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1.1 Winter oilseed rape: Origin and genomic complexity

Oilseed rape (Brassica napus L., 2n =4x =38, AACC) is an allotetraploid interspecific

hybrid between the two diploid ancestors turnip rape (Brassica rapaL.,

and cabbage (Brassicaoleraceal., 2n =2x =18, CC) (Fig. 1) (U, 1935;

2n = 2x = 20, AA)

Parkinetal., 1995;

Chalhoub et al., 2014). Comparisons among orthologous genes rewvealed that this

spontaneous hybridization event most probably took place no more than 7,000 years ago,

making B. napusa very young species from an evolutionary perspective (Chalhoub et al.,

2014).

Brassica nigra
2n=2x=16
BB

“Black mustard”

Brassica carinata Brassica juncea
2n=4x = 36
AABB

“Indian mustard™

2n=4x =34
BBCC
“Ethiopian mustard™

Brassica oleracea

Brassica rapa

2n=2x=18 2n=2x=20
cc AA
“Cabbage™ “Turnip”

Figure 1. Cytogenetic relationship of diploid and tetraploid brassicas (according to U, 1935).

The initial allopolyploidization most likely occurred after geo

graphically close

co-cultivation of the two diploid progenitors in the Mediterranean region (Friedt and
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Snowdon, 2010). The study of Chalhoub et al. (2014) also showed that the genome of
B. napus has undergone up to 72-fold genome multiplications and thus harbors genes with
high redundancy. In addition, high similarities between the A and C subgenomes resulted
in high frequencies of homoeologous exchanges (Szadkowski et al., 2010; Samans et al.,

2017; Hurgobin et al., 2018; Samans et al., 2018).

In 1974, the first nutritionally valuable, 00-quality (seed with zero erucic acid and low
glucosinolate content) spring-type oilseed rape was released to market. First, a spontaneous
mutation identified by Canadian scientists in the German spring-type cultivar ‘Liho’ led to
seed erucic acid (C22:1) contents below 1% and built the basis of breeding for 0-quality
oilseed rape (Downey and Harvey, 1963; Stefansson and Hougen, 1964). The first
commercial 0-quality variety was released in Canada in the early 1970s. Secondly, the
Polish cultivar ‘Bronowski’ was found to contain considerably reduced seed glucosinolate
contents and was subsequently used in international breeding programs to introduce this
quantitative trait into elite erucic-acid free breeding material (Josefsson and Appelqgvist,
1968). Introgression of these two traits formed the basis for 00-quality oilseed rape
cultivars. At the same time, these introgression represent two major bottlenecks in the
history of oilseed rape breeding, causing a strong reduction in genetic diversity within the

gene pool of adapted, high-quality oilseed rape accessions.

Oilseed rape was first cultivated as an annual, autumn-sown winter-type crop in Europe. In
the beginning of the twentieth century, spring-type and semi-winter ecotypes were

introduced into North America, Australia and China. Hence, B. napus developed adaptation
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to extremely different climates and environments. Winter-, semi-winter- and spring-type
oilseed rape/canola ecotypes of B. napus are distinguished according to their vernalization
requirement, winter hardiness and flowering response to different photoperiods (Snowdon

etal., 2006).

1.2 Flowering time — acrucial growth stage

As in other crops and model plants, flowering time is an important trait that clusters
B. napus ecotypes into distinct forms. The present thesis is exclusively focused on biennial
winter-type oilseed rape, which is characterized by its winter-hardiness and vernalization
requirement. A second distinct ecotype of B. napusis spring-type oilseedrape that generally
cannot withstand frost, but has no need for vernalization and is thus grown annually.
Finally, an intermediate form, semi-winter-type oilseed rape, is a spring-type with
intermediate winter-hardiness that is commonly grown in China and Australia (Werner and
Snowdon, 2018). Due to their ecogeographical adaptations in terms of winter-hardiness and
photosensitivity, completely distinct and ecotype-dependent breeding programs are
essential for commercial oilseed rape breeding. In Arabidopsis it has been shown that
FLOWERING LOCUS C (FLC), a key gene in the vernalization pathway, is primarily
responsible for the separation between the different ecotypes. FLC negatively regulates one
of the central flowering genes, FLOWERING LOCUS T (FT), until a prolonged period of
cold leads to lower FLC lewels and stops this repression. This is where the transcriptional
activator CONSTANS (CO) comes into play. CO, the major gene in the photoperiod

pathway, activates FT and thus induces the onset of flowering (Srikanth and Schmid, 2011;
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Blimel etal., 2015). However, these genes represent only a few major players in the highly

complex flowering pathway of plants.

As for most plants, flowering is a highly sensitive and perhaps the most crucial
developmental phase with respect to yield formation in oilseed rape. Besides the serious
risk of Sclerotinia infection during flowering, which can cause tremendous yield losses,
there is a significant nutrient requirement, especially for nitrogen, during this critical
growth phase (Berry et al., 2010; Stahl et al., 2019). However, weather conditions strongly
impact the timing of different flowering processes via their effects on the key regulatory
factors. With respect to changing climatic conditions, early summers are more frequently
affected by long dry periods, resulting in drought stress during flower development and
yield formation. Due to changing climatic conditions, long periods of drought have been
observed more frequently in spring and early summer within the last decade in Central
Europe (Lu et al., 2019). Drought stress during this crucial phase of yield development has
been shown to be notably relevant to yield formation (Hohmann, 2017; Schiessl et al.,
2020). Thus, it is important to adapt future varieties to the requirements that come along
with ongoing climate change, including increasing periods of drought during the main

period of flowering (Long et al., 2007; Borghi et al., 2019; Schiessl et al., 2020).

1.3 Blackleg — a major fungal disease of Brassicas

Another extremely important climate-dependent trait in crop plants is disease resistance.
One of the most important fungal diseases of winter oilseedrape is blackleg, also known as
stem canker. Blackleg is caused by the hemibiotrophic fungal pathogen Leptosphaeria
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maculans (Desm.) Ces. & de Not. (anamorph: Phoma lingam (Tode ex. Fr.) Desm.). After
primary infection via airborne ascospores in autumn, typical leaf spots become visible on
young leaves (Hammond et al., 1985). Subsequently, the fungus grows systematically and
symptomless through the lamina and petiole into the stem tissue. Typical stem canker
symptoms can be observed in spring and, in worst case scenarios, lead to the collapse of
the plant (West et al., 2001; Howlett et al., 2015). Blackleg is the economically most
important disease of oilseed rape in all major production areas worldwide. Severe yield
losses have been documented in Europe, North America and Australia (Fitt et al., 2006).
For instance, yield losses greater than 50% in the 1980s in Canada and total crop failure in

1972 in Australia have been reported (Juska et al., 1997).

The most effective and sustainable strategy to counteract blackleg is the use of resistant
varieties (Kutcher et al., 2013). Thus, commercial plant breeding and breeding research
play a crucial role in securing the potential yield of oilseed rape. In general, two types of
resistance can be distinguished. Resistance can either be based on monogenic resistance,
where a single gene mediates qualitative resistance, or polygenic/ quantitative resistance,
where many genes provide partial resistance. Several qualitative resistance genes against
L. maculans are used in commercial varieties and have been described in numerous genetic
studies (Balesdent et al., 2002; Delourme et al., 2006; Rimmer, 2006; van de Wouw et al.,
2016). Race-specific, monogenic resistance is based on gene-for-gene interactions of plant
resistance (R) genes and corresponding avirulence genes (AvrLm) of the pathogen.
Race-specific resistance is usually expressed at seedling stage and because it confers

complete resistance it thus causes a bimodal segregation in mapping populations (Pilet-
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Nayel et al., 2017). Howewer, rapid evolution of pathogen populations can cause a loss of
function, leading to susceptibility of the plant to pathogens displaying avirulence (Sprague
et al., 2006; Brun et al., 2010). Therefore, quantitative, race-non-specific resistance is a

valuable tool to counteract blackleg disease.

1.4 Quantitative disease resistances: Genetics and breeding

Quantitative disease resistance is imparted by interactions of multiple genes with small to
moderate effects (Poland et al., 2009; St Clair, 2010). Polygenic resistance, partial
resistance, adult plant resistance, horizontal resistance and non-specific resistance are often
used synonymously for quantitative resistance, although these terms do not have exactly
the same meaning (Niks et al., 2015). Howewver, all these terms contain the basic idea of
quantitative resistance described above. In contrast to qualitative disease resistance that
leads to complete resistance, quantitative resistance is characterized by a continuous
distribution between highly susceptible and resistant phenotypes. The specific distribution
is the result of different loci contributing to resistance with variable effects and segregating
alleles that do not fit Mendelian segregation ratios (French et al., 2016; Pilet-Nayel et al.,
2017). Howewer, it has also been shown that a combination of three quantitative trait loci
(QTL) conferred almost complete resistance against bacterial spot in tomato (Solanum
lycopersicum) (Stall et al., 2009). Although epistatic effects of QTL were shown before,
QTL are mostly additive. Thus, pyramiding of QTL was suggested to reach high lewels of
resistance and at the same time increase the durability of resistance (Pilet-Nayel et al.,

2017). Even though quantitative resistance is not permanent, pathogens adapt significantly
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slower to quantitative resistance in comparison to monogenic, qualitative resistance
(Cowger and Brown, 2019). One reason for the extended durability of quantitative
resistance might be that overcoming one or a few quantitative resistance genes is only of
small advantage for the pathogen population, will not greatly accelerate its propagation and
thus will not drastically increase the frequency of the mutation (Niks et al., 2015).
Molecular mechanisms of quantitative resistance remain poorly understood, however the
following hypotheses were suggested and supported by several studies. Firstly, it is highly
probable that genes which regulate plant development have pleiotropic effects on disease
resistance. Secondly, it has been shown that quantitative resistance genes are involved in
defense response signal transduction. Lastly, weak forms of R genes might be involved in
quantitative resistance, possibly due to mutations (Poland et al., 2009). Variants in genes
responsible for quantitative resistance may lead to altered gene expression levels or more

effective timing of gene expression (Niks et al., 2015).

There are sewveral challenges in terms of breeding for quantitative disease resistance.
Depending on the germplasm in a particular breeding scheme, the phenotypic expression
of quantitative resistance often overlaps with R-gene mediated qualitative resistance and
thus might be masked by a potentially strong effect of a single R gene. Thus, phenotypic
assessment of quantitative resistance isimpeded. In order to avoid this problem, a resistance
breeding program needs to be designed appropriately. In addition, QTL identification
highly depends on environmental conditions and can also be specific for an individual
mapping population. Environment-specific or population-specific QTL were often

observed and have been shown innumerous studies (Huang etal., 2016; Larkan etal., 2016;
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Kumar et al., 2018). These interactions present another challenge for commercial breeding
programs. Suitable selection of germplasm and trial locations in accordance with the actual
breeding goal determine prospects of success at the very beginning of a long and
cost-intensive process. Since stacking of major R genes against L. maculans turned out to
promote the selection of specific isolates carrying all corresponding virulence alleles, a
particular objective of commercial breeding nowadays is the combination of qualitative and
quantitative resistance (Marcroft et al., 2012). The idea is to ensure a high degree of
resistance conferred by specific R genes and to prolong the effectiveness by a broad
quantitative resistance background. The effectiveness of this approach has been
demonstrated before when RIm6, an R gene against L. maculans, was overcome within three
consecutive seasons after being introgressed into a highly susceptible genotype. In
comparison, the combination of RIm6 with strong quantitative resistance prevented the
RIm6-mediated resistance from being overcome for sewveral years (Brun et al., 2010).
Classical QTL detection and marker-assisted selection is generally focused on genes with
major effects and thus seems unsuitable to target quantitative resistance, since several
hundreds of genes can potentially be involved (Corwin and Kliebenstein, 2017). Thus,
genomic selection (GS) is proposed as an appropriate method to improve the lewel of
quantitative resistance by whole-genome prediction including the consideration of small
effects (Poland and Rutkoski, 2016). Howewver, GS largely depends on the population used
to train the models. Generally, biparental populations tend to be less suitable for GS in

broader breeding panels because they only represent narrow diversity for quantitative traits.
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For GS in elite breeding materials it is essential to use training populations which are

closely related to the test population.

1.5 Use of multiparental populations for quantitative trait mapping

Multiparental mapping is a compromise that combines the advantages of biparental QTL
mapping and genome-wide association mapping. One type of a multiparental mapping
population is a setof biparental mapping populations connected through a common parental
line. Biparental crosseshave two major disadvantages: (1) As described abowe, they contain
low genetic diversity with only two founder lines, and (2) typically early generation
crossings are used, leading to a limited number of recombination events and thus to a
relatively low mapping resolution (Hall et al., 2010). GWAS, first applied in human
genetics (Hirschhorn and Daly, 2005), overcame these limitations of biparental QTL
mapping but introduces other disadvantages at the same time. The use of large panels of
diverse genotypes significantly increases resolution due to smaller linkage blocks, but does
not allow the detection of rare alleles. Given a large population of several hundreds of
individuals, the power of GWAS istoo low to identify rare alleles, with low effects, present
in only very few genotypes (Gibson, 2012). The power of detection of associations can be
enhanced by increasing the sample size. The greater number of smaller LD blocks requires
a higher number of molecular markers. However, the number of markers no longer poses a
problem nowadays with the widespread usage of single-nucleotide polymorphism (SNP)
marker arrays and state-of-the-art sequencing technologies. Another main issue of QTL

identification using GWAS in a diversity panel is the degree of relatedness of individuals
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within the panel, which can lead to complex population structures. However, mixed models
were dewveloped as a powerful statistical approach to account for genetic relatedness and
handle population structure, hence reducing the number of false positive associations

(Korte and Farlow, 2013).

In summary, multiparental mapping populations combine the advantages of biparental QTL
mapping populations and diversity panels used for GWAS, and simultaneously reduce their
disadvantages. They provide high power for detection of QTL and high resolution of QTL
mapping. In addition, the use of multiparental mapping populations increases genetic
diversity by selectingmore than two founder parents for the initial crossings. The advantage
of using multiparental mapping populations has been successfully demonstrated in several
mapping studies for flowering time (Higgins et al., 2014; Maurer et al., 2015; Sannemann
etal., 2015; Vollrath et al., 2021b) as well as blackleg resistance (Jestinet al., 2015; Gabur

etal., 2018; Kumar etal., 2018; Vollrath et al., 2021a), for instance.

1.6 Recent developments in genome sequencing technologies

DNA sequencing became standard practice in molecular genetics after 1977 when
sequencing by synthesis was dewveloped by Frederick Sanger and colleagues (Sanger et al.,
1977). In short, the Sanger sequencing method was based on DNA elongation using
polymerase enzymes and the incorporation of 2°, 3’-dideoxynucleotides (ddNTPs) that
caused chain termination of DNA synthesis due to the lack of a 3’-hydroxyl group. Four
distinct fluorescent dyes attached to the four different nucleotides (A, T, C, G) allowed
differentiation of nucleotides. Electrophoresis further displayed a pattern of bands which

11
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revealed the sequence of the DNA template. Sanger sequencing provided high single-base
accuracy together with a considerable read length of up to 1000 bp. Howewer, the limiting

factor was the low throughput and consequent high cost.

The issue of low throughput was later addressed when second generation sequencing, which
was also referred to as next-generation sequencing (NGS), was introduced. The so called
second generation can be classified into two groups: sequencing by synthesis and
sequencing by hybridization. The major improvement was an immense reduction of
per-base sequencing costs via high-throughput, massively-parallel sequencing. Reads
obtained from these technologies were generally shorter (100 to 500 bp) and less accurate
in comparison to Sanger sequencing, however, massive throughput yielded enormous
amounts of sequencing data that was used to build consensus sequences and thus high
accuracies were achieved (Slatko et al.,, 2018). In general, short-read sequencing is
cost-efficient and highly accurate, howewver, suffers from its read length in certain

applications (Amarasinghe et al., 2020).

