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"Around here, however, we don’t look backwards for very long. We keep moving
forward, opening up new doors and doing new things, because we're curious ... and
curiosity keeps leading us down new paths."

Walt Disney
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General Introduction

1.1 Oilseed rape: Origin, evolution and genetic diversity for breeding

Brassica napus L. (oilseed rape/canola/kale/rutabaga; genome AACC, 2n=38) is the second most
important oilseed crop in the world after soybean. Rapeseed oil accounted for 16% of the total

oilseed production worldwide in the year 2017. (FAOSTAT 2016) (http://faostat.fao.org). The

allopolyploid species B. napus originated from interspecific hybridization between Brassica rapa
(2n=2x=20, AA) and Brassica oleracea (2n=2x =18, CC) less than 7500 years ago (Chalhoub
et al. 2014). B. napus is often referred to as a “man-made” species. It has been hypothesized that
oilseed rape originated as an unintentional hybrid from human agricultural practices and there
have been no reports underlining the existence of a wild type of B. napus. Absence of wild
germplasm together with rigorous selection for low seed erucic acid and glucosinolate content
(00 quality) during the 1970s and 1980s resulted in a major genetic bottleneck. In order to
introduce new genetic diversity there have been several efforts to produce synthetic B. napus
lines by interspecific crossing between B rapa and B oleracea (Gaeta et al. 2007). These
synthetic lines often exhibit a higher frequency of pairing between homeologous chromosomes,
thereby leading to increased homeologous exchanges (HE) compared to natural oilseed rape
(Hurgobin et al. 2018). Higher rate of HE can often lead to an increase in genome structural
variations (SV) in the rapeseed genomes in the form of copy number variations (CNV) or

presence-absence variation (PAV).

1.2 The complex B. napus genome: Large and small-scale genome restructuring

The rapeseed genome contains a plethora of genome structural variations (SV) in the form of
insertion/deletion polymorphisms (InDels), CNV, translocations, inversions, or simple variation
in microsatellite repeat number. There is no widely accepted categorization of genome re-
arrangements based on their size. Therefore, in this thesis SV are categorized as small scale (30
to 10,000 bp), mid-scale (10,000 bp to 30,000 bp) and large-scale (greater than 30,000 bp). There
have been several studies associating agronomically important traits such as disease resistance
(Gabur et al. 2018), flowering time (Schiessl et al. 2017b), seed quality (Stein et al. 2017) to SV
in oilseed rape. These studies revealed the important role of SV in the creation of de novo
variation for adaptation and breeding, however all of these studies were only able to detect large-
scale SV due to the limited resolution offered by the methods that were used for detection of
genomic re-arrangements (SNP genotyping arrays or short read sequencing). Qian et al. (2016)

reported a first example of intragenic SV impacting quantitatively inherited traits in B. napus
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where a deletion of exons 2 and 3 from a B. napus orthologue of Mendel’s “Green Cotyledon”
gene (the Staygreen gene NON-YELLOWING 1; NYEI) was associated with quantitative
variation for chlorophyll and oil content. Furthermore, the study in chapter 4 revealed a

surprisingly high level of widespread, small to mid-scale SV in oilseed rape.

1.3 Homoeologous chromosome exchanges, genome structural variation and gene
conversion

The illicit paring between the homeologous chromosome (during meiosis) with high levels of
sequence similarity can lead to exchange of DNA fragments between the A and C subgenomes
(Gaeta and Pires 2010) of B. napus. This type of intra-genome exchange of genetic material is
referred to as homoeologous exchange (HE). In oilseed rape HE could shuffle large segments of
chromosomes or just a single gene (or even SNP) among the homeologous regions of the
genome, gene conversions (Chalhoub et al. 2014). Large HE (more than 80kb in length) could
occur both in the form of reciprocal (also known as homeologous reciprocal translocations) and
non-reciprocal translocations (also known as homeologous non-reciprocal translocations,
HNRT). In B. napus HNRT has been shown to create genomic re-arrangements such as
duplications (CNV) or deletions (PAV) ranging from a few hundred kilobases (kb) to a few
megabases (Mb) (Stein et al. 2017, Samans et al. 2017). Chalhoub et al. (2014) reported a very
large HE, where a 9 Mb fragments of the chromosome AO1 was replaced by a 13 Mb piece of
chromosome CO1 in the synthetic B. napus accession H165. Such large-scale SV in B. napus are
associated with eco-geographical adaptability, morphological diversity (Schiessl et al. 2017a)
disease resistance (Dolatabadian et al. 2020) and seed quality (Stein et al. 2017) in oilseed rape.
In contrast to large HE, small exchanges (less then 80kb in length) also known as gene
conversions (GCs) are necessarily non-reciprocal in nature. GC involves unidirectional transfer
of short DNA fragments among homologous non-sister chromatids. GCs can be either allelic,
where one allele of the same gene replaces another allele, or ectopic, where one paralogous DNA
sequence converts to another (Gardiner et al. 2019). Chalhoub et al. (2014) identified 1.3 times
more A to C (56) then C to A (37) converted genes in the rapeseed genome. A similar gene
conversion trend was observed in cotton where higher number alleles were converted from the
larger repeat-rich genome to the smaller genome (Paterson et al. 2012). Although the genetic
factors controlling GC in plant are largely unknown, Gardiner et al. (2019) identified an ATP-
dependent RNA helicase gene controlling GC in wheat. The study in chapter 4 of this thesis
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describes the presence of widespread intragenic SV in 12 B. napus accessions. There is a
possibility that some of the SV described in this study are actually GC events. However,
additional analysis of the homeologous gene pairs would be required to distinguish GCs from the

de novo genomic re-arrangements.

1.4 Genome sequencing technologies — short-read vs long-read sequencing for detection of
SV underlining complex traits
DNA sequencing has revolutionized the field of plant genomics, and ‘“next-generation”
sequencing technologies have made it possible to access highly repetitive or re-arranged regions
of the plant genomes which were inaccessible to SNP genotyping arrays. Sequencing
technologies can be broadly classified into 3 major generations. Sanger sequencing, the initial
(first-generation) DNA sequencing technology, was capable of delivering single DNA reads up to
1000 bp in length. In the mid to late 2000s, Sanger sequencing was superseded by the second
generation of massively parallel sequencing technologies (Imelfort and Edwards 2009) capable of
tremendously high sequencing throughput at very low cost. These technologies accelerated the
process of SV discovery, illuminating the role of SV in important agronomic traits in several
plant species such as oilseed rape (Stein et al. 2017, Schiessl et al. 2017a, Schiessl et al. 2017b),
cotton (Wang et al. 2015), Arabidopsis (Cao et al. 2011) or barley (Fujii et al. 2012). However,
all second-generation sequencing technologies were limited by their read length, with a
maximum of 300 bp achievable in a single sequencing read. This severely limited the
applicability of these technologies in complex crop genomes. The polyploid genomes of crops
such as wheat or oilseed rape presented a challenge, as small sequencing reads often map to more
than one locus in the genome due to high levels of homoeology between the subgenomes making
up these species. Subsequently, third-generation sequencing or mapping technologies, able to
address this major limitation of second-generation sequencing technologies, have recently gained
popularity. The key difference distinguishing the third-generation from second-generation
sequencing technologies is their enormous read lengths, achieved by the introduction of long-read
single-molecule sequencing. The two dominating third-generation sequencing technologies to
date are the single-molecule real time (SMRT) sequencing from Pacific Biosciences, PacBio
(https://www.pacb.com/) and nanopore-based sequencing from Oxford Nanopore Technologies,

ONT (https://nanoporetech.com/)(Sedlazeck et al. 2018). PacBio SMRT technology works via

sequencing by synthesis, where a single-stranded circularized DNA molecule is introduced into a
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sequencing well and replicated using a DNA polymerase. Unique fluorescence signals emitted by
the addition of a specific nucleotide are captured by a high-resolution camera and translated into
corresponding DNA base calls. The latest PacBio Sequel II can operate in two modes. The first,
circular consensus sequencing (CCS) mode, is optimized for generating high fidelity (Hifi) reads.
In CCS mode, a circularized DNA molecule is read in multiple sequencing passes, thereby
creating a high accuracy consensus sequence from single reads while making a compromise on
the read length and yield. On the contrast, in continuous long read (CLR) mode, each circularized
DNA molecule is just read once, providing greater read length and yield but lower accuracy.
PacBio has been successfully used to study complex polyploid genomes such as wheat (Zimin et
al. 2017, Appels et al. 2018).

On the other hand, ONT sequencing works by capturing current perturbations caused when a
DNA molecule passes through a nanopore embedded on a synthetic membrane. The smallest and
most popular ONT sequencing device is called a MinION. In comparison to most next-generation
sequencing machines, which range in price from around 100,000 EUR to over 1 Million EUR,
the MinlON is extremely cheap with a price of less than 2000 EUR. A single MinION flowcell
contains 2048 nanopores and can produce between 10 to 50 Gb of sequencing data in a single
sequencing run. It is well suited for small to medium scale experiments. The larger, more
powerful ONT platform is known as PromethION. A PromethION flowcell contains 12,000
nanopores, can generate up to 100 Gb of sequencing data in a single sequencing run and is well
suited for large genome centers. Both of the above mentioned ONT sequencing platforms can
produce sequencing reads up to 1 Mb (Jain et al. 2018), while an average read length (depending
on DNA quality and fragment length) of well over 10,000 kb is achievable under most
circumstances. DNA sequence reads of this length can span the entire length of most indels and
provide the necessary resolution required for detecting small to mid-scale SV. Since the short-
read sequencing technologies have a very high false-positive rate (up to 89%) for SV detection
(Mahmoud et al. 2019), small to mid-scale SV were almost invisible using short-read sequencing
methods. Song et al. (2020) demonstrated the use of PacBio to detect SV in B. napus. They were
able to identify 77.2 to 149.6 Mb of sequence affected by PAV in the rapeseed genome.
Furthermore, the authors were able to recognize genomic regions associated with silique length,
seed weight and flowering time by including PAV into their genome-wide association studies
(GWAS) model. These associations were completely overlooked when using GWAS based only

on single-nucleotide polymorphism (SNP) markers. This thesis reports a further example where
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ONT was used for detecting small to mid-scale SV (Chapter 4). In this case, an astoundingly high
proportion of all B. napus genes (up to 10%) were found to be affected by small to mid-scale SV
events. Nearly half of these SV events ranged between 100 bp to 1000 bp.

1.5 Approaches to detect large-scale and small-scale SV

Several approaches combining various types of genotyping platforms have been used for
detecting SV in plant genomes. Most of the studies to date focused on detection of large variants,
ranging in size from hundreds of kb to a few Mb. Before the advent of cost-effective next-
generation sequencing, inexpensive fluorescence in situ hybridization (FISH) and genomic in situ
hybridization (GISH) methods were widely used for visualizing chromosomal scale SV (Xiong
and Pires 2011, Chester et al. 2012, Snowdon 2007). However, these methods are only capable of
identifying SV if huge blocks of chromosomes were rearranged. SNP arrays have been another
popular choice for detecting genome SV controlling major agronomic traits, for example,
flowering time (Schiessl et al. 2017a), seed quality (Stein et al. 2017) and stay-green traits (Qian
et al. 2016) in rapeseed, boron toxicity in barley (Sutton et al. 2007), Aluminum tolerance in
maize (Maron et al. 2013) and photoperiodicity in wheat (Nishida et al. 2013). SNP arrays rely on
the hybridization of DNA fragments to small, 50 nucleotide probe sequences anchored onto a
glass surface. The probes are designed to capture approximately 50 nucleotides of unique, non-
polymorphic sequence adjacent to a pre-determined SNP site. Several software packages have
been developed to quantify and infer CNV for humans (Colella et al. 2007, Korn et al. 2008) and
plants (Grandke et al. 2016) from the fluorescence signals generated by a single-base extension
on a SNP array. A major drawback of SNP arrays for SV analysis is the limited power of
detection, especially for small to mid-scale SV, due to the frequently considerable physical
distances between adjacent SNP markers. Furthermore, SNP arrays can introduce an
ascertainment bias due to pre-determined design of the arrays, and homoeologous SNP assays are
a serious limitation in complex polyploid plants like rapeseed. Next-generation sequencing
(NGS) provides a good alternative to avoid ascertainment bias and gain the extra resolution
required to identify small SV. Various methodologies have been developed for detection of SV
from genome sequencing data, such as read depth (RD), paired read (PR) and split read (SR)
analysis. Mace et al. (2013) demonstrated the use of high-coverage short read data to identify SV
in sorghum. They were able to detect 1.9 million InDels and gene PAV associated with

domestication and breeding in a panel of 44 genetically and geographically diverse Sorghum
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bicolor accessions. In some cases there have been examples (Schiessl et al. 2017b) where only
the protein-coding regions of the genome were sequenced to identify complex SV in genes.
Although sequencing-based approaches led to a considerable increase in the resolution of SV
detected in comparison to SNP arrays or cytogenetic methods such as FISH and GISH, small to
mid-scale SV still remain challenging to detect due to the very high false-positive mapping rate
(up to 89%) of short-read sequencing data (Mahmoud et al. 2019, Sedlazeck et al. 2018). In
contrast, long-read sequencing platforms such as PacBio and ONT can be effectively used for
detection of this size range of SV. Both of these technologies are capable of producing average
read lengths of 10 kb or more, thereby spanning the entire length of SV and providing the
necessary resolution for detecting small SV. ONT sequencing reads can achieve even longer
reads than PacBio, with an N50 of up to 100 kb (Jain et al. 2018). Yang et al. (2019) identified
386,014 genomic rearrangements ranging from 10 to 99,330 bp between the PacBio genome
assembly of a tropical small-kernel maize inbred line and two reference cultivars, B73 and Mo17.
They also genotyped these SV in a panel of 521 diverse inbred lines using high-depth Illumina
data and performed a GWAS. Using the SV data, the authors were able to find a significant new
locus affecting oil concentration and long-chain fatty acid composition on chromosome 4, which

was invisible using only a SNP-based analysis.

1.6 Pan-genomics vs. resequencing approaches for analysis of genomic variants

Pangenomes are constructed by comparing and identifying core and dispensable genes by de
novo genome assemblies of several individuals within a species, or by iteratively assembling the
sequencing reads that cannot be aligned to a reference genome assembly. Pangenomes from a
comparative analysis of whole-genome assemblies are considered to be more robust than read
mapping approaches, as de novo assemblies provide sufficient resolution to capture the entire size
range of genomic rearrangements. However, given the very high read lengths of third-generation
sequencing technologies, this raises the question as to whether it is vital to perform de novo
assembly (in a pangenome type approach) to survey SV diversity in crop species. The long read
lengths of third-generation sequencing technologies such as PacBio and ONT now enable
identification of SV in the rapeseed genome with an unprecedented resolution (chapter 4). Long
ONT and PacBio reads can span the entire length of small to mid-scale SV and enable accurate
detection of these re-arrangements. However, large insertions, inversion duplications or

translocations would result in the splitting of long reads into two or more alignments (Split-reads,
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SR). It is extremely challenging to distinguish the SR due to real SV from the wrongly called
genomic re-arrangements because of the errors in reference assembly. Therefore reliable

detection of large, complex SV might still require whole-genome assemblies.

1.7 Aims of this study

There is increasing evidence that SV contributes to important agronomic traits in B. napus. In the
past decade, various methodologies involving short-read sequencing or SNP genotyping arrays
have been developed to detect genomic rearrangements in oilseed rape. However, most previous
studies focused on the detection of large, chromosomal-scale SV events. This can be mainly
attributed to the limited resolution of genotyping arrays or short-read sequencing platforms.

The overall aim of this thesis was to evaluate different methods for genome-wide detection and
analysis of small to mid-size SV events in the B. napus genome and to elucidate the potential
benefits of long-read sequencing for SV detection in a complex polyploid crop. The following
major goals were pursued:

1) Exploration and evaluation of technologies and methods for the detection of SV in crop plants
(Chapter 2).

i1) Evaluation of a case study for the impact of SV on complex trait expression in oilseed rape,
based on an integrated approach combining SNP arrays, Illumina sequencing and optical
mapping to identify gene PAV associated with resistance to the fungal pathogen Verticillium
longisporum (Chapter 3).

ii1) Use of long sequencing reads to evaluate the role of small to mid-scale SV in eco-
geographical diversification of B. napus into the three predominant ecotypes (winter-type, spring-
type and semi-winter type rapeseed), and survey the extent and impact of small to mid-size
genome-wide SV on genes (Chapter 4).

1v) Provide first insight and ideas about how new long-read sequencing technologies can help to
understand complex SV in large plant genomes by providing additional layers of information,
such as methylation signatures, chromatin confirmation, or data from target enrichment strategies
implementing long-read sequencing, and describe potential cellular mechanisms that might

explain the occurrence of small to mid-scale SV in oilseed rape (Chapter 5).
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Abstract

Key message Structural genome variation is a major determinant of useful trait diversity. We describe how genome
analysis methods are enabling discovery of trait-associated structural variants and their potential impact on breeding.
Abstract As our understanding of complex crop genomes continues to grow, there is growing evidence that structural genome
variation plays a major role in determining traits important for breeding and agriculture. Identifying the extent and impact
of structural variants in crop genomes is becoming increasingly feasible with ongoing advances in the sophistication of
genome sequencing technologies, particularly as it becomes easier to generate accurate long sequence reads on a genome-
wide scale. In this article, we discuss the origins of structural genome variation in crops from ancient and recent genome
duplication and polyploidization events and review high-throughput methods to assay such variants in crop populations in
order to find associations with phenotypic traits. There is increasing evidence from such studies that gene presence—absence
and copy number variation resulting from segmental chromosome exchanges may be at the heart of adaptive variation of
crops to counter abiotic and biotic stress factors. We present examples from major crops that demonstrate the potential of
pangenomic diversity as a key resource for future plant breeding for resilience and sustainability.

Introduction: the discovery of structural (CNV), an important class of structural variation, has been
variation discovered to be causal for various autoimmune disorders

(Mamtani et al. 2010), including susceptibility to human
With rapidly increasing sophistication in genome analy-  immunodeficiency virus (HIV) infection (Gonzalez 2005),
sis technologies, there is growing evidence that genome-  Parkinson’s disease (Singleton 2003) and Alzheimer’s dis-

wide structural variation (SV) is a major factor underlining ease (Rovelet-Lecrux et al. 2006; Escaramis et al. 2015).
observed phenotypic variation in eukaryotic organisms. The =~ Mounting evidence supporting the importance of SV in
first report of genic SV affecting a phenotype dates back  human genetics led to the study of the same phenomena
more than 80 years, when Bridges (1936) discovered that  in animal species, where numerous examples have been
a duplication of the Bar gene is associated with small eyes  discovered for a role of SV in important traits, for exam-
in the fruit fly, Drosophila. Genomic rearrangements have  ple in mice (Keane et al. 2014), cattle (Fadista et al. 2010),
been studied extensively in humans due to their association  pigs (Esteve-Codina et al. 2013), sheep (Liu et al. 2013)
with a range of diseases. Particularly copy number variation ~ and horses (Ghosh et al. 2014; Wang et al. 2014). Structural
variations were initially thought to be rare in plants, but this
perspective changed dramatically with the realization that
almost all flowering plants derived from multiple rounds of
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54 Rod J. Snowdon to generate reference genome sequences even for. compl'ex

rod.snowdon @agrar.uni-giessen.de crop plant genomes (Edwards et al. 2013) combined with

decreased costs associated with de novo genome assembly
and resequencing have accelerated the study of SV (Voss-
Fels and Snowdon 2016). Numerous recent reports have
clearly demonstrated that both small and large genomic
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rearrangements can cause major phenotypic variance affect-
ing an array of important traits in crops (Saxena et al. 2014;
Neik et al. 2017; Zmieriko et al. 2014; Schiess] et al. 2017a).

Diversity of structural variants

Genome structural variants occur in diverse forms including
translocations, inversions, insertion/deletion polymorphisms
(InDels), copy number variation (CNV), or simple variation
in microsatellite repeat number. Traditionally, InDels have
been defined as short presence/absence nucleotide polymor-
phism ranging from 1 to 50 bp in length, whereas a variable
number of copies for larger DNA segments, ranging from
a few hundred bp to several kb, is generally referred to as
CNV. Gene CNV represents the most intensively studied
class of SV associated directly with trait variation, whereby
variants affecting intergenic regions, splicing variants and/
or regulatory factors could also infer SV—trait associations.
This can be mainly attributed to their ease of detection using
simple molecular biology methods. Presence—absence varia-
tion (PAV) represents an extreme form of CNV where whole
genomic segments are deleted from individuals within a
population (Saxena et al. 2014). Different kinds of SV can
occur independently or simultaneously, resulting in complex
genome alterations. Many important crop genomes arose
from multiple polyploidy events, in some cases involving
widespread recombination among homoeologous (related
but non-homologous) chromosomes. Such exchanges can
result in both reciprocal or non-reciprocal exchanges. The
latter, often referred to as homoeologous non-reciprocal
transpositions, or HNRT (Parkin et al. 1995; Pires et al.
2004; Gaeta and Chris Pires 2010), can lead to loss or gain
of DNA fragments on related chromosome homoeologues
and consequently to PAV and CNV. As described in more
detail later in this review, examples in recent allopolyploids
like Brassica napus have demonstrated that this kind of
exchange during early rounds of polyploidization can be a
key driver of modern crop genome diversity and phenotypic
plasticity (Chalhoub et al. 2014; Samans et al. 2017; Hur-
gobin et al. 2017).

