scaffoldv4_560_31230
scaffoldv4_400_576943
[N scaffoldv4_400_238027
scaffoldv4_407_554307
scaffoldva_407_323419
scaffoldva_407_270144
scaffoldva_1137_32637
scaffoldva_450_468833
scaffoldv4_452_371228
scaffoldva_2740_22309
scaffoldva_713_110781
scaffoldv4_8052_3049
scaffoldva_203_257444
scaffoldv4_203_124487
scaffoldva_447_307550
scaffoldv4_8509_2799
scaffoldva_68_172039
scaffoldva_68_491172
scaffoldvd_14435_2377
scaffoldv4_68_698486
scaffoldva_68_812054
scaffoldv4_68_974719
scaffoldv4_68_1187310
scaffoldv4_10884_1895
scaffoldv4_2233_34739

[ 722777

7z

//////////////'///////4///////////////'//////
8
:1:
2

scaffoldva_59_191154
scaffoldva_2970_11334
scaffoldvd_59_521107
scaffoldvd_59_692436
\ scaffoldvé_59_742549
scaffoldv4_59_801993

4
8
g
g
g
3
o
3
o
8
8
»
8

scaffoldv4_59_969422

scaffoldv4_59_999757

scaffoldv4_59_1182275
scaffoldv4_59_1432203
scaffoldva_59_1527774
scaffoldv4_59_1723776
scaffoldva_251_805260
scaffoldv4_251_681698
scaffoldva_251_584707
scaffoldv4_251_480966
scaffoldva_251_425158
scaffoldv4 96629576

scaffoldv4_831_58871

scaffoldv4 290149355
scaffoldv4_290_482979
scaffoldv4 290538910
scaffoldvA 290 636277
™ scaffoldva_529_421110
| scaffoldva_1883_18829

156.3 ——
157.3—

529_102827

[ scaffoldv4_529_18597

{—— scaffoldva_344_88814
t——— scaffoldva_1730_31252

A07
00 _497_363832
2.0~ | — scaffoldva_17345_1580
3.0 —|—— scaffoldv4_786_116010
40 _1487_13219
5.0 — | scaffoldv4_12294_1741
59 7— scaffoldv4_762_211189
69T, scaffoldva_799_221055
79 / I\~ scaffoldva_11397_2344

\ scaffoldva_2666_10842
\ scaffoldv4_1223_80938
\ scaffoldv4_394_112394
scaffoldv4_140_155578
scaffoldv4_140_340698
scaffoldv4_140_481002
scaffoldv4_140_705800
Qscaffoldw 140_774534
scaffoldvd_140_1138992

[ scaffoldva_1457_33244

T

_832_196045

| | — scaffoldv4_832_120295

scaffoldvd_169_183139

scaffoldv4_10789_894
/scaﬂuldwi 3439_4595
|_— scaffoldv4_1 732747
|_— scaffoldv4_1_770751
— scaﬁoldv4_1_802323
[~ scaffoldv4_1_955175

_1338_35551

_1_1135001

_1_1810673

_1_1933245

_1_2442640

| — scaffoldvd_1_2768226
|_— scaffoldva_1_2812825
[—— scaffoldva_1_2872401
|— scaffoldva_1_2949218

_1_2081854
I~ scaffoldv4_1810_50557
| scaffoldva_ 13202199

3258565
— scaf(oldv4 17946 1181

_1_3726329

|| — scaffoldv4_1_4237646

_1_4353911
[~ scaffoldv4_1_4421519
[~ scaffoldv4_192_17827

192_478130

778
789/

192583642
[~ scaffoldv4_106_1121716
scaffoldva_106_324075
R scaffoldva_106_107892
scaffoldva_646_145680
scaffoldvd_646_283319
\scaf(uldv‘t 7073 323
| Scaffoldva_108_420033