Third generation sequencing is characterized by significantly longer reads obtained from
single molecule sequencing. A widely used measurement for read length distribution is the
N50 value, representing the length of the shortest read among all reads representing 50%
of all sequenced nucleotides in a sequencing run. In simple terms N50 is similar to a median,
but more weight is given to longer reads (Lander et al., 2001). One notable advance of
long-read sequencing was to make DNA amplification redundant. There are two prominent
technologies mainly applied today. Pacific Biosciences (PacBio) Single Molecule Real

Time sequencing was commercially released in 2011 and is today characterized by long

12
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reads (N50 of 10to 30 kb) together with remarkable accuracies (<1% errorrate in hi-fidelity
reads) on the basic principle of sequencing by synthesis and the real-time detection of
incorporated nucleotides. In comparison, nanopore sequencing, developed by Oxford
Nanopore Technologies (ONT) and commercially released in 2015, achieves even longer
reads (N50 of up to 100 kb), with the drawback of lower read accuracies (presently up to
5% error rate) (Jain et al.,, 2018; Amarasinghe et al., 2020). Nanopore sequencing
distinguishes individual nucleotides on the basis of electrical current fluctuations caused
when single-strand DNA passes synthetic pores in a biological membrane. Both of the third
generation technologies lack in terms of single base accuracy when compared to short-read
sequencing technologies (Heather and Chain, 2016). In particular, nanopore sequencing
faces problems when homopolymers occur. However, the big advantage is the remarkable
improvement of read lengths, which make long-read technologies notably suitable for de
novo genome assemblies and for the identification of genome-wide structural variants (SV)
that were undetectable before using only short-reads (Loman et al., 2015; Chawla et al.,

2020).

1.7 Association of structural genome variations with important traits

Within the last decade, there have been numerous studies addressing SV, particularly
presence-absence variation (PAV), using genotyping arrays or short-read sequence data.
Large-scale homoeologous exchanges and rearrangements, the co-localization with genes
and the association of SV with important agronomical traits have been demonstrated

(Chalhoub et al., 2014; Saxena et al., 2014; Samans et al., 2017; Stein et al., 2017; Gabur
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et al., 2018; Higgins et al., 2018; Hurgobin et al., 2018). However, mostly due to
above-mentioned technical limitations of short-read sequencing, small- to mid-scale
structural genome variations were overseen or neglected for a long time, even though they
represent a promising source of genetic diversity (Chawla etal., 2020). The implementation
of long-read sequencing overcame these limitations and allowed the detection of SV, since
single reads spanned repetitive regions and cowvered entire variants such as deletions or
insertions (Mahmoud et al., 2019). No matter which sequencing technology is applied, SV
detection obviously depends largely on the quality of available reference genomes. The
number of available reference genome assemblies is currently strongly increasing for many
crops due to decreasing costs and increasing accuracy of third generation sequencing
technologies. Completeness and correctness of the assemblies have been enhanced,
enabling more accurate detection of SV. This progress has also promoted the development
of crop pan-genomes that can accurately display genomic rearrangements and further allow
the differentiation between core and dispensable genes by comparison of individual de novo
assemblies. These advances will promote the exploration of novel SV and their impact on
agronomical traits. In the future, this approach can be expected to provide accessible and

affordable data resources for practical breeding programs.

1.8 Future challenges and demands for oilseed rape breeding

Plant breeding has changed notably within the last decades. Traditional selection was
steadily replaced by modern technologies like molecular markers or de novo sequencing.

These technologies allowed the selection based on genetics rather than phenotypic

14
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selection. Latest applications enable the prediction of phenotypes on their genomic profile
using sophisticated algorithms oreven machine learning approaches. In particular, breeding
for quantitative traits relieson genomic prediction and selectionrather than marker-assisted
or even phenotypic selection. However, breeding targets in general remain similar in terms
of high-yielding cultivars with maximum yield stability. Thus, disease resistance was, still
is and will continue to be a major and constantly evolving breeding target. Due to growing
public attention towards the environmental impact of agriculture, the focus of plant
breeding and especially winter oilseed rape breeding is shifting towards further improved
nutrient efficiency and disease/pest resistances. Another current subject that has been
affecting plant breeding for several years now is the impact of climate change. In addition
to drought, oilseed rape now requires adaptations to increasingly extreme weather
conditions in order to secure yield potential. All of these topics need to be addressed in
modern oilseed rape breeding to preserve oilseed rape as a highly important and valuable

component of agricultural crop rotations.

1.9 Aims and objectives

Disease resistance of crop plants is one of the major challenges of plant breeding.
Considering the decreasing number of available fungicidal active ingredients due to bans
or restrictionon their use, more innovation is required in plant breeding to improve disease
resistance. Thus, latest technologies need to be accessible and affordable for commercial
breeding to provide growers with highly resilient crops. The overarching goal of this thesis

was the combined use of GWAS and long-read sequencing in a multiparental population
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(see 1.4, 1.5 and 1.6) for accurate detection of SV associated with important agronomical
traits (see 1.7), and use of this new information to implement a methodical pipeline that

contributes to solve future challenges displayed in subchapter 1.8.

Many recent publications have demonstrated that SV associate with important agronomical
traits in major crops. Chapters 2 and 3 of the present thesis represent current examples
which investigate the implications of SV on key traits. A first example described in Chapter
2 presents several examples of deletions and insertions associated with flowering time
modulation within a multiparental double haploid (DH) population derived from elite
European winter oilseed rape cultivars. In particular, this study focused on an intragenic
deletion within FLOWERING LOCUS T (FT), a major flowering time regulation gene,
which was associated to earlier onset of flowering. A second example described in Chapter
3 demonstrates the association of SV with quantitative blackleg resistance. A major finding
of this study was the identification of a large, nowvel insertion within the exome of a
major-effect resistance gene, RIm9, whose impact on qualitative resistance has previously
been described in great detail. In the elite multiparental population, RIm9 was found within
a QTL region that has only a minor effect on quantitative blackleg resistance, raising an
unexpected question about the potential involvement of major-effect resistance genes in
quantitative disease resistance in B. napus. The presented results underpin the prominent
role of SV in determining important agronomical traits and its high potential value for future

practical breeding programs of oilseed rape and other crops.

16



2 A novel deletionin FLOWERING LOCUS T modulates

flowering time in winter oilseed rape

Vollrath, P., Chawla, H. S., Schiessl, S. V., Gabur, I., Lee, H. T., Snhowdon, R. J.

and Obermeier C.
Theoretical and Applied Genetics 134, 1217-1231 (2021)

doi: 10.1007/s00122-021-03768-4

17



Theoretical and Applied Genetics (2021) 134:1217-1231
https://doi.org/10.1007/500122-021-03768-4

ORIGINAL ARTICLE q

Check for
updates

A novel deletion in FLOWERING LOCUS T modulates flowering time
in winter oilseed rape

Paul Volirath' - Harmeet S. Chawla’ - Sarah V. Schiessl’ - lulian Gabur' - HueyTyng Lee' - Rod J. Snowdon' -
Christian Obermeier’

Received: 11 August 2020 / Accepted: 6 January 2021 / Published online: 20 January 2021
© The Author(s) 2021

Abstract

Key message A novel structural variant was discovered in the FLOWERING LOCUS T orthologue BnaFT.A02
by long-read sequencing. Nested association mapping in an elite winter oilseed rape population revealed that this
288 bp deletion associates with early flowering, putatively by modification of binding-sites for important flowering
regulation genes.

Abstract Perfect timing of flowering is crucial for optimal pollination and high seed yield. Extensive previous studies of
flowering behavior in Brassica napus (canola, rapeseed) identified mutations in key flowering regulators which differenti-
ate winter, semi-winter and spring ecotypes. However, because these are generally fixed in locally adapted genotypes, they
have only limited relevance for fine adjustment of flowering time in elite cultivar gene pools. In crosses between ecotypes,
the ecotype-specific major-effect mutations mask minor-effect loci of interest for breeding. Here, we investigated flowering
time in a multiparental mapping population derived from seven elite winter oilseed rape cultivars which are fixed for major-
effect mutations separating winter-type rapeseed from other ecotypes. Association mapping revealed eight genomic regions
on chromosomes A02, C02 and CO03 associating with fine modulation of flowering time. Long-read genomic resequencing
of the seven parental lines identified seven structural variants coinciding with candidate genes for flowering time within
chromosome regions associated with flowering time. Segregation patterns for these variants in the elite multiparental popula-
tion and a diversity set of winter types using locus-specific assays revealed significant associations with flowering time for
three deletions on chromosome A02. One of these was a previously undescribed 288 bp deletion within the second intron of
FLOWERING LOCUS T on chromosome A02, emphasizing the advantage of long-read sequencing for detection of structural
variants in this size range. Detailed analysis revealed the impact of this specific deletion on flowering-time modulation under
extreme environments and varying day lengths in elite, winter-type oilseed rape.

Introduction

Structural genome variation (SV) is widespread in crop
genomes and frequently associated with important traits
(Gabur et al. 2019). Recent improvements in genome
sequencing enable detection of SV larger than 30 base pairs

Communicated by Maria Laura Federico.

Supplementary information The online version contains
supplementary material available at (https://doi.org/10.1007/
s00122-021-03768-4).

P4 Christian Obermeier
Christian.obermeier @agrar.uni-giessen.de

Department of Plant Breeding, Justus Liebig University,
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(Chawla et al. 2020). Different types of SV, including dele-
tions, insertions, duplications, translocation and inversions
(Feuk et al. 2006), can have a substantial effect on gene
expression and accordingly on the phenotypes of plants
(Alonge et al. 2020; Saxena et al. 2014; Wang et al. 2016).
Examples include determination of different agronomic
traits such as flowering time (Diaz et al. 2012; Schiessl
et al. 2017b; Song et al. 2020), disease resistance (Gabur
et al. 2018; Hurgobin et al. 2018), heading date (Nishida
et al. 2013), seed weight (Song et al. 2020) and biotic stress
response (McHale et al. 2012). Due to their cumulative size,
more nucleotides tend to be affected by SV than by SNP
variants on a genome-wide scale (De Coster et al. 2019).
Brassica napus (2n=4x=38, AACC) is an allotetraploid
interspecific hybrid between Brassica rapa (2n=2x=20,
AA) and Brassica oleracea (2n=2x=18, CC) (Chalhoub
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et al. 2014; Parkin et al. 1995; U 1935). Due to the high
similarity between the A and the C subgenomes, homoe-
ologous exchanges occur very frequently (Chalhoub et al.
2014; Hurgobin et al. 2018; Stein et al. 2017; Szadkowski
et al. 2010). Many studies to date have focused on SV in
resynthesized oilseed rape, which is known to be affected
by numerous and large variation. SV has been visualized
using genetic mapping (Song et al. 1995; Gabur et al. 2020),
molecular cytogenetics (Xiong et al. 2011), optical mapping
(Gabur et al. 2020) and genome-wide short-read sequenc-
ing (Chalhoub et al. 2014; Samans et al. 2017), but all of
these methods are only capable of accurately detecting
large-scale SV (> 100,000 bp; Samans et al. 2017). However,
using long-read sequencing, we recently demonstrated that
small-scale SV events (30-10,000 bp) are also unexpectedly
widespread in natural B. napus (Chawla et al. 2020), with
considerable implications for gene function and diversity.
Sequence-capture experiments demonstrated a major impact
of SV on flowering-time regulatory pathway genes (Schiessl
et al. 2017a, b), which play a key role in crop adaptation and
yield performance. This study aims to capture the relevance
of genome-wide SV in elite European winter oilseed rape
and investigate the specific impact of SV on flowering time
in a narrow breeding gene pool.

Facing climate change and the trend toward increasingly
warmer winters in Europe, in conjunction with an earlier
onset of vegetative growth after winter, flowering time is a
crucial factor for plant development, seed formation and ulti-
mately yield production. However, flowering time is deter-
mined by many genes, which complicates its examination
(Bliimel et al. 2015). Previous studies on flowering time in
B. napus focused primarily on identification of major genetic
factors responsible for differentiation of winter, semi-win-
ter and spring morphotypes (Long et al. 2007; Raman et al.
2019; Schiessl et al. 2017b, 2019; Song et al. 2020; Wu
et al. 2019; Xu et al. 2016). Due to the strong effects of
major mutations in key flowering-time regulators, which
are jointly responsible for ecogeographical differentiation,
minor effects of allelic differentiation tend to be obscured
in such studies. For breeding, however, where fine-tuning
of flowering within ecotypes is critical, dissection of minor-
effect loci in elite breeding gene pools can be more relevant
than major-effect loci which disturb local adaptation. There-
fore, in this study we deliberately carried out an analysis of
flowering-time variation in elite winter cultivars, aiming to
find novel genomic regions for fine adjustment of flower-
ing modulation. We first investigated SV events associated
with flowering-time variation in a double haploid (DH)
multiparental association mapping population derived from
crossing six inbred lines from elite commercial cultivars
to a common parent (also a modern elite cultivar). Single-
locus assays of interesting SV were further assessed for their
impact on flowering time in a winter-type B. napus diversity
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set. The results revealed associations of SV with the onset
of flowering in a number of flowering-time genes within
QTL regions in elite oilseed rape. The findings can help to
breed for adapted oilseed rape cultivars that fulfill current
and future requirements in the course of climatic changes.

Material and methods
Plant material

A multiparental population comprising 354 DH lines was
used in this study (Supplementary Table S1 and Supplemen-
tary Fig. 1). The panel consists of six subpopulations derived
by crossing six elite founder lines (‘Adriana’, ‘Alpaga’,
‘DK Cabernet’, ‘Galileo’, ‘King 10’ and the DH line ‘JN’)
to the common elite parent ‘Lorenz’. DH families from the
crosses King 10x Lorenz, Adriana X Lorenz, and JN X Lor-
enz were produced by NPZ Innovation GmbH (Holtsee, Ger-
many). DH families from the crosses Lorenz X Alpaga and
Lorenz X DK Cabernet were produced by Syngenta Seeds
GmbH (Bad Salzuflen, Germany), while the family from
the cross Lorenz X Galileo was produced by KWS SAAT
SE (Einbeck, Germany). All six subpopulations comprised
60 DH lines except for the cross Lorenz X Galileo, which
comprised 54 DH lines. In addition, we also investigated
a set of 140 genetically diverse inbred lines of winter-type
oilseed rape selected from the ERANET-ASSYST B. napus
diversity set described in Korber et al. (2012) (Supplemen-
tary Table S2).

Field trials and phenotyping data

Field trials were conducted in an alpha lattice design with
two replications at five independent locations across Ger-
many in the 2017/2018 and 2018/2019 growing seasons.
Plants were grown in plots of 6 m* (4 x 1.5 m) with a sowing
density of 45 seeds per m?. In 2017/18, the trials were located
in Hadmersleben (Syngenta Seeds GmbH) and Nienstidt
(Monsanto Agrar Deutschland GmbH), while in 2018/19
trials were carried out in Hovedissen (W. von Borries-Eck-
endorf GmbH & Co. KG), Leutewitz (Deutsche Saatvere-
delung AG) and Soerup (Bayer CropScience AG). In addi-
tion, we accessed flowering-time data from Schiessl et al.
(2015) for 140 winter-type lines of the ERANET-ASSYST
diversity set assessed over a total of 13 environments from
2010 to 2013, including flowering-time data from Giessen
(Germany) in 2011 and 2012, Gross Gerau (Germany) in
2010, 2011 and 2012, Beibei (China) and Temuco (Chile) in
2011 and 2012, and Rauischholzhausen (Germany) in 2010,
2011, 2012 and 2013. We further assessed the diversity set
for flowering time in a randomized complete block design
with a plot size of 12.5 m? (10 1.25 m) in one replicate in
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Rauischholzhausen (Germany) in 2018. Start of flowering
was defined as BBCH 61 (10% of flowers on main raceme
open) (Lancashire et al. 1991) and is reported in all trials as
the number of days after sowing.

