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Abstract
Structural variation (SV) is a type of genetic varia-
tion identified through the comparison of genome 
structures which often have direct and significant 
associations with phenotypic variations. Building 
on the next-generation sequencing (NGS) tech-
nologies, research on plant structural variations 
are gaining momentum and have revolutionized 
our view on the functional impact of the ‘hidden’ 
diversity that were largely understudied before. 
Herein, we first describe the current state of 
plant genomic SV research based on NGS and in 
particular focus on the biological insights gained 
from the large-scale identification of various 
types of plant SVs. Specific examples are chosen 
to demonstrate the genetic basis for phenotype 
diversity in model plant and major agricultural 
crops. Additionally, development of new genomic 
mapping technologies, including optical mapping 
and long read sequencing, as well as improved 
computational algorithms associated with these 
technologies have helped to pinpoint the exact 
nature and location of genomic SVs with much 
better resolution and precision. Future direction of 
plant research on SVs should focus on the popula-
tion level to build a comprehensive catalogue of 
SVs, leading to full assessment of their impact on 
biological diversity.

Introduction
Structural variations (SVs) are a collection of com-
plex genomic DNA mutations that differentiate 
among individuals in a certain population. In con-
trast to single nucleotide polymorphisms (SNPs) 
and short insertions and deletions (indels), SVs 
typically consist of DNA changes that are relatively 
long in size. The initial detection of SVs before 
the advent of the sequencing era is often based 
on detection of large scale chromosomal changes 
from karyotypic observation under microscope, 
including abnormal number of chromosomes such 
as aneuploidies ( Jacobs et al., 1959; Edwards et al., 
1960), chromosomal rearrangement (Bobrow et al., 
1971) and copy number variations (CNVs) (Bailey 
and Eichler 2006). Karyotypic mutations larger 
than 3 Mb in size can often be observed with in 
situ hybridization. Building on the next-generation 
sequencing (NGS) technology, we are moving 
towards a new phase of variant discovery that focus 
on identification of SVs with their boundaries 
mapped at single-base resolution. Extensive stud-
ies on the human genome have revealed that SVs 
play important roles in human health (Spielmann 
and Klopocki 2013; Weischenfeldt et al., 2013). 
For example, Alzheimer’s disease (AD) is a chronic 
neurodegenerative disease that usually badly affects 
the elder with symptoms such as problems with 
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language, disorientation, mood swings and loss of 
motivation (Burns and Iliffe, 2009). Recent genetic 
research links the duplications of dosage-sensitive 
APP genes and Alzheimer’s disease (Rovelet-Lecrux 
et al., 2006). Similarly, higher C4 copy number leads 
to more C4 expression in the brain, contributing 
to a 1.4-fold risk to develop schizophrenia (Sekar 
et al., 2016). These disease studies in human have 
indicated that abnormal copy number variation of 
certain genes significantly impact health and traits.

In addition to their leading role in causing a 
wide spectrum of human disease, structural varia-
tions are pervasive when comparing plant genomes 
and these changes are involved in many important 
biological processes (Saxena et al., 2014; Żmieńko 
et al., 2014). Structural variations represent an 
essential part in plant adaptive evolution and 
functional diversity. For example, re-sequencing 
of 50 rice accessions identified 21 genes with 
variable copy numbers that were annotated as 
potential resistance genes, suggesting that CNVs 
were involved in response to environmental cues 
and essential in their adaptability (Xu et al., 2012). 
Additionally, presence or absence variations (PAVs) 
underlie the diversification in molecular functions 
that are shown to be beneficial in respective ecologi-
cal niches. Sequencing of many individual ecotypes 
and cultivars in the population have vastly enriched 
our knowledge about the nature and impact of SVs 
over the past few years. Herein, we first describe the 
current state of plant SV research based on NGS as 
well as the biological implications of these genetic 
variations, categorized under several major types of 
structural variations. We then review several specific 
examples to show how SVs influence phenotypic 
diversity in plants in a case-study fashion. We then 
provide an overview of newly developed technolo-
gies, especially single molecular sequencing and 
genomic mapping that have become popular in 
recent years as powerful tools for the discovery of 
SVs with increasing resolution and accuracy. We 
conclude this review with several important direc-
tions in future SV studies in plants.

Large-scale detection of 
structural variations in plants
While different types of structural variations have 
been reviewed before, often with a human-centric 
view (Alkan et al., 2011; Weischenfeldt et al., 2013; 

Saxena et al., 2014) – in this review we go through a 
list of SVs that represent the most abundant types in 
plant genomes, including copy number variations 
(CNVs), presence and absence variations (PAVs), 
mobile element insertions (MEIs) and homeolo-
gous exchanges (HEs).