892

108 603726
— scafroldw 108_944660
I~ scaf(oldv4 108 1069378

923 —

96.4 —

—108_1203653
[~ scaffoldvd_838_149432

985/
101.5 —

102.5 —1

| — scaffoldvd_64_1633921
641509450
I~ scaffoldvd_64_1411576

| — scaffoldva_1301_51845

—— scaffoldv4_64_434337

A08

0.0 _737_174876
1.0 — [~ scaffoldv4_1504_33545
z.oj_\ scaffoldvd_149_1138669
30— scaffoldva_2999_13188
3.9 /_\ scaffoldv4_1566_48679
49 / —\ scaffoldv4_4964_6848
59 /:\ scaffoldvd_21_2260042
6.9 —\ scaffoldv4_1856_34523
79 / \scaﬂoldw_m_umso
897/ | | \\scaffoldva_21_589475
99 / —\ scaffoldva_13506_1570
13.0 / :\ scaffoldv4_825_114657
14.0 / \scaﬂoldv4 356_506268
5.0/ 1\ scaffoldv4_356_429918
16.1 —\sca«oluw_ase_assns
182 / —\ scaffoldv4_255_58470
193 \ scaffoldvd_255_459663
2037 AR\ scaffoldva_255_596401
235%_\ scaffoldvd_1294_54030
246 scaffoldv4_2605_10506
27,6~ scafoldva_791_19690
27.9 77N scaffoldva_ 378_59858
289 /_. scaffoldvd_76_1433862
300 / [\ scaoldva 761302475
31.07 AN\ scaffoldv4_76_1176480
332 scaffoldv4_76_965661
353 scaffoldvd_76_704180
37.4 — | scaffoldvd_76_633094
38.5 — || scaffoldva_76_179138
39,6 = {3 scaffoldva_76_62358
407 scaffoldvd_581_222898
54.0 _712_108354
56.3 —|——— scaffoldv4_109_6353
57.4 ———— scaffoldv4_109_226112
595 _109_309385
61.6 —| | — scaffoldv4_109_660896
62.7 109716567
63.7 — |~ scaffoldv4_109_1055582
66.8 _1262_80478
69.9 ——— scaffoldvd_329_629321
70.9 _329_572826
739~ | — scaffoldv4_329_546164
74.9 ——|— scaffoldv4_329_361433
75.9 — | scaffoldvd_329_50279
76.9—| | scaffoldv4_481_112496
80.9 _481_382416
83.9 _269_568774
85.0 ——— scaffoldv4_269_510160

A09

_1184_40470
| — scaffoldva_341_228223
341

490169

[ [ scaffoldv4_341_636070

_316_666536
I~ scaffoldva_316_630799

122 ——
132—

_316_599959

| — scaffoldva_314_299900
t— scaffoldvd_314_507581

186
208

_281_560576
281_296171

21.9—
24.2

+—— scaffoldvd_281_183273
_2048_30844

253 —

— scaffoldv4_301_370837

275

_301_279086

29.7

_301_240604

31.6

_14965_2029

33.2

36.7 ——
37.8—

401

_1762_10966

| — scaffoldva_301_132239
I— scaffoldva_301_87125

}_301_35904

414

43.7 —
446—

_12853_2520

| scaffoldva_8995_2162
f—— scaffoldvd_466_155594

48.0
50.3 ——

_1002_23520
— scaffoldv4_5424_3511
_671_

514
53.6 —

150679

559""_

59.3 ~|

| — scaffoldva_3565_7961
_547_206204
—— scaffoldvd_1462_14891

|_— scaffoldva_836_188821
[”— scaffoldva_858_19450

63.7

1562_41768

| - scaffoldv4_830_179942

scaffoldvé_: 3088 328
[~ scaffoldv4_674_69878

4342_1528

T scaffoldv4_674_258380
| | — scaffoldv4_718_139321
[ T — scaffoldva_2676_18215

_749

[ scaffoldvd_561_253372

[~ scaffoldva_2041_12984

| — scaffoldvd_163_203349
— scaffoldv4_91_687950

{ — scaffoldvd_t 421 _245897
8

3323
— scaﬂoldv4_729_1 67841
scaffoldv4_28_333552

[—|_— scaffoldv4_28_402594

[™— scaffoldva_28_567227

[T

1

[HEREEEN

28_785530

[ scaffoldv4_28_1281941

scaffoldv4_28_1670014

[ scaffoldvd_1481_10962
|~ scaffoldv4_28_1917713

— scaffoldv4_680_92159
I— scaffoldv4_680_278029
[~ scaffoldv4_3696_5083
™ scaffoldv4_415_240052
|~ scaffoldva_181_859358
scaffoldv4_181_595196
scaffoldv4_181_495576
scaffoldv4_1034_98780
/ scaffoldv4_181_266314
/ scaffoldv4_181_212355
scaffoldv4_706_132255
/ scaffoldv4_225_6510
/ scaffoldvd_225_309717
scaffoldvd_225_391158
/ scaffoldv4_6676_1655
scaffoldvd_225_749028
[~ scaffoldva_225_853912
[ scaffoldv4_1688_18226

555_146566

[~ scaffoldv4_555_316993

[~ scaffoldva_863_197860
scaffoldva_252_305425
\ scaffoldvé_337_655377
\ scaffoldva_6574_3030
\ scaffoldva_406_460876
scaffoldva_556_256012
scaffoldva_1455_14169
scaffoldva_182_837007
scaffoldva_182_688077

pF

scaffoldva_182_629225
' scaffoldva_509_108014

A10

00 _75_1124201
1.1 —J—— scaffoldv4_8601_2672
2.1 =] scaffoldv4_75_798445
31— scaffoldvd_75_97036