SNP genotyping and linkage analysis

The entire population including the seven parents was gen-
otyped using the Brassica 60 k Illumina Infinium™ SNP
array. By allowing zero mismatches and gaps, a stringent
alignment using BLASTN (Altschul et al. 1990) was con-
ducted and we were able to anchor 27,832 SNP uniquely to
a single position of the publicly available B. napus genome
assembly Darmor-bzh v4.1 (Chalhoub et al. 2014). Failed
and nonspecific SNP were excluded from further analysis.
Using the software Haploview, we defined linkage disequi-
librium (LD) blocks based on their confidence intervals
according to Gabriel et al. (2002).

Genome-wide association studies (GWAS)

The R package GenABEL (Aulchenko et al. 2007) was used
to conduct a genome-wide association study (GWAS). Mark-
ers with more than 10% missing data or a minor allele fre-
quency lower than 5% were excluded, as were genotypes
with more than 10% missing data. The kinship and principal
component analysis were included in the model to adjust for
population stratification. We applied a false discovery rate
(FDR) of <0.1 (Benjamini and Hochberg 1995) to call a
marker—trait association significant. In addition, to reduce
the type II error rate, a threshold of —log,, (p value) >3.0
for marker—trait associations was defined to consider a
marker as a putative SNP. Phenotypic variance (R*) was esti-
mated using the formula R? = n_jﬁ. As shown by Gabur
et al. (2018), calling of single nucleotide absence polymor-
phisms (SNaP) by segregation patterns can provide addi-
tional markers and reveal previously undetected QTL in B.
napus. Using this procedure, we called SNaP markers for
loci that failed the threshold of < 10% failed calls but showed
the expected 1:1 segregation for presence—absence polymor-
phisms in the respective subfamilies.

Whole genome sequencing and variant calling

Long-read sequencing on the MinION device from Oxford
Nanopore Technologies (ONT) (Oxford, UK) was used to
sequence genomic DNA from each parental line to a genome
coverage of at least 20 X. For this purpose, high molecular
weight (HMW) DNA isolation was performed using a pro-
tocol modified from Mayjonade et al. (2016), as described
in Chawla et al. (2020). In order to achieve a longer average
read length, we conducted a size selection step using the

Circulomics Short Read Eliminator Kit (https://www.circu
lomics.com/sre) prior to the sequencing library preparation.
The kit consists of a buffer that separates small DNA frag-
ments by centrifugation. The size-selected HMW-DNA was
subsequently used to prepare the sequencing library. We uti-
lized the SQK-LSK109 sequencing kit provided by Oxford
Nanopore Technologies using their recommended protocol.
Library preparation consisted of the following two steps: end
repair and adapter ligation, each followed by a cleaning step
with magnetic beads. Finally, a library of 500-1000 ng of
HMW-DNA was transferred into the MinION flow cell for
sequencing. MinION raw signal data were processed using
the base-caller Guppy version 3.2.1 (https://community.
nanoporetech.com/downloads/guppy/release_notes). Read
quality was evaluated with the tool MinIONQC (Lanfear
et al. 2019), and raw reads with a minimum Q score of 7
were aligned to the B. napus reference genome Darmor-bzh
v4.1 (Chalhoub et al. 2014) using the NGMLR long-read
mapper version 0.2.7 (Sedlazeck et al. 2018). Subsequently,
the alignment file in SAM format was converted to a sorted
BAM file using SAMtools version 1.9 (Li et al. 2009) and
genome-wide SV was called using Sniffles version 1.0.10
(Sedlazeck et al. 2018). Settings and subsequent filtering
of SV followed Chawla et al. (2020) with a focus only on
deletions and insertions. Bedtools version 2.29.2 was used
to detect SV overlapping with genes (Quinlan et al. 2010).
Using the Integrative Genomics Viewer version 2.6.1, we
produced coverage plots and illustrated SV and genes (Rob-
inson et al. 2011). The segregation ratio of SV was tested
conducting a * test. The online database JASPAR was used
to screen for transcription factor binding sites (http://jaspa
r.genereg.net/) (Khan et al. 2018).

SV validation

To validate interesting SV events detected by the variant
calling, we used a standard PCR approach using prim-
ers flanking the deletions/insertions. Primer design was
performed using Primer3Plus (Untergasser et al. 2007)
and BLAT (Kent 2002) via the Brassica napus Genome
Browser (http://www.genoscope.cns.fr/brassicanapus). All
primer sequences can be found in Supplementary Table S3.
Sanger sequencing of PCR products was conducted to con-
firm unique primer binding. Besides PCR, we confirmed
the 288 bp deletion in FLOWERING LOCUS T on chro-
mosome A02 (BnaFT.A02; BnaA02g12130D) using 100 bp
single-end Illumina short read sequencing data from 140
inbred winter-type lines of the diversity set (Schiessl et al.
2017b). Short reads from genotypes carrying the deletion
fail to map accurately to BnaFT.A02 in the Darmor-bzh ver-
sion v4.1 reference genome due to the deleted 288 bp and 92
unresolved nucleotides (Ns) within the reference. Therefore,
we modified the reference by adding a corrected version of
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BnaFT.AO2 using long read data from cultivar Express 617
(Lee et al. 2020), once with and once without the 288 bp
sequence. Alignment, removal of duplicates, sorting, index-
ing and normalized mean coverage (NMC) calling for the
288 bp position were performed according to Schiessl et al.
(2017¢). An NMC value below 0.5 indicated association
with a confirmed deletion.

Results
GWAS for identification of flowering-time QTL

A total of 13,746 high-quality polymorphic SNP markers
were identified in the mapping population. Additionally,
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578 SNaP markers were called by analyzing the segrega-
tion patterns of raw array data in the subpopulations, as
described in Gabur et al. (2018). Using all 14,324 markers,
eight genomic regions associated with flowering time in
winter oilseed rape were detected in at least two of five
field environments (Fig. 1 and Supplementary Table S4).
Four of the detected QTL were located on chromosome
AO02, in LD blocks with sizes of 352 kb, 498 kb, 451 kb
and 383 kb. Three QTL were identified on chromosome
C02 in LD blocks of 331 kb, 860 kb and 360 kb, respec-
tively, while a 914 kb QTL interval was detected at the
distal end of chromosome CO03. Broad sense heritability
(Falconer and Mackay 1996) for the onset of flowering
was high (h*=0.83).

Nienstaedt

~log1o(p)

A0t A03 A0S A07 A09

co1  Cco2 Cco3 Cco4 C05 Co06 Co7 C08 CoO09

Chromosome
Leutewitz
10 4
8_
2 61 -
o
o ‘s
Faq :

A1 A03 A0S A07 A09

co1  Co2 Cco3 Cco4

Chromosome

Cos Co06 Co7 C08 CO09

Fig. 1 Manhattan plots showing marker—trait associations for flowering time (days after sowing) in the multiparental population in five inde-
pendent environments across Germany (n=352). The solid line represents the threshold for significant SNP markers (FDR <0.1)
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Genome-wide structural variant detection in seven
elite parental lines using long-read sequencing

A total of 250 Gb of raw sequencing data was generated
from 29 MinION flowcells, with an average yield of 35.7 Gb
per genotype. A genome coverage of 23 Xto 43 X was
achieved for the seven parents of the mapping population.
The first 20 flowcell runs delivered average N50 values of
21,967 bp. After using the Circulomics Short Read Elimi-
nator Kit for removing short reads from the library in the
following nine sequencing runs, the N50 increased to an
average of 30,526 bp, so that the final N50 of the cumula-
tive data from all flowcells ranged from 20,418 to 29,260 bp
for all seven genotypes. A summary of sequencing results
including read numbers, read lengths and the quality of the
reads can be found in Supplementary Table S5. Mapping
rates using the Darmor-bzh v4.1 reference genome ranged
from 63 to 72% for the seven parental lines (Supplementary
Table S6). Variant calling revealed a total of 50,762 unique
SV across the seven parental lines compared to Darmor-
bzh, of which 13,374 were polymorphic across the seven
parental lines. Conversely, 37,388 SV calls were consistent
for all seven parental lines and therefore monomorphic in the
population, but different to the Darmor-bzh reference; these
calls likely include assembly errors of Darmor-bzh. Of the
polymorphic SV events we detected, 6,990 were deletions
and 6,384 were insertions, with sizes ranging from 30 bp
to 26 kb. The majority (47.5%) had a size between 100 and
1,000 bp (Fig. 2). Median sizes for deletions and insertions
were 429 bp and 263 bp, respectively. All detected polymor-
phic deletions and insertions were included in subsequent
analyses.

Genes affected by SV within flowering-time QTL

To explore the potential impact of the genome-wide SV on
protein coding genes, we firstly compared the positions of
the detected SV with the gene regions for 101,040 genes
annotated in the Darmor-bzh reference genome (Chalhoub
et al. 2014). In total, 4,840 (4.8%) of all annotated genes
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Fig.2 Total numbers of polymorphic SV detected in seven paren-
tal lines by comparison to the B. napus reference Darmor-bzh v4.1
grouped in four different size classes

in the genome coincided with polymorphic SV events in
the parental lines of the mapping population. A similar fre-
quency of genes coinciding with SV events was observed
within the eight flowering-time QTL (6.7%, 52 of 771). To
investigate whether flowering time might be affected by
intragenic SV, we analyzed the genes within QTL regions
in more detail. In total, we found 771 annotated genes con-
tained within the eight QTL regions, spanning 1.684 Mb
on chromosome A02, 1.551 Mb on chromosome C02 and
914 kb on chromosome CO03. By filtering gene ontology
(GO) terms of the B. napus gene annotations on these 771
genes for terms that can be linked to flowering time, we iden-
tified 71 genes annotated to be involved in flowering-time
regulation, among them copies of the vernalization gene
FLOWERING LOCUS C (FLC) and the circadian rhythm
gene LATE ELONGATED HYPOCOTYL (LHY) (Table 1
and Supplementary Table S7). Six out of these 71 genes
exhibit SV. Of these six genes, five were detected in the QTL
regions on chromosome A02 and one in the QTL region on
chromosome C02. The affected gene on chromosome C02
is not homoeologous to any of the five flowering-related
genes on chromosome A02, and the QTL regions on A02
and C02 do not represent homoeologous regions based on
comparison of harbored genes as defined by Chalhoub et al.
(2014). By analyzing regions up to 10 kb upstream of the
start codons of the flowering-time genes, we found a large
1,361 bp deletion in the parental line JN in the promoter
region of BnaFT.A02 (BnaA02g12130D) (Table 1). In three
of the seven parental lines, the same gene also displayed a
288 bp deletion in the second intron.

Association of intragenic deletions with flowering
time in the multiparental population

To evaluate trait associations with deletions in flowering-
time genes, we developed specific PCR assays for all seven
SV events in the six QTL-linked flowering-time candidate
genes and used these to analyze the segregation of size poly-
morphisms identified in the parental lines in relevant sub-
populations (Fig. 3, Supplementary Table S3). The seven
PCR assays were first validated in the seven parental lines of
the multiparental population. In 47 of these 49 PCR assays,
the alleles called by ONT data from the parental lines were
reconfirmed, whereas a 38 bp insertion, designated SV7,
could not be reconfirmed in parental lines King 10 and Gali-
leo and was excluded from further analyses. The PCR assays
were then applied to the respective subpopulations which
showed the corresponding polymorphism and tested for the
expected 1:1 segregation. In most cases, the observed segre-
gation in the subfamily did not differ significantly from the
expected 1:1 segregation ratio (Table 2). However, three SV
did not fit the expected segregation in 1 (from 3), 2 (from 5)
and 2 (from 5) polymorphic subpopulations, respectively,
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Fig.3 Size polymorphism
within six flowering-time genes
from three QTL on A02 and one
QTL on CO02 detected by PCR
in seven parents of the B. napus
multiparental population with
the common parent Lorenz. a
SV1: 373 bp deletion, b SV2:
64 bp deletion, ¢ SV3: 1,361 bp
deletion, d SV4: 288 bp dele-
tion, e SV5: 1,313 bp dele-
tion, f SV6: 35 bp deletion, g
SV7: 38 bp insertion (also see
Tables 1 and 2 for more details)
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Table 2 Segregation ratios of six SV events coinciding with five flowering-time candidate genes within the investigated QTL regions of the mul-
tiparental population (n=354)

SV type SV size [inbp] Lorenz x
Adriana Alpaga JN DK Cabernet  Galileo King 10

SV1 Deletion 373 m m 29:31 (0.796) m m m

SV2  Deletion 64 32:28 (0.606) m 5:54 (0.000)***  28:32 (0.606) 36:18 (0.014)*  29:31 (0.796)
SV3  Deletion 1361 m m 31:29 (0.796) m m m

SV4  Deletion 288 43:17 (0.001)*** m 31:29 (0.796) m 29:25 (0.586) m

SV5  Deletion 1313 m m m m 34:20 (0.057) 34:26 (0.302)
SV6  Deletion 35 29:31 (0.796) 39:21 (0.020)*  42:17 (0.001)**  30:30 (1.000) m 28:32 (0.606)

Detailed descriptions of the SV events can be found in Table 3. Numbers in brackets are the probabilities (P/ ;(2 ]) that the observed data fit the
expected 1:1 segregation pattern. Asterisks show level of significance based on X2 test (¥p value <0.05, **p value <0.01, ***p value <0.001).
m: monomorphic, not tested in this subpopulation
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but did fit the expected segregation in the remaining sub-
populations. To understand the segregation distortions that
were observed for several SV, we sequenced the PCR prod-
ucts. Sanger sequencing resulted in clear chromatograms,
excluding the possibility of nonspecific primer binding. Par-
ticularly for allotetraploid B. napus, it is well known that
segregation distortion in certain genome regions can occur
within the process of DH production (Pilet et al. 2001; Zhao
et al. 2005), either due to linkage with loci impacting DH
regeneration or due to homoeologous exchanges in the F1
parent. Linked SNP markers showed the same patterns of
segregation distortion, which additionally confirms a bio-
logical cause and excludes the possibility of technical issues
leading to the observed distortion. However, the 60 DH lines
of the subpopulations were produced from up to five single
F1 plants. Thus, it is possible that the segregation distortion
could be due to de novo SV in individual F1 plants. The SV
calls were included in GWAS and allelic effects were calcu-
lated (Table 3). For SV4, we detected a significant associa-
tion with flowering time in the multiparental population in
all five locations. Effects varied between 0.38 and 1.42 days
earlier onset of flowering for genotypes carrying the dele-
tion. Interestingly, a significant effect of the SV1 deletion
on flowering time (0.84—1.62 days earlier flowering) was
detected in only three out of the five locations (Hadmersle-
ben, Hovedissen and Soerup), whereas the deletion allele
of SV5 showed a significant effect (0.52-1.91 days earlier
flowering) only in the other two locations (Leutewitz and
Nienstaedt).