Origins of SV

Various cellular mechanisms can trigger generation of
SV during meiotic or mitotic cell division. SV events are
caused by recombination errors, like non-allelic homolo-
gous recombination (NAHR) (Lupski 1998), DNA break
repair errors, such as non-homologous end joining (NHEJ)
(Moore and Haber 1996), or replication errors, includ-
ing fork stalling and template switching (FoSTeS) (Lee
et al. 2007) and microhomology-mediated break-induced

@ Springer
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replication (MMBIR) (Hastings et al. 2009). NHEJ can be
triggered by misguided fusion of double-strand breaks in
DNA, often resulting in insertions and/or deletions; how-
ever, in rare cases NHEJ might also generate translocations
(McVey and Lee 2008). FoSTeS/MMBIR is another cel-
lular mechanism causing major structural variations (for
example large rearrangements, inversions, duplications
and translocations) ranging in size from a few kb to several
Mb and involves fork stalling and polymerase switching
at a nearby single-stranded DNA (Stankiewicz and Lup-
ski 2010). The most likely cause of much of the CNVs
observed in plants is NAHR, which is largely the result of
misalignment in genomic regions housing highly identical
sequences, such as repetitive DNA, leading to duplica-
tion or deletion of genomic segments and thus copy num-
ber variants. Segmental duplications appear when highly
homologous genomic regions (more than 95%) are physi-
cally positioned at distances from a few kb to some Mb
from one another. Furthermore, depending on the orienta-
tion of the homology, NAHR could also cause deletions
(upstream orientation on the same chromosome), inversion
(downstream orientation on the same chromosome) and
translocation (located on different chromosomes) (Sharp
et al. 2006). The abundance of repetitive sequences in
plant genomes varies widely, with published frequencies
ranging from around 10% in Arabidopsis (The Arabidop-
sis Genome Initiative 2000) to more than 85% (in wheat)
(Appels et al. 2018). The prevalence of repetitive DNA,
in particular in larger crop genomes, could promote the
generation of dosage effects for particular sets of genes,
partly explaining the large adaptive phenotypic variation
existing within the plant kingdom.

Changes in ploidy can also lead to generation of SV in
plants. The majority of angiosperms studied to date show
evidence of polyploidization and/or whole-genome dupli-
cation in their evolutionary history, and most modern crop
species have undergone recent genome duplication events
that are now known to have played a significant role in dic-
tating their path to adaptation (Fig. 1). Some major crops
contain multiple copies of entire chromosomes from sponta-
neous genome duplication of the same species, for example
autopolyploid potato (Solanum tuberosum; 2n=4x =48),
while others arose from interspecific hybridization of sub-
genomes among distinct, yet related species, for example
allohexaploid wheat (Triticum aestivum; 2n = 6x =42)
or allotetraploid oilseed rape/canola (Brassica napus;
2n=4x =38). Many older crop species arose by ancient
duplications and paleopolyploidization. For example, the
diploid cabbage species Brassica oleracea (2n=2x=18)
and Brassica rapa (2n=2x =20) represent paleohexaploids
which have returned to a diploid state by genome fractiona-
tion (Lagercrantz et al. 1996; Tang et al. 2012; Parkin et al.
2014).
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Fig. 1 Origins of different kinds of structural variants in autopoly-
ploid and allopolyploid crops from segmental chromosome rearrange-
ments, illustrated by the coloured bars with examples from a autopol-
yploid potato (Solanum tuberosum, 2n=4x=48) and b allopolyploid
rapeseed/canola (Brassica napus, 2n=4x=38). Autotetraploid S.
tuberosum arose from a spontaneous genome duplication (auto-poly-
ploidization) of the diploid progenitor S. stenotomum/S. tuberosum
(2n=2x=24), while B. napus arose from interspecific hybridization
between the diploid progenitor species B. oleracea (2n=2x=18) and
B. rapa (2n=2x=20). SV linked to adaptive and agronomic diversity
is represented as presence—absence variation (PAV), copy number
variation (CNV), translocations and homoeologous non-reciprocal
transpositions (HNRT)
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Visualization of large-scale SV

Classical cytology first identified evidence of large-scale
chromosomal aberrations in cereals (e.g. Sears 1939),
which were later confirmed as translocations using early
molecular marker technologies (e.g. Gale and Devos
1998). Comparative genomic hybridization (CGH) was
one of the very first methods to visualize large-scale SVs.
With CGH it is possible to detect and map relative DNA
sequence copy number between genomes, by hybridizing
fluorescently labelled DNA from each source genome
to metaphase chromosome spreads or genome-wide
sequence arrays. An increase or decrease in copy num-
ber of genomic DNA (corresponding to segmental SV)
can then be detected by measuring the florescence ratios
between the two coloured fluorophores (Kallioniemi et al.
1992). The resolution of CGH via in situ hybridization
is relatively low, with segmental SV events only visible
at megabase scale, whereas array-based CGH (aCGH)
can resolve smaller SV events down to a few kilobases in
size. For example, Yu et al. (2011) were able to detect 641
CNVs ranging from 1.1 to 180.7 kb between two rice cul-
tivars using aCGH. Large SV events can also be visualized
directly at the chromosome level using molecular cytoge-
netic techniques such as fluorescence in situ hybridization
(FISH) and genomic in situ hybridization (GISH) (Xiong
et al. 2011; Chester et al. 2012; Horn et al. 2002; Snow-
don 2007). These techniques allow physical analysis of
chromosomes using chromosome arm ratios, mapping of
heterochromatic regions, bacterial artificial chromosome
probes (BAC-FISH) containing specific repeat sequences
or molecular karyotyping of chromosome-specific probes
(Xiong and Pires 2011). FISH has been used successfully
in maize to analyse B chromosome non-disjunction due
to r-X1 deficiency (Tseng et al. 2017). Furthermore, the
technique has been used to map homoeologous exchanges
associated with agronomic traits in polyploid crop
genomes. Stein et al. (2017) used BAC-FISH to identify
homoeologous exchanges between two B. napus chromo-
somes associated with a QTL for seed fibre content. In
potato, FISH was used to identify CNV associated with
plant growth and developmental traits (Iovene et al. 2013),
while Ali et al. (2016) used FISH in wheat to validate
introgression of alien DNA segments that led to mosaic
virus resistance. Before the availability of cheap, high-
throughput genome sequencing, hybridization methods
provided a relatively simple and low cost option for visu-
alizing large SV events at the chromosomal level; however,
finer resolution is required for detection of smaller SV
events. With sufficient sequence depth, approaches based
on next-generation sequencing (NGS) technologies pro-
vide an ideal solution.
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Sequencing-based SV detection

Next-generation sequencing (NGS) approaches have accel-
erated the process of assembling plant reference genomes
to a speed and accuracy that was unimaginable a decade
ago. Furthermore, availability of methods to detect single
nucleotide differences between genomes using whole-
genome sequencing data, high-coverage exome sequence
data or sequence capture data has been a major break-
through in deciphering complex SV (Chen et al. 2008;
Schiessl et al. 2017b). One of the key advantages of NGS-
based methods for SV detection is the resolution that can
be achieved by using such approaches. To date, sequenced
reference genomes of varying quality are available for
over 200 plant species, including most major crops (see
http://www.plabipd.de/timeline_view.ep for an up-to-date
overview of published plant reference genomes). As the
quality of reference genome assemblies for more complex
genomes continues to improve, for example by utilization
of new methods like chromatin conformation associations
(e.g. Mascher et al. 2017 or long-read single-molecule
sequencing (Jiao et al. 2017), our ability to utilize genome-
wide or targeted resequencing techniques for SV analysis
in large populations will become even more powerful.
Early whole-genome resequencing studies in major crops
with relatively simple genomes, like sorghum, used refer-
ence-based read-mapping approaches to identify genome-
wide SNP and small-scale SV. For example, Mace et al.
(2013) identified 1.9 million InDels, including specific
gene PAV associated with domestication and breeding,
in high-coverage resequencing data from 44 genetically
and geographically diverse Sorghum bicolor accessions.
Different approaches have been developed for characteri-
zation of SVs from NGS reads, including combinations
of read depth (RD), paired read (PR) and split read (SR)
analysis along with de novo sequence assemblies in order
to address more complex genomic re-arrangements.
Algorithms for RD analysis rely on the density of
sequenced reads aligned to a locus in a reference genome
for CNV identification (Alkan et al. 2009; Li and Olivier
2013). In crops, RD approaches focused mainly on calling
of large SV, for example in resequencing data from sor-
ghum (Zheng et al. 2011) or rapeseed (Samans et al. 2017).
RD-based methods can detect deletions and duplications
very effectively. However, limitations of the read length
and the quality and coverage of the available reference
genomes reduce the efficacy of this approach for detect-
ing insertions or translocations. Furthermore, it should be
noted that RD-based approaches are highly sensitive to
library preparation methods. For example, PCR amplifica-
tion during the sequencing library preparation can lead to
either over-representation or complete absence of certain

@ Springer

16

genomic regions that are difficult to amplify, which would
be interpreted as duplication and deletion events, respec-
tively, using an RD sensing algorithm. Therefore, stringent
normalization of read depth is required to remove any kind
of bias introduced by the library preparation. These limita-
tions can be somewhat overcome by paired-end sequenc-
ing of single DNA fragments (paired reads). Since the
sequencing library is enriched for a particular fragment
size, the distance between the paired reads is pre-defined.
Any insertion or deletion between the paired reads would
result in a deviation from the expected mapping distance;
hence, abnormally mapped read pairs might indicate the
presence of SV (Korbel et al. 2007). Different types of
SV can be mapped using paired reads, for example dele-
tions or insertions (when paired reads align further apart
or closer than expected), inversions (when the orienta-
tion of paired reads is inverted) or translocations (when
each of the paired reads maps to different chromosomes).
This approach is still highly dependent on the read cover-
age, size and number of repetitive elements in the genome
and the quality of the reference genome, and paired read
methods are best suited for detection of medium-sized
insertions and deletions. However, they might not be the
best choice for identification of small insertion or deletion
events, due to the difficulty in distinguishing small devia-
tions in read—pair distance from technical errors. Split read
algorithms provide an alternative which also makes use of
paired-end sequencing. Split read algorithms depend on
accurate mapping of one of the reads from a pair, while
the other read maps only partially to the reference genome
(Ye et al. 2009). When reads align right across a SV break
point, precise calling of breakpoints can be achieved.
However, with short read NGS technologies this type of
approach is only useful for detecting small-sized SV (Ye
et al. 2009; Schroder et al. 2014). New opportunities to
overcome these problems using long-read sequencing are
described later in this review.

One major bottleneck of the methods described above is
the availability of high-quality reference genomes. De novo
genome sequence assembly provides the optimal method
for fine-scale SV detection, but until now assembly based
pangenome approaches have been largely prevented by high
cost and time constraints (Hajirasouliha et al. 2010). How-
ever, costs can be significantly reduced using reduced-rep-
resentation sequencing approaches which only address part
of the whole genome. Reduced-representation sequencing
can be achieved either by selection of restriction fragments
for sequencing or by designing baits to capture certain inter-
esting regions of the genome. Whole-exome sequencing is
an example of such an approach which reduces computing
and sequencing costs by focusing only on protein-coding
regions. This reduces the capacity to detect large SV, but can
potentially identify causal CNV when sequencing coverage
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is sufficient. Exome capture has not yet been used exten-
sively in crops, but recently a capture array was developed
for barley to assay species-wide sequence diversity and SV
(Mascher et al. 2013). Alternatively, targeted gene sequenc-
ing provides opportunities to capture sequence variants for
specific panels of target genes, for example for QTL regions
(e.g. Clarke et al. 2013) or specific biological pathways
(Schiessl et al. 2017a). However, sequence capture does rely
on hybridization capture and amplification steps which raise
costs of library preparation and can also lead to normaliza-
tion problems which must be dealt with during data analysis.

Because each method has limitations, a pragmatic
approach is to use a combination of SV detection meth-
ods (Escaramis et al. 2015; Alkan et al. 2011). However,
accurate and unique alignment of short sequence reads to
a reference assembly is the foundation of almost every SV
detection pipeline. This is extremely challenging in the
case of polyploids due to the high homology between their
subgenomes. The majority of the crop species reference
genomes published to date are themselves based on short
read sequencing, containing in some cases thousands of con-
tigs and scaffolds that are not assembled to chromosome
level due to the repetitive and complex nature of most crop
genomes. The development of third-generation sequenc-
ing technologies which generate long-range sequences and
enable longer, contiguous scaffolds provide new opportuni-
ties for reliable, cost-effective de novo assembly at whole-
chromosome level (Jiao and Schneeberger 2017). In vari-
ous research applications, long-read sequencing has become
an efficient alternative for SV mapping and phasing. The
long-read sequencing platforms from Pacific BioSciences
(Menlo Park, CA, USA) and Oxford Nanopore Technolo-
gies (Oxford, UK) can provide read lengths ranging from
10 to 150 kb (Schmidt et al. 2017) depending on the DNA
library quality. The sequencing error rate for both these plat-
forms is higher compared to short read methods like Illu-
mina sequencing. However, because the sequencing errors
are randomly distributed this limitation can be overcome by
increasing the depth of sequencing (Schiessl et al. 2018).
By spanning rearrangement endpoints and providing more
accurate reference assemblies, both of these sequencing plat-
forms enable discovery of complex SV events which were
extremely challenging to detect using only short-read meth-
ods (English et al. 2015; Chaisson et al. 2014).

Alternative technologies such as optical mapping (Bio-
nano Genomics, San Diego, CA USA) (Lam et al. 2012) or
linked-read technologies (10x Genomics, Pleasanton, CA,
USA) (Mostovoy et al. 2016), which allow long distances
to be effectively spanned in complex genomes, have also
contributed substantially to SV detection. Even in challeng-
ing polyploid crop genomes, combinations of these different
approaches can provide base pair resolution to the study of
SV. Unfortunately, these high-resolution techniques are still
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relatively expensive, meaning that high-throughput analy-
sis in large populations is still prohibited by cost. Until this
changes, cheaper high-throughput methods like compara-
tive genomic hybridization (CGH), single nucleotide poly-
morphism (SNP) arrays or real-time multiplex PCR may be
viable alternatives in order to study trait-associated variants
in large populations.

Analysing SV using SNP genotyping arrays

High-density SNP arrays provide a popular and cost-effec-
tive solution to analyse genetic differences among many
individuals within a species. Presently the most popular
platform for SNP genotyping is the Infinium™ assay from
[llumina (San Diego, CA USA), which relies on hybridiza-
tion of genomic fragments to probe sequences anchored in
flowcells on a glass surface, with probes designed to capture
approximately 50 nucleotides of unique, non-polymorphic
sequence adjacent to a pre-determined SNP site. This is
followed by a single-base extension using hapten-labelled
nucleotides and generation of fluorescence signal by add-
ing fluorescently labelled antibodies (Mason et al. 2017).
Development of algorithms that can detect SV by quanti-
fying the relative light intensities generated during a SNP
call has been an area of research for many years. In human
genetics, algorithms like QuantiSNP (Colella et al. 2007)
and Birdsuite (Korn et al. 2008) use the fluorescent signal
intensity of one allele relative to the other to infer a dupli-
cation or deletion event. For polyploid crop plants, the R
package “gsrc” (for “genome-wide structural rearrangement
calling”) was developed to call rearrangements using SNP
intensity information (Grandke et al. 2016). A wide range
of SNP arrays have been developed in multiple crops for
use in crop breeding and genetic research (Voss-Fels and
Snowdon 2016).

Despite the widespread use of SNP arrays, there are some
inherent problems associated with them when it comes to
SV detection. The greatest problem is the limited power of
detection of small SVs, due to poor resolution and ascertain-
ment bias due to the pre-determined design of the arrays.
PCR-based methods provide a simple and cheap alternative
to SNP arrays, especially for detection of SVs at ultra-high
resolution; however, prior knowledge of regions of inter-
est is required and throughput is limited. Quantitative real-
time PCR (qRT-PCR) and digital PCR (dPCR) are further
methods capable of efficiently identifying small SV (InDels)
but also translocations, inversions and CNV (Schiessl et al.
2017a; Qian et al. 2016; Ma and Chung 2001). Genes for
different traits affected by PAV, CNV and InDel polymor-
phisms have been validated in a number of major crops
using PCR, for example flowering time genes (Schiessl
et al. 2017a), lignin biosynthesis genes (Stein et al. 2017)
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and a stay-green gene (Qian et al. 2016) in rapeseed, copies
of the boron toxicity tolerance gene Bot! in barley (Sutton
et al. 2007), the aluminium tolerance gene MATE! in maize
genotypes (Maron et al. 2013) and InDels in the wheat pho-
toperiodicity genes Ppd-Ala Ppd-Bla (Nishida et al. 2013).

Crop pangenomes as a future reference
paradigm

The unprecedented low cost and high throughput of DNA
sequencing today makes it possible to generate genome
sequence data for hundreds or thousands of individuals
within a species. This provides a new wealth of data to dis-
cover genomic re-arrangements in crop genomes in the form
of CNVs and PAVs. Insights into genomic SV have conclu-
sively established that a single reference assembly cannot
reflect the entire diversity within a species. This gave rise
to the concept of pangenomes, which ideally represent all
structural genome diversity present in a species. Originally
coined for analysis of bacterial genomes (Tettelin et al.
2005), the pangenome concept was first adapted to plants
after comparative sequencing of grass genomes revealed
widespread structural variation on a previously unknown
scale (Morgante et al. 2007). Since the first crop genomes
became available, the pangenome concept has been inves-
tigated at many different levels especially in maize (Mor-
gante et al. 2007; Springer et al. 2009; Lai et al. 2010; Chia
et al. 2012; Hirsch et al. 2014). Most pangenome analyses
so far have focused primarily on differences in gene con-
tent between individuals in a species; however, as de novo
genome assemblies become more feasible in more complex
organisms there is growing scope for assembly scale pange-
nome analysis.

A pangenome for any species is considered to comprise a
so-called “core” genome, comprising all genes common to
all individuals within the species, along with a “dispensable”
genome consisting of partially shared genic regions that are
present in some individuals but absent from others (Tettelin
et al. 2005). To maximize discovery and coverage of the dis-
pensable genome component, a pangenome should ideally
include data from a broad range of individuals representative
of all diversity present in the species. Pangenomic descrip-
tion of SV is best achieved by assembly based approaches,
but due to their prohibitive cost for large and complex
genomes the early pangenomes for most crop species have
been generated by genomic resequencing (or in some cases
skim sequencing) of representative diversity and analysis
by techniques to detect and place SV in existing reference
assemblies. This type of approach generally comprises three
major steps: resequencing reads are mapped to a high-qual-
ity reference assembly, unmapped reads are independently
assembled into additional contigs and these are inserted at
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the appropriate positions in the original assembly using end
alignments and/or genetic mapping data. Although faster and
cheaper than a de novo assembled pangenome, this method
relies strongly on a high-quality reference assembly and can
only capture SV in contigs that are able to be successfully
assembled and placed from unmapped reads. Nevertheless,
such approaches can provide cost-effective opportunities to
efficiently capture genic CNV and PAV (Golicz et al. 2016a;
Montenegro et al. 2017; Zhou et al. 2017).

To date there are only a handful of studies in which
crop pangenomes have been created by de novo assembly
of diverse individuals. The most comprehensive study so
far was a pangenomic analysis of genomic variation in cul-
tivated and wild rice (Zhao et al. 2018) in which whole-
genome de novo assemblies were generated for 66 diverse
genotypes chosen to represent a panel of 1529 accessions
across the Oryza sativa—Oryza rufipogon species com-
plex. The resulting rice pangenome identified 26,372 core
genes and 16,208 dispensable genes, enabling associations
of SV signatures across the pangenome to domestication
sweeps and other signals of natural and artificial selection.
Interestingly, several important known genes which were
not observed in the original Nipponbare reference genome
sequence, including the submergence tolerancel genes
SublA (Xu et al. 2006) SNORKELI and SNORKEL?2 (Hat-
tori et al. 2009), and the phosphorus-deficiency tolerance
gene Pstol (Gamuyao et al. 2012) were discovered in the
pangenome sequence (Zhao et al. 2018).

These findings reflect observations from Samans et al.
(2017) in allotetraploid B. napus that genes involved in
stress adaptation responses are particularly prevalent
among genome structural variants resulting in CNV and
PAYV, underlining the key role of SV in crop adaption and
breeding selection. Similarly, in hexaploid wheat, for which
the first high-quality whole-genome reference assembly
was recently published (The International Wheat Genome
Sequencing Consortium 2014), a resequencing-based pange-
nome study including 18 wheat cultivars revealed an average
of 128,656 genes per cultivar, of which 64% were found to
be present in all cultivars and 49,952 genes were dispensa-
ble (Appels et al. 2018). Again, annotation of the variable
set of genes revealed an enrichment for genes involved in
environmental stress and defence response. Assembly based
approaches to pangenome analysis will further refine these
initial studies as they become more feasible with new assem-
bly strategies and long-read sequencing capabilities. In the
foreseeable future, assembly based pangenome analysis is
likely to become the method of choice for generating and
analysing reference genome data, even in crops with large,
complex genomes like those of barley (Stein and Mascher
2019) or wheat. In a pangenome analysis based on de novo
assemblies for wild relatives of soybean (Glycine soja), Li
et al. (2014) found high variation in a dispensable genome
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comprising around 20% of all assembled sequences, with
CNYV and mutations in dispensable genes showing evidence
for positive selection and a strong influence on important
agronomical traits. McHale et al. (2012) found previously
that CNV and PAV between wild and domesticated soybean
affect over 800 genes involved in biotic stress resistance, and
detailed assemblies of wild vs. cultivated forms can deliver
important sequence information with regard to potentially
important genes that may be absent from reference cultivars.

In contrast to pangenome assembly approaches, which
can miss genes not picked up by algorithms for prediction
of open reading frames (ORF), some authors advocate the
use of transcriptomics-based approaches as a cost-effective
way to circumvent this problem. For example, He et al.
(2015) introduced the concept of an ordered transcriptome
for the allopolyploid B. napus based on gene models from
its diploid progenitors B. rapa and B. oleracea, and the

Brassica rapa AA

homoeologous diploid pan-transcriptomes as a reference to
visualize SV in genetically diverse B. napus accessions using
mRNAseq data (He et al. 2016). Such approaches provide
a clear visual impression of the high degree of SV in recent
polyploid crop genomes (Fig. 2). Hirsch et al. (2014) took a
transcriptomics-based approach to assemble a pangenome
for maize. Using this approach, they succeeded in identi-
fying 8681 representative transcript assemblies (longest
transcripts within the respective loci) which did not map to
the B73 reference, 83% of which mapped only in subsets of
503 investigated lines and can be considered as dispensable
genes.