7. scaffoldv4_901_43108
81~ scaffoldva 04597713
9.1 —J T scaffoldv4_10842_2395

_1128_46911

_\ scaﬂoldv4 634_t 53683

[~ scaffoldvd_634_182595
K> scaffoldv4_1065_100530

:\\\ scaffoldv4_1584_62902

scaffoldvd_518_419271
\ scaffoldv4_488_57076
I\ scaffoldvé_6_38250

scaffoldv4_86_626348

scaffoldv4_5065_232

|_— scaffoldvd_86_1260475
[ scaffoldva_86_1459005

638_212001
[ scaffoldvd_4_30805
|~ scaffoldv4_4_221456

383

_4_377046

_4_602132

394

41.6—

432~ |
442—11

"4 817988
| scaffoldva_4_1050105
|_— scaffoldva_4_1289260
" scaffoldva_5361_4029

46 33—
484

_4_1462307
[~ scaffoldv4_4_1550890

51.0—{ |

52,1 ———

_4_1700441

|_— scaffoldva_9678_3180
{—— scaffoldv4_t

542—|

[~ scaffoldv4_

56.4
58.6

_4_2380119

657
N

68.8
701 §
AN
721~
73.0 —]

1

Illlll

_4_2414511

L~ scaffoldva_4_2749401
scaffoldv4_4_2827089
/scaﬂoldw 730_8277
/sca"oldw 4_2931570

scaffoldv4_4_3398596
— scaﬂoldv4
+— scaffoldva_:

(II

49—
756"

[~ scaffoldv4_4_
™\ scaffolava_17625_252

Supplementary Fig. 2 (continued) Genetic linkage map of the Brassica napus genome for

the DYDH population



co1

I ID

TIT

I— scaffoldv4_1346_8562
™ scaffoldv4_3_4396768
| scaffoldv4_3_4008737
I~ scaffoldv4_3_3949393
scaffoldv4_3_3832254
scaffoldv4_3_3747118
scaffoldv4_3_3511278
scaffoldv4_3_3450370
scaffoldv4_3_3302789
scaffoldv4_3_3175075
scaﬂoldv4 3_: 2993157

|| scaffoldv4_3_2659252
[~ scaffoldvd_3_2492701

|~ scaffoldv4_3_2286783

[ scaffoldvd_3_2177529

— scaffoldv4_3_1725644
+— scaffoldv4_3_1359207

10T

4_3_1010298
Q scaffoldv4_3_892282
scaffoldv4_2516_10161

| |~ scaffoldv4_806_234522

scaffoldv4_124_96973
scaffoldv4_124_69114
scaffoldv4_44_34088
[ — scaffoldv4_44_235630
[— scaffoldv4_2429_25304
[~ scaffoldv4_44_1006549
scaffoldv4_2496_9460

TTTITTTT

T

Supplementary Fig. 2 (continued) Genetic linkage map of the Brassica napus genome for
the DYDH population

4_1807_9799
[~ scaffoldv4_157_857073
scaffoldv4_157_832011
scaffoldv4_3042_851
scaffoldv4 14392 1217
scaffoldv4_157_168479
scaffoldv4_95_1336804
scaffoldv4_5110_1455
scaffoldv4_95_369655
scaffoldv4_95_32375
scaffoldv4_448_69350
scaffoldv4_305_546022
scaffoldv4_570_36127
scaffoldv4_548_365314
scaffoldv4_548_218366
scaffoldva_1571_16547
scaffoldv4_276_689067
scaffoldv4_1095_42857
scaffoldva_875_24879
scaffoldv4_528_338719
scaffoldv4_528_117890
scaffoldv4_103_102348
scaffoldv4_103_605095
scaffoldv4_1336_34367
scaffoldv4_4131_10132
scaffoldv4_339_342617
scaffoldv4_506_214485
scaffoldv4_523_348698
scaffoldv4_7163_291
scaffoldv4_369_268738
scaffoldv4_1116_33720
scaffoldv4_4171_9432
scaffoldva_1727_28815
scaffoldv4_342_634784

