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SUMMARY

Summary

The present research work was carried out in the frame of the ERC-funded
project NOVABREED, whose aim is to characterise the dispensable fraction of
the pan-genome of Vitis vinifera and Zea mays, by developing and using
bioinformatics tools for the analysis of DNA and RNA Next Generation

Sequencing (NGS) data.

In the present work we focused on grapevine and characterised the genomes of
128 individuals. Single Nucleotide Polymorphism (SNP) markers were used to
explore the grapevine population structure and to assess the genetic
relationships between individuals. A total of approximately 9 million SNPs were
obtained. Grapevine is characterised by an ancient and complex history of
domestication: from the first centre of domestication (in the Caucasian region)
grapevine spread to Central Europe, where secondary domestication centres
were discovered (Grassi F et al., 2003; Arroyo-Garcia R et al., 2006; Myles S et
al., 2011). ADMIXTURE (Alexander DH et al., 2009) was used to infer the
population structure. At K=3 the population was divided in three main groups, in
line with the observations of Negrul AM (1946), with a high proportion of
admixed varieties. At higher K values we obtained a subdivision of the
population into smaller clusters of varieties, linked by different degrees of
relationship. The population structure was confirmed by the Principal
Coordinates Analysis (PCoA) of the pairwise genetic distances. The estimated
distances reflected the geographical distances in the prevalent area of current
cultivation: the first major component explained a gradient of separation
between the varieties from East to the West. The second major component

explained a gradient of removal of domesticated varieties from wild forms.
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In order to gain knowledge about the composition of the dispensable fraction,
we investigated the Structural Variants (SVs) in 50 grapevine varieties. Structural
variants ranging in size between 1 Kb and 25 Kb were identified based on the
paired-end mapping information derived from the alignment of short reads to
the reference genome sequence of Vitis vinifera (Jaillon O et al., 2007). For the
detection of deletions we integrated the results obtained using two different
tools: DELLY (Rausch T et al., 2012) and GASV (Sindi S et al., 2009). For the
detection of insertions we used a pipeline developed by our research group.
Overall, we identified a total of 18,551 deletions and 54,254 insertions
amounting to 101.94 Mb and 329.9 Mb, respectively. The excess of structural
variants with low allele frequencies supported the supposed recent origin of
SVs. A high fraction of SVs (on average 61.26 Mb, in each variety) appeared in
heterozygous condition. Thus, extensive regions of the grapevine genomes are
hemizygous, an estimate confirmed also by the de novo assembly of

different genomes.

A great fraction of small SVs is induced by the movement of transposable
elements (TEs). An annotation pipeline was developed as part of the present
project to characterise the SVs shaping the dispensable fraction. Approximately
65% of the deletions were annotated to a transposable element superfamily. As
required by the pipeline used for the detection of insertions, 95% of the
insertions were classified as TE. Transposable elements of class | (moving
through a ‘copy-and-paste’ mechanism) contributed to a greater fraction of SVs
(54% and 79% of the deletions and insertions, respectively), while DNA
transposons of class Il (moving via a ‘cut-and-paste’ mechanism) contributed
only for a smaller fraction (11% and 16% of the deletions and

insertions, respectively).

While promoting genetic variability, TEs may also disrupt genes, promoter or

enhancer sequences or alter the status of epigenetic marks, such as cytosine
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methylation. We observed that Gypsy TEs accumulated in pericentromeric
heterochromatic regions: regions poor in coding sequences while rich in
repetitive sequences. In the same regions an increase of the methylation levels
was observed in the CG and CHG contexts. In addition, SVs affected overall
10,899 genes: a number of genes significantly lower than what expected by
chance. Genes belonging to the nucleotide binding category (in part related to
disease resistance) were mostly influenced by SVs. Lastly, transcriptomic
analysis in three different tissues (leaves, berries and tendrils) of five varieties
revealed that genes disrupted in the exonic regions showed a lower than
average expression and a higher than average probability of being
non-expressed, while genes affected by SVs in introns had a higher than

average expression.

With the present work we created a detailed catalogue of structural variants in
grapevine. We investigated the genome-wide distribution of SVs in a high
number of varieties and estimated the pan-genome total size of Vitis vinifera.
The fraction of genetic diversity captured by our set of 50 varieties makes us
confident to have comprehensively described the pan-genome of this crop.
Lastly, by measuring the pan-genome saturation we observed that a reduced
number of varieties was sufficient to explain a great fraction of the dispensable
portion: approximately 35 varieties explained more than 95% of the total SVs

identified in grapevine.
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1 INTRODUCTION

1.1 NOVABREED project

The present PhD work is part of the ERC-funded project, called NOVABREED,
whose aim is to study the most variable and less characterised portions of the
plant genomes. The goal of the project is to investigate genome-wide two main
plant species, Vitis vinifera and Zea mays, paying particular attention to the
intergenic and repetitive regions, often discarded because considered junk DNA
regions. In the last decades, the increasing availability of sequenced genomes
revealed the presence of high levels of genetic diversity among the individuals
of a species. While human and primate genomes have been deeply investigated,
in plants little advances have been done. With an extensive genome-wide
analysis of grapevine and maize, the NOVABREED project aims to gain
knowledge of the genetic diversity shaping the genomes of both species and to
understand the molecular mechanisms at the heart of the diversity in

living organisms.