Copy number variation
Copy number variations are variations of number 
of repeated sequences in the genome between 
individuals. Growing evidence support that CNVs 
are prevalent in plant genomes, which makes it the 
most extensively studied types of SVs in plants. 
CNV is defined as unbalanced changes in the 
genome structure and cover deletions (which is the 
same as copy number of zero) as well as duplications 
of > 50 bp in size (Girirajan et al., 2011). Based on 
the data from the genomic hybridization (CGH) 
array and NGS technologies, a couple of plant 
CNVs (Table 11.1) were identified at genome-wide 
level (DeBolt, 2010; Swanson-Wagner et al., 2010; 
Zheng et al., 2011; Muñoz-Amatriaín et al., 2013; 
Ping Yu et al., 2013; Boocock et al., 2015; Zhang et 
al., 2015; Zhou et al., 2015; Bai et al., 2016; Car-
done et al., 2016; Hardigan et al., 2016).

CNVs have been shown to play important roles 
in the biodiversity in plants, including adaptation to 
abiotic and biotic stress and yield-related traits that 
could be important targets for crop improvement. 
DeBolt performed CGH to detect CNVs in Arabi-
dopsis grown under different temperature and stress 
regimes for the fifth-generation offspring from a 
common ancestor (DeBolt, 2010). Comparison 
between the siblings identified numerous CNVs, 
which account for approximately 0.38% of Arabi-
dopsis annotated genes. The study found that many 
CNVs have effect on genome instability under envi-
ronment with different abiotic inputs. Structural 
variations analysis from four soybean genotypes 
identified a list of genes overlapping with CNV 
regions. Functional annotation revealed that these 
genes were associated with disease resistance genes, 
suggesting that CNVs have contributed to the host 
defence against pathogens (McHale et al., 2012). 
A recent report displayed that 30.2% of the potato 
genome were contained within CNV regions with 
nearly 30% of protein-coding genes affected. These 
CNVs are implicated in the expansions of stress-
related gene families that vary between species and 
within species (Hardigan et al., 2016). CNVs have 
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Table 11.1 Selected examples of genome-wide CNV studies in plants
Species CNVs identification Methods Implication Reference

Arabidopsis Identified intersibling CNVs 
in Arabidopsis grown under 
different temperature and SA 
treatment for the fifth-generation 
plants from one common 
ancestor

CGH This study uncovered that CNVs contributed 
to genome instability and shaped genome 
diversity in Arabidopsis

DeBolt, 
2010

Rice Identification of CNVs from 20 
Asian cultivated rice comprising 
6 indica, 3 aus, 2 rayada, 2 
aromatic, 3 tropical japonica and 
4 temperate japonica cultivars. 
Found 2886 CNV regions in total

CGH Some rice CNVs might arise independently 
within different groups and contribute to group 
differences

Yu et al., 
2013

Rice Identified 9916 deletions 
compared to the reference 
genome Nipponbare and 2806 
genes were affected by CNVs

NGS Experimentally validated 28 functional CNV 
genes including OsMADS56, BPH14, OsDCL2b 
and OsMADS30, implying that CNVs might 
contributed to phenotypic variations in rice

Bai et al., 
2016

Maize Identified 479 genes exhibiting 
higher copy number in some 
genotypes and 3410 genes that 
have either fewer copies or are 
missing in specific genomes

CGH Although 10% of Maize annotated genes exhibit 
CNV/PAV events relative to the B73 reference 
genome, the majority of SVs were observed in 
both maize and teosinte genomes, suggesting 
these variants predate maize domestication

Swanson-
Wagner et 
al., 2010

Cucumber Identified 26,788 SVs based 
on deep resequencing of 115 
diverse accessions

NGS These SVs affect the coding regions of 1676 
genes, some of which are associated with 
cucumber domestication. Genome-wide 
association analysis revealed that a CNV 
defined the Female locus

Zhang et 
al., 2015

Potato Identified 219.8 (30.2%) of 
potato genomes with nearly 
30% of annotated genes were 
affected by CNVs

NGS This study showed that CNV was the major 
component of the significant genomic diversity 
of clonally propagated potato and CNV-affected 
genes highly enriched in functions related to 
adaption

Hardigan 
et al., 
2016

Barley CNVs in Barley were account for 
14.9% of genome and affected 
9.5% of coding genes from 14 
different accessions

CGH CNV-affected genes are overlapping R 
genes and might contribute to the molecular 
mechanism for adaptation to biotic and abiotic 
stress in barley

Muñoz-
Amatriaín 
et al., 
2013

Apple 876 CNV regions were detected 
from 30 domesticated apple 
accessions, which spanned 
3.5% of the apple genome