Cco2

~

— scaffoldv4_79_1187303

scaffoldv4_79_1077501
[~ scaffoldv4_79_988660
scaffoldv4_79_920441
scaffoldv4_79_697630
(- scaffoldv4_ _79_477566
/scaffoldv4 79_36223
scaffoldv4_150_806874
scaffoldv4_150_341055
scaffoldv4_2859_14445
scaffoldv4_572_6620
scaffoldv4_1671_56470
I scaffoldv4_1000_20556
scaffoldv4_151_344587
I scaffoldv4_721_156993
I scaffoldv4_185_240800
Ir scaffoldva_2949_4050
i scaffoldv4_82_1523657
I scaffoldv4 82 574730
scaffoldv4_82_400492
jir scaffoldv4_1821_28436
scaffoldv4_2149_33087
scaffoldv4_39_893696
Ir scaffoldva_1204_7467
scaffoldv4_41_1885106
scaffoldv4_41_1256151
scaffoldv4_1459_31504
scaffoldv4_41_844225
scaffoldv4_41_208967
scaffoldv4_738_210452
scaffoldv4_250_420484
scaffoldv4_259_661163
scaffoldv4_343_603032
scaffoldv4_80_684811
scaffoldva_110_845413
scaffoldv4_1820_16205
scaffoldv4_65_191683
scaffoldv4_777_126615
scaffoldv4_688_31656
scaffoldv4_13518_242
scaffoldv4_13379_2174
scaffoldv4_2670_28338
scaffoldv4_608_244838
scaffoldv4_127_814276
scaffoldv4_127_544777
scaffoldv4_435_379940
scaffoldv4_162_111779
scaffoldv4_162_339438
scaffoldv4_162_747832
scaffoldv4_162_910422
scaffoldv4_177_963278
scaffoldv4_7296_435
scaffoldv4_177_549194
scaffoldv4_177_440564
scaffoldv4_13446_1415
scaffoldv4_177_34855
/scaﬁoldv4 381_368906
scaffoldv4_381_226408
Q scaffoldv4_5863_562
scaffoldv4_175_458585
scaffoldv4_175_960203
scaffoldv4_175_1046849
scaffoldv4_798_222739
scaffoldv4_693_12487
scaffoldv4_693_119562
scaffoldv4_908_84377
scaffoldv4_908_152987
scaffoldv4_849_123841
scaffoldv4_539_213127
scaffoldv4_1315_8928
scaffoldv4_775_6012

co

e

3

— scaffoldv4_37_418232
™ scaffoldva_37_531428
|— scaffoldva_37_848023

— -~ scaffoldv4_37_992956

scaffoldv4_37_1483713
scaffoldv4_37_1757510
scaffoldv4_5_142956
scaffoldvd_5_281859
scaffoldvd_5_392087
scaffoldva_5_477423
scaffoldv4_5_815109
scaffoldvd_5_984975

ffoldva_5_1839547

/
[N

N\
T

I'T

™)

AN

/
{

ffoldva_5_2124560
scaffoldv4_5_2547867
scaffoldv4_5_2687061
scaffoldv4_5_3348733
scaffoldv4_5_3524409
scaffoldv4_5098_4196
scaffoldv4_1893_28869
scaffoldv4_229_ 119815
scaffoldva_229_254730
scaffoldv4_229_490544
scaffoldv4_229_782474
scaffoldv4_1318_75931
scaffoldv4_1520_26508
scaffoldv4_366_56376
scaffoldv4_32_35880
scaffoldv4_32_474738
scaffoldv4_32_1741699
scaffoldv4_2357_33017
scaffoldv4_257_90201
scaffoldv4_380_306090
scaffoldv4_20629_955
(-~ scaffoldv4_797_164227
[ — scaffoldv4_5464_2018

| | — scaffoldv4_104_1038205

| — scaffoldva_13885_1562
— scaffoldv4_9450_1983
K> scaffoldv4_10636_1746
scaffoldv4_173_60589
scaffoldv4_333_38482
scaffoldv4_333_448162
scaffoldv4_333_545410
scaffoldv4_84_617826
scaffoldv4_84_1201806
scaffoldv4_84_1263306
scaffoldv4_691_29607
scaffoldv4_691_188609
scaffoldv4_1087_24681
scaffoldv4_1087_93712
scaffoldva_196_215238
scaffoldv4 196 108871
|~ scaffoldv4_135_229615
scaffoldv4_135_262929
scaffoldv4_3090_4654
scaffoldv4_4064_1960
scaffoldv4_1776_39303

[ scaffoldv4_19_6813

N

TTITT]

\
T 1T

LT

4_19_72552

{3 scaffoldv4_19_208368

scaffoldva_19_267368

scaffoldva_19_874326

scaffoldv4_580_328388
scaffoldv4_580_371451
scaffoldv4_508_238569
scaffoldv4_265_789283
scaffoldv4_1090_19869
scaffoldv4_195_150029
scaffoldv4_2001_18340
scaffoldv4_2001_16423
scaffoldv4_2217_12467
scaffoldv4_51_1614698
scaffoldv4_2427_14270
scaffoldv4_51_858397