1.2 Grapevine domestication history

In the present work we focused our attention on the V. vinifera genome and
investigated the genetic diversity at the population level. Grapevine is one of
the most economically important and widely cultivated crops, with an ancient
history of domestication. Evidences of domestication date back to 8-10
thousand years (Neolithic Age) in the Eurasian region, from the dioecious
V. vinifera L. subsp. sylvestris (Levadoux L, 1956). The Caucasian region (from

South Caucasus to northern Mesopotamia) is considered the first domestication
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centre of grapevine (Figure 1), where V. vinifera L. subsp. sativa and V. vinifera
L. subsp. sylvestris coexist. Domesticated cultivars differ from the wild
grapevines for several characters. Among them the hermaphroditism
represented an essential character of domestication: while wild grapevines are
dioecious, the domesticated grapevines are hermaphroditic, a shift essential for
grapevine productivity. From the first centre of domestication, grapevine spread
to neighbouring regions towards the East Mediterranean Basin, to South Italy,
Spain, France until Central Europe, mainly through the rivers route (Danube,

Rhone, Rhine) (McGovern PE, 2003; This P et al., 2006).
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Figure 1: Domestication and diffusion routes of viticulture.

Several studies on grapevine genetic diversity revealed the existence of
secondary domestication centres in the Mediterranean area or gene flow
between introduced varieties and spontaneous grapes. The West and Central
Europe grapevine varieties showed evidences of introgression from local wild

(sylvestris) grapevines (Grassi F et al., 2003; Arroyo-Garcia R et al., 2006; Myles S
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et al., 2011). Based on the migratory routes, in 1946 the Russian ampelographer
Negrul AM proposed a classification of the grapevine varieties into three main
eco-geographical groups, each with a distinct genetic origin from different wild
grapevine populations. Each group, or Proles, was in turn divided into
subgroups, or sub-proles. The groups and subgroups were described as follow:
Proles orientalis, divided into caspica and antasiatica, spread in the area
between the Caspian Sea and Central Asia; Proles pontica, diffused from Eastern
Europe to Georgia, divided in turn into balcanica and georgica; lastly, Proles
occidentalis, divided in gallica and pyrenaica, spread in Central and Western
Europe (Negrul AM, 1946). Compared to pontica and orientalis, grapevine
varieties belonging to Proles occidentalis are characterised by smaller berries

and stronger resistance to cold temperatures.

1.3 Grapevine genome

Vitis vinifera is a dicotyledonous perennial species, mainly propagated
vegetatively, characterised by highly heterozygous individuals. The grapevine
genome was first assembled in 2007 by the French-Italian Public Consortium for
Grapevine Genome Characterization (Jaillon O et al., 2007). High levels of
heterozygosity in cultivated varieties hinder the assembly procedure. Therefore,
a near homozygous individual (93% of homozygosity), derived from an
accidental cross between Pinot Noir and Helfensteiner (itself derived from the
cross Pinot Noir x Schiava Grossa) followed by successive selfings, was used for
the genome assembly. A draft sequence of 487 Mb was assembled: a genome
size comparable with the Populus trichocarpa genome (485 Mb) and the
Oryza sativa genome (389 Mb). By combining different analysis approach,
30,434 genes were annotated, while on average 41.4% of the grapevine genome
consisted of repetitive and transposable elements. By exploring conserved gene

order in paralogous regions within chromosome triplets, Jaillon O and
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colleagues (2007) concluded that three ancestral genomes contributed to the

haploid grapevine content.

1.4 Next Generation Sequencing

In the last decades DNA sequencing has undergone rapid advances (Clyde 2007).
Historically, DNA sequencing relied on the capillary-based biochemical Sanger
method, which consisted in the electrophoretic separation of chain-termination
products. The increasing request for low-cost sequencing has driven, in the last
years, the development of new approaches, namely Next Generation
Sequencing (NGS) technologies. Different NGS commercial platforms have been
developed for DNA sequencing: Roche/454 (Margulies M et al., 2005),
Solexa (lllumina) (Turcatti G et al., 2007), AB SOLID and Polonator (Shendure J et
al., 2005), and HeliScope (Harris TD et al., 2008). Through massive parallelization
of the sequencing process, NGS platforms have increased drastically on one side
the speed of sequencing, producing thus an enormous volume of data, and on
the other side reduced the costs by several orders of magnitude: a single
sequencing run generates hundreds of gigabases of nucleotide sequences

(Mardis ER, 2008).