Lu et al. (2015) used an alternative approach for an assem-
bly independent pangenome analysis in maize, using linkage
information to map 26 million sequence tags generated by
reduced-representation sequencing of 14,129 maize inbred
lines. A total of 4.4 million tags with high-confidence map
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Fig.2 Visualization of extensive structural variation (SV) caused by
homoeologous genome exchanges between the A and C subgenomes
of the allopolyploid crop species Brassica napus (oilseed rape), using
Transcriptome Display Tile Plots derived from mRNAseq reads
mapped to an ordered pan-transcriptome. The relative transcript
abundance of homoeologous gene pairs is represented in CMYK col-
our space, with cyan component representing transcript abundance of
the A-subgenome copy and magenta component representing tran-
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script abundance of the C-subgenome copy. The pairs are plotted in
Brassica C genome order (chromosomes denoted C1 to C9) for four
biological replicates of each of 27 accessions of B. napus and con-
trols comprising parental species and their in silico combination.
Image reproduced from He et al. (2015; https://doi.org/10.1111/
pbi.12657) under the terms of the Creative Commons Attribution
licence 2.0
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positions were selected as anchors for a high-density pange-
nome map. One quarter of these anchors represented PAV
and showed enriched associations with phenotypic traits,
providing a basis to discover genes where SV is involved in
maize adaptation and agronomy. This example shows the
power of combinatory approaches involving low-cost, high-
throughput sequencing and population genetic analysis to
define and analyse SV. Such techniques can potentially also
be applied in species without extensive genomics resources.

The Brassicaceae (Cruciferae) family represents an
important crop model for studying polyploidy and genomic
structural re-arrangements (Mason and Snowdon 2016).
Present-day allopolyploid Brassica crops originated by inter-
specific hybridization between different diploid progenitors,
for example B. napus was formed by hybridization between
B. oleracea and B. rapa. Because the diploids are them-
selves closely related paleopolyploids with high homoeol-
ogy between their genomes, synthetic hybrids among them
undergo extensive genome restructuring due to inter-homoe-
ologue pairing during the early rounds of meiosis, leading
to extensive SV (e.g. Samans et al. 2017; Zou et al. 2018). It
might be reasonable to hypothesize that corresponding pro-
cesses during ancient polyploidization had a similar influ-
ence on genome-wide SV and adaptive diversity in Brassica
spp., giving rise to substantial PAV and CNV observed in
present-day diploid cabbage species: such events have been

found to have particularly profound effects on genes involved
in biotic stress responses in B. oleracea (Golicz et al. 2016b)
or phenylpropanoid biosynthesis in B. rapa (Lin et al. 2014).

Structural variation and trait diversity
in major crops: key examples

Table 1 provides examples for demonstrated associations
of SV to plant phenotypes in crop species. Wheat is one
of the most complex plant genomes due to its large size
and polyploid nature. As a result, there has been consid-
erable delay in the detailed genomic analysis of wheat.
However, early genetic mapping studies already showed
that rearrangements on a number of chromosomes impact
numerous important genes for resistance and adaptation
traits (Nelson et al. 1995). It was also known for some time
that some genes duplicated via polyploidy have remained
unaltered, whereas others have been deleted or rendered
non-functional by transposon insertions or premature stop
codons (Gu et al. 2004). Major translocations in wheat
have been associated with specific geographical regions
(Riley et al. 1967; Belay and Merker 2004, 2006; Ma
et al. 2015) and associated with adaptive and biotic resist-
ance traits (Liu et al. 2016; Law and Worland 2006). With
growing access to gene and sequence data, the influence of

Table 1 Examples for structural variations with demonstrated effects on agronomic traits in different crop species

Species Type of variant Traits associated Reference
Barley (Hordeum vulgare) CNV Boron toxicity tolerance Sutton et al. (2007)
CNV Disease resistance Muiioz-Amatriain et al. (2013)
Maize (Zea mays) PAV, CNV Domestication Springer et al. (2009)
CNV Disease response, heterosis Belo et al. (2010)
CNV - Swanson-Wagner et al. (2010)
CNV Breeding selection Jiao et al. (2012)
CNV Aluminium tolerance Maron et al. (2013)
Rice (Oryza sativa) PAV, CNV Grain size, disease resistance Xu et al. (2012)
CNV Disease resistance Yang et al. (2013), Yu et al. (2013)
InDel Root system architecture Uga et al. (2013)
Soybean (Glycine max) PAV, CNV Stress responses Haun et al. (2010), McHale et al. (2012)
CNV Disease resistance Lee et al. (2015)
Sorghum (Sorghum bicolor) PAV, CNV Disease resistance Zheng et al. (2011), Mace et al. (2014)
Wheat (Triticum aestivum) CNV Vernalization, flowering time Diaz et al. (2012), Wiirschum et al. (2015)
CNV Plant height Lietal. (2012)
PAV Heading date Nishida et al. (2013)
CNV Frost tolerance Sieber et al. (2016)
CNV Winter hardiness Wiirschum et al. (2016)
Oilseed rape (Brassica napus) PAV, CNV Flowering time Schiessl et al. (2017b)
HE Seed fibre Stein et al. (2017)
PAV Stay-green Qian et al. (2016)
PAV Disease resistance Gabur et al. (2018)
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CNYV due to polyploidization on adaptive traits like flower-
ing time has been elucidated in more detail. For example,
Diaz et al. (2012) found that variation in flowering behav-
iour in commercial wheat cultivars resulted from CNV
for the photoperiodicity gene Ppd-BI and the vernaliza-
tion gene Vrn-Al, rather than direct DNA mutations. An
increase in the copy number of Ppd-B1 was found to be
associated with an early-flowering, day-length neutral phe-
notype, whereas plants with a higher Vrn-Al copy num-
ber exhibited an increased vernalization requirement. In
another example, Wiirschum et al. (2016) reported that
copy number variation of C-repeat Binding Factor (CBF)
genes at the Fr-A2 locus was the pivotal component for
winter hardiness in a panel of 407 European winter wheat
cultivars.

In addition to inter-homoeologue chromosome exchanges,
interspecific hybrids of wheat with related grasses have led
to rich cytogenetic stocks with segmental chromosome
insertions or translocations, with a particular focus on resist-
ance traits (Friebe et al. 1996; Wulff and Moscou 2014). One
of the most well-known events is the 1BS/IRS translocation
from rye, which increased drought adaptation and promoted
yield performance of spring wheat in dryland production
systems (Villareal et al. 1995; Reeves et al. 1999). However,
the exact molecular basis of this improvement is still elu-
sive. On the other hand, gene CNV has also been shown to
shape other important phenotypic traits such as plant height
in wheat. In cultivars carrying the semi-dwarfing genes
Reduced height (Rht)-B1b and Rht-D1b, previously unchar-
acterized CNV polymorphisms of Rht-D1 were reported to
be causal for extreme dwarf phenotype, while a 90 bp inser-
tion in RAt-B1 also contributed to severe dwarfism (Pearce
et al. 2011). Another critical factor affecting wheat yield is
photosynthetic activity determined by chlorophyll content.
CNV in the wheat cytokinin oxidase gene Tackx4, which
influences chlorophyll content and chloroplast stability via
modulation of cytokinin concentration, was found to be
associated with the chlorophyll content after anthesis as well
as grain weight in 102 wheat varieties (Chang et al. 2016).

In barley, several studies have described gene copy num-
ber polymorphisms associated with environmental adapta-
tion. As in wheat, CNV in the H. vulgare CBF orthologue at
the Frost Resistant-2 locus (FR-2) was found to confer frost
tolerance, with an increase in CBF coding sequences in win-
ter barley compared to spring forms (Knox et al. 2010; Fran-
cia et al. 2016). Similarly, dosage effects from an increase
in the number of H. vulgare boron transporter (Botl) gene
copies were found to confer boron toxicity tolerance (Sutton
et al. 2007). Mufioz-Amatriain et al. (2013) found that CNV
between the barley cultivars Barke and Morex was particu-
larly prominent for disease resistance proteins and protein
kinases, while increased levels of CNVs were observed for
wild accessions in comparison with cultivated barley. As
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for the examples mentioned above, these studies suggest a
key role of SV in conferring the genome plasticity needed
for adaption of barley to diverse environmental conditions.
In oilseed rape/canola, anomalies in marker segregation
in mapping populations displaying otherwise normal pat-
terns of inheritance (Parkin et al. 1995; Sharpe et al. 1995;
Udall et al. 2005) provided the first evidence for exchange
of genetic material between homoeologous chromosomes.
Detailed elucidation revealed that in the most extreme cases
such chromosomal rearrangements can range up to~40 Mb
in length, effectively involving whole chromosomes (Hig-
gins et al. 2018). Interestingly, all evidence thus far shows
subgenomic bias in direction of exchanges, with loss of the
C genome and concomitant gain of the A genome being far
more prevalent (Samans et al. 2017; Higgins et al. 2018).
Early studies already suggested an important adaptive role,
with a well-documented exchange between B. napus chro-
mosomes AQ7 and C06 being associated with higher seed
yields (Osborn et al. 2003). The ubiquity of such events,
which have shaped the modern B. napus genome, was con-
firmed with the sequencing of the genome reference. Fixed
homoeologous exchange events were found to be shared
among cultivars due to intentional or inadvertent selection
during allopolyploidization and/or breeding, and they thus
underlie loci for a number of important traits (Chalhoub
et al. 2014). One event led to loss of the C genome copy of
a MYB28 transcription factor on chromosome CO2 that was
replaced with a non-functional A-genome copy of the same
gene; this SV defined one of the strongest loci controlling
the low glucosinolate phenotype that has underpinned the
global success of canola as a major crop. A similar event
involving the same B. napus chromosomes (A02/C02) cre-
ated CNV for the flowering time gene FLC which leads to
accelerated flowering in annual types. Methods to catalogue
homoeologous exchanges in B. napus from read depth data
(Samans et al. 2017) also led to the discovery of PAV under-
lying a QTL for seed fibre in B. napus (Stein et al. 2017).
A comprehensive study of natural genetic variation
in homologues of 35 flowering time regulation genes in
diverse B. napus morphotypes identified an extensive range
of structural variation and potential associations to pheno-
types related to flowering and secondary processes (Schiessl
et al. 2017b). Different homoeologues of the vernalization
response gene Flowering Locus C (FLC), the photosyn-
thetic regulator Phytochrome A (PHYA) and the hormone
Gibberellic Acid 3-oxidase 1 (GA3oxlI) all showed CNV
and PAV associated with the derivation of B. napus mor-
photypes, again demonstrating the importance of SV on
genes involved in human agricultural selection. The use of
genome-wide SNP arrays to catalogue SV in multiparen-
tal segregating B. napus populations enables the inclusion
of SV polymorphisms in genome-wide association studies.
Gabur et al. (2018) utilized segregating PAV identified by
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“single nucleotide absence polymorphism” (SNAP) markers
(or “missing” SNP data) to discover a strong involvement
of SV in the quantitative control of disease resistance in
B. napus. Further, in combination with genome sequencing
data from mapping parents the QTL could be delineated to
small PAV spanning just one or a few potential candidate
genes. The success of this study and the continued discovery
of SVs as determinants in the control of key agronomic traits
suggests that the discovery of SV should become a standard
tool in future genetic analyses of crop traits.

In soybean, the world’s primary pulse crop, self-pollina-
tion together with genetic bottlenecks during domestication
have eroded the genetic diversity within the species (Hyten
et al. 2006), with sequence polymorphism among soybean
accessions typically as low as one SNP per 1000 bases.
Therefore, it might also be reasonable to assume a low level
of genomic SV. However, this assumption was shattered by
Anderson et al. (2014) who found that a panel of 41 soy-
bean accessions contained almost 1528 genes affected by
SV. Interestingly, genes exhibiting CNVs were enriched for
resistance genes with nucleotide-binding site (NBS) or NBS-
leucine-rich repeat (LRR) domains, suggesting involvement
of CNVs in interactions with plant pathogens. A well-known
example was described by Cook et al. (2012), who found
that a 31 kb sequence fragment containing an amino acid
transporter, an a-SNAP protein and a WI12 (wound-induc-
ible domain) protein that each contribute to soybean cyst
nematode (SCN), one of the most devastating pathogens of
soybean, was present in ten tandem copies in resistant culti-
vars but only a single copy in susceptible cultivars. A similar
gene CNV was also reported by Liu et al. (2017) who also
showed that CNV of multiple genes present in a single DNA
fragment contribute towards SCN resistance.

There have been numerous examples of genome struc-
tural variations underlying commercially important traits
in many vegetable species. Hardigan et al. (2016) studied
genome-wide SV in homozygous clones of diploid potato (S.
tuberosum), finding that almost 30% of the genes were toler-
ant to deletion or duplication, with an impact of SV on per-
formance. As in other crop species, there was evidence that
PAV and CNV impacted gene clusters in potato involved in
environmental stress responses. The authors concluded that
CNV may drive adaptation of potato through evolution of
important pathways involved in stress responses. SVs have
also been reported to play an important role in controlling
several traits in tomato. Tranchida-Lombardo et al. (2018)
reported over 200 deletions by resequencing and assembling
of two tomato landraces. Many of these deletions were found
to be localized in the genes annotated for ripening, shelf life
and quality of the fruit. In cucumber (Cucumis sativus), a
model system for sex determination studies in plants, Zhang
et al. (2015) constructed a nucleotide-resolution SV map
which revealed SVs in their coding regions of over 1600
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genes. Using this SV map, they were able to prove that the
sex determination in cucumber is controlled by CNV in four
genes at the Female (F) locus.

Approximately 85% of the maize genome is composed
of transposable elements (Schnable et al. 2009), which con-
tribute significantly to genomic re-arrangements and gene
PAV. In a recent effort to create a newer reference genome
assembly for maize, more than 3000 SVs were detected
by comparing optical maps for two inbred lines Kill and
W22 to the B73 reference. The individual SV events ranged
from 1 kb to over 1 Mb in length, with an average length of
about 20 kb (Jiao et al. 2017). Because this phenomenon has
been studied extensively in maize, it is not surprising that a
plethora of agronomically interesting traits have been found
be to be controlled by PAV in maize, ranging from abiotic
and biotic stress responses to plant architecture and hetero-
sis. For example, Wang et al. (2016) reported that an inser-
tion in the promoter region of the ZmVPPI gene induces
drought-dependent expression of ZmVPPI in drought-tol-
erant genotypes. The PAV in ZmVPPI was also associated
with enhancement of photosynthetic efficiency and root
development under both stress and non-stress conditions.
CNYV events also play a role in stress resistance responses
in maize. For example, the rp! locus, responsible for race-
specific resistance to the common rust fungus, is a hotspot
for unequal crossovers leading to gain, loss or duplications
in this NBS-LRR gene family. This creates a diverse haplo-
type makeup at the rpI locus, translating to variable resist-
ance responses to various rust races (Richter et al. 1995).
The same authors found a similar example for a CNV in a
wall-associated kinase (ZmWAK) gene, which was found to
confer resistance to head smut in maize. Interestingly, the
responsible WAK gene was absent in many modern maize
lines but present in wild relatives.

Although there is considerable indirect evidence for a role
of PAV in stress responses, there is still only a handful of
examples for their importance in adaptive traits in maize.
Maron et al. (2013) reported association of a rare CNV in
the multidrug and toxin exudation gene MATE! in maize to
aluminium tolerance. Strikingly, the geographical origin of
maize lines carrying three copies of MATE] coincided with
highly acidic soil, implicating this CNV as an important SV
conferring maize adaptation to a specific environment.

A DNA segment present or absent exclusively in germ-
plasm adapted to a particular type of environmental cue
might be indicative of the fact that genic PAV in this seg-
ment play a crucial role in adaptation. An array of INDELSs
in the 5' regulatory region of the FLOWERING LOCUS
T homologue, LanFTcl was found to be associated with
differential vernalization response, flowering time, in
narrow-leafed lupin (Taylor et al. 2018). Genotypes with
no deletion exhibited an early flowering behaviour and a
reduced or no response to vernalization. Such a catalogue
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of structural variations could serve as the basis for the nec-
essary environmental plasticity needed for designing the
future crops adapted to wide range of environments. Darracq
et al. (2018) identified in total 88 Mb of DNA in a French
maize inbred line that was absent in an American inbred
line, and contained 395 putative coding genes. Evidence was
also observed for de novo SV in European maize alongside
ancient SV, demonstrating ongoing adaptive genome evolu-
tionary dynamics. Annotation of the novel genes revealed
putative roles in biotic and biotic stress responses, in biosyn-
thetic processes, in development, in protein synthesis and in
chromatin remodelling. Intriguingly, expression of most of
the novel genes was restricted to particular conditions or tis-
sues, leading to a conclusion that at least some of the genes
from the dispensable part of the genome might be involved
in environmental adaptation.

The realization that heterotic pools in maize breeding
programs can have vastly different gene content gave new
insight into the impact of SV on heterosis. Springer et al.
(2009) compared the genome structures of two maize inbred
lines by comparative genomic hybridization and found that
a copious amount of genomic sequences exhibited copy
number differences between the two genomes. Sun et al.
(2018) underlined the extent of genome-wide SV in maize
by assembling the genome of Mo17 and comparing it to the
B73 reference assembly. This confirmed that almost 10% of
the annotated genes were exclusive to one or the other acces-
sion, while more than 20% were found to show substantial
structural variation. It was also hypothesized that these SVs
might be involved in heterosis and genome evolution. Fur-
thermore, many sequences annotated as single-copy genes
were found to be present in one genome but completely
absent from the other genome. Although the contributing
mechanisms for heterosis are still not completely elucidated
and may differ from crop to crop, there is good reason to
believe that fixation of complementary PAV in different
heterotic pools can play an important role in exploitation of
additive heterosis in hybrid breeding.

The huge diversity in rice, combined with well-defined
phylogeny available for the genus Oryza, the small size of
the genome and vast genome sequence resources make it an
ideal candidate for studying effects of genomic SV on traits.
Bai et al. (2016) generated a CNV map, at single nucleotide
resolution for 50 rice accessions, comprising 9196 deletions
compared to the Nipponbare reference genome. More than
2000 annotated genes were reported to be affected by CNV.
Uga et al. (2013) identified the gene Deep Rooting 1 (DRO1)
as a key regulator of root system architecture with a pro-
found effect on yield under different water regimes in rice. A
japonica upland rice (Kinandang Patong) containing a full-
length DRO1 copy was found to have a deeper root system
architecture, whereas the indica lowland rice cultivar IR64
carried a truncated copy due to a 1 bp InDel. This results
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in shallower roots due to the introduction of a premature
stop codon in DROI (Uga et al. 2013). Yu et al. (2011) and
Yao et al. (2015) both found enrichment for disease resist-
ance or defence response genes among dispensable genes in
large rice resequencing studies. Wang et al. (2015) reported
CNV at the Grain Length on Chromosome 7 (GLT7) locus
associated with regulation of grain dimensions in rice. A
tandem duplication of a DNA fragment within the GL7 locus
lead was found to cause upregulation of GL7 expression and
suppression of its negative regulator, thereby resulting in
an increased grain length and improved grain appearance.

Outlook

As more and more genome data become available for major
crops, our insight into the profound importance of SV on
trait diversity continues to grow. Understanding the contri-
bution of gene copy number and presence—absence variation
to important traits will be an important factor in improving
the accuracy and efficacy of many new genetic technologies
in plant breeding, from genomic selection to genome editing
strategies. Just a decade ago, the notion that full, high-qual-
ity reference genome assemblies for any major crop could
be generated reasonably simply and quickly, at low cost,
was barely conceivable. Today this is (almost) a reality, and
a new era of high-throughput pangenomic analyses is set
to dominate crop genetic studies in the immediate future.
Although current costs of third-generation DNA sequenc-
ing technologies and chromatin conformation technologies
for scaffold improvement are still high, and computational
bottlenecks associated with creation of reference assemblies
need to be overcome, the plummeting cost of long-read
sequencing and improvement in computational algorithms
and hardware could make de novo genome assembly more
routine in the foreseeable future, even for complex polyploid
crop genomes. One aspect of interest for breeders in a chang-
ing world is associations of SV with ecogeographical adap-
tations, abiotic stress adaptation and biotic stress responses.
This knowledge opens fascinating new opportunities to learn
from adaptive evolution of polyploid crop species in order
to improve crop resilience against biotic and abiotic stress
constraints in the face of climate change. From a broader
perspective, studies of SV in model and crop plants derived
from recent polyploidy have revealed an involvement of
gene dosage and/or PAV in a wide number of different traits
under natural and human (breeding) selection and showed
how genome rearrangements resulting from de novo poly-
ploidization might even be used to generate new variation
for breeding. Such examples underline the role of SV as a
key driver of genetic diversity for future breeding of sustain-
able, resilient and healthy crops. Novel methods to detect,
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assay, harness and select for useful SV events will therefore
be a valuable future resource for crop breeding.
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associates with quantitative
Verticillium longisporum disease
resistance in Brassica napus

lulian Gabur**, Harmeet Singh Chawla'%, Daniel Teshome Lopisso?3,
Andreas von Tiedemann?, Rod J. Snowdon(®? & Christian Obermeier®?*

Although copy number variation (CNV) and presence-absence variation (PAV) have been discovered

in selected gene families in most crop species, the global prevalence of these polymorphisms in most
complex genomes is still unclear and their influence on quantitatively inherited agronomic traits is

still largely unknown. Here we analyze the association of gene PAV with resistance of oilseed rape
(Brassica napus) against the important fungal pathogen Verticillium longisporum, as an example for a
complex, quantitative disease resistance in the strongly rearranged genome of a recent allopolyploid
crop species. Using Single Nucleotide absence Polymorphism (SNaP) markers to efficiently trace PAV

in breeding populations, we significantly increased the resolution of loci influencing V. longisporum
resistance in biparental and multi-parental mapping populations. Gene PAV, assayed by resequencing
mapping parents, was observed in 23-51% of the genes within confidence intervals of quantitative trait
loci (QTL) for V. longisporum resistance, and high-priority candidate genes identified within QTL were
all affected by PAV. The results demonstrate the prominent role of gene PAV in determining agronomic
traits, suggesting that this important class of polymorphism should be exploited more systematically in
future plant breeding.

Duplication of genes followed by diversification is a common process shaping the evolution of plant species by
natural and artificial (breeding) selection'. Genes can be duplicated by different mechanisms, including tan-
dem duplication, transposon-mediated duplication, segmental duplication, or in the most extreme form by
whole-genome duplication (WGD) or polyploidization. WGD is common in the evolutionary history of many
wild and cultivated plant species. Different terms have been used frequently to describe short- and long-range
genomic duplication and genome structural variation (SV), a term originally defined in reference to insertions,
deletions and inversions greater than 1kb in size*™. In contrast to small-scale insertion-deletion (InDel) poly-
morphisms, which are generally defined as small insertions or deletions of a few nucleotides (up to 50bp), SV in
the size range of genes (up to a few kb) can give rise to copy number variation (CNV) or presence/absence varia-
tion (PAV). The latter is an extreme form of CNV where fragments in the size range of genes are missing from the
genomes of some investigated genotypes.