A novel 288 bp deletion in BnaFT.A02 associates
with flowering time

The 288 bp deletion within the second intron of BnaFT.
A02 (SV4) was investigated in further detail because FT is
a well described key regulator in the flowering-time path-
way (Guo et al. 2014; Helliwell et al. 2006; Schiessl et al.
2017c, b; Srikanth et al. 2011) and this specific deletion has
not been described before. Validation by Sanger sequenc-
ing confirmed that three of the seven parental inbred lines

(Adriana, JN, Galileo) carry the 288 bp deletion, whereas
four, including the common parent Lorenz, are identical to
the reference genome in this gene region. A PCR marker
spanning the deletion was used to genotype the entire mul-
tiparental population for the SV polymorphism (Supplemen-
tary Table S8). Adding this PCR marker as an additional
marker to the GWAS revealed a significant association (LOD
score =4.57) explaining 5.64% (R?) of the phenotypic vari-
ation. On average, we observed a slight, but significant ear-
lier onset of flowering (effect of deletion =-—0.88 days) for
genotypes having this deletion (Fig. 4). However, at loca-
tion Leutewitz a stronger effect (— 1.42 days) was observed
(Table 3). We screened the 288 bp sequence for transcrip-
tion factor binding sites using JASPAR (Khan et al. 2018).
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Fig.4 Two boxplots visualize the difference for onset of flowering
(days after sowing) depending on the presence/absence of the 288 bp
sequence in intron 2 of the gene BnaFT.A02. Lines carrying the dele-
tion show an on average earlier onset of flowering of about one day
(effect of deletion= — 0.88) in the B. napus multiparental population
(n=1354). Significant difference is highlighted with green color and
asterisks (*p value <0.05, **p value <0.01, ***p value <0.001)

T.ab!e 3 Allelic effects of the SV SVitype Hadmersleben Hovedissen Leutewitz Nienstaedt Soerup

six investigated SV events

coinciding with five flowering- Effect R® Effect  R? Effect  R* Effect  R? Effect  R?

time candidate genes from

the QTL in the multiparental 1 Deletion —-0.84 744 —-1.62 485 ns - ns - —-1.47 820

population (n=354) 2 Deletion  ns - ns - ns - ns - ns -
3 Deletion  ns - ns - ns - - - ns -
4 Deletion —-0.38 363 —-1.01 406 -142 399 -051 348 -080 4.84
5 Deletion  ns - ns - -191 625 -052 355 ns -
6 Deletion  ns - ns - ns - ns - ns -

Effect numbers describe the change in number of days to onset of flowering. R* phenotypic variation (%)
explained by the respective SV. ns: nonsignificant
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The analysis revealed binding sites for the CIRCADIAN
CLOCK-ASSOCIATED 1 (CCAI) and LHY along with sev-
eral members of the REVEILLE family of transcription fac-
tors (Supplementary Table S9), suggesting that this region
in the second intron of BnaFT.A02 may have functional
relevance for flowering-time modulation. None of the five
other known copies of BnaFT in the B. napus genome asso-
ciated to flowering-time QTL, suggesting that they are not
responsible for flowering-time variation in this population
(Supplementary Table S10).

Distribution of the 288 bp deletion in genetically
diverse winter-type B. napus

The relevance of the 288 bp deletion in BnaFT.A02 for
flowering-time modulation in winter-type oilseed rape was
investigated in a selection of accessions from the ERANET-
ASSYST B. napus diversity set for which comprehensive
flowering-time data were already available (Schiessl et al.
2014, 2015, 2017b). We re-analyzed Illumina short-
read data produced by Schiessl et al. (2015, 2017b) from
sequence capture of flowering-pathway genes, because the
288 bp deletion was not detectable in the previous analysis,
where the Darmor-bzh v4.1 reference genome was used for
alignment. However, the modified reference sequence with-
out these 288 bp in BnaFT.A02 allowed us to accurately
map the deletion in the diversity set using the short-read
sequence capture data (Supplementary Table S11). This
approach confirmed the authenticity of the deletion and
revealed a widespread distribution in winter-type oilseed B.
napus cultivars. In addition, the use of short reads enabled
us to confirm the borders of the deletion. Of 140 winter
accessions used in this study, 34 were found to carry the
deletion (NMC < 0.5), whereas 91 were similar to the refer-
ence genome (NMC > 1.5). For 15 accessions, analysis of
short-read sequencing data coverage and relative copy num-
ber calculation did not reveal a clear result (NMC 0.5-1.5).
We validated the approach based on short-read sequencing
coverage analysis by conducting a PCR on all accessions
using the same primers as described above (assay P416,
Supplementary Table S3). We confirmed 32 of the 34 NMC
deletion calls, whereas two accessions showed contradictory
results. Out of 91 accessions without NMC deletion calls,
85 were confirmed. Two showed contradictory patterns, and
four accessions were found to be heterozygous. The remain-
ing 15 accessions include three carrying the deletion, eight
without the deletion and four which were revealed to be
heterozygous. This shows that relative coverage analysis
based on Illumina short read data fails to accurately call
a 288 bp deletion using 100 bp single-read data. For each
of the 14 independent environments, a Student’s ¢ test was
performed to calculate the phenotypic effect of the deletion
assessed using the PCR assay. In this germplasm collection,

a significant association of the deletion with flowering time
was found only for the locations in China and Chile in 2012,
but not for the German locations. However, a trend toward
early flowering associated with the deletion was observable
in almost all environments (Fig. 5).

Discussion

Flowering time is an important agronomical trait that has
been investigated intensively using QTL analyses and
GWAS in oilseed rape. However, most studies on flowering
time in B. napus investigated germplasm sets with broad
genetic diversity including spring, semi-winter and winter-
type accessions and focused on major effect QTL. Multiple
flowering-time QTL with major effects and high heritabili-
ties have been mapped, and key genes from the flowering
and vernalization pathways were repeatedly implicated
(Long et al. 2007; Raman et al. 2019; Song et al. 2020; Wu
et al. 2019; Xu et al. 2016). In contrast, this study focused
on identification of minor QTL which have not already been
fixed in adapted elite breeding pools. This was achieved
using a multiparental mapping population whose found-
ers were exclusively modern, elite, European winter-type
B. napus accessions. The aim was to identify small-effect
polymorphisms relevant for modulation of flowering time in
elite, adapted, winter oilseed rape breeding material. Given
this fundamental difference in approach, it is not surpris-
ing that our QTL results barely overlap with previous find-
ings. Major differences separating the three major ecotypes
(spring, semi-winter and winter types) tend to mask smaller
effects responsible for intra-ecotype variation. Some of the
significant marker—trait associations for flowering time in
the present work were stable only over a limited number of
environments, suggesting that QTL effects are minor and
may interact with specific environmental factors. Using 158
winter-type accessions, Schiessl et al. (2015) also revealed
flowering-time QTL that are highly sensitive to local envi-
ronments. In that study, none of the central flowering regu-
lators (e.g., Bna.FT, CONSTANS, GIGANTEA) or central
vernalization genes (e.g., Bna.FLC) was located within QTL
regions for the onset of flowering in winter-type B. napus.
The QTL found by Schiessl et al. (2015) also did not overlap
with the QTL we found in our elite winter-type population.
This indicates that fine regulation of the onset of flowering
in winter-type B. napus is environmentally dependent and
potentially controlled by multiple different genome regions
with small effects.

In contrast to a previous report for disease resistance
(Gabur et al. 2018, 2020), inclusion of SNaP markers
(array-based presence/absence markers) in the QTL analy-
sis did not result in detection of additional QTL associated
with flowering time. This might suggest that SV may not
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Fig.5 The boxplots visualize the difference in the onset of flowering
(days after sowing) depending on the presence/absence of the 288 bp
sequence in intron 2 of the gene BnaFT.A02 in 14 environments for
the ERANET-ASSYST diversity set. The environments are abbrevi-
ated as follows: Germany: Giessen (GI), Gross Gerau (GG), Rauis-

strongly impact flowering-time modulation in elite winter
oilseed rape cultivars. However, since we showed associa-
tions between SV and flowering-time modulation, it appears
more likely that SV events associated with flowering traits
are in LD to neighboring SNP markers from the 60 k Bras-
sica SNP array in these elite mapping parents. The number
of polymorphic SV events we detected among the seven elite
parental lines (13,374) is similar to the number of polymor-
phic SNP detected between these lines using the 60 k Bras-
sica SNP array (13,746), suggesting that structural variation
is a significant source of sequence polymorphism in elite
cultivars with a potentially very important functional role.
We found that around 5% of genes are affected by small to
mid-scale SV events in each of the seven elite parents, cor-
responding to the frequency of intragenic SV reported by
Chawla et al. (2020) for older winter oilseed rape cultivars.
This underlines the importance of functional gene modifica-
tion during post-polyploidization genome restructuring in B.
napus (Chawla et al. 2020; Song et al. 2020). The high level
of functionally relevant SV polymorphism in modern elite
cultivars underlines the high relevance of this kind of variant
for selection and breeding and the need to develop a better
platform than the 60 k Brassica SNP array for population-
wide high-throughput genotyping and identification of SV.
Most of the deletions/insertions we identified in can-
didate genes within flowering-time QTL in elite cultivars
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chholzhausen (RH); Chile: Temuco (TE); China: Beibei, Chongqing
(BB), with their respective year of harvest. Black diamonds represent
the mean values. Significant differences tested with Student’s ¢ test
are highlighted with green color and asterisks (*p value <0.05, **p
value < 0.01, ***p value <0.001) (n=140)

reside in introns. With respect to BnaFT.A02 (Bna-
A02g12130D), one deletion lies in the second intron
and another in the putative promoter region. The 1.3 kb
deletion in the promoter region of BnaFT.A02 is associ-
ated with the different B. napus ecotypes (Chawla et al.
2020), but does not completely explain the differentia-
tion between ecotypes (Schiessl et al. 2019). Because the
populations we investigated are exclusively vernalization-
dependent, this deletion did not show significant asso-
ciations with flowering time. In contrast, SV1 (a 373 bp
deletion in BnaA02g00160D), SV5 (a 1,313 bp deletion in
BnaA02g33650D) and SV4 (a 288 bp deletion in BrnaFT.
A02) showed significant associations with flowering time.
Whereas a direct functional relevance of BnaFT.A02 is
already well established, further functional studies are
required to elucidate the potential role of the B. napus
genes BnaA02g001160D and BnaA02g33650D in coordi-
nation of flowering time. BnaA02g00160D is a homolog
of A. thaliana SETDOMAIN GROUP 15 (SDGI5;
AT5G09790), a H3K27 methyltransferase which was pre-
viously described to be involved in the control of trans-
posal activity and genome stability (Ma et al. 2018). Other
methyltransferases have described roles in flowering-time
regulation, like SDG7 (Lee et al. 2015), while SDG15 was
only implicated in pollen formation so far (Raynaud et al.
2006) and is therefore considered less likely to directly
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influence flowering time here. BnaA02g33650D is a copy
of BTB AND TAZ DOMAIN PROTEIN 1 (BT1), which is
known to plan a role in both male and female gameto-
phyte development (Robert et al. 2009). Hence, this gene
is expected to be involved in flower development, but not
necessarily in flowering-time regulation, which takes place
sometime prior to flower development.

Schiessl et al. (2015) did not detect the QTL harboring
BraFT.A02 by GWAS using markers from the 60 k Brassica
SNP array. This might be due to a strong LD decay around
SV events or the lower number of accessions and the popula-
tion structure of the diversity set used in this study. Moreo-
ver, the failure to detect a 288 bp deletion using a sequence
capture strategy based on short single-read 100 bp Illumina
sequencing (Schiessl et al. 2017b) clearly reveals the advan-
tage of long-read sequencing to detect polymorphic small-
to mid-size deletions. The 288 bp deletion in BnaFT.A02
is associated with flowering time at all five field locations
in Germany in both the 2017/2018 and 2018/2019 grow-
ing seasons. Both years were characterized by extremely
warm and dry summers in Germany, in strong contrast to
the environmental conditions in the years 2010-2013 dur-
ing the study of Schiessl et al. (2015). This may suggest a
QTL-by-environment interaction that is more active under
extreme environments, which in turn might explain why day
length is only crucial in the diversity set.

FT is one of the key regulators of flowering time in the
well-investigated flowering-time pathway (Helliwell et al.
2006; Srikanth et al. 2011). Several studies, particularly in
Arabidopsis, elucidated interactions of F'T with other major
genes in this pathway (Faure et al. 2007; Turck et al. 2008).
For instance, the single copy of FT in Arabidopsis is sup-
pressed by FLC, which is downregulated during extended
periods of cold temperature to unlock the repression (Helli-
well et al. 2006; Searle et al. 2006). However, the allopoly-
ploid B. napus genome possesses multiple F7 orthologs and
paralogs with incompletely elucidated function. For exam-
ple, BnaFT.A02 is most likely not regulated by Bna.FLC.
Instead, Wang et al. (2009) showed that the characteristic
CArG box to which FLC normally binds is missing in this
particular FT copy, and Guo et al. (2014) demonstrated that
BnaFT AO2 is expressed independently of vernalization. On
the other hand, FT expression is activated by CONSTANS
(CO), whose activity is promoted by an increase in photo-
period (Kobayashi et al. 1999; Srikanth et al. 2011; Turck
et al. 2008; Wigge et al. 2005). In agreement with Schiessl
et al. (2015), who demonstrated the day length depend-
ency of BnaFT.A02, we found that a deletion polymor-
phism in BnaFT.A02 in winter-type B. napus only associ-
ated with flowering time during trials in Chile and China,
where day lengths differed significantly from the German
trial locations. This supports a vernalization-independent,

day-length-dependent activation of BnaFT.A02 (Corbesier
et al. 2007; Guo et al. 2014; Schiessl et al. 2015).
Expression of FT can be detected in leaves and apical
meristems (Wigge et al. 2005). Corbesier et al. (2007) pro-
posed the FT protein moves from the leaves through the
phloem to the meristem. Changes in FT expression have been
shown to significantly change flowering time in Arabidopsis
(Kobayashi et al. 1999) as well as in major crops like barley
(Faure et al. 2007), wheat (Yan et al. 2006), maize (Lazakis
et al. 2011; Meng et al. 2011) and potato (Navarro et al.
2011). In winter-type B. napus, Bna.FT expression changes
caused by allelic variants were associated with altered flow-
ering time (Tudor et al. 2020), while high FT expression
is known to correlate with earlier flowering (Raman et al.
2019). To investigate potential mechanisms by which the
288 bp deletion within the second intron of BnaFT.A02
might regulate expression of this FT ortholog, we searched
the sequence spanning the SV for putative regulatory
motifs known to be involved in controlling gene expression.
Besides the main ‘F7-interactors’ FLC and CO, several other
genes are already known to interact with F'7. For example,
SCHLAFMUTZE (Mathieu et al. 2009), TEMPRANILLO 1
(Castillejo et al. 2008) and SHORT VEGETATIVE PHASE
(Kobayashi et al. 2007) repress BnaFT.A02 expression by
binding to it. Screening for transcription factor binding sites
within the deleted 288 bp sequence revealed binding sites
for the well-known circadian clock genes CCA/ and LHY. In
addition, LHY was found to be located in QTL C03_1. We
also noted two unannotated genes with similarity to known
flowering-time genes, GA20-oxidase (BnaC02g01710D) and
CONSTANS-LIKE (BnaC02g06280D), within QTL C02_1
and C02_3, respectively. This suggests that this SV poly-
morphism may modulate FT expression by altering the bind-
ing characteristics to one or both of these genes, which are
known to act together by the formation of dimers (Lu et al.
2009; Seo et al. 2012) and which have known involvement in
photoperiod responses (Fujiwara et al. 2008; Li et al. 2008).
In the past, the prevalence of SV within genes has been
mostly ignored in most crop species due to the lack of reso-
lution of short-read resequencing. Recent breakthroughs in
long-range sequencing technologies have led to increased
application of these tools in recent years, particularly for
whole-genome assembly (Michael et al. 2018; Schmidt
et al. 2017). To a limited extent, long-read resequencing
has also been applied to explore genome-wide SV patterns;
however, the focus to date was generally on broad com-
parisons between small numbers of very diverse accessions
(e.g., Chawla et al. 2020; Todesco et al. 2020), or strongly
restructured genomes of mapping parents with synthetic
background (Gabur et al. 2019). Associations of SV with
flowering time, disease resistance and eco-geographical
differentiation in diverse oilseed rape B. napus accessions
(Chawla et al. 2020) revealed a general relevance of SV for
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breeding. However, the extent, relevance and role of SV for
important traits in modern elite cultivars have still not been
addressed or documented in detail. Here, we show that SV
in key regulator genes of flowering time is associated with
flowering-time modulation in elite winter oilseed rape cul-
tivars. The present study stresses the potential value of SV
impacting important agronomic traits within a set of well-
adapted and strongly selected varieties. Our results suggest
that the utilization of markers developed from SV can add
additional benefit to breeding programs. Our findings can be
used to fine-adjust commercial varieties in terms of flower-
ing time, an increasingly important adaptation trait in the
face of climate change.
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Blackleg is one of the major fungal diseases in oilseed rape/canola worldwide. Most
commercial cultivars carry R gene-mediated qualitative resistances that confer a high
level of race-specific protection against Leptosphaeria maculans, the causal fungus of
blackleg disease. However, monogenic resistances of this kind can potentially be rapidly
overcome by mutations in the pathogen’s avirulence genes. To counteract pathogen
adaptation in this evolutionary arms race, there is a tremendous demand for quantitative
background resistance to enhance durability and efficacy of blackleg resistance in
oilseed rape. In this study, we characterized genomic regions contributing to quantitative
L. maculans resistance by genome-wide association studies in a multiparental mapping
population derived from six parental elite varieties exhibiting quantitative resistance,
which were all crossed to one common susceptible parental elite variety. Resistance
was screened using a fungal isolate with no corresponding avirulence (AvrLm) to
major R genes present in the parents of the mapping population. Genome-wide
association studies revealed eight significantly associated quantitative trait loci (QTL)
on chromosomes AQ7 and A09, with small effects explaining 3-6% of the phenotypic
variance. Unexpectedly, the qualitative blackleg resistance gene RIm9 was found to be
located within a resistance-associated haploblock on chromosome AQ07. Furthermore,
long-range sequence data spanning this haploblock revealed high levels of single-
nucleotide and structural variants within the RIm9 coding sequence among the parents
of the mapping population. The results suggest that novel variants of RIm9 could play a
previously unknown role in expression of quantitative disease resistance in oilseed rape.