NGS Resistance genes were significantly enriched in 
CNV regions

Boocock 
et al., 
2015

Sorghum Identified 17,111 CNVs in two 
sweet and one grain sorghum 
inbred lines, affecting 2600 
genes

NGS CNVs were significantly enriched in genes 
encoding cellulose synthases, pectinesterases, 
GRAS transcription factors, BTB/POZ and 
auxin-responsive proteins, suggesting that 
these genes might be involved in differentiation

Zheng et 
al., 2011

Soybean A total of 302 soybean 
accessions, including 62 
wild soybeans (G. soja), 130 
landraces and 110 improved 
cultivars

NGS (1) 162 CNVs were potentially involved in 
sorghum domestication and improvement. 
(2) GWAS showed that CNVs contributed to 
important traits, such as hilum colour and plant 
height

Zhou et 
al., 2015

Soybean Four soybean genotype were 
used to detect CNVs and PAVs

CGH This study identified a full set of CNV-
affected genes were associated with disease 
resistance genes, and provided insight into 
the mechanisms of soybean resistance gene 
evolution

McHale et 
al., 2012

Grapevine Identified 746 CNVs from four 
grapevine varieties and more 
than 2000 genes were affected 
by CNVs

NGS 
and 
CGH

Genes with polymorphisms were related to 
auxin/hormone response, berry growth and 
development

Cardone 
et al., 
2016
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also conduced to population differentiation. A total 
of 2886 CNV regions were detected from 20 Asian 
cultivated rice comprising six indica, three aus, two 
rayada, two aromatic, three tropical japonica and 
four temperate japonica cultivars. Comparison of 
various CNV events observed in ssp. indica and ssp. 
japonica expounded that 57.8% of the CNVs were 
only present in either ssp. indica or ssp. japonica (Yu 
et al., 2013), suggesting that CNVs arose indepen-
dently within different groups and might contribute 
to population differentiation.

Presence or absence variation 
Gene contents often vary among even closely 
related individuals or cultivars, the union of which 
is termed ‘pan-genome’ (Vernikos et al., 2015). The 
gene set present in all individuals is often called 
the ‘core genome’. In contrast to core genome, the 
‘dispensable genome’ consists of the sequences pre-
sent only in a subset of individuals. The dispensable 
genome often contains a large number of PAVs. It 
has been hypothesized that the core genome is criti-
cal in the fundamental pathways that control plant 
growth and development, while the dispensable 
genome played important roles in phenotypic vari-
ation and adaptive evolution.

A robust way to compare PAV variation in the 
population is to perform sequencing on a large 
collection of individuals. A couple of recent publi-
cations that utilized NGS methods to detect PAV 
genes with important functions (Table 11.2). The 
largest data collected thus far come from the ‘Arabi-
dopsis 1001 Genomes’ project (Alonso-Blanco et al., 
2016) and the ‘Rice 3000 Genomes’ project (Zhi-
kang et al., 2014). Multiple Arabidopsis genomes 
were sequenced in the Arabidopsis 1001 Genomes 
project to identify both the core and dispensable 
genomes (Weigel and Mott, 2009; Cao et al., 2011; 
Gan et al., 2011). Tan and colleagues surveyed 80 
Arabidopsis accessions and reported 2407 genes 
that were not present in reference genome (Tan et 
al., 2012). Functional investigation revealed that 
largest proportions of these genes were related to 
membranes and binding, suggesting that the asso-
ciated PAVs were involved in pattern recognition 
in molecular function. In addition, 31% PAV genes 
showed uneven distribution in chromosomes, 
which might be resulted from unequal recombina-
tion as the likely genetic mechanism underlying the 
origin of PAVs. A pan-genome study of three rice 

accessions showed that PAV genes were common 
in the Oryza species and ~10% of protein-coding 
genes were genome specific (Schatz et al., 2014). 
Another method based on metagenome assembly 
was used to perform large-scale identification of dis-
pensable genomes based on low-coverage NGS data 
(Yao et al., 2015). Re-sequencing data from 1483 
cultivated rice accessions were divided into two 
subpopulations: indica and japonica. Unmapped 
reads from each set of individuals were de novo 
assembled separately, with indica-related accessions 
or japonica-related accessions merged to generate a 
metagenome assembly. By mapping the respective 
‘population’ assemblies to reference genome, this 
approach was able to identify PAVs associated with 
agronomic traits and specific metabolite profil-
ing (Yao et al., 2015). A recent pan-genome study 
in soybean re-sequenced and de novo assembled 
seven wild soybeans (Li et al., 2014). Comparisons 
among wild soybean (G. soja) genomes and the 
reference genome (G. max) revealed 2.3 to 3.9 Mb 
dispensable sequences in wild soybean. These PAV 
genes typically had significantly higher dN/dS 
ratios, indicating that dispensable genes had under-
gone weaker purifying selection and/or greater 
positive selection compared to the core genes that 
are more conserved (Li et al., 2014).