Genes affected by duplications, InDels, CNVs and PAVs in diploid and polyploid plant species have been
linked to local adaptation of wild populations® and to important agronomical traits in crops*®-8 for example
flowering time and vernalization requirement in oilseed rape®'® and wheat'!, abiotic stress tolerance in wheat'*!}
and biotic stress tolerance in tobacco'*. However, the strong impact of CNV and other forms of SV in polyploid
crop genomes on evolution and trait selection was not recognized until the last few years, when recognition of
their relevance was facilitated by large-scale genotyping including long-range sequencing technologies in large
breeding populations of numerous crops'®. One recent genotyping technology which is particularly suitable
for detection of long-range SV is Bionano optical genome mapping using nano-channel arrays'®. This method
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Figure 1. Comparison of co-localizing (CoLOC) QTL positions (in Mbp anchored to Darmor-bzh) obtained
by QTL mapping in the biparental ExR53-DH population using maps produced with SNP markers only (light
green, hatched) or SNP plus SNaP markers (dark green, hatched), and by GWAS in a NAM panel with 5
subpopulations using maps produced with SNP markers only (light blue, solid) or SNP plus SNaP markers (dark
blue, solid). Only QTL above a threshold or LOD > 3 and —log (p-value) > 3 were included in the figure. Red
boxes indicate QTL regions overlapping in biparental QTL and GWAS.

involves imaging of high-molecular weight, fluorescently-labeled DNA molecules and creation of large restric-
tion maps represented as stretches of light and dark regions (resembling a barcode), which then can be aligned
to an in silico generated optical map of a reference genome assembly. A key factor distinguishing this approach
from previous technologies for SV analysis is that the DNA molecules are not sheared, thus enabling the capture
of long-range genomic information stretching up to several hundred kilobases. In combination with accurate
genome assemblies even for strongly complex polyploid crop genomes, optical mapping opens new avenues for
dissection of genomic rearrangements associated with traits relevant for commercial plant breeding.

Oilseed rape (Brassica napus) is a recent polyploid crop species originating from the inter-specific hybrid-
ization between the two diploid progenitor species, B. oleracea and B. rapa. Due to high levels of homoeology
between the two progenitor subgenomes, widespread structural rearrangements are a common phenomenon
within the rapeseed genome!’~", while its ancestral hexaploid progenitor genomes already carried intensive
structural and functional modifications through long-term genome fractionation and evolution?-%.

This study focuses exclusively on gene PAV in oilseed rape breeding populations and evaluates the biolog-
ical relevance and prevalence of gene PAV associated with resistance to a common fungal disease of oilseed
rape, Verticillium stem striping caused by Verticillium longisporum. By genetic mapping of genome-wide SNP/
SNaP markers?, along with short-read Illumina sequencing in combination with long-range optical mapping,
we demonstrate that inclusion of presence-absence polymorphisms in quantitative trait locus (QTL) mapping
strategies enables also reliable identification of gene PAV with a putative role in V. longisporum resistance. The
results provide a valuable example for the importance of pangenomic gene variation for breeding of a key trait in
a major polyploid crop.

Results

QTL detection for V. longisporum resistance.  Analysis of raw genotype data from the Brassica 60k SNP
array*>?° for a doubled haploid population ExR53-DH was performed for 244 genotypes. Two genetic maps were
produced, one using only SNP markers (the “SNP map”) and one using SNP plus SNaP markers* (the “SNaP
map”), respectively. Comparison of the SNP and SNaP maps revealed that large chromosomal regions were not
covered in the SNP map (e.g. for chromosome A03 compare Fig. 1a,b). Surprisingly, QTL mapping using the
SNaP map increased the number of detectable QTL from 5 to 17 (Supplementary Table S1), with substantially
increased LOD scores also indicating a dramatic increase in QTL detection power when including SNaP marker
data. Furthermore, the map resolution and precision across QTL intervals were considerably increased by inclu-
sion of SNaP markers. Interestingly, some QTL detected only in the SNaP map contained only SNP markers
within the QTL confidence interval (e.g. q23k-BP-A1-1, q23k-BP-A3-2, q23k-BP-A3-2, q23k-BP-A5-1), while
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Start position of | Stop position | Size of QTL | QTLID in Start position of | Stop position of | Size of LD
QTLID in biparental | QTL interval in of QTL in interval NAM QTLLD blockin | QTLLD blockin | block
chromosome | population ExR53-DH ExR53-DH (bp) population NAM population | NAM population | (bp)
chrA03 q23k-BP-A3-1 7,963,059 11,419,476 3,456,417 q22k-NAM-A3-2 | 10,075,388 10,458,202 382,814
chrA05 q23k-BP-A5-2 2,357,535 2,473,365 115,830 q22k-NAM-A5 2,384,153 2,808,636 424,483
q23k-BP-C5-1 3,670,200 3,672,842 2,642
chrC05 and and and and q22k-NAM-C5-2 | 3,089,132 3,698,279 609,147
q23k-BP-C5-2 3,688,115 3,949,617 261,502
chrC08 q23k-BP-C8 801,925 13,488,675 12,686,750 q22k-NAM-C8 12,201,749 12,596,542 394,793

Table 1. Comparison of QTL locations detected by biparental QTL mapping in ExR53-DH and by GWAS in a
NAM panel using SNP and SNaP markers.

other QTL spanned intervals containing only SNaP markers (e.g. g23k-BP-C2-1). Many SNaP markers clustered
in groups, spanning large regions up to chromosome scale, while other SNaP markers were located within blocks
of SNP markers (Supplementary Table S1).

Additionally, a subset of subpopulations from crosses of a common elite oilseed rape parent with five synthetic
B. napus parents was selected based on segregation of parental lines for V. longisporum resistance from the B.
napus nested association mapping (NAM) panel described by Snowdon et al.””. GWAS including both SNP and
SNaP markers increased QTL detection power and detected a total of 41 significant marker-trait associations
(Supplementary Fig. S2, Supplementary Table S2). Most of the additional detected QTL harboured only SNaP
markers.

Co-localizing resistance QTL in diverse genetic backgrounds. Using only SNP markers, comparison
of QTL detected by biparental QTL mapping and by GWAS revealed no co-localizing QTL (Fig. 1 in light green
and light blue, Supplementary Tables S1 and S2). In contrast, adding SNaP markers to the QTL analyses revealed
a strong increase to 5 co-localizing QTL (Fig. 1 in dark green and dark blue, Table 1) harbouring 2 to 90 genes per
confidence interval (Supplementary Table S3). Sizes of QTL intervals for V. longisporum resistance showed dif-
ferences between the biparental QTL mapping and the multi-parental GWAS (Supplementary Tables S1 and S2).
Generally, smaller QTL intervals are expected in a NAM-GWAS approach, as higher numbers of recombinations
are expected from crosses involving multiple non-related parents. On the other hand, QTL intervals in a GWAS
mapping approach can only be measured for markers which can be positionally anchored, whereas biparental
mapping can also consider marker loci which can be genetically, but not physically anchored. This led to some
co-localizing resistance QTL with smaller confidence intervals observed in the biparental mapping compared to
the NAM-GWAS (e.g. QTL on chromosomes A05 and C05, Table 1).

Gene ontology and enrichment analysis for genes underlying resistance QTL. Gene ontology
enrichment analysis of the biparental population revealed five enriched GO terms in 17 QTL regions, with highest
significance (topgoFisher score) attributable to the terms ‘chitin catabolic process’ and ‘response to biotic stimulus’
(Supplementary Table S4). In the NAM population eight enriched terms for genes harboured in 28 QTL regions
were mainly related to cell growth. In the co-localizing QTL sections six enriched GO terms were identified. A
total of 144 genes are harboured within the confidence intervals of the 5 co-localizing resistance QTL (CoLOC1
to CoLOCS5, Supplementary Table S5). The GO terms for the 144 genes harboured in the 5 co-localizing QTL
intervals reflect annotations from just 8 genes (labelled in green in Supplementary Table S5) related to cell-wall
modification (expansins) and pathogen defence (defensins) on chromosome A05 (CoLOC2) and selenium bind-
ing on chromosome C08 (CoLOCS5). One gene each returned annotation terms containing ‘response to stress’
and ‘systemic acquired resistance, respectively. For four genes an annotation term ‘defense response to fungus’ or
‘response to symbiotic fungus’ was assigned, mostly based on plant defensin genes, whereas seven genes returned
annotations containing the term ‘cell wall, mostly based on expansin genes and pectin esterase-like protein genes.

Both long and short-range PAV associate with V. longisporum resistance. To validate if consec-
utively mapped SNaP markers can help to reliably detect deletions within gene-range size associated with oth-
erwise invisible QTL, resistance-associated QTL detected in the ExR53-DH population were physically located
in the B. napus Darmor-bzh reference genome and the corresponding sequences were compared with optical
genome maps. De novo assembly for parental lines Express 617 and R53 was performed using 300 Gb (~250x
coverage) from Express 617 and 140 Gb (~116x coverage) of Bionano data, respectively. DNA molecules from
both genotypes exhibited a very high N50 > 180 kbp, ensuring that long-range genomic information was covered
(Supplementary Table S6). One nick label was detected for every 10,000 bp of the molecules, also indicating a uni-
form coverage and a high SV detection power. The final assembly comprised 1,368 and 1,331 optical maps with
N50 values of 234 kb and 235 kb, respectively. The total lengths of the optical mapping assemblies were 978 Mb for
Express617 and 874 Mb for R53. The high molecule sizes, along with the total size of the assemblies close to the
predicted genome size for B. napus, indicate a good assembly quality suitable for reliable detection of long-range
SV. Large-scale deletions were consistently detected by consecutively anchored SNaP markers in the ExR53-DH
genetic map as well as by optical mapping data (Supplementary Fig. S1). Optical maps enabled accurate detection
of small to medium-size deletions and insertions in the size range of genes (from 3 to 5kb).

The 17 detected QTL regions harboured between 3 and 21 SNP and/or SNaP markers. In total, 122 markers
were contained within QTL regions and 72 were anchored to the Darmor-bzh reference genome (Supplementary
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Figure 2. Genetic and physical localisation of biallelic SNP and presence/absence SNaP markers in two V.
longisporum resistance QTL on chromosome A03 in the ExR53-DH population and its parents. (a) Genetic
linkage maps showing positions of biallelic SNP (black) and SNaP (red) markers. Green lines connect consensus
markers between the different map versions. (b) Positions of SNP probe sequences anchored by BLASTn to the
Darmor-bzh reference sequence. (¢) Optical Bionano genome maps (blue) of the two parental lines Express617
and R53 aligned to the Darmor-bzh reference sequence (green). The pink lines connect marker positions
flanking QTL regions in the SNaP map, the physical map and the optical maps (c). No resistance QTL were
detected using the genetic SNP map.

Table S7). All regions were investigated for long-range structural variants within QTL regions in parental
genomes by analyzing the optical map data and comparing the data with SNP/SNaP marker patterns in the segre-
gating population. Short to medium -range structural variation (deletion <5kb) were confirmed for 16 out of 18
(89%) SNaP marker positions in the two parents (Supplementary Table S7), suggesting that genetically anchored
consecutive SNaP markers can reliably detect short to medium-range presence/absence polymorphism associated
with V. longisporum resistance.

Figure 2 shows an example for comparison of genetic mapping from the DH population, reference anchor-
ing of SNP and SNaP markers and optical mapping data of two parents for chromosome A03, which harbours
two additional QTL not detectable using the SNP map. One of the QTL detectable only with the SNaP map,
q23k-BP-A3-1, harboured 4 SNaP markers, whereas another, QTL q23k-BP-A3-2, harboured 14 SNP markers
within the confidence interval (Supplementary Table S7). The QTL q23-BP-A3-1 is localized in a region with
long consecutively ordered stretches of SNaP markers. For the parental line Express 617, both QTL regions were
covered in the optical maps (Fig. 2c), whereas for the synthetic B. napus parent R53 about 6 Mb overlapping the
QTL region q-23k-BP-A3-1 was not covered. The region not covered in R53 corresponds to a 13.8 cM interval on
the genetic SNaP map (3.456 Mb), with the resistance allele contributed by Express 617 (Fig. 2a,b). This lack of
optical map alignments in QTL q23k-BP-A3-1, combined with segregating, consecutively anchored SNaP mark-
ers in the segregating DH population, confirms the deletion of this large chromosomal region in parental line R53
and suggests that this deletion is involved in resistance expression. In contrast, the second QTL, q23k-BP-A3-2, is
located in a region on chromosome A03 with long consecutively mapped stretches of SNP markers. Flanking the
QTL region, only isolated SNaP markers were mapped. The isolated SNaP markers detected close to the QTL thus
probably represent short-range PAV, potentially down to even single-nucleotide level. Nevertheless, saturating
the genetic map on chromosome A03 by adding SNaP markers facilitated the detection of QTL q23k-BP-A3-2,
whereas no QTL could be mapped in this region using only the SNP map (Fig. 2a, Supplementary Table S1). This
example demonstrates that the addition of SNaP markers for genetic mapping was causal for a higher detection
power of V. longisporum resistance QTL associated with both presence/presence as well as presence/absence
polymorphisms.
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Figure 3. Comparison of SNP/SNaP marker polymorphism, sequence coverage and gene content at the co-
localizing QTL CoLOCI on B. napus chromosome A03. (a) Positions of QTL for V. longisporum resistance

in the NAM panel (purple) and in the biparental mapping population ExR53-DH (green). (b) Chromosome
interval and annotated genes in the QTL region in the B. napus Darmor-bzh v4.1 reference genome. (c) Allele
patterns of reference-anchored markers in parents of six NAM subpopulations along with resequencing
coverage data in the six parents. Red boxes indicate confirmed segmental deletions involving genes. Failed
alleles represent SNaP (absence) alleles in susceptible parents.

Gene PAV is a key determinant of V. longisporum resistance. In order to identify putatively absent
genes from regions associated with V. longisporum disease resistance in the NAM panel, we combined Illumina
60 K SNP chip array genotyping and Illumina resequencing data for the six NAM parental lines with GWAS
data from the segregating NAM population. Illumina resequencing confirmed medium to long-range presence/
absence variation in the respective parents for 17 QTL regions (Supplementary Table S6). 60% of the 28 detected
resistance QTL were affected by medium to long-range PAV in the NAM population.

Figure 3 shows an example of the analyses for the SNaP marker Bn-A03-p10964394, which is associated
with V. longisporum resistance within the QTL interval 22k-NAM-A3-2 (Supplementary Table S8). This region
CoLOCI (Supplementary Table S3) also overlaps with QTL q23k-BP-A3-1 detected in the biparental population
(Fig. 3a). Comparison of the marker-trait segregation in the NAM panel with marker and resequencing data
for the six parental genotypes confirmed the expected pattern and revealed a putatively deleted interval within
a part (8%) of the QTL region of the susceptible parent. This deletion corresponds to a 30 kb region containing
4 protein-coding genes (Fig. 3¢, red box) within the entire QTL interval of 382kb containing a total of 90 genes
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(Fig. 3b). However, from 5 markers (3 SNaPs, 2 SNPs) within the LD block of the co-localizing QTL interval
CoLOCI, only the SNaP marker Bn-A03-p10964394 within the deleted region in R53 is significantly associ-
ated with V. longisporum resistance, suggesting that presence/absence polymorphism is involved in resistance.
Based on the resequencing data of the parental lines, two to four genes are affected by deletions within the QTL
interval (Fig. 3¢), namely BnaA03g21190D (coding for an uncharacterized protein), BnaA03g21200D (coding
for a skp1-like protein involved in ubiquitin-dependent protein catabolic processes), BnaA03g21210D (coding
for aquaporin pip1-2 protein involved in transporter activities), BnaA03g21220D (coding for an uncharacter-
ized protein) and BnaA03g21230D (coding for an ATP-dependent helicase brm-like protein involved in DNA
binding).

SNP/SNaP marker patterns within V. longisporum QTL regions were also compared with parental
whole-genome sequence coverage in the two parents of the biparental population ExR53-DH. Complete or
partial presence/absence events were reconfirmed by resequencing coverage analysis of the two parents for 12
out of 18 reference-anchored SNaP markers (67%) and for 5 out of 6 QTL regions harbouring one or several
reference-anchored SNaP markers (83%, Supplementary Table S9). The 2.5cM QTL interval q23k-BP-A3-1 spans
3,45 Mb on the Darmor-bzh reference, containing 683 genes (Supplementary Table S9). Part of this region is
shown in detail in Fig. 2 as co-localizing QTL region CoLOC1. Within CoLOCI a total of 382 kb, containing 90
genes, overlaps in the biparental and multi-parental QTL analyses (see above, Supplementary Table S3 and Fig. 3).

Using genomic resequencing data from 52 accessions?, including the six NAM parents investigated in our
study, we tested the software package SGSGeneLoss for gene loss calling and classification of genes as PAV genes
or non-PAV genes. Parameters of 5% minimum gene size coverage (lostCutoff =0.05) and minimum coverage of
two reads for a gene (minCov = 2) was used by Hurgobin et al.’® to call a gene as present in a genotype. However,
using these parameters for the 6 NAM parents used in our study, and comparing gene loss calling with PCR
amplification data for 11 gene fragments from two genomic regions on chromosome A03 and C04 (Gabur et al.*,
Fig. 3 and Supplementary Fig. S3) revealed an inaccurate gene fragment loss classification in 9 of 66 cases (86%
accuracy) and no PAV was called for the chromosome C04 regions. This suggests that the chosen parameters
were not stringent enough in the six genotypes to distinguish genuine gene loss from data processing noise due to
misalignments. Hence, gene loss was accordingly underestimated using these SGSGeneLoss program parameters
(and using Darmor-bzh v.4.1 as a reference). We therefore developed a customized pipeline which calibrated gene
loss calling parameters based on PCR wet lab data and also included the gene size in the calculations to reduce
further alignment biases. This procedure increased accuracy of gene loss calling to 96%. Both methods were
then used for gene loss calling in the six NAM parents, Express617 and R53, firstly across the whole genome and
then within identified QTL regions. Using our modified approach, 49% of total genes (49,701 of 101,039) were
estimated to be affected by gene loss and 51% of genes within the 28 QTL regions (1,334 of 2,601) were estimated
to be affected by gene loss (PAV genes) between the 6 NAM parents. Between Express 617 and R53, 23% of total
genes (23,772 of 101,039) and 23% of genes within 17 QTL regions (590 of 2,646) were estimated to be affected by
gene loss. A total of 144 genes were harboured in the 5 QTL intervals which co-localized between the biparental
and multi-parental QTL mapping. Of these, 74 (52%) in the NAM panel and 37 (26%) in the ExR53-DH panel
were estimated to be affected by PAVs. The genes estimated to be affected by PAV overlap in 20% of cases within
the 5 co-localizing QTL regions between the two populations (Supplementary Table S10).

For all genes including PAV genes (144) within the co-localizing QTL regions, 30% of genes have no annota-
tion (43 out of 144). This could suggest that some of the gene models are bioinformatics artefacts. However, from
the 43 not annotated genes, 38 (92%) had expression in pan-transcriptome data from He et al.*® or in RNASeq
data from the ExR53-DH population (mock or V. longisporum-infected, Supplementary Table S11). This suggests
that the lack of gene annotation does not necessarily mean that the gene models are incorrect. 12% of all gene
models in Darmor-bzh could not be annotated using Blast2GO. This is in contrast to the 30% of genes we found
in the co-localizing QTL regions which could not be annotated using Blast2GO. Thus, the prevalence of these
transcript-validated genes in QTL regions which cannot be annotated from public databases seems to be not a
random phenomenon.

Discussion

The reanalysis and integration of SNP array data, short-range Illumina sequencing data and long-range Bionano
optical mapping data with QTL data provided new insights into the importance of gene PAV for disease resistance
expression against Verticillium stem striping in oilseed rape. QTL analyses including presence/absence markers
increased the power of detection for V. longisporum resistance in two B. napus breeding population. This type of
variation (genic or nongenic) was previously reported to be associated with quantitative resistance against two
other major fungal disease of oilseed rape 24 suggesting that it is a common and prevalent phenomenon in B.
napus.

The recent allopolyploid crop species B. napus shows a strong abundance of SV and genomic rearrange-
ments'®*!. In maize, Bel¢ et al.** used comparative genomic hybridization arrays for detailed genome-wide anal-
ysis of SV, and a more recent study discovered some degree of CNV between 100 analyzed lines across more than
90% of the maize genome™. However, to date it is unknown how widespread this phenomenon is in other, older
polyploid crop species and it is unclear for B. napus and most crops how many genes, what kind of genes and
what traits are predominantly affected. Particularly for complex polyploid crops, considerably higher numbers of
diverse, high-quality reference assemblies are required before reliable pangenomic analysis of genome-wide gene
PAV becomes possible. Hurgobin et al.'® classified 38% of all B. napus genes in a diversity set of 53 genotypes as
PAV-affected, including genes involved in important agronomical traits. In the NAM parental lines, Express617
an R53 we classified 49% and 23% of all genes as PAV-affected by using a PCR-calibrated gene loss bioinformatics
pipeline. As five of the 6 NAM parents are resynthesized from exotic Brassica species a high gene loss could be
expected which are known to exhibit an elevated ratio of rearrangements and SVs!”!8, Surprisingly the percentage
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of genes affected by PAV was similar within the whole genome, the V. longisporum QTL for both populations sug-
gesting that the prevalence of gene PAV is a general phenomenon randomly distributed throughout the genome
and not restricted to V. longisporum resistance or other traits. For gene cluster, gene families and LRR genes
involved in qualitative disease resistance it has documented that gene PAV is multiple times higher than on aver-
age within the entire genome!®. However, this seems not to apply for quantitative resistance where diverse genes
involved in complex pathways influence resistance responses.

Different mixtures of V. longisporum lineages/pathotypes were used for disease resistance screening in the
two different B. napus mapping populations. Comparison of QTL regions detected by including SNaP markers
between the biparental and the multi-parental populations revealed a considerable number of common QTL. This
indicates broad-spectrum, lineage/pathotype-independent resistance reactions in genetically diverse germplasm
which are of great interest for commercial resistance breeding. Thus we focused for a more detailed analysis on
these 5 co-localizing QTL regions, which harbour 2 to 90 genes each within the co-localizing section of the QTL
intervals. Based on the quantitative genetic nature of the disease resistance, we assumed that single specialized
genes involved in very different biological functions from each QTL interval will not contribute to V. longis-
porum resistance, but rather a number of genes from common biosynthesis pathways or with common biological
functions from one or all QTL intervals. To prioritize candidate PAV genes putatively involved in broad-range
resistance expression we performed a gene ontology enrichment analysis for all QTL-associated genes, separately
for both populations, and also for the genes from the 5 colocalizing QTL intervals. The enriched GO terms for
the genes from the QTL regions were quite different between the two populations, being mainly related to chitin
and cell-wall metabolism for the biparental ExR53-DH population and mainly related to cell growth for the
multi-parental NAM population. This difference is not unexpected, as the disease resistance screenings are known
to be highly susceptible to the environment and slightly different mixes of V. longisporum lineages/pathotypes
were used for inoculation of the two populations. However, the result might also indicate that common as well as
different resistance mechanisms are activated by different pathotypes.