Keywords: ONT, structural variation, blackleg, Brassica napus, long-read sequencing, RIm9

INTRODUCTION

Oilseed rape/canola (Brassica napus L.) is one of the most important vegetable oil crops. As a recent
allotetraploid crop, originating from an interspecific hybridization event between its two diploid
ancestors Brassica rapa (2n = 2x = 20, AA) and Brassica oleracea (2n = 2x = 18, CC) (Nagaharu,
1935), B. napus (2n = 4x = 38, AACC) carries a highly complex and dynamic genome which is
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affected by many small-scale and large-scale structural variations
(Parkin et al., 1995; Chalhoub et al., 2014; Stein et al., 2017;
Hurgobin et al., 2018; Chawla et al., 2020). Many studies revealed
high frequencies of homoeologous exchanges between the highly
similar A and C subgenomes (Szadkowski et al., 2010; Chalhoub
et al., 2014; Samans et al., 2017).

The hemibiotrophic fungal pathogen Leptosphaeria maculans
(Desm.) Ces. & de Not. [anamorph: Phoma lingam (Tode ex.
Fr.) Desm.] causes stem canker in B. napus. This disease,
also known as blackleg, is a major problem in almost all
oilseed rape and canola-growing regions around the globe.
Substantial yield losses have been reported in Australia, North
America and several European countries (Fitt et al., 2006).
The primary infection of winter oilseed rape takes place
in autumn via airborne ascospores. Additionally, secondary
infections are likely through pycnidiospores formed within
the asexual pycnidia. The spores penetrate the host tissue
via stomata or wounds and colonize intercellular spaces of
the mesophyll. From there, the fungus starts its symptomless,
biotrophic growth systematically through the petiole into the
stem. Here the pathogen kills the cells, leading to girdling and
rotting of the stem base. As a result, the plant tends to ripen
prematurely and severe infections can lead to serious lodging
and death (West et al., 2001). Resistance breeding is the most
sustainable and effective method to counteract L. maculans.
Resistance of B. napus against L. maculans is often divided
into two classes of resistance mechanisms. A distinction is
made between race-specific, qualitative resistance determined
by major genes, and non-race-specific quantitative resistance
provided by numerous minor effect genes. Qualitative resistance
against L. maculans, considered as complete resistance, has
been investigated in considerable detail and used extensively
in commercial breeding programs of B. napus, due to the
high efficacy and convenient assessment at the cotyledon
stage (Rimmer and van den Berg, 1992; Balesdent et al,
2005; Delourme et al., 2006; Elliott et al., 2016). However,
it has been observed that rapid adaptation of the pathogen
populations can overcome R gene-mediated resistance in the
field within a few seasons (Rouxel et al., 2003; Sprague et al,
2006; Brun et al., 2010; Zhang et al., 2016; van de Wouw
et al, 2017). Thus, commercial breeders place special focus
on quantitative disease resistance. Quantitative resistance is
influenced by multiple genes, and the incomplete nature of
the resistance decreases the selection pressure on the pathogen
population and consequently increases the durability of the
resistance (St Clair, 2010; Delourme et al., 2014). In contrast to
qualitative resistance, the assessment of quantitative resistance
is more challenging as it is mainly expressed at adult plant
stages and highly influenced by environmental conditions (Fitt
et al.,, 2006; Huang et al., 2009). A main target of breeding is
therefore the combination of highly effective R gene-mediated
resistance with a broad and durable quantitative resistance
(Brun et al,, 2010; Pilet-Nayel et al., 2017). However, this clear
distinction between the two types of resistance has recently been
questioned in several studies (Thomma et al., 2011; Delplace
et al, 2020). Also, in some cases the expression of partial
resistance in adult plants imparted by major resistance genes

has been demonstrated (Chantret et al,, 1999; Raman et al.,
2018). The complexity of the B. napus-L. maculans pathosystem
and possible corresponding genes often makes the assessment
of quantitative resistance difficult. Therefore, the objective of
the present study was to identify genomic regions involved
in quantitative blackleg resistance by excluding the possibility
of effective R gene-Avr gene interactions. A multiparental
mapping population was tested under controlled greenhouse
conditions with a selected highly virulent fungal isolate. In
addition, whole-genome long-read re-sequencing using Oxford
Nanopore Technology (ONT) was conducted to reveal the
implications of single nucleotide variants (SNV) and structural
genome variations (SV) on an agronomical highly important
trait within the narrow genepool of European elite winter
oilseed rape. Recently, Chawla et al. (2020) demonstrated a
previously unknown extent of genome-wide, small to medium-
sized SV events within B. napus genes using ONT long-read
sequencing technology. In contrast, SNV have to date been
largely ignored in quantitative trait analysis of important crop
traits, due to the difficulty of assaying SV on a genome-
wide scale in complex crop genomes. In the past few years,
however, rapidly decreasing costs and increasing accuracy of
long-read sequencing from the ONT or Pacific Biosciences
platforms has opened the way to include genome-wide SV data
from long-read sequences in QTL analysis and interpretation.
Here we successfully called SNV in ONT data from the
seven elite winter oilseed rape parents of the multiparental
mapping population, enabling us to associate genome-wide SV
with single nucleotide polymorphism (SNP) haplotypes carrying
blackleg resistance QTL.

MATERIALS AND METHODS

Plant Material

A B. napus multiparental population comprising 354 double
haploid (DH) lines derived from seven European elite winter
oilseed rape varieties was tested for quantitative blackleg
resistance in multiple greenhouse screenings. The mapping
population consisted of six subfamilies derived from crosses of
the elite parent “Lorenz” to six elite founder lines (“Adriana,
“Alpaga,” “DK Cabernet,” “Galileo,” “King 10, and the DH
line “IN”). Each of the subfamilies comprised 60 DH lines
except for the cross Lorenz x Galileo, which comprised
54 DH lines. The common parent Lorenz was previously
classified as highly susceptible to blackleg disease, whereas the
other six founder lines were all known to carry quantitative
blackleg resistance (unpublished data, breeding companies).
The German breeding companies NPZ Innovation GmbH
(Holtsee, Germany), Syngenta Seeds GmbH (Bad Salzuflen,
Germany), and KWS SAAT SE & Co. KGaA (Einbeck,
Germany) produced and provided the DH families. In parallel,
another panel of 256 diverse winter oilseed rape inbred
lines was tested for blackleg resistance in a 2-year field
trial with one plot per field. These accessions were part
of the ERANET-ASSYST B. napus diversity set, previously
described by Bus et al. (2011).
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Resistance Screenings and Data

Analysis

The multiparental mapping population was screened for adult-
plant blackleg resistance under controlled conditions in the
greenhouse of Georg August University of Gottingen in 11
independent screening experiments, each individual screening
included all 354 genotypes with two plant individuals (replicates)
per genotype in a completely randomized design. In total 22
plant individuals were tested per genotype across 11 screening
experiments (22 replicates per genotype). Manual infection was
carried out at developmental stage BBCH 13-14 (3-4 true
leaves, leaf pairs, or whorls unfolded) (Lancashire et al., 1991).
L. maculans was propagated on oatmeal agar medium 2 weeks
before infection. A mycelial agar plug was then placed at the stem
base, slightly above the axil of the first true leaf, after wounding of
the infection site using a needle. Subsequently, plants were grown
under foil tunnels for 72 h to ensure appropriate humidity and
temperature for a successful infection. At 49 days post infection
(dpi), a cross section was cut at the stem base to estimate the
length (L), girdling (G), and penetration depth (P) of the blackleg
lesions. L was measured in mm whereas G and P were visually
scored as percentage of the total circumference and diameter,
respectively. Next, these scores were converted into individual 0-
9 scales for each score. Using L, G, and P scoring values at 49 dpi,
the Volume of Diseased Tissue (VDT) value was calculated using
a formula modified from Kutcher et al. (1993):

1-P G
VDT =(1—(—)2)*7*L
9 9

Also, single screening means of the two replicates per
screening, adjusted means across all the eleven screenings,
were calculated using the R packages lmerTest version 3.1-2
(Kuznetsova et al., 2017) and lsmeans version 2.30-0 (Lenth,
2016). This approach allowed the assessment of QTL stability
across different screenings.

The diversity set was grown in 2016/2017 and 2017/2018 in
field trials in Rauischholzhausen, Germany. It was grown under
normal farming practices with no use of fungicides. The fields
were chosen based on close crop rotation and known high natural
blackleg infection pressure. Single plots per genotype were sown
and analyzed in a randomized complete block design, with plot
sizes of 12.5 m? (10 m x 1.25 m). At developmental stage BBCH
83-85 (30-50% of pods ripe, seeds black, and hard), 20 plants
from the middle row of each plot were uprooted and cut at the
stem base. Visual scores from 1 to 6 for blackleg infestation at
the resulting cross section were used to calculate the G2 index
for blackleg adult plant stem infection (Pilet et al., 1998; Aubertot
et al., 2004) using the formula:

G2 index = [(N1x0) + (N2x1) + (N3x3) + (N4x5) + (N5x7) + (N6x9)] /Nt,

where N1, N2, N3, N4, N5, and N6 are the number of stems with
scores 1, 2, 3, 4, 5, and 6, respectively, and Nt is the total number
of stems assessed.

Characterization of Fungal Isolates

Leaf samples with characteristic lesions of L. maculans were
collected in the field trials and dried. Leave segments were
incubated in humid chambers to allow spore release from
pycnidia. Single pycnidium isolates were prepared by plating
spores on SNA medium amended with 200 ppm streptomycin
for 6 days. Petri dishes were incubated under UV light at 20°C.
Subsequently, a mycelial plug was transferred to V8 medium
supplemented with 200 ppm streptomycin and incubated
for 2 weeks under the same conditions. Spore suspensions
were prepared by adjustment to 1 x 107 spores/ml using a
hemocytometer. To characterize L. maculans isolates, cotyledon
tests were applied using a differential set of B. napus harboring
major resistance genes (Supplementary Table 3; Balesdent et al.,
2002, 2006; Marcroft et al., 2012). Shortly, 10 pl spore suspension
was applied on each lobe of cotyledon after injuring it with a
needle. Eight replications were used. Symptoms were evaluated
14 days post inoculation according to the IMASCORE rating
scale, where class 1 shows typical hypersensitive reactions and
class 6 reflects tissue collapse with sporulation. Classes 1-3 were
considered as resistance reactions, while classes 4-6 were noted
as susceptible ones (Balesdent et al., 2001).

Single Nucleotide Polymorphism
Genotyping and Analysis of Linkage
Disequilibrium

All the investigated B. napus accessions were genotyped using
the Brassica 60k Tllumina Infinium™ SNP array. The B. napus
reference genome assembly Darmor-bzh version 10 (Rousseau-
Gueutin et al., 2020) was used to anchor 34,079 markers
uniquely to a single position of the genome (Supplementary
Table 1). Markers mapping unspecifically to multiple positions
were excluded from further analyses. Finally, single hits were
filtered for a cut-off e-value of le™!>. Heterozygote SNP calls
were considered as missing data since we should not expect
heterozygote calls for DH or inbred lines, hence it can be assumed
that these calls are mostly due to technical artifacts. Genome-wide
linkage disequilibrium (LD) was calculated using the R package
SelectionTools version 19.4'. Prior to LD analysis, markers were
filtered for minor allele frequency (MAF) >0.05 and a maximum
of 10% missing data per marker and DH line. A tolerance
threshold of r* > 0.4 was set to assign markers in strong LD to
respective LD blocks.

Genome-Wide Association Studies

Genome-wide association studies were conducted using the
R package GenABEL version 1.8-0 (Aulchenko et al., 2007).
Markers for the multiparental population were filtered as
described above for LD analysis. This approach led to a set
of 17,869 polymorphic and unique markers, including 16,400
SNP markers and 1,469 Single Nucleotide absence Polymorphism
(SNaP) markers called as described by Gabur et al. (2018).
The linear mixed model was adjusted for population structure
by consideration of identity-by-state estimates and the first

'http://population- genetics.uni- giessen.de/~software/
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two principal components (PC) as covariates. To reduce false
positive rates, LD blocks were determined as suggestive QTL
when a minimum of two markers per block showed trait
associations in at least two individual greenhouse screening
rounds. A LOD score of —logl0 (p-value) >3.0 was applied
as threshold for suggestive marker-trait associations. Finally,
QTL were determined after correction for false discovery rate
(FDR < 0.1) when performing GWAS with the adjusted means
across all greenhouse screening rounds.

In order to validate QTL discovered in the multiparental
population using the greenhouse data, we also performed an
independent GWAS in the diversity panel using phenotypic
data from the field trials. Similar filtering steps led to 23,603
polymorphic SNP markers. Here, LD-based QTL were defined
by considering kinship and PC and applying a LOD score of
—logl0 (p-value) >3.0 as an arbitrary threshold for putative
marker-trait associations.

Functional Annotation of Darmor-bzh

Genes

Functional annotation data for Darmor-bzh v4.1 produced by
Gabur et al. (2020) were used together with genome-wide
functional annotation of Darmor-bzh v10 performed using
the “Automatic assignment of Human Readable Descriptions”
(AHRD)? package (Supplementary Table 2). AHRD obtains the
functional annotations for gene models by blasting them to
various publicly available protein databases such as Swiss-Prot,
TAIR or trEMBL. Two hundred best scoring blast results (based
on e-value) were chosen from each of the above-mentioned
databases. Description for all the resulting blast hits was then
assigned a score using a multi-step approach. In the first step
every description line was subjected to a couple of regular
expression filters, removing descriptions such as “Whole genome
shotgun sequence” and other vague terms like “OS = Arabidopsis
thaliana.” In the subsequent step the description lines were
broken down into single tokens. These tokens were then pushed
through a blacklist filter, thereby discarding all the tokens present
in the blacklist. Every token was then assigned an overlap score
based on the bit score, the database score, and the overlap score
of the blast match. In the last step the token score was divided by
a correction factor to remove any bias toward longer or shorter
description lines. For the exact database and software versions
please refer to the “Darmorl10_input_go_prediction.yaml” file in
the Supplementary Material.