Mobile element insertion and 
deletion (MEI)
Transposable element (TE) insertions and deletions 
are also one of the most prevalent genetic variations 
in plants. Sequencing of 80 Arabidopsis accessions 
from eight populations explicated that ~80% of 
TEs were partially or completely absent from the 
genomes of at least one of the 80 individuals (Cao 
et al., 2011). Crops with larger and more complex 
genomes typically contain a lot more TEs than the 
small genome of Arabidopsis or rice. Although first 
considered as selfish DNA or ‘genome parasites’, 
transposable elements have shown a dramatic 
impact on genome evolution and regulation of gene 
expression (Bennetzen and Wang, 2014). Accumu-
lation of TEs, in particular LTR retrotransposons, 
were responsible for genome size variation (Vitte 
and Panaud, 2005; Hawkins et al., 2006; Zedek et 
al., 2010). For example, a study in genus Eleocharis 
revealed a positive correlation between Ty1-copia 
densities and genome size (Zedek et al., 2010). El 
Baidouri and colleagues investigated 40 sequenced 
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plant genomes and observed at least one case of 
horizontal TE transfer in 26 genomes and most of 
these TEs had remained functional after the trans-
fer. Therefore, TE-driven genetic material exchange 
played an important role in genome evolution (El 
Baidouri et al., 2014). It would be natural to expect 
that horizontal TE transfer might also be frequent 
between different individuals within species.

In addition to the impact on genome structure, 
TEs also have the capability to alter gene structure 
and expression. TE insertion could invade the 
space occupied by the protein-coding genes and 
disrupt the open reading frame (ORF), resulting 
in abnormal phenotypes (Chen et al., 2005). TEs 
are also frequently observed to rewire existing 
regulatory networks by inserting into cis-regulatory 
elements. Study of DNA transposons mPing in rice 
genome showed that insertion of TEs have affected 
expression of 710 genes (Naito et al., 2009). 

Once inserted into near-gene region, specific TE 
amplification could trigger the epigenetic silenc-
ing pathway through methylation or small RNAs 
(Hollister and Gaut, 2009; Joly-Lopez and Bureau, 
2014), which regulated the gene expression in close 
proximity. Another study in soybean showed that 
a 5.7-kb transposon (Tgm-Express I) was inserted 
into intron 2 of the flavanone 3-hydroxylase gene 
(F3H), which converted purple flowers to pink 
(Zabala and Vodkin, 2005). Interestingly, the 
transposon consisted of five unrelated host gene 
fragments and the gene fragments were processed 
through a complex alternative splicing mechanism 
as added exons (Zabala and Vodkin, 2007).

Homeologous exchange (HE)
One type of structural variation has been relatively 
understudied until recently and is relatively unique 
to the plant genomes. In polyploid plant genomes, 

Table 11.2 Selected examples of genome-wide PAV studies in plants

Species PAVs identification Methods Implication Reference

Arabidopsis The authors investigated 80 
re-sequenced Arabidopsis 
accessions and identified 
2407 PAV genes

NGS A large number of PAV genes were related to 
membranes, suggesting that these genes were 
involved in pattern recognition. In addition, 
31% of PAV genes were unevenly distributed 
in chromosomes and showed a cluster pattern, 
suggesting that unequal recombination was a 
major mechanism for PAVs

Tan et al., 
2012

Soybean De novo genome assembly 
of seven wild soybean 
identified 2.3–3.9 Mb of G. 
soja-specific dispensable 
genome

NGS The PAV genes had significantly higher dN/
dS ratios than the core genes, indicating that 
dispensable genes have undergone weaker 
purifying selection and/or greater positive 
selection than core genes. In addition, these 
PAV genes were related to receptor activity, 
structural molecule activity and antioxidant 
activity

Li et al., 
2014

Rice A metagenome-like 
assembly strategy was used 
to identify rice dispensable 
genome from 1483 rice 
accessions

NGS The new approach is powerful to identify 
dispensable genome using low-coverage NGS 
data. In addition, association mapping of rice 
dispensable genome found genes related to 
grain width and metabolic traits were located in 
dispensable genome, linking PAVs to important 
rice traits

Yao et al., 
2015

Potato Re-sequencing of 12 potato 
monoploid and doubled 
monoploid potato clones 
identified ~7000 genes with 
PAVs