scaffoldv4_58_655618
scaffoldv4_2024_10119
scaffoldv4_1568_36077
scaffoldv4_3638_8631
scaffoldv4_563_125389
scaffoldv4_1212_66320
scaffoldv4_231_180808
scaffoldv4_231_703256
scaffoldv4_231_720700
scaffoldv4_231_855071
scaffoldv4_662_63447
scaffoldv4_1977_29993
scaffoldv4_345_102915
scaffoldv4_345_629006
scaffoldv4_15905_252
scaffoldva_5515_2034
scaffoldva_716_217683
scaffoldv4_541_18914
scaffoldv4_2095_14919
scaffoldv4_288_629414
scaffoldv4_870_83630
scaffoldv4_1814_2788
scaffoldv4_431_64365
scaffoldv4_1039_103594
scaffoldv4_1231_68261
scaffoldv4_673_11649
scaffoldv4_11301_2396
scaffoldv4_590_337871
scaffoldv4_1630_60330
scaffoldv4_158_554999
scaffoldv4_158_1095673
scaffoldv4_1417_43901
scaffoldv4_1188_4409
sca"oldv4 2849_2137
scaffoldv4 393_199918
scaffoldv4_2214_40735
scaffoldv4_2214_13805
scaffoldv4_4146_1393
scaffoldv4_3450_2933

Cco04
0.0 —f— scaffoldv4_1368_27301
0.9~ | scaffoldv4_714_245329
3.1 — ]I~ scaffoldv4_714_183029
41" [ scaffoldva_1440_29782
6.5 7;\ scaffoldv4_13851_167
7.5 7/~ scaffoldvd_1438_17539
7.9///\" scaffoldvd_293_615359
8.97///0\" scaffoldvd_293_348514
10.8 scaffoldv4_293_272386
138 scaffoldvd_304_243713
12.8 scaffoldv4_304_180554
196 4_10571_256
20.7 = ]I~ scaffoldv4_322_72876
21.8 /N> scaffoldvd_811_214080
22.7/// N\ scaffoldv4_81_1491323
23.7// -\ scaffoldv4_81_1385019
24.87// N\ scaffoldv4_17735_972
26.9 scaffoldv4 81 634260
27.9 scaffoldv4_1347_71448
30.0// )| \\ scaffoldv4_81_189760
31.07/] |\ scaffoldva_81_123257
34.37 /N scaffoldva_50_115694
36.5 scaffoldva_11411_421
376 AT scaffoldva4_2973_24461
41.0 scaffoldvd_50_1426961
445 4_50_1541131
47.8~ | | - scaffoldv4_1901_36682
49.8 \* scaffoldv4_310_77453
50.8 ~}—1 scaffoldv4_5316_1895
51.9 —I_[— scaffoldv4_2102_22160
52.2 7:\ scaffoldv4_145_539392
53.1 / N\ scaffoldvd_7_646133
54.17//7N\" scaffoldv4_7_855189
55.1///F\" scaffoldva_2467_29360
56.2 ///f \\" scaffoldva_745_231847
57.6 scaffoldv4_134_350750
58.7 scaffoldv4_1270_73089
598/ | | scaffoldva_152_1056779
66.6 /—\ scaffoldvd_102_744595
67.7 77\, scaffoldva_102_32088
68.8 scaffoldv4_240_552241
73.2—| | — scaffoldva_1428_3345
74.3 —— scaffoldv4_534_181703
75.4 7 A scaffoldva_920_25976
76.4 7N, scaffoldv4_619_312293
77.57//-N\\" scaffoldv4_115_128221
78.57//I\" scaffoldv4_465_158667

1376
1394
1426 "

scaffoldv4_465_497791
scaffoldv4_1096_62430
scaffoldv4_3231_3661
scaffoldv4_126_1235782
scaffoldv4_73_1102007
scaffoldv4_73_1248116
scaffoldv4_2370_28332
scaffoldv4_1636_6534
scaffoldvd_23_271525
scaffoldv4_23_339327
scaffoldv4_23_779970
scaffoldv4_23_1402185
scaffoldv4_23_2032015
scaffoldv4_115_1197708
scaffoldv4_2302_36983
scaffoldv4_115_463655
scaffoldv4_9827_1141
scaffoldv4_362_358807
scaffoldv4_362_35241
scaffoldv4_1451_70402
scaffoldv4_501_397145
T~ scaffoldv4_89_1295367
—1— scaffoldv4_1532_54657
I~ scaffoldv4_89_875509
[~ scaffoldv4_89_719557
scaffoldv4_89_442551
I~ scaffoldv4_261_216429
—— scaffoldv4_261_385531
—Q scaffoldv4_261_408829
|| scaffoldv4_357_18239
scaffoldv4_357_149284
scaffoldv4_357_397833
scaffoldv4_357_370205
scaffoldvd_1761_39193
I\ scaffoldv4_419_223855