[llumina developed one of these NGS technologies. The first Solexa (lllumina)
sequencer, the Genome Analyzer, was introduced in 2006 and since then
consistent improvements have been made. The fast development of the
sequencing technologies led to a drastic change of the sequencing
performances. While the first sequencer produced 1 Giga base (Gb) of data in a
single run, in approximately 2.5 days (Bentley DR et al., 2008), the HiSeq 2500 is
nowadays able to produce up to 1,000 Gb of data in one single run, in

approximately six days, with 2 billion of reads produced per flow-cell.
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In common with other technologies, the lllumina protocol used for the library

preparation may be summarized as follows (Figure 2):

e The genomic DNA template is fragmented randomly into small
fragments, either through sonication or nebulization. Fragments
are then end-repaired in order to generate blunt ends, and a
single A is added to the 3’ blunt end of the DNA fragments.

e Universal oligonucleotide adapters are ligated at both ends of the
DNA fragments. The ligation is supported by the overhang of a
single T at the 3’ end of the adapter sequences.

e The library obtained is then immobilized on the surface of a
flow-cell. The adapter sequences are complementary to the
anchors spread over the flow-cell surface allowing thus the
ligation. The DNA fragments are then amplified through a bridge
amplification step in order to generate clusters of amplicons,
constituting the templates for the sequencing reaction.
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Figure 2: NGS library preparation workflow.

Sequencing by synthesis (SBS) occurs on single stranded sequences. The
sequencing of the forward strand is mediated by the hybridization of a primer
complementary to the adapter sequences which activate the sequencing
mechanism. DNA polymerase and a mixture of four fluorescently labelled
reversible dye terminators are then added to the solution: only the terminators
complementary to the template sequence are bound. Further synthesis is
prevented by the reversible terminator. Reagents present in excess are then
washed away, a laser excites the fluorescent tag and images are recorded. Once
the identity of the bases of the cluster is determined, the fluorescent tags are

cleaved and removed and the reversible dye terminators are unblocked: a new
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sequencing cycle can begin: the process is repeated until the end of the

sequencing run (Figure 3).

Figure 3: Sequencing by synthesis.

Sequenced reads may be employed in several ways: reads may be aligned or
mapped to an available reference genome for different purposes, or used as
bricks for the de novo assembly of genomes (Horner DS et al., 2010; Magi A et
al., 2010). Besides single read sequencing, NGS technologies offer the possibility
to sequence both ends of the template sequences. The so called paired-end
method enables a genome-wide screening of a wide range of structural variants
and chromosome rearrangements (Korbel JO et al.,, 2007). Furthermore,
paired-end sequencing improves the alignment and the assembly of genomes,

with a better resolution of the repeated regions.

NGS technologies have been employed in several fields of research. NGS allows
both the complete genome resequencing, as well the reduced representation
sequencing. Resequencing of whole genomes (whereby short reads are
compared to a reference genome) enables the identification of Single
Nucleotide Polymorphisms (SNPs) and the detection of structural variants.
Through bisulfite-treated DNA sequencing, NGS allows the exploration of the
methylation levels inside the genomes. Furthermore, NGS enables the analysis

of gene expression and microRNA profiling, through RNA and small-RNA
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sequencing, or the genome-wide exploration of the DNA-protein interactions,
via Chromatin ImmunoPrecipitation-Sequencing (ChIP-Seq). Based on
Chromosome Conformation Capture, the Hi-C method enables the
genome-wide discovery of chromatin interactions. While, Genotyping By
Sequencing (GBS) may be employed for the analysis of large number of SNPs,
through a highly multiplexed approach based on restriction enzymes (in order
to reduce genome complexity). Lastly, environmental samples may be

investigated through metagenomic sequencing.

Crop genome sequencing benefited from the development and improvement of
next generation sequencing technologies. NGS paved the way to the
identification of new molecular markers and genes influencing agronomically
important traits (Varshney RK et al., 2009; Edwards D & Batley J, 2010).
Whole-genome sequencing enabled a better understanding of the genome

complexity, with single nucleotide resolution (Rastogi K et al., 2013).

1.5 Structural variation analysis

In the past it was thought that the intra-species DNA sequence variation was
mostly due to Single Nucleotide Polymorphisms (SNPs) (Sachidanandam R et al.,
2001), but several works demonstrated that the human genomes differed more
as a result of Structural Variation (SV) than SNPs (lafrate AJ et al., 2004; Sebat J
et al., 2004; Scherer SW et al., 2007; Hurles ME et al., 2008; Conrad DF et al,,
2010).