Within the 144 genes from the co-localizing QTL putatively involved in pathotype-independent resistance,
we found a number of genes coding for selenium-binding proteins, for plant defensin proteins and for expan-
sin proteins have been found to be affected by PAV. In A. thaliana, expression of selenium binding proteins is
tightly linked to detoxification processes related to oxidative stress®. Plant defensins are major components of the
innate immune system of plants, are involved in the cell wall integrity signaling pathway and often show a potent,
broad-spectrum antifungal activity®. The antifungal protein RsAFP2 from Raphanus sativus, a close relative of B.
napus, has been described to exhibit antifungal activitiy against the fungus V. dahliae, which is closely related to V.
longisporum®. Furthermore, a synthetic defensin expressed in A. thaliana has also been shown to exhibit antifun-
gal activity against V. dahliae®’. Expansins mediate cell wall-loosening and down-regulation of an expansin-like
protein in A. thaliana that has been shown to increase resistance against nectotrophic fungi®®. This suggest that
genes affected by PAV and involved in cell wall integrity and signaling at the cell wall surface are key components
of V. longisporum broad-spectrum resistance in B. napus.

We found that in the majority of cases gene presence was associated with resistance against V. longisporum.
However, interestingly one of the strongest QTL, q23k-BP-C2-3 (R*=23%) was mapped using SNaP markers
only. In this case, the absence alleles were inherited by the parent R53 and associated with resistance. Bionano
Optical Mapping confirmed the deletion of a region containing 70 genes in the parent R53. This phenomenon has
been rarely reported for quantitative disease resistance, but has previously been shown for Sclerotinia stem rot in
B. napus®* and for three other fungal pathogens in Medicago truncatula®.

Surprisingly, we found another QTL region containing a total of 7 nucleotide binding site-leucine-rich repeat
(NLR) resistance genes (TIR-NBS-LRR) to be affected by PAV and to harbour a QTL on chromosome C09 for V.
longisporum resistance in the NAM population in this study. This region was also described by Samans et al.'® to
be part of two gene clusters of 14 and 8 TIR-NBS-LRR genes on B. napus chromosome C09, which are frequently
deleted in natural B. napus compared to synthetic B. napus accessions. NBS-LRR genes are frequently described
to be involved in monogenic disease resistance. For NLR resistance genes it is well known that they are often
organized in clusters or tandem repeats in a number of plant species and crops and numerous studies have shown
that fitness costs can lead to multiplication and deletion of gene family members, such as in A. thaliana***! and in
B. napus". V. longisporum resistance in the NAM and ExR53-DH population is quantitatively inherited. However,
similar co-segregation of TIR-NBS-LRR genes with QTL have been described for other crops, e.g. for soybean®,
barley*?, potato** which might result from evolution and local genome diversification of genes involved in quali-
tative and quantitative disease resistance mechanisms.

The prioritization of these candidate PAV genes mainly involved in cell wall integrity, growth and modification
is consistent with our earlier findings that QTL for the concentration of soluble simple phenylpropanoids, which
are putative precursors and degradation products of cell-wall modifications and cross-linking, are co-localizing
with major resistance QTL in the biparental ExR53-DH population. In addition, the concentrations of some
of these cell wall-associated compounds are significantly correlated with V. longisporum resistance®. Further
functional characterization of PAV genes from QTL regions may help to improve our understanding of disease
resistance mechanisms and to improve fungal resistance in B. napus by exploitation for in future plant breeding
programs.

Materials and Methods

Phenotyping for Verticillium longisporum resistance in B. napus. Resistance phenotyping was con-
ducted in the greenhouse at Georg August University Gottingen, Germany. In order to represent a broad range of
pathogenicity traits occurring in oilseed rape fields, a spore suspension mixture of V. longisporum isolates VL43
(lineage A1/D1, North Germany), VLS3 (lineage A1/D1, Sweden) and PD589 (lineage A1/D3, Japan)***” with a
density of 1 x 10° spores/ml concentrations was used to inoculate the 200 NAM lines applying the root-dipping
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method* in four experiments. Each experiment included 20 inoculated and 20 control plants for each tested gen-
otype. Rating of symptoms was done weekly over a 4-week period, using the 1-9 disease scoring scale described
by Eynck et al.**. Resistance screening for the biparental population ExR53-DH was performed similarly using a
mixture of isolates VL40 and VL43 (both lineage A1/D1) with 202 DH lines as described in detail by Obermeier
etal®.

High molecular weight DNA isolation for optical mapping. High molecular weight (HMW) DNA
isolation was carried out for Express617 and R53 according to the IrysPrep™ Plant Tissue-Nuclei protocol pro-
vided by Bionano Genomics. Young leaves (approximately 2 grams) were harvested from dark-treated rapeseed
plants. The harvested leaves were immediately fixed with 2% formaldehyde followed by homogenization in
isolation buffer containing PVP-10, BME and Triton X-100. The isolated nuclei were then purified on Percoll
cushions. Purified nuclei were further embedded in an agarose matrix. Agarose plugs were further subjected
to proteinase K treatment followed by rigorous washings steps. Finally, HMW DNA was recovered by melt-
ing the plugs using GELase™ (Epicentre) treatment. An additional drop dialysis step was performed to ensure
ultra-clean DNA. High molecular weight DNA was further subjected to sequence-specific nick-labeling using the
IrysPrep™ Labeling-NLRS protocol provided by Bionano Genomics. HMW DNA was subjected to digestion by
the single-stranded nicking endonuclease Nt.BspQI (recognition site GCTCTTC). The nicks created by Nt.BspQI
were then repaired using fluorophore-labeled nucleotides. Nicked and labeled single DNA molecules were subse-
quently loaded onto an IrysChip for imaging on the Bionano Genomics Irys system.

Bio-informatics analysis for Bionano optical mapping data. DNA molecule images generated
from the Irys system were computationally translated into single-molecule optical maps. These single molecules
were then assembled into consensus maps using the dedicated IrysSolve pipeline (v5134) provided by Bionano
Genomics. An in silico optical map was generated for the Darmor-bzh v. 4.1 ref. 17 using Knickers v1.5.5 and
was used to calculate noise parameters for the final assembly. Optical map assemblies from Express617 and
R53 were finally aligned to the Darmor-bzh reference using the runCharacterize script provided by Bionano
Genomics, with the settings published by Kawakatsu et al.*’. The alignment was imported into Bionano IrysView
(v2.5.1.29842) software for visualizing and detecting structural variations between Express617, R53 and the
Darmor-bzh B. napus reference genome.

Global RNA-Seq analysis for confirmation of gene expression.  Two contrasting lines from the map-
ping population ExR53-DH, DH41 (partially resistant genotype) and DH94 (susceptible genotype), were grown
for four weeks after inoculation with V. longisporum- (isolate VL43) and mock-inoculation in two independent
experiments under different environmental conditions (optimal, drought stress and heat stress). For each mock
and V. longisporum-inoculated plants, pooled hypocotyl samples from 20 plants/line were harvested 28 days after
inoculation. In total, 16 samples were analyzed and total RNA was extracted. Sequencing libraries were produced
by service provider LGC Genomics GmbH (Berlin, Germany) and in total 1,022 Million 100 bp pair-end raw
reads were obtained by Illumina HiSeq 2000 3’end sequencing. Alignment of reads to the B. napus reference
genome Darmor-bzh v4.1 and all statistical analysis were performed using CLC Genomics Workbench version
9.0 (QIAGEN Bioinformatics CLC bio, Aarhus, Denmark).

Genetic mapping and QTL analysis. 244 DH lines from the F1 of the cross Express617 x R53 and the two
parents were analyzed with the Brassica 60 k Illumina Infinium array®®. DNA was extracted from leaves using the
CTAB method*® and array genotyping assays were outsourced to TraitGenetics (Seeland, Germany). SNP calls
with >85% failed calls across all 244 genotypes were removed from further analyses. Also, SNP probe calls with
>90% or <10% of a single allele across the population were removed, leaving a total of 22,064 SNP markers. From
these, 4,654 SNP probes (21.1%) showed a segregation pattern with one allele displaying a failed call and 17,410
SNP probes showed a normal biallelic segregation. A “SNaP map” was created from all quality-filtered 22,064
markers (2,714 marker bins), including biallelic and presence/absence polymorphisms, while a “SNP map” was
created using only the 17,410 markers showing presence/presence polymorphism (2,176 marker bins). Genetic
maps were created using the software MSTMap®! applying the kosambi distance function and a cut-off p value
of 107%°. QTL analyses were performed using the software QGene 4.3.9 and 4.4.0°? applying composite inter-
val mapping with a scan interval of 1 milliMorgan and automatic forward cofactor selection. Mean normalized
AUDPC values from the four V. longisporum greenhouse resistance screenings were used as trait input data®.

Genome-wide association studies. The NAM panel was also genotyped using the 60 K Illumina Infinjum
Brassica SNP array as described above and data was filtered according to Gabur et al.*. Using the Darmor-bzh
reference v4.1 we anchored 28,073 SNP markers by BLASTn using CLC Genomics Workbench v. 9.0 (Qiagen
Bioinformatics). The SNP map contained 18,068 markers, the SNaP map contained 21,695 markers. Association
analyses were conducted using the R package GenABEL>’. A mixed linear model approach that increases detec-
tion power™* was adjusted for population stratification by including the kinship matrix and the first two principal
components as covariates®. Stringent significance cutoff values were set at a false discovery rate (FDR) correction
of 10%¢. To reduce the type II error rate, we also captured the SNP-trait associations for disease resistance using
an arbitrary threshold of —log10(p) > 3.

Linkage disequilibrium (LD) analysis and haplotype construction. Whole genome linkage dise-
quilibrium (LD) was calculated using the squared allele-frequency correlations (r?) between pairs of SNPs. Only
markers with a maximum of 10% missing data and MAF > 0.05 were included in the analysis. Haplotype pat-
terns were assessed for SNP and SNaP markers that showed significant marker trait association at the adjusted
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Bonferroni threshold of —logl0(P-value) > 4.33. Haplotype blocks were defined with the confidence interval
method described by Gabriel ef al.”” in Haploview version 4.2° and visualized with the R package LDheatmap®.

Resequencing and coverage analysis. The Illumina 250 bp paired-end raw sequencing data for the
two parents of the biparental population, Express617 and R53, was described previously by Stein et al.*’, while
[lumina 100 bp paired-end raw sequencing data for the 6 NAM parents was described by Schmutzer et al.?.
Sequences were aligned to the Darmor-bzh v. 4.1 reference using CLC Genomics Workbench v. 9.0 (Qiagen
Bioinformatics). Genes from QTL regions were classified as affected or not affected by presence/absence variation
based on coverage analysis of the WGS data from the parental lines. Coverage differences were calculated using
the bedtools software package v. 2.27.0 with multiBamCov. A minimum cutout threshold of 1.5 aligned reads was
used to differentiate between gene presence and absence. The threshold was selected using PCR data for calibra-
tion available for the six NAM parental lines from Gabur et al.?%. Additionally, we used the SGSGeneLoss v0.1
described by Golicz et al.*°. The visualization in Fig. 1 was performed using the software MapChart v.2.3, while
Fig. 3 was generated using CLC Genomics Workbench 9 track lists. Identification of homoeologous exchanges
(HE) was performed using the method described by Samans et al.'®. Further analysis was partly performed by
61

using the R package ‘gsrc’’.

Gene ontology enrichment analyses. To produce gene ontology information for all B. napus genes,
101,039 Darmor-bzh peptide sequences (Brassica_napus.annotation_v5.pep.fa.gz) were downloaded from the
website: http://www.genoscope.cns.fr/brassicanapus/data/ and were used as input for Blast2Go v. 4.1.9. The R
package topGO v1.0%% was used for gene ontology enrichment analysis.
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recent years, there have been a number of studies associating large chromosomal scale SV
ranging from hundreds of kilobases all the way up to a few megabases to key agronomic traits in
plant genomes. However, there have been little or no efforts towards cataloguing small- (30—
10 000 bp) to mid-scale (10 000-30 000 bp) SV and their impact on evolution and adaptation-
related traits in plants. This might be attributed to complex and highly duplicated nature of plant
genomes, which makes them difficult to assess using high-throughput genome screening
methods. Here, we describe how long-read sequencing technologies can overcome this problem,
revealing a surprisingly high level of widespread, small- to mid-scale SV in a major allopolyploid
crop species, Brassica napus. We found that up to 10% of all genes were affected by small- to
mid-scale SV events. Nearly half of these SV events ranged between 100 bp and 1000 bp, which
makes them challenging to detect using short-read lllumina sequencing. Examples demon-
strating the contribution of such SV towards eco-geographical adaptation and disease resistance

Keywords: Brassica napus, polyploidy, i oilseed rape suggest that revisiting complex plant genomes using medium-coverage long-read

genome rearrangement, presence— sequencing might reveal unexpected levels of functional gene variation, with major implications
absence variants, PAV. for trait regulation and crop improvement.
Introduction Gabur et al., 2019; Liu et al., 2012; Stein et al., 2017). These

studies revealed the important role of SV in the creation of de
novo variation for adaptation and breeding; however, the
methods used were not yet capable of resolving SV at gene scale.

A first example of intragenic SV impacting quantitatively
inherited traits in B. napus was reported by Qian et al. (2016),
who demonstrated that deletion of exons 2 and 3 from a
B. napus orthologue of Mendel's ‘Green Cotyledon’ gene (the
Staygreen gene NON-YELLOWING 1; NYET) associated with
quantitative variation for chlorophyll and oil content. Unfortu-
nately, such small deletions are challenging to reliably detect
using short-read sequencing or low-cost marker arrays, so that
their genome-wide extent could not yet be investigated in detail.
In this study, using B. napus as an example for a plant genome
with widespread structural variation, we demonstrate the power
of whole-genome long-read sequencing for high-resolution
detection of intragenic SV. The results reveal widespread func-
tional variation on a completely unexpected scale, suggesting that
small- to mid-scale SV may be a major driver of functional gene
diversity in this recent polyploid crop. With the growing acces-
sibility, accuracy and cost-effectiveness of long-read sequencing,

The recent allopolyploid species Brassica napus L. (oilseed rape/
canola/kale/rutabaga; genome AACC, 2n = 38) rapidly emerged
as a globally important crop. Genome assembly and resequencing
of B. napus (Chalhoub et al., 2014) revealed a highly complex
and strongly duplicated genome with an unexpected extent of
segmental exchanges among homoeologous chromosomes. In
synthetic B. napus accessions, genome structural variants fre-
guently span whole chromosomes or chromosome arms (Chal-
houb et al., 2014; Samans et al., 2017). Naturally formed
B. napus also shows widespread homoeologous exchanges, with
similar distribution patterns (Hurgobin et al., 2018; Samans et al.,
2017), that apparently arose during the allopolyploidization
process (Leflon et al., 2006; Nicolas et al., 2007; Szadkowski
et al., 2010). The wide extent of segmental deletion/duplication
events in both synthetic and natural B. napus has been confirmed
using other genome-wide analysis methods, for example visual-
ization based on mRNAseq data (He et al., 2017) or deletion
calling from SNP array data (Gabur et al., 2018; Grandke et al.,
2016). Critically, numerous examples have connected genome SV
in B. napus to important agronomic traits (Gabur et al., 2018;
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our results suggest that there could be enormous promise in
revisiting complex crop genomes to discover potentially novel
functional SV which has previously been overlooked.

Results and discussions

Long-read sequencing reveals novel SV diversity in
B. napus

We sequenced 4 B. napus accessions with long reads using the
Oxford Nanopore Technology (ONT) and 8 additional accessions
using the Pacific Biosciences (PacBio) platform (data from Song
et al. (2020)). The genotype panel included three vernalization-
dependent winter-type accessions, 3 vernalization-independent
spring-type accessions, 4 semi-winter accessions and 2 synthetic
B. napus accessions (a winter-type and a spring-type). All
accessions were sequenced to between ~ 30x and ~ 50x
whole-genome coverage (between 30 and 50 GB of data). Reads
were aligned to the B. napus Darmor-bzh version 4.1 reference
genome (Chalhoub et al, 2014) using the long-read aligner
NGMLR (https:/github.com/philres/ngmlr) (Sedlazeck et al.,
2018) and called for genome-wide SV using the SV-calling
algorithm Sniffles (Sedlazeck et al.,, 2018). N50 values ranging
from 10 552 to 15 369 bp were obtained for the 8 PacBio
datasets, while in the 4 ONT datasets the N50 ranged from
10 756 to 28 916 bp (Table 1, Table S1). After aligning to the
Darmor-bzh v4.1 reference genome, the total number of SV
events called by Sniffles ranged from 51 463 to 108 335. PacBio
and ONT sequencing can potentially result in systemic differences
in SV calling because of their different error profiles. PacBio
sequencing is known to be enriched for small insertion errors,
whereas ONT suffers from deletions especially in homopolymer
regions (Sedlazeck et al., 2018). To neutralize systematic bias due
to different error profiles, we used different noise models for
aligning ONT and PacBio datasets. For ONT datasets, we used the
-x ont’ flag for NGMLR, whereas this was omitted for PacBio
datasets because NGMLR expects a PacBio dataset by default. To
demonstrate that this flag was effective in expunging the majority
of spurious SV calls, we compared variant calls between ONT and
PacBio datasets from the same winter oilseed rape genotype,
Express 617, using data used by Lee et al. (2020) to assemble the
Express 617 genome. Overall, 27 106 and 33 424 quality-filtered
SV calls from respective ONT and PacBio libraries of Express 617
were merged using SURVIVOR, resulting in a combined set of

34 885 SV. We found 82.7 per cent (28 857) of the total SV to be
supported by both ONT and PacBio reads, indicating that both
long-read technologies generate highly suitable data to accu-
rately capture a majority of small- to mid-scale genome-wide SV
events.

To minimize false-positive calls derived from reference mis-
assemblies, we followed a highly stringent quality-filtering
approach that removed 54.4-59.4% of the total predicted SV.
This procedure resulted in a final set of 27 106 to 44 516 high-
quality SV events (Table 1). To evaluate the impact of assembly
errors on SV-calling rates, we compared results after aligning
(using the same procedure) to a pseudo-reference constructed by
combining the high-quality long-read reference assemblies of
Brassica rapa (A subgenome) and Brassica oleracea (C subge-
nome) published recently by Belser et al. (2018). Using this
pseudo-reference assembly, we detected between 41 436 and
50 907 quality-filtered SV across the 12 B. napus genotypes.
There are two possible explanations for the higher number of SV.
Firstly, the pseudo-reference assembly (957 Mbp) is nearly 10 per
cent larger than the B. napus Darmor-bzh v4.1 reference (849.7
Mbp). Secondly, SV detected using the pseudo-reference assem-
bly will also reflect genomic differences between the unknown
diploid progenitors of B. napus and the two diploid genotypes
from which this pseudo-assembly was generated. To further
validate our SV detection approach, we therefore compared the
number of SV per megabase, detected using the two different
genome assemblies for each of the 19 chromosomes across 12
genotypes. This showed a correspondence of 77.08 per cent,
suggesting that the latter may be the predominant cause.

After alignment to the Darmor-bzh v4.1 reference genome,
the median detected SV size across the 12 accessions ranged
from 296 bp to 584 bp. The spring-type accessions N99 and
PAK85912 had the largest median SV size (509 and 584 bp,
respectively), which might be attributable to the longer read
lengths for these two genotypes (N50 =27 139 bp and
28 916 bp, respectively) (Figure 1a). The largest SV event
(28 777 bp) was also detected in the spring-type accession
PAK85912, suggesting that read length plays a critical role in the
ability to detect large and complex SV events. A complete lack of
SV calls on chromosome CO02 of the winter oilseed rape accession
R53, using both the pseudo-reference and the Darmor-bzh
assembly. No SV calls were observed on chromosome C02 of the
synthetic B. napus accession R53. This is because C02 is deleted

Table 1 Number and size distributions of SV detected in 12 B. napus genotypes

Genotype Data type Ecotype N50 for raw reads Quality-filtered SV Intragenic SV Maximum size of SV Median size SV
Express 617 ONT Winter 10 756 27 106 5898 16 931 341
Quinta PacBio Winter 14 192 32 349 7085 15 869 353
Tapidor PacBio Winter 14 448 32 757 7291 15 289 344
ZS11 PacBio Semi-winter 10 552 37 496 9004 11 312 281
Zheyou?7 PacBio Semi-winter 12 370 38 590 9042 17 001 305
Gangan PacBio Semi-winter 14 064 35 560 8366 14 264 335
Shengli PacBio Semi-winter 13 828 39 622 9501 12 207 321
PAK85912 ONT Spring 28 916 23177 5011 28 777 584
N99 ONT Spring 27 139 34 8438 7482 26 183 509
Westar PacBio Spring 13 810 37 138 8575 17 615 332
R53 ONT Winter synthetic 11 253 33 851 8647 12 635 296
No2127 PacBio Spring synthetic 15 369 44 516 10 675 15 565 304

ONT, Oxford Nanopore Technologies; PacBio, Pacific Biosciences; SV, structural variant.
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Figure 1 Gene scale SV in oilseed rape. (a) Box plots showing size distributions of SV events detected in 12 B.napus genotypes. (b) Maximum-likelihood
tree showing genetic relationships among 12 B. napus genotypes based solely on genome-wide SV events, revealing clear clustering into the appropriate
eco-geographical morphotype groups. (c) Venn diagram showing the numbers of common or unique genes carrying intragenic SV events across three

divergent ecotypes and synthetic B. napus, respectively. (d) Venn diagram representing the numbers of common or unique genes carrying intragenic SV

events across four semi-winter B. napus accessions.

in R53 and replaced by its homeolog A02, as reported previously
by Stein et al. (2017). Around half of all detected, high-
confidence SV events (46.8 to 53.2 % across the 12 genotypes)
ranged in size from ~ 100-1000 bp (Tables S2-S3). These small
SV represent a novel genetic diversity resource that was
previously unnoticed due to the insufficient resolution of high-
throughput genotyping platforms such as SNP genotyping arrays
and a very high false-positive rates (up to 89%) of short-read
sequencing data (Mahmoud et al., 2019; Sedlazeck et al., 2018).