Co05

0.0 scaffoldv4_266_34073

18 scaffoldv4_266_601163

38 scaffoldv4_297_119510

7.8 ——— scaffoldv4_297_216818

8.8 ——— scaffoldv4_297_324705
10.8 |_297_662515
12.8 —|—|— scaffoldv4_215_92381
13.8 _215_134843
14.8 — [ scaffoldv4_215_329279
19.0 _215_634572
20.1 _215_745468
233 _100_1350181
25.4 —| | — scaffoldv4_100_1260367

— scaffoldv4_2892_23642
— scaffoldv4_100_1077652

28.7 — [ scaffoldv4_100_1049859
321 _4675_3168
36.8 _100_304326
39.2 — | — scaffoldv4_100_280318
40.0 — T scaffoldv4_100_242900
445 _627_265087
49.0 scaffoldv4_309_45819
525 }— s scaffoldv4_1680_22209
53.4 scaffoldv4_589_200169
545 scaffoldv4_659_282720
65.5\\\_J/// scaffoldv4_2542_28300
56.5-\\\\__V/ scaffoldv4_526_376459
57.3\\}—{/ scaffoldv4_526_336904
58.0 ~\\ 1/~ scaffoldv4_526_250781
59.2~\}— scaffoldv4_3523_3495
60.3 1 scaffoldv4_526_191886
61.3~ [ scaffoldvd_15001_1147
62.3 ~| [ scaffoldv4_702_97689
63.3 ——— scaffoldva_¢ 660 302856
644 14297_888
66.3~| | — scaffoldv4_487_405899
68.3 scaffoldv4_170_376304
69.4 1 scaffoldv4_170_786546
714~} / scaffoldv4_171_1009828
72.4~\__|// scaffoldv4_260_192144
734 N scaffoldvd4_2241_17457
74811~ scaffoldv4_475_319493
75.5 ~J—1— scaffoldv4_347_307494
76.5 ~—L__|— scaffoldv4_12_1772465
774 _216_280646
776" | scaffoldva_613 270052
79.6 —|_|— scaffoldv4_451_9164
80.5 || scaffoldvd_16246_1695
815 1 scaffoldv4_123_605771

84.2 —| | — scaffoldv4_105_339102

_105_1118342

86.2 ——— scaffoldv4_105_1331098
4

283027

88.8 —| | scaffoldv4_463_264922
89.8 — ||~ scaffoldv4_19507_326
90.7 <> scaffoldv4_119_611324
91871\ scaffoldv4_119_99277
92.8 scaffoldv4_359_469875
102.5 _137_1018840
108.8 _715_228481
115.9 |_427_259685
1216 _427_338701
123.9 ——— scaffoldv4_427_446472
124.9 ——— scaffoldvd_427_462779
131.0 scaffoldv4_174_150506
1338 _724_84825
136.7 ~|_|— scaffoldv4_2810_3440
137.2 — <~ scaffoldvd_764_84052

Co6

0.0 —f

\— scaffoldv4_238_575381

1.0 —1—— scaffoldv4_328_38734

20—

| | scaffoldv4_1065_43085

4.0 —}—— scaffoldv4_428_163795

741_98403

6.0 ——— scaffoldvd_741_32804

9.1 ——1— scaffoldv4_! 384 43835
09

10.2 18104
11.2 ——— scaffoldv4_1074_34585
13.4 _1633_40898
17.7 171584

18.8 —f—{— scaffoldv4_953_96590

22.1 ——— scaffoldv4_953_29529
77!

5_33845

24.2 ——— scaffoldv4_678_137013

| |~ scaffoldv4_678_52817
| scaffoldva_398_343278

28.5 ——1— scaffoldv4_6115_1181

scaffoldv4_398_37298

31.7~] | ~scaffoldv4_1669_23125
32.8 ~] | — scaffoldv4_1176_93236
349 scaffoldv4_154_198235
358 L

scaffoldv4_997_9509
scaffoldv4_1133_69197

i/~ scaffoldv4_412_265993
— scaffoldv4_227_876545

> scaffoldv4_227_717454
40.1 77\ scaffoldv4_248_826365
4117 | | “scaffoldv4_193_806260
433" | scaffoldv4_193_418231
46.1 _498_82669
48.9 _1802_20965
53.3 —|__|— scaffoldv4_118_743910
538 — |~ scaffoldv4_2758_28050
56.8 scaffoldv4_1261_30713
57.8 11 scaffoldv4_31_1719830
58.4 —I—— scaffoldv4_31_1493469
60.4 scaffoldv4_31_1316764
61.4 ~ | scaffoldv4_31_392704
62.4 —| | — scaffoldv4_57_1079612
63.3 _57_686514