Whole Genome Long-Read

Resequencing and Variant Calling

Long-read sequencing was performed for all the seven parental
lines of the mapping population using Oxford Nanopore
Technologies (ONT). DNA extraction was conducted as
described in Chawla et al. (2020). In addition, DNA size selection
was performed using the Circulomics Short Read Eliminator Kit
(Circulomics Inc.). The recommended kit LSK-109 from ONT
was used for DNA library preparation. Long-read sequencing was
performed using the MinION device from ONT. Subsequently,

Zhttps://github.com/groupschoof/ AHRD

basecalling was executed with Guppy version 4.0.14 and reads
were aligned to the B. napus reference assembly Darmor-bzh v10
using the long-read mapper NGMLR version 0.2.7 (Sedlazeck
et al., 2018). BAM files were created using samtools version 1.9
(Li et al., 2009). For genome-wide SV detection the variant caller
Sniffles version 1.0.12 was used with default settings (Sedlazeck
et al., 2018). Deletions and insertions with a minimum size
of 30 bp were classified as SV. In addition, SNV calling was
conducted using the deep neural network based variant caller
Clair version 2 (Luo et al., 2020). The Clair module callVarBam,
with a model for ONT data, was used to call SNV from BAM
files. To reduce false positive calls, SNV calls were filtered
for a minimum quality using a shell script kindly provided
by Fritz Sedlazeck and Medhat Mahmoud, Baylor College of
Medicine, Human Genome Sequencing Center, Houston, TX,
United States. The script calculates the most appropriate cut-off
value for SNV quality filtering according to the recommendations
of the authors of Clair. Luo et al. (2020) observed that quality
scores of variants derived from ONT data are usually bimodally
distributed, so that high-quality base calls can be extracted by
setting a quality cut-off at a value corresponding to the bottom
of the valley between the two peaks plus 50. In addition to
quality filtering, a stringent filtering for only homozygous calls
and a minimum allele frequency (AF) of 0.5 for the variant
were applied. Then, the files of the single genotypes were
merged using bcftools version 1.10.2 and were subsequently
used as an input to invoke the force-calling parameter of
Clair. Next, all samples were run again to force-call the SNV
provided within the merged file. This again was followed by
filtering for quality, homozygous calls and a minimum AF of
0.1. A lower threshold for AF was chosen after force-calling,
since previous SNV calling already indicates the presence of
these variants. Subsequently, CLC Genomics Workbench (v9.0,
QIAGEN Digital Insights, Aarhus, Denmark) was used to align
the sequences of the parental lines and to predict the impacts of
amino acid changes caused by SNV.

Single Nucleotide Variants Validation

Due to the high number of SNV, the sequence of the gene
A07p27010.1_BnaDAR was selected to validate the SNV calling
method. For this purpose, sets of primers were designed
to amplify the selected region and Sanger Sequencing was
performed in the mapping parents. Primers were designed using
the online tool Primer3Plus (Untergasser et al., 2007).

RESULTS

Identification of a L. maculans Isolate
Without R Gene Interaction for Use in
Quantitative Resistance Screening

From the 644 L. maculans isolates collected in Northern Germany
and characterized by Winter and Koopmann (2016), one isolate
was selected (isolate 1.4.1.15). This isolate has been shown in
cotyledon test with a B. napus differential set to harbor virulence
alleles against R genes Rlml, Rlm2, Rlm4, Rlm7, RIm9, LepR2,
and LepR3. The isolate was tested on the cotyledons of the
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seven elite oilseed rape parents of the multiparental mapping
population. It showed a susceptible interaction in all cotyledon
tests indicating that none of the parents exhibit any qualitative
major resistance against this fungal isolate based on plant R
gene and fungal avirulence gene interaction (Supplementary
Table 3). Thus, this virulent isolate 1.4.1.15 recovered from a
field in Peine (Germany) in 2013 was used subsequently for
the greenhouse screenings for quantitative resistance, in order
to avoid interaction of major monogenic resistance genes with
fungal avirulence genes that could putatively mask the effects of
minor quantitative resistance loci in the mapping population.

European Elite B. napus Accessions
Show Genetic Variation for Quantitative

Blackleg Resistance

Mixed linear models (MLM) demonstrated significant genotypic
variation within the multiparental population (p < 0.001). VDT
values from greenhouse screenings showed a normal distribution
within the six subfamilies as well as in the entire mapping
population, confirming the quantitative inheritance of blackleg
resistance in this population (Supplementary Figure 1). LD
analysis resulted in an average number of 33 LD blocks per
chromosome. Single greenhouse screening rounds using mean
VDT values from 2 replicates per genotype revealed together
up to 326 marker-trait associations in GWAS. GWAS using
mean VDT values composed of 22 replicates for each genotype
merged from a total number of 11 screening rounds identified
84 significant marker-trait associations (Supplementary Table 4).
After FDR correction a total of eight QTL regions were identified
(Table 1), seven on chromosome A09 and one on chromosome
A07. No QTL were detected on C-subgenome chromosomes.
As expected for quantitative resistance, phenotypic variation
explained by individual SNP markers was low and was ranging
from 3.2 to 5.6% (Table 1). QTL stacking in the multiparental
population revealed that the allele combination present in the
common parent Lorenz led to the highest susceptibility compared
to alleles from the other parental lines. This confirmed the initial
assumption and the choice of Lorenz as the susceptible common
parent. Almost all resistance alleles were derived from the six
founder lines, whereas only one resistance allele was derived
from the common parent Lorenz. The ideal allele combination
of the eight QTL resulted in an estimated effect on resistance of
35.5% (—2.06 on the VDT scale). This beneficial combination was
already present in the two founder lines DK Cabernet and JN
(Supplementary Table 5).

Candidate Gene Analysis for Genes
Involved in Quantitative Resistance

Based on two approaches together we identified 128 genes
across the eight QTL regions that are associated to defense
response and/or resistance in at least one reference genome
(Supplementary Table 6). The QTL on chromosome AQ7
(haploblock A07.b304) was detected in the highest number
of individual screening rounds (Table 1). The haploblock had
a size of 888 kb in the investigated multiparental mapping
population and contained 53 SNP markers and 193 genes in

354) and overlapping resistance QTL (G2 or stem

TABLE 1 | Blackleg resistance QTL (VDT trait) identified in a B. napus multiparental elite mapping population in 11 independent greenhouse screening rounds (n

lesion) in the ERANET-ASSYST diversity set in two field trials (n
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Darmor-bzh v10 (Supplementary Table 7). However, some
genes in the interval revealed no annotation in Darmor-bzh
v4.1 because no homologous genes exist between Darmor-bzh
v4.1 and v10 or because Blast2GO revealed no annotation
for the Darmor-bzh v4.1 genes (60 of 193). Thus, the protein
sequences of the 193 B. napus Darmor-bzh v10 genes from
the QTL interval were additionally aligned to the Arabidopsis
reference genome Araportll (Cheng et al,, 2017) and literature
links were evaluated exhibiting some additional, more detailed
functional annotations. Out of 193 genes, 17 were associated to
defense response and/or resistance (Supplementary Table 7).
In particular, we found substantiated evidence in the literature
that three of these 17 genes have a function related to fungal
plant resistance in A. thaliana and B. napus in interaction with
common B. napus fungal pathogens (A07p26890.1_BnaDAR,
A07p28430.1_BnaDAR, A07p27010.1_BnaDAR). Most
interestingly, the gene A07p27010.1_BnaDAR has been shown
to be the major resistance gene RIm9, which imparts qualitative
resistance against L. maculans in B. napus (Larkan et al., 2020).
To evaluate for the presence of resistance gene analogs (RGAs) in
the QTL region of A07.b304 and their polymorphisms between
the parents of the multiparental mapping population, we also
located the QTL interval for Darmor-bzh versions 4.1 (Chalhoub
et al., 2014) and 8.1 (Bayer et al., 2017) based on the flanking
SNP markers (Supplementary Table 8). However, two out
of five putative RGAs identified in this interval showed no
polymorphism and none of them had been annotated to be
involved in plant resistance.

Identification of Major Resistance Gene
RIm9 as Candidate Gene for Quantitative

Blackleg Resistance

The detected quantitative resistance region has been mapped
before for the qualitative resistance gene RIm9 in young seedlings
(Larkan et al., 2016b; Raman H. et al., 2020). However, testing of
virulence complexity proved that the isolate used for greenhouse
screening for quantitative resistance in our experiments shows
no gene-for-gene interaction with RlmlI, Rlm2, Rlm4, Rlm?7,
RIm9, LepR2, and LepR3 (see above). On the other hand, variant
calling using ONT long-read sequencing data revealed that the
sequence diversity in the gene A07p27010.1_BnaDAR (RIm9)
was considerably higher than in all other genes within the QTL
interval and all putative resistance genes in any of the other
identified QTL (Supplementary Table 7). Within the QTL
interval, the peak SNP marker lies just 35 kb away from
the RIm9 gene. Within the sequence of Rlm9, we found 142
polymorphic SNV calls and a 6 kb insertion in four of the seven
parental lines (Adriana, Alpaga, Galileo, and King 10). Parental
lines Lorenz (susceptible), DK Cabernet and JN displayed an
identical haplotype, comprising 24 SNPs in LD to the peak
SNP marker, whereas the resistant genotypes harboring the
insertion within the sequence of RIm9 (Adriana, Alpaga, Galileo,
King 10) showed a deviating haplotype (Figure 1). PCR and
Sanger sequencing proved both, the authenticity of the 6 kb
insertion and the correctness of the 142 intragenic SNV calls in
A07p27010.1_BnaDAR. Each of the 142 SNV calls from ONT

data was confirmed to be correct, whereby the Sanger sequencing
also revealed a further 60 SNV within this particular gene.
These 60 false negatives can be explained by the strict filtering
process applied to eliminate false positive calls in the SNV calling
approach. Nevertheless, the results indicate that SNV calling from
“noisy” long reads produced with ONT provides reliable variant
calls for genetic analysis.

RIm9 codes for a wall-associated kinase like (WAKL) protein.
A search for motifs using the Conserved Domain Search tool
implemented in NCBI along with the Pfam database revealed
three conserved domains, two within exon 1 and one within
exon 3. These comprise an extracellular galacturonan-binding
domain (GUB_WAK), a C-terminal wall-associated kinase
(WAK) and an intracellular Serine/Threonine protein kinase
domain (Ser/Thr_kinase). In addition, an EGF-like domain is
located in exon 2 (Larkan et al,, 2020). Based on the Sanger
sequencing we found that three of the seven parental genotypes
(Lorenz, DK Cabernet, JN) carry an identical Rlm9 allele to
Darmor-bzh, whereas the other four harbor a 6 kb insertion
within the second exon along with 202 SNV throughout the
entire gene (Adriana, Alpaga, Galileo, King 10). These SNV
caused in total 92 non-synonymous amino acid changes. We
observed 19 amino acid changes within the GUB_WAK domain
(84.2% identity to Darmor-bzh), 15 amino acid changes within
the WAK domain (86.7% identity to Darmor-bzh) and 23 amino
acid changes as well as a stop codon within the Ser/Thr_kinase
domain (91.3% identity to Darmor-bzh). The EGF-like domain in
exon 2 was disrupted by the 6 kb insertion in genotypes Adriana,
Alpaga, Galileo, and King 10 (Figure 2).

Candidate Genes in Co-localizing
Quantitative Trait Loci From Greenhouse

and Field Trials

The QTL regions and candidate genes where initially identified
in the elite population under controlled conditions excluding R
gene interaction. To putatively support these candidate genes,
we also identified QTL for adult plant resistance under field
conditions in a diversity set. The field trials using the ERANET-
ASSYST diversity set relied on natural infection. Characterization
of field isolates sampled at the field site in Rauischholzhausen
(Germany) revealed fungal isolates harboring the avirulence
alleles AvrLm3 or AvrLm7 in combination with virulence alleles
avrLm1, avrLm2, avrLm4, and avrLm9. This situation represents
the typical German field situation as reported previously (Winter
and Koopmann, 2016). This implies that monogenic Rim3 and
RIm7, also located on chromosome A07 (Larkan et al., 2016b;
Raman R. et al, 2020) and potentially harbored by some of
the genotypes of the diversity set, could mask quantitative
resistance associated with the investigated genomic region on
chromosome A07. However, monogenic Rlm9 effects should not
mask quantitative resistance effects associated with RIm9 in this
field situation. Three of the eight QTL found in the analysis
with the multiparental mapping population were also found in
field trials for blackleg stem lesions in the ERANET-ASSYST
diversity set (QTL A07.b304, A09.b366 and A09.b382, Table 1
and Supplementary Table 9). The LD blocks for these three QTL
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LD based haploblock in ERANET-ASSYST diversity set (*=0.4)
A07.b304 - LD based haploblock in multiparental population (r=0.4)
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FIGURE 1 | LD based haploblock A07.b304 (2 = 0.4) containing 54 single nucleotide polymorphism (SNP) markers and RIm9 (A07p27010.1_BnaDAR). Green color
indicates the two haplotypes with 24 identical SNP markers between the three parental lines Lorenz, DK Cabernet and JN. Haplotypes 2, 3, and 5 are harboring the
6 kb insertion in the sequence of RIm9 (orange). Purple bar highlights the overlap with the LD based QTL identified in the diversity set in field trials. Gray highlight
indicates RIm9 gene, yellow highlight indicates SNP markers identified in one individual greenhouse screening round, red color indicates SNP markers identified in at
least two individual greenhouse screening rounds.
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FIGURE 2 | Alignment of the protein sequence of King 10 against the reference Darmor-bzh v10. King 10 is representative for the four parental lines harboring a 6 kb
insertion and 202 SNV leading to 92 non-synonymous amino acid changes. Different colors indicate exons and conserved domains. The asterisk indicates a stop
codon.

partly overlap in both populations. Assuming that the same genes  of candidate genes was reduced from 68 to 5, 54 to 2, and 11 to
are involved in quantitative resistance expression in both winter 1 for the three co-localizing QTL intervals for QTL A07.b304,
oilseed rape populations, the overlap in the QTL interval might =~ A09.b366, and A09.b382 by filtering for GO terms associated to
be useful to narrow the search for potential candidate genes. By  defense response and/or resistance (Table 2 and Supplementary
considering overlapping QTL regions as high-confidence QTL  Table 10). Rim9 is localized in the overlapping QTL region of
intervals, we reduced the areas of interest from 888 kb to 271 kb,  both populations, the multiparental mapping population and the
998 kb to 473 kb, and 2,338 kb to 72 kb, respectively. In total, these  diversity set tested under controlled conditions in the greenhouse
three intervals contained 133 genes (68, 54, and 11). The number  and in the field, respectively.
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TABLE 2 | Genes within the L. maculans resistance QTL of the multiparental population overlapping with QTL of the diversity set based on GO terms that can be
associated with plant resistance and numbers of genomic variants in the multiparental population.