Subgenomic differences in SV frequency

Comparison of subgenomic SV frequency revealed significantly
higher numbers of small- to mid-scale SV per megabase in the
B. napus A subgenome than the C subgenome in all twelve
analysed genotypes (Figure 2a and b, Tables $4-S5). This reflects
a corresponding subgenomic bias also observed for large-scale SV
in B. napus (Samans et al.,, 2017), and this could also be

attributable to repeated introgressions from the A genome of B.
rapa during the breeding history of B. napus (Lu et al., 2019).
Samans et al. (2017) reported a significant enrichment for large-
scale segmental deletions in the C-subgenome of B. napus
resulting from homoeologous exchanges. In contrast, we
observed no bias for small to mid-scale deletions in the C-
subgenome of the 12 sequenced B. napus accessions (Tables S6-
S7). This indicates that a different molecular mechanism may be
responsible for the generation of large and small to mid-scale SV
events in the rapeseed genome. Unexpectedly, we found that
between 5% (Express 617) and 10% (No2127) of all genes
detected in the twelve accessions were affected by small to mid-
scale SV events. This represents a previously completely unknown
extent of functional gene modification as a result of post-
polyploidization genome restructuring. It also underlines the
massive selection potential arising from intergenomic disruption
during the act of allopolyploidization (Nicolas et al., 2008; Nicolas

© 2020 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1-11
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Figure 2 Genome-wide distribution of small- to mid-scale insertions and deletions in B. napus. (a) Circos plot depicting number of small to mid-scale
deletion events calculated in 1 Mbp windows across 19 chromosomes of 12 B. napus accessions. Each track represents a single genotype in the following
order from outside to inside: Express 617, Quinta, Tapidor, R53, No2127, N99, Westar, PAK85912, Gangan, Shengli, Zheyou7 and ZS11. Colours of tracks
represent different types of B. napus. The red, blue, green and yellow track colours represent winter-type, synthetic, spring-type and semi-winter
accessions, respectively. (b) Circos plot depicting the frequency of small to mid-scale insertion events in 1 Mbp windows across 19 chromosomes of 12
B. napus genotypes. Each track represents a single genotype in the following order from outside to inside: Express 617, Quinta, Tapidor, R53, No2127,
N99, Westar, PAK85912, Gangan, Shengli, Zheyou7 and ZS11. Colours of tracks represent different types of B. napus. The red, blue, green and yellow
track colours represent winter-type, synthetic, spring-type and semi-winter accessions, respectively.

data concur with this assumption, with fewer genes carrying SV
in winter-type accessions (1072) than in spring (1170) or semi-
winter (3663) ecotypes (Figure 1c). Furthermore, we also
detected small- to mid-scale SV within each ecotype; for example,
1272-1887 genes carrying unique SV events were found among

et al., 2007; Szadkowski et al., 2010), and the great significance
of post-polyploidization intergenomic restructuring for polyploid
crop evolution (Samans et al., 2017).

Small- to mid-scale SV underlining eco-geographical

differentiation in B. napus

As expected, strong SV differentiation from the winter-type
oilseed reference genotype Darmor-bzh was found in the
divergent semi-winter and spring ecotypes, and in genetically
distant synthetic B. napus accessions R53 and No2127 (Figure 3).
Unexpectedly, however, the winter-type accessions Express 617,
Tapidor and Quinta also showed high levels of SV compared to
Darmor-bzh, despite a related breeding history and partially
shared pedigree (e.g. Express 617). According to (Lu et al., 2019),
who used whole-genome resequencing data to investigate the
species origin and evolution of B. napus, spring and semi-winter
types arose only very recently (<500 years) from winter types. Our

the four semi-winter accessions (Figure 1d). The unexpectedly
high structural gene diversification both between and within
ecotypes suggests that de novo generation of small- to mid-scale
SV may also be ongoing in recent breeding history. Overall, 4590
of the called intragenic SV were common among the four
B. napus forms, indicating putative SV events specific to Darmor-
bzh. These could possibly be attributed to errors in the Darmor-
bzh reference assembly; however, the similar number of unique
intragenic SV detected only in semi-winter types (3663) suggests
that this frequency is not unexpected in the context of the other
results. Repeating the analysis with the concatenated pseudo-
reference from B. rapa plus B. oleracea gave comparable results

Figure 3 Small- to mid-scale genomic rearrangements on chromosome AO3 of B.napus. (a) Circos plot showing small- to mid-scale insertion and deletion
events in 12 B. napus accessions, using chromosome A03 as an example. Each track represents a single accession in the following order from outside to
inside: Express 617, Quinta, Tapidor, R53 (all winter type), No2127, N99, Westar, PAK85912 (spring type), Gangan, Shengli, Zheyou7 and ZS11 (semi-
winter type). Deletions are represented by yellow blocks, whereas insertions are shown by red blocks. Darker blocks in (A) represent regions containing both
deletions and insertions in different genotypes. Arrows | and Il mark selected segmental SV events specific for a particular ecotype. (b) Expanded view of the
chromosome segment depicted by arrow | in A. Arrow Il represents a 50 kbp region containing segmental deletion and insertion events detected in all
winter and spring ecotypes but not in the semi-winter types. Arrow IV indicates a 40 kbp region containing segmental deletions detected only in the four
semi-winter types and three of spring types. Arrow V indicates a 40 kbp region containing segmental insertions detected only in the four semi-winter types
and one of the spring types. (c) Expanded view of the chromosome segment depicted by arrow Il in A. Arrow VI indicates a 120 kbp region containing
segmental insertions only in the four spring types.
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(6248 common among all sequenced B. napus forms, 2919
unigue to semi-winter ecotypes).

To evaluate the influence of SV on eco-geographical adapta-
tion and potential species diversification, we constructed a
maximum-likelihood (ML) tree for the 12 B. napus lines based
solely on SV detected using long-read sequencing data. The
resulting tree (Figure 1b) comprised 3 divergent clades repre-
senting 3 ecotypes of B. napus (winter, semi-winter and spring).
In contrast with genetic clustering based on genome-wide SNP
data, which reveals high sequence diversification between
synthetic and natural B. napus (Bus et al.,, 2011), the two
synthetic accessions R53 and No2127 did not fall into separate
clades. Instead, the winter-type R53 clustered closest together
with the natural winter-type accessions and the spring-type
No2127 clustered with the natural spring-type accessions. This
suggests that small- to mid-size SV events originating during or
immediately after allopolyploidization might rapidly confer eco-
geographical adaptation. Although hundreds to thousands of
genes carrying unique SV events were detected in each individual
accession, the intriguing observation that their cumulative clus-
tering reflects eco-geographical adaptation forms suggests a
possible key role of SV in rapid functional adaptation. Overall, the
distribution and frequency of SV events in all investigated
accessions suggest that small- to mid-scale SV may be a major,
previously unknown source of functional genetic variation in
B. napus.

Unfortunately, a catalogued and validated ‘truth set’ of
genomic SV is not yet established for B. napus or other complex
plant genomes. This makes it crucial to validate SV predicted from
long reads using independent validation methods. On the other
hand, manual verification of thousands of SV events (for example
using PCR) is not realistic. To obtain first insight into the validity of
the SV called using our pipeline, we selected relevant potentially
functional examples representing possible functional mutations in
flowering-time and disease resistance-related genes. We vali-
dated the detected SV events using different independent

(a)

methods in a total of 4 B. napus genotypes including two
springs, one winter and a synthetic.

Small- to mid-scale SV events impact B. napus flowering-
time pathway genes

In order to understand the impact of gene scale rearrangements
on eco-geographical adaptations in B. napus, we examined the
abundance of SV in the known B. napus orthologs of all known
genes from the Arabidopsis flowering-time pathway. Whereas
most of these genes are present in only a single copy in
Arabidopsis, all have multiple duplicates in B. napus (Schiessl
et al, 2014). Although many B. napus flowering-time gene
orthologues are known to be affected by copy-number variation
(CNV), the exact positions of copy-number variants and other
small- to mid-scale forms of SV could not be determined from
previous short-read resequencing data (Schiessl et al., 2017). In
this study, we used the long-read data from two winter and two
spring oilseed rape accessions to identify CNV in the form of
duplications within flowering-time genes (Tables S8 and $9). Only
3 to 4 per cent of all genes in the flowering-time pathway
showed CNV in these genotypes, whereas 24.7 % (44 of 178),
including numerous key regulatory genes, contained one or more
small to mid-scale insertions or deletions. Therefore, we did not
perform CNV analysis in the remaining 8 genotypes and focused
instead on small- to mid-scale SV in the full dataset. For example,
we detected a 90 bp insertion in an orthologue of Vernalization
Insensitive 3 on chromosome Co3 (BnVIN3.CO3,
BnaC03912980D) in 3 out of 12 total genotypes, Express 617,
No2127 and Zheyou7 (Figure 4a). Successful validation of this
insertion via PCR, using primers designed from the SV-flanking
sequences, is shown in Figure 4b. The same insertion was
undetectable using only the short-read sequence-capture data
of Schiessl et al. (2017). In two out of three spring accessions,
N99 and PAK85912, we detected a 2.8 kbp insertion in a
B. napus orthologue of the key vernalization regulator Flowering
Locus C (BnfFLC.A02, BnaA02g00370D), a variant previously

M

(b)

Figure 4 Small-scale SV in a key flowering-time gene Vernalization Insensitive 3 on chromosome CO3 (BnVIN3.C03). (a) 90 bp insertion detected only in
accession Express 617 (highlighted in the black box) in an orthologue BnVIN3.C03 was revealed by aligning ONT reads from 4 different genotypes to the
Darmor-bzh reference version 4.1. (b) Agarose gel image of PCR products spanning the insertion polymorphism. M:100 bp ladder; 1: N99; 2: PAK85912;
3: Express 617; 4: R53. As expected, Express 617 exhibits 1170 bp PCR product, whereas the other three genotypes all show a 1060 bp amplicon.
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reported by Chen et al. (2018) to be causal for early flowering
(Appendix S1).

In a second case study, we analysed SV events in key
vernalization genes that differentiate between the vernalization-
dependent and vernalization-independent B. napus accessions in
our panel. A number of interesting, putative functional variants
were detected. For example, we detected a 1.3 kbp deletion
(Figure 5) in the putative promoter of
BnFT.A02 (BnaA02g12130D), located between 6 365 143 and
6 366 504 bp on chromosome A02. This deletion was exclusively
detected in all 4 spring accessions. BnFT.A02 has been reported
to be differentially expressed among winter, spring and semi-
winter type B. napus by Wu et al. (2019) and the 1.3 kbp deletion
in its promoter region might explain the cause for this differential
expression. To further validate our hypothesis that this 1.3 kbp
deletion in BnfFT.A02 associates with vernalization behaviour of
oilseed rape, we genotyped it using a locus-specific PCR assay in
25 vernalization-dependent and 25 vernalization-independent
accessions from the ERANET-ASSYST B. napus diversity set (Bus
et al., 2011) (Table S10). Eighty per cent of the vernalization-
independent oilseed rape accessions were found to contain the
1.3 kbp deletion in BnfFT.A02, whereas a majority of vernaliza-
tion-dependent winter types (79 per cent) showed no deletion.
The strong co-segregation of this SV with vernalization behaviour
might indicate a potentially crucial role for this genomic
rearrangement in eco-geographical adaptation.

Intragenic SV events associated with disease resistance in
oilseed rape

Samans et al. (2017) and Hurgobin et al. (2018) revealed that
defence-related R-genes involved in monogenic resistance are
particularly enriched in genome regions affected by large-scale
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SV in B. napus. Gabur et al. (2020) reported gene presence—
absence variations (PAV) in 23 to 51% genes within confidence
intervals of QTL for V. Jongisporum resistance in B. napus. In a
third case study related to a prominent disease resistance in
oilseed rape, we investigated the impact of SV in resistance-
related genes co-localizing with QTL for quantitative disease
resistance in a bi-parental cross between the sequenced
accessions Express 617 and R53. These two accessions differ
strongly in their resistance reaction to the important fungal
pathogen V' longisporum (Obermeier et al., 2013), and SV
detected between the two parental lines were selected for
validation based on their co-localization to resistance-related
genes in corresponding resistance QTL (see Methods for
selection criteria for PCR validation of SV events). Most
interestingly, we identified a 700 bp deletion in R53 that caused
the loss of three exons of a 4-Coumarate:CoA Ligase (4CL) gene
(BnaC05915830D). In the genetic map from the Express
617 x R53 mapping population, this gene is located within a
major QTL for V. longisporum resistance on B. napus chromo-
some CO5 (Obermeier et al., 2013). 4CL is a critical enzyme
involved in the phenylpropanoid pathway (Li et al., 2015) and
Obermeier et al. (2013) reported that major QTL for phenyl-
propanoid compounds co-localized with the QTL for V. Jongis-
porum resistance in  the Express 617 x R53 mapping
population. Locus-specific PCR primers, spanning the putative
SV predicted by the long sequence reads, amplified 900 bp and
200 bp fragments for Express 617 and R53, respectively
(Figure 6a,b), confirming the expected 700 bp deletion. Re-
screening of the PCR markers for the 700 bp deletion in the
doubled haploid mapping population from Express 617 x R53
confirmed their co-localization with the QTL and a strong effect
on resistance of up to R? = 19.4%.

[EE T (R e
1

- 1
BnFT.A02

L et

Figure 5 1.3 kbp deletion in the putative promoter of BnFT.A02 (BnaA02g12130D). Each track represents a single genotype in the following order from
top to bottom: Express 617, Tapidor, Quinta, R53, Shengli, ZS11, Gangan, Zheyou7, No2127, N99, Westar and PAK85912. The arrow indicates a 1.3 kbp
deletion in putative promoter region in BnFT.A02 (BnaA02g12130D) for all four spring accessions (No2127, N99, Westar and PAK85912).
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Express 617

Figure 6 SV contributing to disease resistance. (a) 700 bp deletion (highlighted in the black box) was detected in accession R53 that caused the loss of
three exons of a 4-Coumarate:CoA Ligase (4CL) gene (BnaC05915830D). (b) Agarose gel image of PCR product from the same deletion. M: 100 bp ladder;
1: PCR product originating from R53; 2: product originating from Express 617. As expected, Express 617 exhibits a 900 bp PCR product, whereas R53

shows a 200bp amplicon.

Implications of long-read sequencing technologies for
discovery of functional diversity

Of nine additional SV events we evaluated using PCR, all showed
the expected PCR products corresponding to the deletions or
insertions predicted by the long-read SV calling. These results
underline the apparent effectiveness of long sequence reads for
accurately detecting and anchoring insertions/deletions in a broad
size range from under 100 bp up to multiple kbp. In contrast,
lllumina short reads from regions corresponding to insertions not
present in available reference genomes remain un-aligned in
alignment-based resequencing approaches, meaning that their
genomic localization using short-read data can be achieved only
by whole-genome de novo assembly. Our results in B. napus
showed that de novo SV events appear to occur at an
unexpectedly high rate. Depending on the genotype, 49-75%
of intragenic SV events were located in exons in relation to
introns (Table S11), indicating high potential for functional
implications. Given the very high rate and the differences among
genotypes, it remains unclear how many high-quality reference
genomes will be necessary to construct a representative
pangenome that captures the majority of the genome-wide
functional SV landscape.

This study provides one of the very first insights into
genome-wide, gene scale SV linked to important agronomic
traits in a major crop species. Recently, Yang et al. (2019)
revealed a similar scale of widespread SV by comparing whole-
genome assemblies of two diverse maize accessions. However,
the cost of genome assembly is still much too high to capture
the full extent of species-wide SV in large numbers of
genotypes, particularly in species like B. napus with dynamic
polyploid genomes in which genome rearrangement may even
still be ongoing. Our successful verification of 10 out of 10 SV
selected events via PCR (Table S12) gives us high confidence
that SV predicted using medium-coverage long-read data with
our calling strategy are genuine. This provides a relatively cost-
effective method to assay larger germplasm collections without
ascertainment bias.

The occurrence of SV events in a size range corresponding to
intragenic rearrangements (~100-1000 nt) has been ignored in
most crop species in the past, due to the limited resolution of
short-read resequencing. Although presence-absence calling
from genome-wide SNP array data has been successful in isolated

cases in establishing QTL associations (e.g. Gabur et al., 2018a),
SNP-based genome-wide association (GWAS) studies are unable
to tag causative SV in crops and genome regions in which high
levels of LD decay surround the SV events (Zhou et al., 2019).
Array-based approaches to call PAV or homoeologous exchanges
(e.g. Grandke et al, 2016) are therefore likely to ignore
potentially functional SV events. Reduced costs, considerably
improved read accuracy and significantly increased average read
lengths today make long-read sequencing technologies a viable
option not only for accurate assemblies of complex plant
genomes (Belser et al., 2018), but increasingly also for genome-
wide resequencing. Our results suggest that simple reference-
based resequencing and alignment with long reads can uncover a
new dimension of genetic and genomic diversity associated with
important traits in crop plants. Particularly in polyploid plants
(Schiessl et al., 2019), this may lead to discovery of previously
unknown levels of functional diversity of major interest for
breeding and crop adaptation.

Experimental procedures
Plant material

We chose 12 B. napus genotypes (Table 1) comprising of three
winter, four semi-winter, three spring and two synthetics (one
each of winter and spring).

DNA isolation for Oxford Nanopore Technology (ONT)
sequencing

High-molecular-weight DNA was isolated using DNA isolation
protocol modified from Mayjonade et al. (2016). Young leaves
were harvested from rapeseed plants at 4-6 leaf stage and flash
frozen using liquid nitrogen. Frozen leaf material was ground to
fine powder using a mortar and pestle and transferred to 15 mL
Falcon tube. A total of 4-5 mL of pre-heated lysis buffer (1% w/v
PVP40, 1% w/v PVP10, 500 mm NaCl, 100 mm TRIS pH8, 50 mm
EDTA, 1.25% w/v SDS, 1% (W/V) NazszoS, 5 mm C4H1oozsz, 1%
v/v Triton X-100) was added in order to disrupt the cell wall. The
lysate was incubated for 30 min at 37°C in a thermomixer. A
total of 0.3 volumes of 5M potassium acetate was added to the
lysate and spun at 8000g for 12 min at 4°C to precipitates
sodium dodecyl sulphate (SDS) and SDS-bound proteins in order
to obtain clean DNA. Finally, magnetic beads were used to
recover cleaned DNA.
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Library preparation for ONT sequencing

Between 1-3 ug of DNA was used to prepare the sequencing
library, using the ligation sequencing kit SQK-LSK108 or SQK-
LSK109 according to the manufacturer’'s recommendations.
Genomic DNA was subjected to end repair followed by a bead
clean-up. Sequencing adaptors were then ligated to the end-
repaired DNA. Finally, the adaptor ligated DNA was once again
subjected to bead cleaning. DNA was finally loaded onto an
Oxford Nanopore MiInlON flow cell for sequencing.

Pacific biosciences (PacBio) sequencing

Raw PacBio reads originating from 8 genotypes (Quinta, Tapidor,
No2127, Westar, Gangan, Shengli, Zheyou7 and ZS11) were
downloaded from NCBI short-read archive (Accession number
PRINA546246) with the permission from the authors.

Bioinformatics analysis
Alignment and SV calling for ONT data

Raw fast5 files obtained by the MinlON device were base-called
using ONT provided base-caller, Albacore. Raw uncorrected reads
from various flow cells were combined into single fastq file for
each genotype. This fastq file was used to align the Nanopore
reads to the publically available B. napus reference genome
assembly Darmor-bzh v4.1 (Chalhoub et al., 2014) and also to a
concatenated pseudo-reference assembly comprising the B. rapa
and B. oleracea reference assemblies recently published by Belser
et al. (2018), using NGMLR version 0.2.7 (Sedlazeck et al., 2018)
with default settings except for '-x ont’ flag, representing
parameter presets for ONT. NGMLR produced an un-sorted
SAM file as an output, which was converted to a sorted BAM file
using Samtools version 1.9 (Li et al., 2009). Genomic variants
were called using Sniffles version 1.0.10 (Sedlazeck et al., 2018)
using the preset parameters.

Alignment and SV calling for PacBio data

Since 8 PacBio libraries contained nearly 70-80 Gbp of sequencing
data, we randomly selected 50 Gbp of data for further analysis in
order to obtain quantitatively comparable data to the Nanopore
sequencing. This 50 Gbp of data was then aligned as per section
1.4.1 to the publicly available B. napus reference and also to the
concatenated pseudo-reference assembly, using NGMLR version
0.2.7 with default settings. NGMLR produced an un-sorted SAM
file as an output, which was converted to a sorted BAM file using
Samtools version 1.9. Genomic variants were called using Sniffles
(version 1.0.10) using the preset parameters.

Quality filtering of the predicted SV events for both ONT and
PacBio datasets

We performed a very stringent quality filtering on the sniffles
predicted SV events. Since the study was focused on small-scale
insertions or deletions, we removed all predicted translocations
and duplications. Furthermore, it is nearly impossible to validate
the authenticity of such SV events, as many may represent mis-
positioning of genomic fragments in the reference assembly, we
only considered SV scored as 'PASS’ by Sniffles and ignored those
scored as 'UNRESOLVED'. Sniffles report SVs with both within-
alignment (AL) and split-read (SR) information. AL-type SV are
usually small indels that can be spanned within a single
alignment, whereas large or complex events lead to SR align-
ments (Sedlazeck et al., 2018). To ensure only the high-confi-
dence SV were selected, all SV which were not supported by a
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‘'within-alignment: AL’ flag were discarded. This might lead to an
under-estimation and bias in the size distribution of the
detectable SV. However, at this point of time the accuracy of
publically available genome from B. napus is not high enough to
distinguish large and complex SV events from assembly errors.