64.3 —[ | — scaffoldv4_223_228626

652" ™ scaffoldv4_17035_599
67.2 |_441_488846
68.2 — || scaffoldv4_7766_2677
69.2 7—\ scaffoldv4_143_146117
70.0-"| | scaffoldva_3544_6443
71.8 ||~ scaffoldv4_226_87500
72.9 < scaffoldv4_11_213078
737 scaffoldv4_11_514326
771 _15977_1897
783 _11_953968
85.2 _2036_40728

87.3 —{—— scaffoldv4_6024_924
88.4 _2901_17972
89.4 —[ | scaffoldv4_11_1679998
91.4 — | — scaffoldv4_18808_1825
92.2 —| [ scaffoldv4_11_1884701
94,2 ——— scaffoldv4_11_2143997
95.2 — 11— scaffoldv4_11_2275053
97.2~1 |~ scaffoldv4_11_2695207
98.1 ——+— scaffoldv4_11_2813841
99.1 — [ scaffoldv4_69_214759
100.1 = |~ scaffoldv4_69_472108
102.7 scaffoldv4_69_631056
105.8 _69_906905
109.0 _69_1131989
1154 _69_1446219
1176 ), _69_1677530

0.0
0.6

co7

—f)— scaffoldv4_’
=™ scaffoldva_{

—1 T scaffoldv4_t
— ™ scaffoldva_
_97_792341
.6 ~| | scaffoldva_

scaffoldvd_’
[— scaffoldva_’
— |1~ scaffoldv4_
— 13> scaffoldva_t
scaffoldva_.
—+—— scaffoldvd_
— 1~ scaffoldv4_:
=™ scaffoldv4_:
——— scaffoldv4_
——— scaffoldvd_"
scaffoldvd_:
Q: L~ scaffoldv4_:
~J [ scaffoldvd_'
~]

3 scaffoldva_’
3 &—/ scaffoldv4_
.8~ scaffoldva_

1~ scaffoldva_

.9 —{ | — scaffoldv4_:

[ scaffoldvd_¢
|~ scaffoldva_
scaffoldv4_!
scaffoldva_
——f—+— scaffoldva_’

.3 — 1 scaffoldv4
.6 —| | — scaffoldv4_!
.7 —4—— scaffoldv4_!
.9 ——— scaffoldvd_:
— |~ scaffoldv4_:

.4 — | — scaffoldvd,

.2 — T scaffoldv4_:
.3 ——— scaffoldv4_!

.5 ——— scaffoldv4_t
~———+— scaffoldv4_:

7 —1T— scaffoldvé_:

.4 — T scaffoldv4_¢

.6 —+—+— scaffoldv4_¢

.9 ——— scaffoldvd_-

|| — scaffoldv4,

9 ——|— scaffoldva_
.9 — 1 scaffoldv4_’
.0 — | scaffoldv4_

.0 ——+— scaffoldv4_
.0 — 1 scaffoldv4_’

|_10_2354894

|| — scaffoldva_:

|~ scaffoldv4_¢

[~ scaffoldva_:
.4 — T scaffoldv4_’

.4 ——— scaffoldv4_141_1146412

scaffoldva_¢
— scaffoldv4_’

_1907_35945

178_472300
600_18856
244_536197
1851_5472
54_1576094
1723_22619

161_643584
434_59651

1513_49601
12754_1492
132_1182841
805_75399

241_655519
241 414405
2417376226
241_88925

474_443716
1050_21731

_26_212604

26_589888

26922005

26_1455858
1840_4577

|| — scaffoldv4_153_1069934

153_804494
153_544682
153_434722
153_120557
47_59961
|_47_354672
471343938

_47_1646392

55 221754
55_565733
55_670721

1540_24706
1259389

55_1304947

55_1436639
55_1786241
351976928
351570193
35_1163733

_35_1051963

35682373
35_33287
353_548791
4437107350
212_889125
_501406
2127120820
3729_9097
141_994475

93_102605

93_665294
9371028892
1124_71421

_87_187868

87_893860
1692_27928

87_1355560
896_90011
10_176984
13758_2448

10_1185052
10_1650464

cos
0.0 —(\— scaffoldv4_1617_41618
1.0 ——— scaffoldv4_60_18169
2.0 —J I~ scaffoldv4_514_381584
26 scaffoldv4_4855_5819
4.2/ scaffoldva_236 535406
51 scaffoldv4_1088_73263
54 scaffoldva_1522_41848
8.0 scaffoldva_113_5631546
85 scaffoldv4_113_812180
93 scaffoldva_113_1284862

13.0 —f—{— scaffoldv4_324_663389
13.9 — [ scaffoldv4_324_253923

scaffoldva_483_439930

_48_1584582

_48_1414391
245 _48_1298050
25.6 ——— scaffoldv4_48_1271672
278 _48_1232415
29.0 ~48_751506
321 _48_231806
35.4 —| | — scaffoldva_1895_41531
36.6 —|—|— scaffoldv4_180_438443
37.7 ~180_992568
38.8 —— scaffoldv4_13_2552198
411 _13_2028717
434 _13_1278495