NGS These dispensable genes were associated with 
limited transcription and/or a recent evolutionary 
history, with lower deletion frequency observed 
in genes conserved across angiosperms

Hardigan 
et al., 
2016

Maize Transcriptome sequencing 
of seedlings from 503 
maize uncovered 8681 
representative transcript 
assemblies not present in 
the reference genome (B73)

NGS This study investigated maize pan-
transcriptome and showed that RNA-seq was 
also useful to uncover genetic variations and 
important phenotype related genes

Hirsch et 
al., 2014
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there has been sequence exchanges between 
homeologous chromosomes (often in different 
subgenomes in the same polyploid cell) leading 
to simultaneous gene deletions and amplification, 
or Homeologous Exchanges (HEs). For example, 
gene deletions and HEs between subgenomes in 
Brassica napus have led to the reduction of seed 
glucosinolate (GSL) content (Chalhoub et al., 
2014). Genes responsible for the flowering time 
(FLC) were greatly expanded from a single copy 
in Arabidopsis to nine copies in the oilseed genome 
with several expansion events due to HEs. The 
identified HEs also co-localize with known QTLs 
for vernalization requirements and flowering time. 
Interestingly, such HEs vary across different re-
sequenced B. napus lines and even re-synthesized 
lines (Chalhoub et al., 2014). Indeed, we can link 
much of the SVs that have occurred in B. napus to 
its unique adaptive and agronomic traits. Similarly, 
HEs occur frequently in the tetraploid cotton (G. 
hirsutum) (Li et al., 2015). Re-sequencing of poly-
ploid varieties or individuals could reveal additional 
genome restructuring events that might have been 
consciously or unconsciously selected for during 
the history of human cultivation and crop improve-
ments.

Case studies: genetic basis for 
phenotype diversity contributed 
by plant SVs
Structural variations play important roles in phe-
notype diversity. In this part, we select a couple of 
examples that collectively demonstrated that how 
SVs influence a wide array of phenotypic variations, 
highlighting their critical role in the context of agri-
cultural crops.

Sex determination
Cucumber is a major vegetable crop consumed 
worldwide and also serves as a model system for 
sex determination studies (Tanurdzic and Banks, 
2004). Most cultivated cucumbers are monoe-
cious, which contain male and female flowers on a 
single plant. In contrast, another type, gynoecious 
cucumber, bears only female flowers (Fig. 11.1A). 
Previous studies showed that gynoecy was associ-
ated with Mendelian locus Female (F-locus), which 
contained four protein-coding genes including 
aminocyclopropane-1-carboxylic acid synthase 

gene (ACS1), a truncated MYB transcription factor, 
a branched-chain amino acid aminotransferase and 
a gene with unknown function (Tanurdzic and 
Banks, 2004). Comparison between the gynoe-
cious and monoecious cucumber genomes led to 
the discovery of a 30.2-kb duplicated segment that 
was significantly associated with gynoecy. This par-
ticular CNV event is the underlying genetic cause 
for the variation at the Female locus that has led to 
the development of gynoecy in cucumber (Zhang 
et al., 2015).

Response to abiotic stress response
Algerian barley landrace Sahara showed supe-
rior boron-toxicity tolerance (Fig. 11.1B), when 
compared to intolerant genotypes (Sutton et al., 
2007). It has been reported that boron-tolerance is 
associated with the ability to maintain a low level 
of boron concentration in the shoot. Sutton and 
colleagues identified an efflux transporter (Bot1) 
as the candidate gene for the boron-toxicity toler-
ance. Comparison between Sahara and Clipper 
genomes revealed that Sahara contained 4x more 
copies of Bot1 than Clipper, explaining their dif-
ferential response to the toxic boron. Moreover, 
mRNA expression of this gene in Sahara were 
substantially higher than that in Clipper, consistent 
with the higher copy number of Bot1. Expression 
of the Sahara Bot1 gene in yeast indicated that Bot1 
provided boron tolerance in yeast under high level 
treatment of H3BO3. These results, starting from 
the identification of the CNV at the Bot1 locus 
to the functional validation, demonstrated that 
higher copy number of Bot1 gene conferred boron 
tolerance in barley Sahara (Sutton et al., 2007). 
Similarly, genic copy number variation that contrib-
utes to aluminium (Al) tolerance is found in maize 
(Maron et al., 2013). Three tandem multidrug and 
toxic compound extrusion 1 (MATE1) copies 
were identified in a maize recombinant inbred line 
population. The expression of MATE1 conferred a 
significant increase in Al tolerance and root citrate 
exudation in response to Al. Consequently, MATE1 
copy number was associated with its mRNA expres-
sion, which in turn resulted in superior Al tolerance 
in maize (Maron et al., 2013).