Gene ID QTL ID Range of overlap in kb Gene annotation Structural variants (SV) No. of single nucleotide
variant (SNV) calls
A07p26790.1_BnaDAR AO07.b304 271 kb Nuclear pore complex protein - 1
NUP96
A07p26870.1_BnaDAR A07.b304 271 kb Cinnamoy! CoA reductase - 18
A07p26890.1_BnaDAR AO07.b304 271 kb Transcription factor WRKY - 17
A07p27010.1_BnaDAR  AQ07.b304 271 kb Wall-associated receptor 6 kb insertion 142
kinase-like 10
A07p27130.1_BnaDAR  A07.b304 271 kb ALA-interacting subunit - -
A09p21820.1_BnaDAR  A09.b366 473 kb Protein ENHANCED DISEASE - 96
RESISTANCE 2-like
A09p21880.1_BnaDAR  A09.b366 473 kb Heat shock transcription factor - 8
A09p44190.1_BnaDAR  A09.b382 72 kb UPF0183 protein - -

DISCUSSION

Quantitative resistance against L. maculans exhibiting minor
effects in B. napus is difficult to detect as it is frequently masked
by qualitative resistances exhibiting major effects controlled
by race-specific R genes in the host and pathogen. Pathogen-
associated molecular patterns (PAMPs) are considered to initiate
a broad-spectrum resistance against a pathogen species, termed
PAMP-triggered immunity (PTI), whereas race-specific pathogen
effectors contribute to pathogen virulence and can induce
effector-triggered immunity (ETI) in the plant host on a gene-for-
gene interaction model, also called qualitative resistance (Jones
and Dangl, 2006). However, in the last decade it has become
clear that this strict distinction between PTI and ETI might
need reconsideration (Thomma et al.,, 2011). In addition, the
extent to which PTT is associated with quantitative resistance
expression also remains to be clarified (Delplace et al., 2020).
ETI and PTI are both mainly involved in pathogen perception
and signaling, whereas quantitative resistance goes beyond
that and is controlled by numerous genes with diversified
functions (Corwin and Kliebenstein, 2017). Qualitative and
quantitative resistance cannot normally be clearly distinguished
in field studies. The complexity of the fungal population
in the field, harboring different avirulence genes, and the
genetic composition of the plant population, harboring unknown
minor and major resistance allele combinations, generally cause
difficulties in association studies of quantitative resistance under
field conditions. Thus, our strategy in this study was to identify
and use a fungal L. maculans isolate that has no qualitative
resistance R gene interaction with the parental oilseed rape
cultivars of our multiparental population, and to use this
isolate to map quantitative minor effect QTL by GWAS under
controlled conditions.

Using  this  strategy, we identified a normal
distribution of disease, indicating the exclusively quantitative
inheritance of blackleg resistance in the mapping population. The
absence of effective gene-for-gene interactions that can usually
be observed in the B. napus-L. maculans pathosystem allowed
us to identify genomic regions explaining only a small portion
of phenotypic variation (<6%). In accordance with a previous

study, we also observed high QTL-by-environment interactions,
which is common for quantitatively inherited disease resistance
even under controlled greenhouse conditions (Obermeier et al.,
2013) and is even more common due to varying disease pressure
throughout field trials (Huang et al., 2016; Larkan et al., 2016a;
Kumar et al., 2018; Raman et al., 2018).

In most studies mapping quantitative blackleg resistance,
different methods for disease scoring of cross sections at the
crown or scoring of survival rate were used to estimate the disease
severity (Huang et al., 2016; Larkan et al., 2016a; Gabur et al,,
2018; Kumar et al., 2018; Raman et al., 2018; Raman R. et al.,
2020). In the field trials of the present study, G2 index scoring
of cross sections at the crown was applied due to the immense
workload that needs to be achieved within a short period of
time. However, the G2 index depends strongly on precise cuts to
accurately assess the cross sections. This phenotyping method is
time-saving compared to VDT scoring and provides useful and
informative data from field evaluations of blackleg disease. In
addition, to gain more detailed insights into the growth of the
fungus, the VDT scoring method of Kutcher et al. (1993) was used
for the assessments in the greenhouse trials. The high overlap
of QTL results with previous studies underpins the relevance of
the applied phenotyping method and further reveals that some
of the identified QTL regions are crucial within international
germplasm (Jestin et al., 2015; Raman et al., 2016, 2018; Kumar
et al,, 2018; Fikere et al., 2020; Raman H. et al., 2020; Raman R.
etal.,, 2020; Supplementary Table 11).

We mapped quantitative resistance on chromosomes A09
and A07 in the multiparental population in the greenhouse.
All QTL explained less than 5% of the phenotypic variation
suggesting that genomic selection approaches are more suitable
than marker-assisted selection for breeding toward quantitative
L. maculans resistance in oilseed rape. Some of the QTL regions
identified in the present study on chromosome A09 and A07
overlapped with previously described QTL (Supplementary
Table 11). However, chromosome A07, in contrast to AQ9, is
mainly known to harbor qualitative resistance genes providing
race-specific resistances (Delourme et al., 2006). Although we
ensured the specific assessment of quantitative resistance by
selecting a fungal isolate with no gene-for-gene interaction with
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the mapping population in our greenhouse trials, to our surprise
a QTL explaining less than 5% of the phenotypic variance was
identified in a genome region on chromosome A07 known to
harbor a cluster of R genes (RIm3, Rlm4, Rlm7, and RIm9)
involved in qualitative resistance expression. This suggests that
this genome region is either a genomic hot spot where genes
involved in qualitative as well as quantitative resistance are tightly
clustered (linkage) or that some genes known to be involved in
major qualitative resistance can also impart quantitative effects
on resistance. Although it is possible that linkage exists between
R gene clusters which are non-functional at the cotyledon stage
in our population and genes involved explicitly in quantitative
resistance expression in the LD block on chromosome A07, no
clear candidate genes could be identified by GO analysis or
polymorphism detection between the parental genotypes. The
most striking polymorphism was detected in the well described
major resistance gene RIm9, which could suggest that this gene
is also involved in adult plant resistance expression in the
investigated multiparental population. In addition, RIm9 co-
localized with an overlapping QTL region in a diversity set
for field resistance in adult plants subjected to infection by
an L. maculans population with an avirulent AvrRIm9 gene
composition. This observation supports the involvement of this
candidate gene in quantitative resistance expression in these
environments and populations.

This result is in accordance with previous reports that some
major Rlm/LepR genes also have quantitative effects on adult
plant resistance. For example, the fungal AvrLmS-Lep2 gene-
for-gene interaction with a B. napus R gene, LepR2, shows a
qualitative intermediate resistance response at the cotyledon
stage and partial resistance at the adult plant stage (Long et al,,
2011; Dandena et al., 2019; Neik et al., 2020, preprint). The
hypothesis that RIm9 is involved in quantitative resistance is also
supported by Raman et al. (2018), who reported a quantitative
resistance effect of the location harboring Rlm9 in the greenhouse
on adult plants, using a plant population segregating for Rim9
and an L. maculans isolate carrying a corresponding functional
avirulence gene AvrLm5-9 allele. That result also suggested that
RIm9-mediated resistance was expressed at the adult plant stage.
The concept of R genes mediating quantitative resistance has
been previously suggested and discussed in other studies that
made similar observations (Chantret et al., 1999; Raman et al.,
2018). A possible weak, constitutive expression of R genes at adult
plant stage may lead to partial resistance with only minor effects.
Our results suggest that further studies investigating R gene
expression at adult plant stage or even accompanying an entire
growth period could give deeper insights into these repeatedly
observed findings.

Our detailed analysis of the molecular polymorphism for RIm9
in the parents of the mapping population also supports this
hypothesis. In particular, non-synonymous amino acid changes,
an inserted stop codon and especially the large insertion in
RIm9 most likely alter the transcript or even interrupt the
transcription of the gene in four of the seven parents of the
mapping population. Usually, R genes encode nucleotide-binding
site leucine-rich repeat (NBS-LRR) proteins (McHale et al., 2006).
Wall-associated kinase (WAK) and wall-associated kinase-like

(WAKL) genes are a newly discovered class of race-specific
plant receptor-like kinase resistance genes involved in qualitative
resistance (Larkan et al., 2020). However, although some WAKL
genes have been shown to be involved in race-specific gene-for-
gene interactions, for example Rlm9 in oilseed rape and Stb9
in wheat (Keller and Krattinger, 2018), other WAKL genes like
RFO1 (RESISTANCE TO FUSARIUM OXYSPORUM 1)/WAKL22
in Arabidopsis have been found to be involved in broad-
spectrum resistance against F. oxysporum f. sp. matthioli and
other races (Diener and Ausubel, 2005) and against Verticillium
longisporum (Johansson et al., 2006) in Arabidopsis, while
ZmWAKI confers quantitative resistance to northern corn leaf
blight in maize (Hurni et al., 2015). The protein structure of the
WAKs and some WAKLs can be divided into an extracellular
and an intracellular compartment, which are connected by a
transmembrane domain. These proteins are characterized by
a cytoplasmic Ser/Thr kinase domain in the cell interior and
an extracellular domain that is similar to epidermal growth
factor domains in vertebrates (epidermal growth factor; EGF-like
domain). This occurs as a calcium-binding EGF domain (EGF-
Ca?™) and/or as an EGF2-like domain, although in some cases it
is slightly degenerate (Verica and He, 2002). The exact function of
these EGF-like domains is still largely unclear. However, previous
studies demonstrated that EGF-like domains are involved in
protein-protein interactions (Kuroda and Tanizawa, 1999). This
extracellular domain is disrupted in four of the seven parents
in our study by a 6 kb insertion, which might thus be
expected to potentially interrupt (unknown) protein-protein-
interactions and could consequently impart a quantitative impact
on resistance activity. Other parts of the extracellular domain are
bound to the pectin of the cell wall (Wagner and Kohorn, 2001),
but can also serve as receptors for oligogalacturonides (OGs),
which, among other things, arise from mechanical destruction
of the pectin and act as DAMPs (damage-associated molecular
patterns) to activate the plant immune system (Brutus et al,
2010). This part contains a conserved GUB_WAK domain
(galacturonan-binding wall-associated receptor kinase). This
suggests that WAKL genes might be involved in more broad-
spectrum resistance in some pathogen-host interactions by
sensing DAMPs. Hence, our results in oilseed rape suggest a
possible dual function of RIm9. On the one hand, RIm9 is
expected to be involved in race-specific PTT in oilseed rape when
challenged with L. maculans isolates carrying AvrLm5-9, which
trigger a strong qualitative gene-for-gene resistance effect in plant
genotypes with a functional interacting RIm9 gene as in Raman
et al. (2018). However, in contrast to Raman et al. (2018), the
results in our study suggest that the gene-for-gene interaction for
RIm9 is not only expressed at the cotyledon stage, but also to a
lesser extent in adult plants. In contrast to Raman et al. (2018), we
used a L. maculans isolate which did not harbor a corresponding
avirulence gene (avrLm5-9). Thus, even though no gene-for-gene
interaction of RIm9 with its corresponding avirulence gene is
expected in our experiment, still we found a weak expression of
quantitative resistance of 5%. This indicates that RIm9 may have
other additional features triggering quantitative resistance, for
example by sensing DAMPs. Only if some functional domains
are disrupted, like the EGF-like domain in four of the seven

Frontiers in Plant Science | www.frontiersin.org

November 2021 | Volume 12 | Article 749491


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Vollrath et al.

Quantitative Blackleg Resistance and Rim9

genotypes in our study, might this weak quantitative
resistance effect also be lost. All in all, the results
of the present study confer with previous studies that
observed R gene mediated resistance under controlled
and field conditions at adult plant stages in B. napus
(Delourme et al, 2004; Raman et al, 2012). Based on
these collective observations, we hypothesize that the role of
RIm9 in this interaction deserves more detailed functional
analysis in future.
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4.1 Implementation of multiparental mapping populations

Multiparental populations are valuable plant breeding resources used to identify
chromosome regions and alleles with effects on important agronomical traits in crops. The
analyses presented in Chapters 2 and 3 are based on a multiparental DH population derived
from crosses of six elite founder lines to one common parental line. This particular
population can also be described as nested population with multiple biparental crosses
sharing a common parent that links the subpopulations. The six founder lines were selected
due to their known broad quantitative blackleg resistance, whereas the common parent was
known to be highly susceptible towards blackleg. This particular design allowed the
identification of eight QTL associated with quantitative blackleg resistance, including four
novel QTL and four QTL that have been already described in previous studies. Two
hundred and thirty-five SV were found to be located within these QTL regions. The
association of several intragenic SV with blackleg resistance suggested the potential impact
of SV in expression of disease resistance. In particular, a large novel insertion within the
coding DNA sequence (CDS) of the well-characterized R gene RIm9, which was found at
the peak of a QTL for blackleg resistance, supports the hypothesis that SV can cause novel

variation for quantitative resistance.

Differences regarding the onset of flowering were observed during the field trials and
thereafter assessed and analyzed. Eight QTL were found to be associated with flowering
time modulation. Within these genomic regions we found 52 intragenic SV, thus suggesting
that SV affects flowering time modulation in oilseed rape. This corresponds to the findings
of Chawla et al. (2020), who discovered that genome-wide SV clearly differentiate winter,
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spring and semi-winter B. napus ecotypes, indicating that small to mid-size SV events in
flowering pathway genes were a key factor in ecogeographical adaptation between different

B. napus ecotypes.

This particular multiparental intercross design provides several advantages in comparison
to biparental crossesand diversity panels (Huang etal., 2011).0On the one hand, association
mapping using multiparental mapping populations has greater statistical power compared
to the use of diversity panels because allele frequencies are typically closer to the ideal 1:1
segregation. On the other hand, it provides larger genetic diversity, higher resolution and
thus mapping precision due to the higher number of recombinations when compared to
populations derived from biparental crosses.Usually, biparental populations have only very
few recombinations per chromosome, leading to large LD blocks. Both power and
resolution of the mapping approach are determined by the size of the mapping population
and the number of markers, in a proportional manner. Additionally, the population
structure, which is incorporated in the underlying linear models, is comparatively small for
multiparental populations. This helps to prevent inflation of QTL significance (Korte and

Farlow, 2013; Pascual et al., 2016; Scott et al., 2020).

The present thesis also revealed genetic diversity within the narrow gene pool of European
elite winter oilseed rape germplasm. Genomic variants associated with quantitative traits
derived from highly adapted cultivars demonstrate the immense potential of variant
identification and utilization in commercial breeding programs. Another main advantage of
the design of the mapping population was the use of well-characterized cultivars from

German oilseed rape breeding companies. The selection of founder lines carrying no
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effective R genes allowed the mapping of QTL for quantitative blackleg resistance by
avoiding masking effects of major R genes. In contrast, large diversity panels are usually
less well-characterized and potentially carry highly effective R genes. In such materials,
major gene-for-gene interactions between R genes and their corresponding avirulence genes
tend to mask quantitative effects. In addition, mapping QTL in populations derived from
current breeding germplasm enhances the reliability and thus the applicability of discovered
QTL, especially since minor-effect QTL can be unstable across different germplasm (Kang

etal., 2008; Liu et al., 2010).

4.2 Implications of structural genome variation

Numerous previous studies have demonstrated SV detectionin plants and their implications
in important agronomical traits by application of short-read sequencing technologies. For
instance, the association of presence-absence variation (PAV) with disease resistance in
rice (Oryzasativa) (Xu etal., 2011)and stressresponsesin soybean (Glycine max) (McHale
etal., 2012) have been demonstrated using Illumina short-read sequencing. Another study
demonstrated the impact of a deletion in the putative promoter region of the Ppd-1 gene
that was associated with heading time in wheat (Triticum aestivum) (Nishida et al., 2013)
by the use of Sanger sequencing. Also in oilseed rape there are several examples of PAV
affecting flowering time (Schiessl et al., 2017), disease resistance (Gabur et al., 2018) or

other traits like stay-green (Qian et al., 2016).

Even though short-reads are usually highly accurate, these methods lack sensitivity for
detection of small to mid-scale SV due to unspecific alignments to reference genomes as a
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consequence of the short read lengths (Sedlazeck et al., 2018; Chawla et al., 2020). For this
reason, the re-sequencing approach of the present work for detection of deletions and
insertions is based on Oxford Nanopore Technology (ONT) long-read sequencing. ONT
sequencing resulted in single reads longer than 300 kb and provided an N50 of above 30 kb.
Thus, depending on the coverage of a particular region, individual SV often were captured
and confirmed by a number of reads spanning the entire length of the variant. The analyses
in Chapter 2 are based on the widely used B. napus reference genome Darmor-bzh version
4.1 (Chalhoub et al., 2014). To further enhance the reliability of variant detection in the
study in Chapter 3, we made use of one of the latest and most contiguous reference genome
assemblies existing for B. napus. Darmor-bzh version 10 (Rousseau-Gueutin et al., 2020),
which was assembled using long-read sequencing data, improved significantly in terms of
completeness and continuity in comparison to previous versions 4.1 (Chalhoub etal., 2014)
and 8.1 (Bayer et al.,, 2017). The use of long-read sequencing led to substantial
improvements especially for the assembly of pericentromeric regions, improved gene
completion and unrawveled large misassembled inverted regions (Rousseau-Gueutin et al.,
2020). This can be clearly seen through the great discrepancy between the SV results of the

two reference genomes that were used in Chapters 2 and 3.