Comparison of SV calls between ONT and PacBio datasets for
Express 617

To evaluate the impact of the sequencing technology on the
general ability to accurately call small- to mid-scale SV, we used
SURVIVOR version 1.0.7 (Jeffares et al.,, 2017) to calculate
overlaps between SV calls for ONT and PacBio datasets for the
same genotype, Express 617. In a first step, quality-filtered SV
calls from the respective PacBio and ONT datasets were merged
using 'SURVIVOR merge’ using the settings 'Max distance
between breakpoints 1000, Minimum number of supporting
caller 1, Take the type into account 1, Take the strands of SVs into
account —1, Estimate distance based on the size of SV —T1,
Minimum size of SVs to be taken into account —1'. The merged
variant calling file (VCF) was then used to ‘force call’ the SV across
both datasets using Sniffles version 1.0.10. These forced-called
SV were again merged into a single VCF using ‘SURVIVOR merge’
with ‘Max distance between breakpoints 1000, Minimum num-
ber of supporting caller —1, Take the type into account 1, Take
the strands of SVs into account —1, Estimate distance based on
the size of SV —1, Minimum size of SVs to be taken into account
—1'. Overlap was estimated by counting the number of SV that
could be genotyped in both datasets.

CNV calling

CNV detection was performed using the method published by
Stein et al. (2017). Read depth for every nucleotide in the genome
was calculated using the genomecov command in bedtools
package v.2.20.1, using the alignment file from NGMLR as input.
This read depth file was then used for estimating median
coverage over 1000 bp blocks using an R script published in
Stein et al. (2017). We then calculated median read coverage and
standard deviation separately for every B. napus chromosome.
Genomic segments with coverage higher than 1 and standard
deviation above the median depth of the chromosome were
defined as segmental duplications or CNV.

Calculation of overlap between SV events and the gene
models

Quality-filtered SV events were overlapped with the gene models
from Darmor-bzh and also to the combined B. rapa and
B. oleracea reference assemblies using bedtools intersect (Quin-
lan and Hall, 2009) using the default parameters. In order to
calculate the genome-wide frequency of SV events, we also
overlapped the quality-filtered SV with a bed file containing 1
Mbp windows for the entire genome assembly. The intersect file
between the SV events and 1 Mbp windows for the entire
genome assembly was then used for plotting the SV distribution
along 19 B. napus chromosomes, using Circos (Krzywinski et al.,
2009). Statistics including length and distribution of quality-
filtered SV from the 12 genotypes were calculated with
SURVIVOR (Jeffares et al., 2017) and plotted with ggplot2
(Wickham, 2016).

Construction of a maximume-likelihood (ML) tree

SV events predicted for each of the 12 genotypes were merged
into a single VCF. This combined VCF was then used to force call
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all the SV events across all 12 genotypes using Sniffles, resulting
in a multi-sample VCF. The multi-sample VCF was then converted
into PHYLIP format using an in house bash script and used as an
input for IQ-TREE version 1.6.12 (Nguyen et al., 2015). The best-
fit substitution model for the data was determined by IQ-TREE
ModelFinder (Kalyaanamoorthy et al, 2017) and used to
construct a phylogenetic tree. The tree was then plotted with
FigTree (http://tree.bio.ed.ac.uk/software/figtree/).

Selection of SV events for PCR validation

We looked at two different agronomically interesting traits in
order to prioritize the predicted SV events. Firstly, we analyzed
the SV events that might contribute to Verticillium longisporum
(VL) resistance, using a bi-parental double-haploid population
derived from a cross between our sequencing panel genotypes
Express 617 and R53. Two QTL were defined for VL resistance on
chromosome CO1 and CO5 by Obermeier et al. (2013). We mainly
focused on CO5 QTL, as this was described to be the major
genetic control for VL resistance. The genetic map used for
identifying CO5 QTL was based on SSR (simple sequence repeats)
and AFLP (amplified fragment length polymorphism) markers.
Therefore, in order to localize the physical position of the QTL on
chromosome CO05, we anchored the flanking SSR markers
(BRMS030_210 and Na12C01_160) to the Darmor-bzh version
4.1 assembly and identified a 4.3 Mbp (6 329 426 bp to
10 659 726 bp) region containing 606 genes. Thirty-seven and
45 out of the 606 genes were found to contain SV in the form of
insertions or deletions in Express 617 and R53, respectively. A
total of 17 genes were found to be common among both the
genotypes, so were dropped from the prioritized gene set. We
further prioritized the candidate genes, if they were annotated as
defence response or phenolpropanoid pathway genes. Secondly,
we analyzed the SV located within the genes described to be
involved in flowering-time pathway in B. napus as described by
Schiessl et al. (2017). Top prioritized SV were then visualized in
IGV viewer (Robinson et al, 2017) and selected for PCR
validation.
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SNPs have always been regarded as the major source of selectable variation in plants, however it
is becoming increasingly evident that SV are a significant source of genetic variation. For
example, chapter 3 and 4 of this thesis identified SV underlining disease resistance and eco-
geographical adaptation in B. napus. Additionally, SV have also been associated with several
other agronomically important traits such as plant height (Li et al. 2012), heading date (Nishida et
al. 2013), root architecture (Uga et al. 2013). Zhou et al. (2019) found genomic re-arrangements
were the causal for at least one-third of all the known domestication alleles in crop species.
During the last decade there has been a surge in the number of studies associating SV with key
phenotypic traits in plants. This increase can largely be attributed to the advent of next generation
sequencing technologies. One such example combining [llumina sequencing with the widely used
SNP arrays and ultra-long restriction maps from optical mapping to discover large-scale SV
underlining quantitative disease resistance in oilseed rape has been presented in chapter 3 of this
thesis. A majority of studies aimed at the genome wide identification of SV in plants have relied
on Illumina sequencing. However, Mahmoud et al. (2019) reported a very high false positive rate
(up to 89%) for SV detection with Illumina data. Furthermore, it is challenging to unambiguously
align short Illumina reads to a reference assembly for a polyploid genome due to the high levels
of sequence similarity among the homeologous regions (Schrinner et al. 2020). Although, the
large SV might be detected using a high sequencing coverage Illumina data by analysing the
density of sequenced reads aligned to a locus in a reference genome (Gabur et al. 2019), such a
read depth based approach would not provide the necessary resolution to detect small to mid-
scale genome re-arrangements. Therefore, there have been little or no efforts towards cataloguing
small to mid-scale SV and their impact on evolution and adaptation related traits. The study in
chapter 4 was specifically aimed at detecting the extent of small to mid-scale SV in the rapeseed
genome using the long reads from the third generation of sequencing technologies. Both PacBio
and ONT have been widely used for genome assembly and SV detection for various plant species
such as bread wheat (Zimin et al. 2017), maize (Yang et al. 2019), rice (Zhang et al. 2016),
Arabidopsis (Michael et al. 2018), tomato (Schmidt et al. 2017) and banana (Belser et al. 2018).
Despite the long read length, there are several challenges associated with the third generation
sequencing approaches such as the complexity involved in the isolation of high molecular weight
(HMW) DNA, elevated error rates and the high costs associated with handling the huge amounts
of data. These challenges need to be addressed before the wide scale adoption of the long-read

sequencing for studying the SV landscape for a large number of plant species.
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5.1 Challenges involved with long-read sequencing

Read length is the biggest factor separating the third-generation sequencing technologies from
their predecessors. Ultra-clean HMW DNA is critical to attain an optimal read length from the
third-generation sequencing platforms. Although extracting large quantities of HMW DNA from
mammalian cells is relatively simple, it could be extremely challenging for certain plant species.
This difficulty to isolate HMW DNA could be possibly attributed to the presence of cell wall and
high quantities of secondary metabolites in a plant cell. Secondary metabolites comprise a family
of compounds that are not critical for the growth and development of a plant but are crucial in
conferring eco-geographical adaptability. These compounds not only interfere with DNA
isolation but can also clog the nanopores on an ONT flowcell, thereby decreasing the sequencing
yield. Several DNA isolation protocols such as nuclei isolation (Sikorskaite et al. 2013), the
standard Cetyl trimethylammonium bromide (CTAB) method (Doyle 1991) and the
commercially available DNeasy Plant Mini Kit by Qiagen have been used to obtain HMW DNA
for long read sequencing of plant species. While some of the methods, such as CTAB or the
DNeasy Plant Mini Kit, offer a good quality of DNA in terms of A260/280 and A260/230 ratios,
but can introduce shearing, thereby lowering the read lengths. Other methods based on nuclei
isolation offer an excellent read length distribution but are often challenging to implement.
Therefore, this thesis establishes a protocol based on Mayjonade et al. (2016) for isolating HMW,
ultra-pure DNA from oilseed rape (chapter 4). Several protocols for the removal of short DNA
fragments have been described in the literature to improve the read length of ONT sequencing.
Long DNA fragments can be enriched in a sequencing library by fine tuning the ratio of NaCl to
polyethylene glycol (PEG) in the magnetic bead solution used to remove the residual ligation
enzymes and other unbound sequencing adapters during ONT library prep (Dumschott et al.
2020). Pulsed-field electrophoresis based system such as BluePippin (Sage Scientific, Beverly,
MA, USA) could also be used to eradicate short DNA fragments from a sequencing library
(Dumschott et al. 2020). A BluePippin can enrich DNA fragments between 100bp to 50kb, but
the cost for the equipment is around 20,000 EUR along with the running costs for the DNA gel
cassettes. Short Read Eliminator (SRE) kits from Circulomics Inc. Baltimore, MD, USA are a
cheaper and efficient alternate to BluePippin. These SRE kits can remove small DNA fragments
by selectively precipitating HMW DNA for less than 10 EUR per sample. SRE kits can
effectively enrich for fragment lengths greater than 5kb or 25 kb depending on the aim of the

experiment.
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Another major challenge with ONT is the astronomical amounts of raw data produced during a
sequencing run. A single run on the ONT MinlON system produces between 5 and 15 current
pulses per base which are then converted to a 16-bit integer stored in a specific class of the HDF5
format known as fast5. In an uncompressed state the current disruptions from every base recorded
by the sequencer requires 18 bytes of hard drive space (Chandak et al. 2020). Therefore, 180 GB
of raw data would be written to a storage medium in a standard MinION run (of around 10 Gb)
whereas 1.2 TB of data would be generated by a single flowcell on a PromethION (assuming 70
Gb from a flowcell). However, a PromethION system is capable of running 48 flowcells in
parallel and at its full capacity it would generate 350 MB of data every second continuously for
48 hours (the duration of a standard sequencing run). To put it in perspective, the Large Hadron
Collider (LHC) at CERN  produces 25 GB of data per  second
(https://home.cern/science/computing/processing-what-record). Although the LHC produces 100

times more data than a single PromethION (per second) but there are definitely more than 100
PromethION systems present in the genome sequencing centers around the world. All of the
above calculations do not even include the additional storage space required for writing
methylation signals associated with each basecalled nucleotide. If methylation signals would be
recorded in the raw fast5 files, it would just require 26 PromethION systems to outcompete the
LHC in terms of raw the data produced per second. For large scale projects major upgrades to the
storage (in terms of vast amounts of solid-state hard drives) and the network capabilities (fast
interface network switches) of the IT infrastructure would be indispensable. Compression
algorithms such as Picopore (Gigante 2017), VBZ (VBZ

Compression.https://github.com/nanoporetech/vbz_compression/) or lossy methods have been

developed to reduce the storage resources for ONT data. These algorithms can reduce the size of

the raw ONT data by 60 percent.

5.2 Towards understanding gene-scale SV

Although the next generation sequencing technologies have enabled the identification of SV in
complex plant genomes not much is known about the cellular mechanisms generating these
genomic re-arrangements. Several molecular mechanisms associated with DNA recombination,
replication and repair have been put forward to explain the origin of SV in the plant genomes.
Genomic re-arrangements can emerge by recombination errors, such as non-allelic homologous

recombination (NAHR) (Lupski 1998), DNA break repair errors, like non-homologous end
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joining (NHEJ) (Moore and Haber 1996), replication errors, comprising of fork stalling and
template switching (FoSTeS) (Lee et al. 2007), microhomology-mediated break-induced
replication (MMBIR) (Hastings et al. 2009) or Transposable elements (TE) activity (Schiessl et
al. 2019). In polyploids, intra-genomic exchange of genetic material known as homeologous
exchange (HE) is one of the major sources of SV (Schiessl et al. 2019). HE are the outcome of
various cellular phenomenon such as crossovers (CO) and non-crossovers (NCO or gene
conversions). Both CO and NCO originate via double-strand breaks (DSBs) in the DNA. Samans
et al. (2017) reported a strong enrichment for HE driven large segmental deletions in the C
subgenome of B. napus. In contrast, no such enrichment was observed for the small to mid-scale
deletions in the C-subgenome of the 12 B. napus accessions sequenced in the study in chapter 4.
The lack of enrichment for small to mid-scale deletions in the C subgenome indicates that HE
might not be the causal for generating small to mid-scale genomic re-arrangements in B. napus. A
different molecular mechanism such as TE activity might be responsible for the generation of this
size range of SV events.

Transposable elements (TE) are a major cause for the genomic rearrangements in plant genomes.
(Schiessl et al. 2019). Jiang et al. (2004) found nearly 3000 Mutator-like transposable elements
(MULES) in the rice genome. Pack-MULEs, MULEs with genic fragments from the host were
found to be responsible for capturing and reshuffling of approximately 1,000 gene fragments in
rice. While comparing the sequences from the cellular genes and their Pack-MULE counterparts
the authors could identify that fragments of genomic DNA have been captured, re-arranged and
amplified over millions of years. Since MULEs are present in many plant genomes such as rice
(Jiang et al. 2004), maize (Zhao and Jiang 2014) and Arabidopsis (Yu et al. 2000), they could
also generate small to mid-scale SV in the rapeseed genome. Ac/Ds (Activator/Dissociation)
transposable elements could also explain the creation of small to mid-scale SV in the plant
genomes. Ds can introduce genomic rearrangements via a chromosomal break at its insertion site
and could move in response to another self-mobilizing or autonomous factor, Ac (Activator) (Du
et al. 2011). Xuan et al. (2011) studied the SV inducing impact of 4¢/Ds transposable elements in
the rice genome. The authors found genomic re-arrangements such as insertions, deletions and
inversion ranging from 184 bp to 520 kb among the 300 offspring generated from a single T-
DNA insertion line housing 4c and Ds elements. Even after losing the ability to mobilize, TEs
can still promote SV by providing localized regions of microhomology, necessary for template

switching during the repair of replication errors by fork stalling and template switching
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mechanism (Lee et al. 2007). In addition to TEs, high sequence similarity among the
homeologous regions in a polyploid genomes could provide these micro-homologous sites and
might result in shuffling of DNA fragments among the subgenomes.

Some of the small to mid-scale SV observed in the rapeseed genome (Chapter 4) might actually
be GCs. Although the exact mechanism of GC in plants is unknown but in yeast it occurs by
synthesis-dependent strand-annealing (SDSA) (Chen et al. 2007). In yeast, a DSB in the DNA is
fixed by the SDSA mechanism using homologous region of the genome as a template for the
repair. On contrast, in a polyploid genome homeologous regions (instead of homologous) might
be used as a template for repairing the breaks in DNA, thereby translocating small genomic

fragments between highly similar sequences of the subgenomes.

5.3 Targeted sequencing using long reads

With the current costs of long-read sequencing it is not feasible to sequence whole genomes for a
large number of individuals to study the SV landscape of a species. This is especially true for
many commercially important plant species with huge genome size such as bread wheat (16 Gb),
barley (5.3 Gb), maize (2.5 Gb) or onion (16 Gb). Furthermore, it might not be even necessary to
perform whole-genome sequencing in certain scenarios such as for cloning the gene(s) or the
genomic region(s) underlining important phenotypic traits in a large number of genotypes.
Targeted sequencing provides an economically viable alternative to whole-genome sequencing.
Most widely used targeted sequencing strategy involves capturing of genomic regions of interest
by hybridizing them to biotin labelled oligonucleotide baits followed by Illumina sequencing.
One of the major drawbacks of Illumina based sequence capture is that the sequence of baits is
based on a single reference genome assembly. Therefore, the sequencing reads originating from a
genetically distant genotype with novel structural variants would not align to the reference
genome due to the short read length of [llumina sequencing. Ebbert et al. (2019) identified 527
gene bodies with a few or no mappable Illumina reads in the whole-exome sequencing data from
10 human genomes. The authors detected 36,794 “dark™ regions with no or zero aligned reads
within the protein-coding exons across 748 genes using the Illumina data. However, the dark
protein-coding genes were reduced to 35.6% and 9.6% using the PacBio and ONT reads
respectively. Therefore, target enrichment methodologies using the long reads from the PacBio
and ONT have been developed to overcome the problem of short read length of Illumina

sequencing. Grech-Baran et al. (2020) were able to assemble multiple TIR-NLR-encoding
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paralogues co-segregating with Potato virus Y resistance in 150 diploid potato lines from a
mapping population. The authors were able to enriched for several TIR-NLR-encoding
paralogues using oligonucleotide bates followed by long read sequencing with a PacBio RS II
system. However, their protocol still involved PCR amplification which not only limits the length
of the sequencing reads but also introduces amplification bias. Furthermore, an amplification step
would result in the loss of the methylation signatures associated with the DNA bases.
Amplification free sequence capture methods eliminate the need for PCR by direct enrichment of
the target region using CRISPR-Cas9 system instead of the oligonucleotide baits. Tsai et al.
(2017) were able to enrich for the causative loci for Fragile X syndrome, Huntington’s disease,
frontotemporal dementia, spinocerebellar ataxia type 10 and amyotrophic lateral sclerosis (ALS)
by combining CRISPR-Cas9 enrichment with long PacBio reads using a protocol described in
Figure 1A. Another amplification free target enrichment method based on ONT known as
nCATS (Gilpatrick et al. 2020) involves removing all the free 3 prime ends of the DNA by
dephosphorylation. The dephosphorylated DNA is then subjected to a Cas9 cleavage to excise the
target region. It is followed by preferential ligation of sequencing adaptors to the newly produced
phosphorylated DNA ends at Cas9 cleavage sites (Figure 1B). nCATS was proven to be useful
for enriching fragments up to 140 kb in length. A very recent improvement to nCATS method
known as Affinity-based Cas9 Mediated Enrichment (Figure 1C) or ACME (Iyer 2019) also
involves dephosphorylation of DNA followed by a Cas9 cleavage of the target region. ACME
protocol includes an additional cleanup step to eliminate non-target Cas9 bound DNA molecules
using His-Tag beads. His-Tag beads selectively bind to the 6 Histidine tag of Cas9 protein (added
during its purification) to precipitate out any non-target nucleic acid bound with it. All the above-
mentioned target enrichment methods are suitable for capturing a low number of genomic loci
and would not be useful for a whole exome sequencing experiment as it would be both time
consuming and expensive to design thousands of CRISPR constructs.

Computational approaches such as UNCALLED (Kovaka et al. 2020), Read Until (Payne et al.
2020) have been specifically developed for the applications aimed at the whole exome capture

using ONT sequencing. Both the UNCALLED and Read Until approaches rely on the ability of a
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Figure 1: Different target enrichment protocols using third generation long sequencing reads. A. Cas9 based target
enrichment using PacBio sequencing. A PacBio SMRThbell library is prepared with a CRISPR restriction site
adjacent to the region of interest (green). This sequencing library is digested with Cas9 to create free 3” ends to ligate
a capture adapter. SMRTbell molecules with a capture adapter are captured using magnetic beads and sequenced on
a suitable PacBio platform. Figure adapted from Tsai et al. (2017). B. In the nCATS workflow, the DNA is subjected
to end dephosphorylation followed by digestion with a Cas9/guideRNA complex. Nanopore sequencing adaptors can
then be ligated to newly formed phosphorylated ends from the Cas9 digestion next to the ROI (region of interest),
followed by loading of the sample on to a nanopore sequencer. Figure adapted from Gilpatrick et al. (2020) C.
ACME protocol is similar to nCATS however, after the Cas9 restriction of ROI the background non-target Cas9
bound DNA fragments are further depleted by additional cleaning with His-Tag beads. Figure adapted from Iyer
(2019).

nanopore sequencer to recognize and eject a non-target DNA molecule while it is still being
sequenced. Selective ejection of non-target molecules ensures that the nanopores on a flowcell
are reading the DNA fragments housing the target sequences for the majority of the time during a
sequencing run (Figure 2). Therefore increasing the coverage for the target molecules. Payne et
al. (2020) enriched 25,600 exon targets from 10,000 human genes using the “Read Until”
method. Kovaka et al. (2020) used UNCALLED to enrich 148 human genes associated with
hereditary cancers to 29.6x coverage using a single MinlON flowcell. Using UNCALLED the
authors were able to detect double the number of SV compared to 50x Illumina data. These
computational based enrichment approaches do not require any special type of library

preparation, which is often the most expensive and time-consuming part of sequence capture with
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Figure 2: A flow diagram depicting ONT “Read Until” utility. A. Scenario when the region of interest is found, and
the sequencing is continued until the entire molecule is read. B. Scenario when the region of interest is not found and
the DNA strand is ejected immediately and the nanopore is available again to sequence another strand.(downloaded
from https://nanoporetech.com/about-us/news/nanopore-digest-18th-february-2020)

[llumina reads. Therefore, computational enrichment would be best suited for large plant
genomes with huge number of genes. For example, a single MinION run for 600 EUR (including
flowcell cost, library prep and DNA isolation) would be sufficient to generate approximately 50x
coverage (assuming per flowcell yield of 10 Gb and exome size of ~200 Mb for rapeseed) of an
entire B. napus exome comprising of 101,040 genes. Furthermore, the length of the sequencing
reads from exome capture using “Read Until” method could be theoretically the same as the
actual length of the exons in the genome. ONT based enrichment methods would also allow
simultaneous capturing of epigenetic signatures on the DNA molecules along with their

nucleotide readouts.

5.4 Long read sequencing for identifying epigenetic signatures

All the cells in a plant are genetically similar; however, for performing the vital functions to
survive under different types of environmental conditions the plant requires several specialized
cell types and tissues. Such a cell specialization is achieved by fluctuations in gene expression
patterns in different cell types that are controlled by epigenetic mechanisms. (Cytrynbaum et al.
2019). Epigenetics comprises modifications to DNA (such as DNA methylation), chromatin, and
associated molecules that do not change the primary sequence of the DNA (Berger et al. 2009).
Illumina based methods such as bisulphite sequencing and Hi-C have been widely used for

studying these epigenetic marks in plants and humans (Liu and Weigel 2015). However, using
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the third-generation sequencing technologies it is possible to detect these epigenetic signatures

with greater resolution and reduced costs.