Response to biotic stress
Soybean cyst nematode (SCN) is one of the most 
economically damaging pathogens for soybean. 
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Figure 11.1 Functional impact of structural variations in plant genomes. (A) Phenotypes of gynoecious 
(WI1983G) and monoecious (WI1983GM) cucumbers. Monoecious cucumbers contain both male and female 
flowers on a single plant, while gynoecious cucumbers contain 30.2-kb duplication in their genomes that lead 
to the development of female flowers only (Zhang et al., 2015). (B) Boron-toxicity symptoms in leaf blades 
of boron-intolerant (Clipper) and boron-tolerant (Sahara) barley plants. Compared with intolerant genotypes, 
Sahara contains four times more copies of Bot1, which encodes an efflux transporter and confers tolerance to 
boron-toxicity (Sutton et al., 2007). (C) Different flower pigmentation patterns in Antirrhinum majus lines HAM2 
and HAM5. HAM2 only contains one copy of transposon Tam3 in the upstream of niv gene, which is responsible 
for pale-red petal colour. In contrast, HAM5 contains two copies of Tam3 in the upstream and downstream of 
niv gene, respectively. The paired Tam3 inhibits the expression of niv and results in white petal colour (Uchiyama 
et al., 2013). (D) Phenotypic variation among rice Kasalath, SL22, NIL (qSW5) and Nipponbare accessions. 
Nipponbare contains a 1,212-bp deletion in the qSW5 region and shows increased grain size (Shomura et al., 
2008). (E) Rice grain length diversity is associated with copy number variations in GL7 locus (Wang et al., 2015). 
Images were based on the respective studies (Sutton et al., 2007; Shomura et al., 2008; Uchiyama et al., 2013; 
Wang et al., 2015; Zhang et al., 2015), and reproduced with permission.
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QTL analysis located that Rhg1 regions consist-
ently show a large contribution to SCN resistance 
in SCN-resistant cultivated soybean (Concibido 
et al., 2004). Rhg1 locus is a 31-kb segment which 
encodes multiple gene products. In susceptible 
varieties, only one copy of this 31-kb segment was 
observed. In contrast, ten tandem copies were 
identified in SCN-resistant soybeans. Overexpres-
sion of the cluster genes in Rhg1 regions conferred 
enhanced SCN resistant, therefore confirming that 
copy number variation of Rhg1 is associated with 
SCN resistance in soybean (Cook et al., 2012).

Flower colour
Flowers attract much attention due to their diversity 
in plants, and also for their critical role in agricultural 
production. A recent study shows that transposon 
is one of the major factors that contributes to the 
floral pigmentation and flower colour in Antirrhi-
num (Clegg and Durbin, 2003; Wei and Cao, 2016). 
The nivea (niv) gene encodes chalcone synthase 
(CHS) and is responsible for flower pigmentation 
(Sommer et al., 1985). Expression of niv gene 
resulted in pale-red petal colour; while suppression 
of niv mRNA level lead to white colour. In HAM5 
accession, Tam3 transposons are inserted into both 
upstream and downstream of niv gene, and the cor-
responding inserted sequences paired and formed 
a loop structure under high temperature, thus 
preventing the binding of correlated transcription 
factor. Therefore, the transposon insertion inhib-
ited the expression of niv gene, resulting in white 
petal colour. In contrast, only one Tam3 transposon 
was observed in the promoter of niv gene in HAM2 
line. The absence of the loop structure maintained 
an active niv expression and led to pale-red petal 
colour (Fig. 11.1C) (Uchiyama et al., 2013).

Grain size
Grain size is one of the most agronomically impor-
tant trait for cereal domestication. Recent reports 
demonstrated that both CNV and PAV contributed 
to rice grain dimension as well as increased yields 
(Shomura et al., 2008; Wang et al., 2015). In an F2 
cross population between Nipponbare (japonica) 
and Kasalath (indica) cultivars, Izawa and his team 
identified several QTLs responsible for grain width. 
One of the QTLs, qSW5 explained 38.5% of vari-
ation in the F2 population (Shomura et al., 2008). 
Compared to Kasalath, Nipponbare has increased 

