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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
variation

With rapidly increasing sophistication in genome analy-
sis technologies, there is growing evidence that genome-
wide structural variation (SV) is a major factor underlining
observed phenotypic variation in eukaryotic organisms. The
first report of genic SV affecting a phenotype dates back
more than 80 years, when Bridges (1936) discovered that
a duplication of the Bar gene is associated with small eyes
in the fruit fly, Drosophila. Genomic rearrangements have
been studied extensively in humans due to their association
with a range of diseases. Particularly copy number variation
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(CNV), an important class of structural variation, has been
discovered to be causal for various autoimmune disorders
(Mamtani et al. 2010), including susceptibility to human
immunodeficiency virus (HIV) infection (Gonzalez 2005),
Parkinson’s disease (Singleton 2003) and Alzheimer’s dis-
ease (Rovelet-Lecrux et al. 2006; Escaramis et al. 2015).
Mounting evidence supporting the importance of SV in
human genetics led to the study of the same phenomena
in animal species, where numerous examples have been
discovered for a role of SV in important traits, for exam-
ple in mice (Keane et al. 2014), cattle (Fadista et al. 2010),
pigs (Esteve-Codina et al. 2013), sheep (Liu et al. 2013)
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
ancient or recent polyploidization (Vialette-Guiraud et al.
2011; Van de Peer et al. 2009; Alix et al. 2017). The ability
to generate reference genome sequences even for complex
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
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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)

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
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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

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-

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

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 CO02 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 (GA3oxl1) 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

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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