5.4.1 Chromatin conformation capture with ONT

Genomes of all the eukaryotic organisms are organized into characteristic folding patterns such as
loops and domains inside the nucleus of a cell. Regions of high chromatin inter-connectivity
known as topologically associated domains; TADs are one of the characteristic features of this
3D arrangement. Contact maps from high-throughput chromosome conformation capture (Hi-C)
have aided in the detection of these spatial features. Golicz et al. (2020) showed TADs exhibit an
elevated SNP and SV density along with an increased recombination rate compared to inter-TAD
regions in rice. However, due to the small read length of Illumina reads the Hi-C approach might
only be able to detect simple pairwise interactions between two genomic regions. In contrast,
several kb long ONT reads could span multiple contact points within the genome, thereby
enabling the identification of multi-way, higher-order information. Pore-C is a recently developed
method that couples chromatin conformation capture with ONT sequencing (Ulahannan et al.
2019). Ulahannan et al. (2019) found Pore-C data to be in full agreement with gold-standard Hi-C
pairwise contact maps at the compartment, topologically-associated domain, and loop levels.
Furthermore, Pore-C does not involve PCR, thereby reducing sequencing bias and enabling
dissection of a genomic region with high or low GC-content. Another possible application of Hi-
C or Pore-C contact maps could be to identify complex SV events such as translocation or
inversion duplications. Low mappability around the breakpoints of such complex genomic re-
arrangements limits the applicability of mapping-based approaches for SV detections. Hi-C
contact maps have provided insights into these complex genomic rearrangements. However, the
short-read length of Illumina limits the resolution of Hi-C for resolving allelic structure of
complex SV. In contrast, the long-range information encoded in Pore-C reads could be used to
reconstruct complex genomic rearrangements spanning multiple Mb across different
chromosomes. Using Pore-C, the Ulahannan et al. (2019) identified a rearrangement junction

connecting three genomic regions on chromosomes 9, 12, and 20 in a breast cancer cell line.

5.4.2 DNA modifications detection using third-generation sequencing technologies

In plants, DNA methylation can occur on the 5-prime position of a cytosine residue in various

contexts such as CG, CHG and CHH where H represents A, T or C (Lister et al. 2008, Zhang et
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al. 2006). There has been no study linking SV to DNA methylation in any plant species. It could
be majorly due to the technological and cost constraints for studying methylation signatures for
large and complex plant genomes. [llumina bisulphite sequencing has been the most widely used
method for methylation detection. However, it requires special library preparation and can deliver
a maximum read length of 300 bp. In contrast, the third-generation of sequencing technologies
are capable of delivering the long-range epigenetic information at no extra costs together with a
regular sequencing run. PacBio platforms can identify methylated nucleotides by recording the
shift in the speed of nucleotide incorporation by the DNA polymerase (Kraft and Kurth 2019). In
addition to the emission spectra, the PacBio systems also record the duration (pulse width) and
interval between successive fluorescence pulses (interpulse duration, IPD) created during
incorporation of a specific nucleotide. Different modifications to a nucleotide can introduce shifts
in the pulse width and IPD for example Flusberg et al. (2010) found that the IPD for a methylated
Adenine was five times larger than its canonical form. However, a very high coverage, 250x per
strand is required for a reliable detection of SmC with PacBio sequencing (Liu et al. 2020).
Furthermore, the accuracy of methylation calling using PacBio is primarily influenced by the
sequence coverage (Zhu et al. 2018). Therefore, it would not be economically viable to use
PacBio for methylation detection. ONT sequencing has also been used widely for studying DNA
modifications. The methylated bases would produce a different current perturbation as they pass
through a nanopore compared to their canonical form. ONT sequencing can reliably detect
various types of DNA methylation such as N6-methyladenine (6 mA) and 5-methylcytosine
(5mC) (Mclntyre et al. 2019). Perumal et al. (2020) used ONT for CG methylation profiling of
Brassica nigra. They reported a 93 to 97% correlation between methylation calls from ONT and
the bisulphite sequencing. Zhang et al. (2019) suggested that the DSB repair mechanisms
responsible for generating genomic re-arrangements can also result alterations of CpG
methylation. Sun et al. (2018) provided another example linking SV to DNA methylation. The
authors suggested that CNV often affect DNA methylation and gene expression in tumor
samples. Therefore, it might be important to study DNA methylation to completely understand
the cellular mechanism driving genomic re-arrangements. Recent improvements in ONT
basecalling algorithms can enable accurate identification of DNA methylation together with a
regular sequencing run at no extra costs. This wealth of knowledge would definitely be

instrumental in providing a clear picture about cellular processes creating SV.
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5.5 Limitations of the third-generation sequencing technologies

Although, the third-generation sequencing technologies have provided insights into genomic re-
arrangements by providing additional layers of information, such as methylation signatures,
chromatin confirmation, there are still some limitations associated with these long read
sequencing platforms. High error rate (up to 20 percent) and high cost are the two major
limitations of the third-generation sequencing technologies. Both PacBio and ONT have a
significantly higher error rate compared to Illumina sequencing. Accuracy of a sequencing
technology can be calculated at the read level (raw read accuracy) or at a consensus level
(consensus accuracy). Raw read accuracy refers to the sequence identity of an individual read
when compared to a reliable reference assembly. In contrast, consensus accuracy is the
correctness of a consensus sequence assembled by overlapping multiple reads from a single
genomic locus. In most cases, the consensus accuracy increases with an increase in read depth for
example a consensus sequence assembled from 50 reads is likely to be more accurate than a
consensus of 5 reads. However, this might not be the case, especially if the raw reads contain
non-random errors such as homopolymer deletions as in the case of ONT. Consensus accuracy is
critical for high coverage applications such as de novo genome assembly whereas for the low
read depths scenarios raw read accuracy could be more meaningful. For example, a clinical
metagenomics sample would comprise majorly of non-target sequencing reads from the host and
a very few reads from the organisms of interest in the microbiome. Low raw read accuracies
would therefore make it very challenging to identify and characterize these organisms in the
microbiome (Wick et al. 2019). Both the raw read and consensus accuracy is expressed in terms
of Q score. Ewing and Green (1998) defined Q score as a value logarithmically related to the
base calling error probabilities (Q= -10 log;oP). Sanger sequencing has raw read accuracy of
~99.4%, or ~Q20, whereas Illumina sequencing can produce reads that are 99.99% accurate
(~Q30). PacBio reads in their raw form are already a consensus derived from repeated
sequencing of a circularized DNA molecule, therefore it would be pointless to calculate raw read
accuracies for this type of reads. The consensus accuracy of the Hifi reads from latest PacBio
sequel II system has been reported to be at 99.8 % (Wenger et al. 2019). In contrast, the raw read
accuracies for ONT 1is around 85 to 95% depending upon the flowcell chemistry and the
basecaller version (Zhang et al. 2020). A consensus accuracy of Q32.2 (99.94% identity) was
reported for ONT, making it comparable to Illumina “raw read accuracy”. 99.94% identity would

translate to approximately 3000 errors in a 5 Mb genome. (Wick et al. 2019). However, to
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achieve a reliable SNP calling from ONT data the consensus accuracy needs to be two folds, i.e.
Q70 (one error per 10 Mb) higher than the current levels. ONT data is inherently noisier
compared to Illumina sequencing due to the complexity involved in the translation of current
signals captured by ONT sequencing device into nucleotide information. The strength of the
electrical signal depends on the resistance to flow of current from nucleotides present within the
narrowest point of a nanopore. Five nucleotides can reside within the narrowest point of an R9.4
pore (the most widely used nanopore from ONT) at any given point of time (Wick et al. 2019).
This 5-mer results in a large number of possible states (4° =1024) for a basecalling model aware
of just the standard four bases of DNA. Instead, if a methylation aware basecalling model is used
the number of possible states can get even higher (5° =3125). Due to this complexity, basecalling
requires sophisticated machine learning algorithms. These algorithms are computationally
demanding and the data from a single flowcell could take weeks to basecall. Performing
basecalling on a standard CPU based computer for a MinION (assuming 10 Gb from a flowcell)
run would take more than a day to basecall. In contrast, a PromethION (assuming 70 Gb from a
flowcell) run would require a week of basecalling. The newer generation of basecalling
algorithms such as guppy can leverage graphical processing units, GPUs to accelerate base
calling by 10 to 15 times (up to 1,500,000 bp/s) compared to older generation basecallers
(120,000 bp/s) (Wick et al. 2019).

Long-read sequencing is still many folds expensive then Illumina sequencing. Moreover, a
greater depth of coverage is required to overcome the higher error rate of the third generation
sequencing technologies, making them even more expensive. For producing 1 Gb of sequencing
data with Illumina would cost around 10 EUR whereas for ONT and PacBio it would be
approximately 60 to 80 EUR. Furthermore, specialized computer hardware such as GPU,

required for processing ONT data could raise the cost per data point even higher.
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5.6 Conclusion

During the last decade, there have been tremendous efforts to detect and catalogues SV in several
plant genomes. This could be majorly attributed to the advent of high throughput next-generation
sequencing methodologies. These methodologies provided enabled the detection of large-scale
SV underlining important agronomic traits in several plant genomes. Many SV detection
strategies till date include short-read sequencing technologies to genotype a large number of
individuals within a population and mapping of these reads to a reference assembly. However,
due to the short read length, these reads cannot be anchored uniquely to a reference assembly,
thereby offering a minimal resolution to detect small to mid-scale SV, especially for polyploids
species. One of the possible solutions is to construct a pan-genome, but de novo assembly of
multiple individuals with large genome size such as wheat (genome size of approximately 16 Gb)
would require an extremely high depth of coverage which would be time-consuming and
expensive. Long reads from ONT and PacBio with can provide a viable alternative for reliably
detecting a broad size range of SV. Reads from ONT can reach up to 1 Mb (Jain et al. 2018) in
length, thereby spanning even the largest of SV and reducing the need for a pan-genome.
Furthermore, both ONT and PacBio can also detect methylated bases, without any special library
preparation making them even more suitable for studying SV and the epigenetic signatures.
However, read mapping alone might not be sufficient to thoroughly understand the most complex
types of SV, such as translocation or inversion duplications. Chromatin conformation capture
using Pore-C approach could provide insights into such complex type of SV events.

Despite all the advantages, there are still some challenges that need to be addressed before wide-
scale adoption of long-read sequencing technologies. One of the biggest challenges, especially
for ONT, is to obtain huge quantities of ultra-pure HMW DNA for certain plant species. Till date,
there is no straightforward method or commercial kits applicable to a wide range of plant species
for isolating HMW DNA. There have been several attempts to develop HMW DNA isolation
methods for a particular species such as Arabidopsis (Michael et al. 2018), Eucalyptus
(Schalamun et al. 2019), Banana (Belser et al. 2018) etc. These methods can be used as a baseline
for developing a working protocol for sequencing the species of interest.

The error rate for the long-read sequencing is still higher than Illumina data. PacBio has solved
the problem of high error rate by introducing the Sequel II system. A PacBio Sequel II system is

capable of generating highly accurate (more than 99% single-molecule read accuracy) high-
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fidelity (HiFi) reads using the circular consensus sequencing (CCS) mode (Lang et al. 2020).
This high accuracy comes at the cost of read length as in the CCS mode the Sequel II is capable
of delivering read lengths N50 between 10 to 15 kb. On the other hand ONT reads could be as
long as 1 Mb with an N50 of over 100 kb but suffer from systematic errors in homopolymeric
regions (Guiglielmoni et al. 2020). To overcome these systematic errors, ONT has constantly
pushed newer basecalling algorithms together with more sophisticated type of nanopores
containing longer barrel and dual reader head. At the time of writing this document, ONT claims
a median raw read accuracy of 96% using the latest version of basecaller, Guppy version 3.6.0

with R9.4.1 flowcell (https://community.nanoporetech.com/posts/guppy-v3-6-0-release).

In conclusion, if de novo assemblies are desired for SV detection, PacBio assemblies would be
more accurate at a base-pair level whereas the ONT assemblies would be more contiguous (Lang
et al. 2020). Therefore, a combined strategy involving both Pacbio and ONT would be best suited
for reliable detection of SV, but the long reads are significantly more expensive then Illumina
sequencing. However, improved DNA isolation protocols along with newer and better flowcells
have improved the yield both for PacBio and ONT sequencing. Therefore, it’s a matter of time
until the price for long-read sequencing would be comparable to the short-read length
technologies.

A major question that arises here is whether there is any additional genetic gain by investing high
amount of money into SV detection for predictive breeding? Weisweiler et al. (2019) included
PAV in their genomic selection models to predict leaf angle, plant height and heading date in
barley and found a higher prediction accuracy for all the three traits using a PAV aware model. A
similar observation was made when PAV was included for prediction of quantitative disease
resistance in oilseed rape (unpublished data). Furthermore, the authors found that PAV were not
in strong linkage disequilibrium (LD) with the neighboring SNP markers. A similar scenario was
also reported for grapevine (Zhou et al. 2019). Therefore, it will not be entirely false to say that
including SV into genomic prediction model can lead to higher prediction accuracies which
might translate into higher genetic gains. However, whether this genetic gain is significant
enough to invest in it, is entirely a different question and remains to be answered. Till the long
reads sequencing becomes less expensive, an alternate approach would be to construct an SV
atlas by sequencing a few diverse individuals within a species with long-read platforms. Using
this SV catalogue, it might be possible to detect SV using existing short-read data in an approach
described by Malmberg et al. (2019).
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Discussion

Longer more accurate reads could improve our ability to identify SV which were nearly invisible
to short reads. Although, the exact molecular mechanism underlining small to mid-scale SV in B.
napus is not well understood. We can gain more insights into the mechanism for their emergence
by zooming into the regions housing these SV. Highly re-arranged genomic region might reveal
an enrichment of genomic feature such as TEs or TADs. Recognition of other cellular features
such as methylation signature and chromatin conformation could further aid in a clear
understanding of the molecular mechanism responsible for creating genomic rearrangements and

their implications on important phenotypic traits.

70



Summary

6 Summary

71



Summary

The allopolyploid species B. napus originated from interspecific hybridization between B. rapa
and B. oleracea about 7500 years ago. Due to this recent polyploidization event, the A and the C
subgenomes of oilseed rape share high levels of sequence identity. High homeology among the
subgenomes of B. napus results in a plethora of structural variations (SV) in the form of InDels,
copy number variations (CNV), translocations or inversions. There have been several studies
associating agronomically important traits such as disease resistance, flowering time and seed
quality to SV in oilseed rape. These studies revealed the importance of SV in the creation of the
de novo genetic variation necessary for adaptation and breeding. In this thesis, I elucidate
different approaches for genome-wide detection and analysis of all size ranges of SV in B. napus.
For the identification of large-scale SV this dissertation describes an integrated approach
combining single nucleotide polymorphism (SNP) arrays, Illumina sequencing and optical
mapping using resistance to Verticillium longisporum as an example for a quantitatively inherited
trait in B. napus. A significant increase in the resolution of Verticillium resistance quantitative
trait loci (QTL) was observed by including the SV in the form of single nucleotide absence
polymorphism (SNaP) markers in the genetic map or genome-wide association studies (GWAS)
model. Furthermore, presence absence variation (PAV) was observed in 23 to 51% of the genes
within the Verticillium resistance QTL. Moreover, every high-priority candidate gene for
Verticillium resistance within the QTL was affected by PAV. The widespread PAV in the
rapeseed genome suggested that it is an important class of polymorphism and should be exploited
more systematically in plant breeding programs.

A majority of studies (including the one mentioned above) aimed at the genome wide
identification of SV in plants have relied on Illumina sequencing. However, up to 89% false
positive rate has been reported for SV calling with Illumina data. Furthermore, it is challenging to
unambiguously align short Illumina reads to a reference assembly for a polyploid genome due to
the high levels of sequence similarity among the homeologous regions. Therefore, there have
been little or no efforts towards cataloguing small to mid-scale SV. This thesis describes the use
of long sequencing reads to evaluate the role of small to mid-scale SV in eco-geographical
diversification of B. napus into the three predominant ecotypes (winter-type, spring-type and
semi-winter type), and survey their extent and impact on genes. Up to 10% of all genes in the
rapeseed genome were found to be affected by small to mid-scale SV events. Nearly half of these
SV events ranged between 100 bp to 1000 bp, which makes them challenging to detect using

short read Illumina sequencing. Furthermore, small SV were also detected in the genes associated
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with Verticillium resistance in oilseed rape. This thesis also provides first insight and ideas about
how new long-read sequencing technologies can help to understand complex SV in large plant
genomes by providing additional layers of information, such as methylation signatures, chromatin
confirmation, or data from target enrichment strategies implementing long-read sequencing, and
describe potential cellular mechanisms that might explain the occurrence of small to mid-scale
SV in oilseed rape. Additionally, the dissertation also reviews the challenges and limitations of
the third-generation sequencing technologies.

The key finding from this dissertation was the surprisingly high level of widespread, small to
mid-scale SV in the rapeseed genome. This size range of SV is almost invisible to Illumina
sequencing and was therefore completely ignored by the earlier studies aimed at detecting
genomic re-arrangements in B. napus. The results from this dissertation suggest that revisiting
complex plant genomes using medium-coverage, long-read sequencing might reveal unexpected
levels of functional gene variation, with major implications for trait regulation and crop

improvement.
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Die allopolyploide Art B. napus entstand vor etwa 7500 Jahren aus einer interspezifischen
Kreuzung zwischen B. rapa und B. oleracea. Aufgrund dieses relativ jungen
Polyploidisierungsereignisses sind die Sequenzen der beiden B. napus Subgenome A und C sehr
dhnlich. Diese Homoologie zwischen den beiden Subgenomen fiihrt zu einer Vielzahl von SV in
Form von Indels, Kopienzahlvariationen, Translokationen oder Inversionen. Es gibt zahlreiche
Studien, die den Zusammenhang von strukturellen Genomvariationen (SV) mit wichtigen
agronomischen Merkmalen wie Krankheitsresistenz, Blithzeitpunkt und Samenqualitét von Raps
zeigen. Diese Studien offenbaren die Bedeutung von SV zur Schaffung neuer genetischer
Variation, die fiir Anpassung und Ziichtung notwendig ist. In dieser Arbeit erldutere ich
verschiedene Ansdtze zur genomweiten Detektion und Analyse von SV aller GroBenbereiche in
B. napus.

Zur Identifizerung von grofBen SV beschreibt diese Dissertation einen integrierten Ansatz,
welcher Einzelnukleotid-Polymorphismen (SNP) Arrays, Illumina Sequenzierung und Optical
Mapping kombiniert und bei dem die Resistenz gegeniiber Verticillium longisporum als Beispiel
fiir ein quantitativ vererbtes Merkmal in B. napus dient. Die Einbeziehung von SV in Form von
SNaP (Einzelnukleotid-Absenz-Polymorphismus)-Markern in die genetische Karte oder in das
Modell zur genomweiten Assoziationskartierung (GWAS) fiihrte zu einer signifikant gesteigerten
Aufldsung der Verticillium-Resistenz-QTL (Quantitative Merkmalslokus). Uberdies wurden in 23
— 51% der Gene innerhalb der Verticillium-Resistenz-QTL PAV (presence absence variation)
gefunden. Vielmehr war jedes Kandidatengen fiir Verticillium-Resistenz innerhalb der QTL von
PAV betroffen. Die weite Verbreitung von PAV im Rapsgenom deutet darauf hin, dass es sich
um eine wichtige Art von Polymophismen handelt, die in Pflanzenziichtungsprogrammen
systematisch genutzt werden sollte.

Die Mehrheit der Studien (einschlieBlich der oben erwéhnten), mit dem Ziel der genomweiten
Identifizierung von SV in Pflanzen, basieren auf Illumina-Sequenzierungen. Fiir SV Calling
mittels [llumina Daten wurden jedoch Falsch-Postiv-Raten von bis zu 89% berichtet. Aulerdem
ist ein eindeutiges Alignment von kurzen Illumina Reads an ein polyploides Referenzgenom,
aufgrund der groBen Ahnlichkeit der homdologen Regionen, duBerst schwierig. Aus diesem
Grund gab es bisher wenig bis gar keine Bemiihungen, kleine bis mittelgro3e SV zu erfassen. Die
vorliegende Arbeit beschreibt die Verwendung von langen Sequenzierungs-Reads, um die Rolle
kleiner bis mittelgroBer SV zur Diversifizierung von B. napus in die drei vorherrschenden

Okotypen (Wintertyp, Sommertyp und Semi-Wintertyp) zu bewerten und deren AusmaB und
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Einfluss auf Gene zu untersuchen. Es wurde festgestellt, dass bis zu 10% aller Gene im
Rapsgenom von kleinen bis mittelgroBen SV-Ereignissen betroffen sind. Fast die Halfte dieser
SV waren in der Groflenordnung von 100 bis 1000 bp, was ihren Nachweis mittels Short Read
[llumina-Sequenzierung schwierig macht. Zudem wurden kleine SV auch in jenen Genen
nachgewiesen, die mit Verticillium-Resistenz in Raps assoziiert sind. Dariiber hinaus liefert diese
Arbeit erste Einblicke und Ideen, wie neue Long Read-Sequenzierungstechnologien helfen
konnen, komplexe SV in grofen Pflanzengenomen zu verstehen, indem sie zusitzliche
Informationsebenen wie Methylierungsmuster, Chromatinkonformation oder Daten aus Target-
Enrichment-Strategien, die die Long-Read-Sequenzierung verwenden, liefern und potenzielle
zellulire Mechanismen beschreiben, die das Auftreten kleiner bis mittelgroBer SV in Raps
erklaren konnten. Des Weiteren werden auch die Herausforderungen und Grenzen der
Sequenziertechnologien der dritten Generation in dieser Dissertation erortert.

Das zentrale Ergebnis dieser Dissertation war die erstaunlich hohe Anzahl weit verbreiteter,
kleiner bis mittelgroBer SV im Rapsgenom. SV in diesem GrdéBenbereich sind mittels [llumina-
Sequenzierung nahezu undetektierbar und blieben daher in fritheren Studien, die genomische
Umlagerungen in B. napus untersuchten, vollig unberiicksichtigt. Die Ergebnisse dieser
Dissertation deuten darauf hin, dass die Analyse komplexer Pflanzengenome mit Hilfe von Long
Read-Sequenzierung mit mittlerer Genomabdeckung eine unerwartete Anzahl funktioneller
Genvariationen mit grolen Auswirkungen auf die Merkmalsauspragung und die Verbesserung

der Kulturpflanzen aufdecken konnte.
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