grain size and its genome contained a specific 
1212-bp deletion that appeared to be associated 
with grain width. Two rice lines were tested in con-
firm this association – one line with substitution of 
Kasalath chromosome 5 in a Nipponbare genetic 
background (SL22) and another nearly isogenic 
line (NIL) that both contained around 90 kb of 
Kasalath fragments of the qSW5 region in a Nippon-
bare background. Both rice lines, in which qSW5 
region was present, showed relatively reduced rice 
grain size compared to Nipponbare (Fig. 11.1D). 
For grain length, another rice study revealed that 
tandem duplications of 17.1-kb segment contain-
ing GL7 locus contributed to the increase in grain 
length and improvement of appearance quality 
(Wang et al., 2015). Rice lines (NIL-GL7, B72–32 
and B74–13) harbour multiple copies of GL7 
as well as increased grain width. In contrast, rice 
lines (NPB, C11–23, C14–22 and B108–11) that 
only harbour one copy of GL7 displayed relatively 
narrow grain (Fig. 11.1E). GL7 encodes a homolo-
gous protein to the LONGIFOLIA proteins, which 
is known to regulate longitudinal cell elongation in 
Arabidopsis. These two studies – with PAV control-
ling grain width and CNV controlling grain length 
– provide classical examples that specific SVs were 
probably selected for during the breeding history of 
rice.

New experimental and 
computational approaches to 
detect SVs
Structural variations attracted much attention in 
the genomics field in the past decade and a number 
of methods have been developed on the basis of 
large amounts of NGS data. Most of these efforts 
focus on the careful analyses of alignment of short 
reads – such as read depth, split reads (reads that 
map to multiple distinct locations), and discordant 
read pairs (paired-end reads that show an abnormal 
distance between the two ends) (Zhao et al. 2013). 
Many of these alignment-based approaches have 
been extensively reviewed elsewhere (Escaramís 
et al., 2015; Tattini et al., 2015). We instead focus 
on the more recent genome mapping and sequenc-
ing technologies, including optical mapping and 
PacBio sequencing that show promise in the dis-
covery of SVs that were intrinsically difficult to do 
with only short reads.
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Optical mapping
Optical mapping is an approach that combines DNA 
tagging with imaging to produce an ordered map of 
restriction sites or sequence motifs from a single 
linearized DNA molecule (Chaney et al., 2016). 
There are two commercial vendors with slightly 
different variation of conceptually similar technolo-
gies – OpGen and BioNano (Tang et al., 2015). We 
will briefly review the OpGen method here. Long 
DNA molecules are linearized and stretched first, 
followed by restriction enzyme digestion. Images of 
the resulting digested fragments are then captured 
with a camera, allowing a precise measurement 
of the distance between restriction sites. The 
resulting restriction map can be viewed as unique 
‘barcodes’ for different regions in the genome 
(Lam et al., 2012). Since optical mapping has the 
ability to barcode long DNA single molecules, this 
technology was initially used for the improvement 
of de novo genome assemblies (Tang et al., 2015). 
Naturally, optical mapping is also a very powerful 
tool to detect large structural variations among 
individuals in a population. For example, Mak and 
colleagues generated genome maps for a trio family 
with long, fluorescently labelled DNA molecules 
using the BioNano Irys platform (Mak et al., 2016). 
Comparison of these maps between closely related 
individuals and the reference human genome led to 
a comprehensive catalogue of relatively large struc-
tural variations (> 5 kb in size), including insertion 
and deletion, inversion and CNVs. Although so far 
very few studies plant structural variations were 
studied using optical mapping, there have been 
emerging proposals and pilot studies to map many 
individuals using optical mapping related technolo-
gies (Chaney et al., 2016).

PacBio single-molecule sequencing
Although the second-generation sequencing tech-
nologies are widely used in genomics, including de 
novo genome assembly and detection of small-scale 
genetic variations, their apparent disadvantages, 
namely the GC bias and short read length, make 
them unsuitable for calling variations that are 
larger scale or more complex in nature (Rhoads 
and Au, 2015). Repetitive sequences in complex 
genomes can often lead to multiple, ambiguous 
mapping of short reads that misidentifies structural 
variations. The alternative PacBio sequencing tech-
nology offers long, single-molecule sequencing and 

produces much more robust data for de novo assem-
bly and the characterization of structural variations. 
Chaisson and colleagues sequenced and analysed 
a haploid human genome (CHM1) using PacBio 
platform (Chaisson et al., 2015). Comparative anal-
ysis of the PacBio assembled genome and human 
GRCh37 reference genome resolved the complete 
sequences of 26,079 euchromatic structural variants 
at the base-pair level, most of which were not previ-
ously published (Chaisson et al., 2015). Combining 
Illumina and PacBio technologies, Korbinian and 
colleagues generated Arabidopsis thaliana Lands-
berg erecta (Ler) assembly at chromosome-level 
(Dong et al., 2016). Whole-genome comparison 
of the Ler assembly against the TAIR10 reference 
genome identified a number of SVs, including trans-
positions, inversions, rearranged regions as well 
as PAVs. In addition, the authors highlighted one 
case of 1.2 Mb inversion and postulated that this 
inversion might have reduced the level of meiotic 
recombination that could lead to the genetically 
isolated haplotypes in the worldwide population of 
A. thaliana (Dong et al., 2016).