49.9 —| L — scaffoldv4_13_969862

51.0 _13_691393
52.0 — | scaffoldv4_13_312065
54.2 ——— scaffoldv4_707_93158
55.3 ——— scaffoldv4_707_32847

58.5 ——— scaffoldv4_9_2857705

59.6 _9_2290929
60.7 — 1 scaffoldv4_9_1967951
62.8 _9_1519437
65.0 _1795_10202
67.0 _9_986172
68.2 _2968_6649
71.4 ——— scaffoldv4_2322_17014
72.5 ——— scaffoldv4_22_268026
74.6 ~ | — scaffoldv4_22_363479
75.6 ——}— scaffoldv4_22_648548
76.6 _22_1605064
77— scaffoldv4_1320_63135
786" |~ scaffoldva_22_2716033
80.7 _22_2272074
818 _2017_45107
83.9 — 1 — scaffoldv4_40_1551959
84.9 _12839_1297
85.9 — | scaffoldv4_40_715109
87.9 ——— scaffoldv4_40_552423
88.8 —— scaffoldv4_40_273553
90.7 _40_192357
94.0 _274_523921
99.3 _274_200437
101.4 ——— scaffoldv4_274_59858
102.4 "2762_4303
103.5 — | scaffoldv4_614_342910

Cco9

0.0 _189_425073
4.0 —{—— scaffoldv4_340_95952
5.0 }_340_253925
6.0 — [ scaffoldv4_130_1134724
8.8~ | — scaffoldv4_130_176415
9.8 —{—— scaffoldv4_63_219049
10.8 —[ | scaffoldv4_63_641153
11.8— |~ scaffoldv4_63_942303
16.9 _1729_51587
21.1 ——— scaffoldv4_38_157928
22.2 ——— scaffoldv4_38_831533
243 }_38_1484758
254 _38_1764687
31.1~]__| — scaffoldv4_408_405214
332 N scaffoldv4_1396_39493
34.2~ ‘1~ scaffoldv4_1190_11158
35.3~] [~ scaffoldv4_ 32402526
36.4 ~| | scaffoldva_156_962805
37.5~ | scaffoldva_156_679415
38.6 —|—|— scaffoldv4_156_629466
397 _156_481291
40.9 ——— scaffoldv4_156_41877
41.9 — | scaffoldv4_390_148794
429 scaffoldv4_390_492866

[ scaffoldva_199_580301
scaffoldvd_4892_5802

scaffoldv4_477_132269
scaffoldva_101_69199

scaffoldva_602_333990
scaffoldva_444_304787
scaffoldvd_155_505957
+— scaffoldv4_1690_35098
_247_635826

[— scaffoldv4_318_474266
[~ scaffoldv4_315_622611
scaffoldv4_1526_21087
scaffoldv4_1792_6029
scaffoldv4_34_2081309
scaffoldv4_34_549323
scaffoldv4_4301_3691
scaffoldv4_411_462415
scaffoldva_411_35791

scaffoldv4_279_700855
scaffoldv4_13110_1535
scaffoldv4_1739_34997
scaffoldv4_5195_3311
scaffoldv4_282_50056
scaffoldv4_282_251001
scaffoldva_282_356928
scaffoldv4_282_383090
scaffoldv4_282_445311
scaffoldva_282_571343
scaffoldv4_1064_32722
scaffoldva_404_249864
scaffoldva_213_612184
scaffoldv4_1828_44726
scaffoldv4_1880_18419
scaffoldv4_111_1270590
scaffoldv4_111_1097527
scaffoldv4_111_1011277
scaffoldva_111_969381
scaffoldv4_111_905776
|~ scaffoldv4_111_818453

99.3 _111_550396
101.4 ——— scaffoldv4_111_464336
102.5 ——— scaffoldvd_111_446552
106.8 _336_615476
108.8 _336_450056
115.7 _121_859979

-/

Supplementary Fig. 2 (continued) Genetic linkage map of the Brassica napus genome for
the DYDH population
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Supplementary Fig. 3 Genetic linkage map of the Brassica napus genome for the Darmor-
bzh x [Yudal x DYDH130] BC; population
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Supplementary Fig. 3 (continued) Genetic linkage map of the Brassica napus genome for
the Darmor-bzh x [Yudal x DYDH130] BC; population
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Supplementary Fig. 3 (continued) Genetic linkage map of the Brassica napus genome for
the Darmor-bzh x [Yudal x DYDH130] BC; population
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Supplementary Fig. 3 (continued) Genetic linkage map of the Brassica napus genome for
the Darmor-bzh x [Yudal x DYDH130] BC; population