A comparison of these two reference genome assemblies for the total number of SV and
polymorphic SV between the parents of the multiparental population disclosed great
differences. Alignment to Darmor-bzh v4.1 revealed a total of 50,760 SV, but only 13,374
that were polymorphic between the parental lines of the mapping population (26.3%). In

comparison, the alignment to Darmor-bzh v10 revealed in total 35,829 SV, of which 25,233
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where polymorphic (70.4%). The high number of monomorphic SV when using version 4.1
led to the assumption that a certain number of SV calls might be due to assembly errors of
this reference genome. This assumption was later proven by aligning long-read sequencing
data from Darmor-bzh v10 to the reference version 4.1, which revealed 13,533 SV calls.
This number is approximately the difference between the number of SV called using
Darmor-bzh v4.1 and Darmor-bzh v10 (14,931). As these two assemblies were derived from
the same genotype, neglecting the possibility of different seed lots contaminated during
propagation and used for sequencing of the same accession and other possible pitfalls, this
high number of SV can be predominantly explained by assembly errors of the older
assembly (v4.1) that did not use any long-read data. More detailed numbers of SV can be
taken from Chapters 2 and 3. However, referring to Darmor-bzh v10 we found 5,177 genes
out of 108,190 predicted genes (4.8%) to harbor polymorphic SV. These numbers are in
line with a comparable study by Chawla et al. (2020), who reported that approximately 5%
of the genes in the winter oilseed rape accession ‘Express 617 are affected by SV, though
Darmor-bzh v4.1 was used in this study. Howewer, the same study also reported up to 10%
of genes affected by SV in other genotypes, including semi-winter, spring and synthetic

accessions.

This thesis also provides an idea of the reliability of SNV detection from long-read
sequencing data using a deep neural network based variant caller. ONT sequencing data
has been stated to be inadequate for SNV or even small variant identification due to poor
single base accuracies (Amarasinghe et al., 2020; Zhang et al., 2020). Howeer, the

software tool Clair provides a special algorithm that has been specifically developed to
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overcome these limitations (Ameur etal., 2019; Luo etal., 2020). Even though single ONT
reads can be inaccurate, an appropriate coverage providing a reliable consensus sequence
in combination with the Clair variant caller yielded reliable SNV calls, as the results in
Chapter 3 indicate. Validation of called SNV in a particular genomic region by Sanger
sequencing resulted in a confirmation rate of 100%, suggesting that this approach is
extremely reliable. Howewer, the practice of strict filtering also led to a certain number of
false negatives; in other words, a number of true SNV were not detected. Further studies
are needed to confirm these results and to further adapt quality filtering with respect to data

quality and the specific aim of a particular analysis.

Chapters 2 and 3 demonstrate several examples of intragenic deletions and insertions that
are associated with flowering time modulation and quantitative blackleg resistance.
Prioritization of candidate genes was performed according to the presence of variants
within the CDS. Even if the associated SV were not causal for the observed phenotypic
effect, they might still represent useful marker targets that can be utilized in commercial

breeding.

Even though long-read sequencing is rapidly improving, it is still characterized by a higher
error rate in comparison to short-read sequencing (Lu et al., 2016; Mahmoud et al., 2019).
Howewver, with further ongoing technical improvements along with declining costs,
long-read sequencing may become a standard sequencing approach particularly for large
and complex crop genomes. With respect to all advantages stated in this thesis, long reads
enhance detection accuracy of SV in crop plants and moreover allow deeper insights

towards the understanding of their implications in agricultural traits.
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4.3 Future prospects in genomic research

Even though this thesis presents several examples of genetic variation associating with
agronomical traits, it nevertheless illustrates drawbacks resulting from the use of a single
reference genome for data analyses. Using a single linear reference always implies the bias
that each SV that was identified represents only a polymorphism between the sequenced
genotype and one single reference genotype. In contrast, potential variation that is equal in
both genotypes is undetectable. Pan-genome assemblies represent a promising approach to
overcome this problem. The basic strategy of pan-genome approaches is to compare
multiple individual genomes in order to differentiate their core genome, representing the
proportion present in all individuals, from their dispensable genome, which is not present
in all individuals (Golicz et al., 2019). In plants, the first pan-genome was developed for
Glycine soja (Li et al., 2014), who demonstrated that ~80% of the genome were similar
among seven individual genotypes and thus represent the core genome. Obviously, the
definition of the core genome depends on the germplasm used to build a particular
pan-genome. In wheat, 64.3% of the genes of a pan-genome created from 18 wheat cultivars
were determined as core genes, whereas that remainder were reported to be dispensable and
displayed PAV within this particular set of wheat cultivars (Montenegro et al., 2017). A
B. napus pan-genome generated using eight accessions of three different ecotypes revealed
~56% core-gene clusters, ~42% dispensable gene clusters and ~2% genotype-specific gene
clusters (Song etal., 2020). The functional genetic variation that was shown in these studies

would have been largely unrevealed if only a single reference genome had been used for
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comparisons. These results demonstrate the additional value that pan-genomics is capable

of contributing to research and breeding.

Howewer, the application of pan-genomes still lacks standardized methodology. To date, a
pan-genome can be simplified as an accumulation of various genomes. In order to make
pan-genomes more accessible to genetic analyses, the construction of reference
pan-genome graphs was proposed in human genetics (Li et al., 2020). A reference graph
would overcome the bias of a single linear reference by representation of an assembly of
multiple genomes in a specific format. According to the authors of minigraph, a reference
pan-genome graph would serve as a valuable resource of complex genetic variation that is
applicable to genetic analyses. However, there are applications where no benefit is expected
from pan-genomes. Thus, the authors suggest it as an addition to commonly used reference

genomes (Li et al., 2020).

Broader “pan-omic” approaches, in which pan-genomes are complemented by
pan-transcriptomes and pan-proteomes, have enormous potential to enhance understanding
of regulatory mechanisms in plants and the exploration of gene functions and pathways
(Jaiswal et al., 2020). Considering constantly decreasing prices and improving accuracies
of modern sequencing technologies, the availability of “pan-omic” data for crop plants can
be expected to increase in the near future, as will the number of individual accessions

contributing to a single pan-genome in any given species.
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4.4 Future prospects of oilseed rape breeding

There are several challenges associated with breeding of oilseed rape in Europe. Current
difficulties for growers include management of volunteer oilseed rape, providing ideal
sowing conditions with special focus on weed control, water regime and crop management
during the season. Unlike optimal fertilization and appropriate weed control, the control
and treatment of fungal diseases represents a particular example where growers are heavily
reliant on innovation in plant breeding. Increasing restrictions on active plant protection
substances in European countries in recent years have already limited the number of
available fungicides. In coming years these restrictions are expected to become even more
stringent. Also inregard to other crop inputs, environmental impacts of modern agriculture
are increasingly monitored by strict policy controls and public scrutiny, demanding
efficient crops with low environmental impacts. Furthermore, the demand for organic
products is likely to increase due to a positive perception in the public mind. All these
factors are great motivators for plant breeders to meet growing demand for safe and healthy
food by developing and providing high yielding cultivars harboring resistance or tolerance
to biotic and abiotic stresses. Independent of the relevant breeding aim, modern breeding

methods are essential in this regard.

Genetic variation is the primary prerequisite for plant breeding. Although this thesis only
provides one example inan individual crop, it nevertheless demonstrates the high frequency
and importance of SV as a valuable source of genetic variation for breeding for crop
adaptation and resilience. Independent of the trait and the breeding method, SV are an
additional source of genomic variation that should and can definitely be targeted by
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breeders. Recent studies already demonstrated that the consideration of SV for GS led to
an increase in prediction accuracy (Weisweiler et al., 2019). For adaptation of quantitative
traits, which are controlled by many QTL with low effects, GS is rapidly becoming the

method of choice to improve future cultivars.

In many agriculture crop production regions around the globe, oilseed rape is the only
profitable leaf crop and therefore an inevitable member of common crop rotations. Plant
breeding remains the most important technique towards maintaining this status by

countering the multiple future challenges to which oilseed rape is exposed.
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4.5 Conclusion

As sequencing prices continue to drop, increasing numbers of studies are describing genetic
variation in all kinds of crop and non-crop plants. Today it is already feasible to sequence
entire mapping populations or diversity collection with several hundreds or thousands of
individuals, revealing increasingly deeper insights about the underlying genomic variation.
Not only costs, but also methodology and sequencing accuracies, reliability and
repeatability are constantly improving. The present thesis demonstrates the identification
of novel genetic variants in the allopolyploid crop B. napus, giving examples for two
economically important traits. Furthermore, results presented in Chapters 2 and 3 propose
the consideration and the use of structural genome variants in commercial breeding
programs. QTL for flowering time and quantitative blackleg resistance identified in elite
populations can be used by breeders to improve modern varieties by combination of
desirable alleles that already exist within elite breeding germplasm. Howevwer, it still will
always be a main target to introgress new diversity from less adapted materials or related

species and to make favorable alleles accessible to breeding programs.

The success of SV investigation applying a re-sequencing approach depends strongly on
the quality of available reference genomes. Different references lead to varying results.
Thus, pan-genomics will fundamentally upgrade plant sciences. The definition of core and
dispensable genomes optimizes the investigation of PAV within a species. Further research
regarding the identification of candidate genes and the understanding of their underlying
mechanisms and gene networks they are involved in will particularly benefit from extended
“pan-omics” approaches.
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Brassica napus L. (oilseed rape) is an allotetraploid crop originated from a spontaneous
hybridization event between its two diploid ancestors Brassica rapa L. (turnip) and
Brassica oleracealL. (cabbage). It isassumed that this interspecific hybridization took place
no more than 7,000 years ago, when turnip rape and cabbage were first cultivated in close
proximity to each other. The A and C subgenomes of this relatively recent polyploid crop
share highly similar homoeologous chromosomes with conserved gene order. Thus, there
is a high probability of homoeologous exchanges during meiosis. Hence, highly frequent
structural genome variations (SV), including deletions, insertions, inversion and

translocation are expected and have already been demonstrated in several studies.

In recent years, long-read sequencing technologies have added a powerful new dimension
to eukaryote genomics. Long-read sequencing technologies combine great read lengths
with acceptable single base accuracies and allow the detection of small- to mid-scale SV
that could not be revealed by Illumina short-read sequencing datasets. Applying long-read
sequencing to investigate an interconnected multiparental population of European elite
winter oilseed rape rewvealed that ~ 5% of the annotated genes harbored a potentially
functional SV event. This relatively high number of intragenic SV justified a more detailed

investigation regarding the association of SV with agricultural traits.

In the present thesis, genome-wide association studies were performed to investigate
flowering time modulation and quantitative blackleg resistance within a multiparental
population derived from seven European elite winter oilseed rape cultivars. Several nowvel
QTL were identified and previously known QTL regions were confirmed. Most

interestingly, this work focused on SV within these QTL regions to evaluate the
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implications of SV on the investigated traits. The two major findings were a nowel,
previously undetected deletion within FLOWERING LOCUS T, a key gene of the flowering
time pathway and a large, novel insertion within RIm9, a well-investigated blackleg
resistance gene. These SV were associated to quantitative phenotypic variation for
flowering time and blackleg resistance, respectively. Furthermore, the results provided new
insight into the suitability of long-read sequencing data for detection of single-nucleotide

variants and underlined the relevance of reference genome quality for SV analyses.

In summary, increasing accuracies and decreasing prices of constantly evolving long-read
sequencing technologies make long-read sequencing the method of choice for detection of
genomic variation. The unexpectedly high prevalence and functional relevance of SV and
their association with important agronomical traits allow the recommendation for
intensification of their use in commercial breeding programs and further emphasize their

potential value for the development of modern, high yielding and stress tolerant cultivars.
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Brassica napus L. (Raps) ist eine allotetraploide Kulturpflanze, die aus einer spontanen
Hybridisierung seiner beiden diploide Vorfahren Brassica rapa L. (Ribsen) und Brassica
oleracea L. (Kohl) entstanden ist. Diese interspezifische Hybridisierung fand vor circa
7.000 Jahren statt, als Ribsen und Kohl erstmals in unmittelbarer N&he zueinander
angebaut wurden. Die A und C Subgenome dieser relativ jungen Kulturpflanze haben sehr
ahnliche homoologe Chromosomen mit konservierter Anordnung der Gene. Dadurch ergibt
sich eine hohe Wahrscheinlichkeit von homdologen Rekombinationen wéhrend der
Meiose. Daher werden zahlreiche strukturelle Genomvariationen (SV), wie zum Beispiel
Deletionen, Insertionen, Inversionen und Translokationen erwartet und wurden bereits in

einigen Studien gezeigt.

In den ergangenen Jahren haben Long-Read-Sequenzierungstechnologien der
eukaryotischen Genomforschung eine neue Dimension verliehen.
Long-Read-Sequenzierungstechnologien vereinen extreme Ldangen einzelner DNA
Molekule mit akzeptabler Genauigkeit der einzelnen Basen und ermdglichen somit die
Detektion von kleinen bis mittelgroen SV, die bei der Verwendung won Illumina
Datensatzen mit sehr kurzen Reads nicht nachgewiesen werden konnten. Die Verwendung
der Oxford Nanopore Sequenzierungstechnologie zur Untersuchung einer multiparentalen,
européischen Elite-Winterraps Population offenbarte, dass circa’5 % der annotierten Gene
eine potentiell funktionale SV tragen. Diese relativ hohe Anzahl intragenischer SV
begriindete eine detaillierte Untersuchung ihrer Assoziation mit agronomischen

Merkmalen.
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In der wvorliegenden Arbeit wurden genomweite Assoziationskartierungen zur
Untersuchung von Blihzeitpunkt und quantitativer Phoma Resistenz durchgefihrt. Hierzu
wurde eine multiparentale Population, die aus sieben europdischen Elite-Winterrapssorten
entwickelt wurde, verwendet. Es konnten einige neue QTL identifiziert sowie einige bereits
bekannte Regionen bestatigt werden. Der Fokus dieser Arbeit lag vor allem auf den SV
innerhalb dieser Regionen, um die Auswirkungen von SV auf die untersuchten Merkmale
bewerten zu kénnen. Die beiden bedeutendsten Ergebnisse waren eine zuvor unbekannte
Deletioninnerhalb von FLOWERING LOCUS T, einem Schlissel-Gen des Gen-Netzwerks
zur Regulation der Bliite sowie eine grol3e, neuartige Insertion innerhalb von RIm9, einem
sehr gut untersuchten Phoma Resistenzgens. Diese SV waren assoziiert mit der
quantitativen phanotypischen Variation des Bluhzeitpunkts bzw. der Phoma Resistenz. Des
Weiteren lieferten die Ergebnisse dieser Arbeit eine Idee zur Verwendbarkeit von Long-
Read-Sequenzierungstechnologien  zur Detektion wvon Einzelbasen-Varianten und

untermalten die Wichtigkeit der Qualitét des Referenzgenoms fir derartige Analysen.

Zusammenfassend lasst sich festhalten, dass die zunehmende Genauigkeit sowie das
sinkende Preisniveau, die Long-Read-Sequenzierungstechnologie zur Methode der Wahl
fur die Detektion von genomischer Variation machen. Die unerwartet hohe Verbreitung
und funktionelle Bedeutung von SV und deren Assoziation mit wichtigen agronomischen
Merkmalen erlaubt die Empfehlung zur intensiveren Nutzung von SV in kommerziellen
Zichtungsprogrammen. Uberdies betont es den potentiellen Wert firr die Entwicklung von

modernen, stresstoleranten Sorten mit hohem Ertragspotential.
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