Algorithmic advancement to detect 
structural variations
It is important to point out that the increased power 
and sensitivity achieved with the PacBio technology 
to detect SVs would be impossible without the algo-
rithmic advances in the analyses of read alignments. 
Ritz et al. proposed a new algorithm, MultiBreak-
SV, that tolerated high error rates of PacBio reads 
and employed a probabilistic approach to consider 
all possible solutions for break-reads alignments at 
the same time (Ritz et al., 2014). Another mapping-
based SV detection method (PB Honey) proposed 
two strategies, interrupted long-read mapping 
(PBHoney-Tails) and intra-read discordance 
(PBHoney-Spots) (English et al., 2014). PBHoney-
Tails first extracts and re-aligns unmapped tails from 
mapped long reads. By analysing piece-alignments 
with similarly mapped tails based on their respec-
tive location and orientation, one can then annotate 
each cluster as either a deletion, insertion, or trans-
location and predict breakpoints using the average 
interrupted position of each read. By leveraging 
the experimentally determined 15% per-base error 
rate, PBHoney-Spots was able to identify discord-
ant ‘spots’ within the reference where the error rate 
was higher than expected (intra-read discordance). 
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Due to the overlapping goals of genome assembly 
and SV discovery, software used to assess the qual-
ity of genome assemblies could also be useful to 
discover SVs. For instance, Assemblytics (Nattestad 
and Schatz, 2016) was able to identify six classes 
of variants based on distinct alignment signatures 
between related genome assemblies.

Future perspective
With recent technological and algorithmic advance-
ments, much of the previously hidden genetic 
variations could be discovered across different plant 
taxa and crop varieties. Future studies of SVs should 
focus on the integration of various studies and 
databases, and associate the SVs with specific traits 
and phenotypes, in order to gain a comprehensive 
understanding of the genetic underpinnings of a 
rich set of biological functions.

Population analysis on a grand scale
Population analysis of SNPs have been extensively 
studied in plants over past two decades since SNP 
is perhaps the easiest form of genomic variation 
to compare across individuals. However, most SV 
studies have been only limited to a small number 
of individuals and their population genetics is 
very much in its infancy. Recent CNV research in 
human sequenced 236 individuals, representing 
125 distinct human populations and observed that 
duplications exhibit drastically different genetic and 
selective signatures between populations. For exam-
ple, comparative analysis of CNVs at the population 
level found that large duplications that introgressed 
from the extinct Denisova lineage were exclusively 
present in Oceanic populations (Sudmant et al., 
2015). In plants, population analysis of 302 soy-
bean re-sequencing lines showed that many CNVs 
could be targets of artificial selection in addition to 
the SNPs. Using a metric called relative frequency 
difference (RFD) to prioritize CNVs, the authors 
identified 162 potentially CNVs that are potential 
targets for human selection during domestication 
and improvement. Almost all of the discovered 
CNVs overlap with known domestication-related 
QTL regions (Zhou et al., 2015).

More and better GWAS studies
Building on the ever-increasing catalogue of 
SVs, it is natural to extend the statistical tests of 

Genome-Wide Association Studies (GWAS) to 
SVs. It has been suggested that many SVs could well 
account for the ‘missing heritability’ (Manolio et al., 
2009). In 2008, McCarroll already proposed exten-
sion of GWAS to CNVs since SNP-based GWAS 
only explain a modest fraction (2–15%) of heritable 
variation for certain disease risk (McCarroll, 2008). 
With more re-sequencing data, it has become more 
feasible to extend the gene–trait association across 
all genetic variants discovered – from simple SNPs 
to the more complex SVs. In a pilot study, Zhou 
and colleagues performed GWAS tests using CNV 
data identified by re-sequencing 302 soybeans and 
uncovered genes with varying copy numbers to 
be associated with cyst nematode resistance and 
hilum colour (Zhou et al., 2015). GWAS with SVs 
was also performed in cucumber and seven SV loci 
were identified to be significantly related with the 
tuberculate fruit trait, with one matching locus 
from a previous study (Zhang et al., 2015). While 
still rudimentary and relatively small-scale in terms 
of sample size, these studies did show promising 
applications of GWAS tests that are directly per-
formed on SVs. Better SV-related GWAS analyses 
should become routinely performed at the popula-
tion level for all re-sequencing projects, with the 
ultimate goal to identify much more gene–trait 
associations than previously suggested by SNPs 
alone in plants.
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