SV is a broad term traditionally used to describe chromosomal alterations which

involve DNA sequences longer than 1 Kb (Feuk L, 2006; Freeman JL et al., 2006).
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Figure 4: Structural variants observed in the sample (new allele) compared to
the reference genome (Hurles ME et al., 2008).

As reported in Figure 4, SV includes both balanced alterations (for example
translocations or inversions) and unbalanced variants (for example deletions,
insertions or duplications), which alter the DNA copy number and are generally
referred as Copy Number Variants (CNVs). Extreme CNVs are usually referred as
Presence-Absence Variation (PAV), sequences present in the genome of an

individual, but missing in another genome.

Evidences of SV in humans increased gradually in the last decades, and it has
been demonstrated that SVs lie at the heart of several diseases with a genetic
aetiology (Hurles ME et al.,, 2008). Structural variants may influence gene
expression in different ways, playing thus an important role in the human
phenotypic variation. In human genome, SVs have been deeply investigated
(Raphael BJ, 2012), while in plants few efforts have been made trying to
understand the role of SVs (Saxena RK et al.,, 2014). Structural variants have
been investigated in different species: in Arabidopsis (DeBolt S, 2010), in barley
(Mufioz-Amatriain M et al., 2013), in maize (Springer NM et al., 2009; Beld A et

al., 2010), in melon (Sanseverino W et al., 2015), in soybean (McHale LK et al.,
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2012), in rice (Xu X et al., 2012), in sorghum (Zheng L-Y et al., 2011) and in

grapevine (Giannuzzi G et al., 2011; Di Genova A et al., 2014).

Historically, the detection of structural variants was based on whole-genome
array Comparative Genomic Hybridization (aCGH) (Medvedev P et al., 2009).
CGH arrays relied on the comparative hybridization of two differently labelled
samples (a test and a reference) to a set of hybridization targets, in order to test
the relative frequencies of DNA probe fragments between two samples (Figure
5). CGH array platforms were originally developed for the evaluation of
differences between normal and solid tumour tissues (Kallioniemi A et al.,
1992). However, CGH arrays presented various disadvantages. Microarrays were
used for the detection of copy number variations only for sequences present in
the reference genome (sequences required for the probe design), but could not
identify balanced structural variants. Furthermore, no information about the
genomic position of duplicated sequences was obtained, and the breakpoint
resolution was usually low. Lastly, hybridization was limited in highly repeated
sequences where CNVs occur very frequently (Alkan C et al., 2011; Raphael BJ,
2012; Saxena RK et al., 2014).

10
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Figure 5: Comparative Genomic Hybridization array (aCGH). Two differently
labelled samples are hybridized to a set of hybridization probes. Differences in
the intensities of the two fluorophores reveal differences in copy number
between the two samples.

Structural variation studies changed drastically with the advent of NGS
technologies which replaced the microarray techniques (Alkan C et al., 2011).
This introduced bioinformatics and computational challenges. The short length
of the sequenced reads increased the difficulties of read mapping, especially in
highly repeated regions. In addition, NGS platforms produced a higher
throughput, at relatively low costs, but at the same time with lower accuracy
(Shendure J & Ji H, 2008): this scenario required the development of
bioinformatics tools to facilitate the mapping of a high number of short reads to

a reference genome.

Four different methods for the SV discovery have been developed (Medvedev P
et al., 2009; Mills RE et al., 2011). The first three strategies require an alignment
of the reads to a reference genome followed by the analysis of discordant

patterns which explain different classes of structural variation. The last

11
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approach (de novo assembly) enables the identification of variants not present
in the reference genome, since it doesn’t rely on a reference sequence. The four

methods are described below.

Paired-end mapping (PEM)

The read-pair technology takes advantage of the mapping information, mainly
span and orientation, of paired-end reads aligned to a reference genome.
Structural variants can be detected through “discordant” pairs, Paired Ends
(PEs) mapping to the reference with anomalous orientation or with span
inconsistent with the reference itself (Figure 6). Different SV categories may be
detected. Deletions are identified by pair-reads mapping to the reference
genome at a distance greater than the mean library insert size. Conversely,
insertions are described by pair of reads mapping with a distance smaller than
the expected one (only if the read pairs span the complete insertion). If the
insertions have a size greater than the library insert size, the PEM method is
unable to produce a signature. Inversions may also be detected: reads spanning
an inversion breakpoint will map to the reference genome with an opposite
orientation. The PEM method was first developed for BAC end sequences (Volik
S et al., 2003) and only later employed for NGS analysis (Korbel JO et al., 2007).
Nowadays, PEM is the most widely applied approach for the SV detection and

several tools for the detection have been developed (Alkan C et al., 2011).

reference —# h # h *
paired reads - ------------ - - """""" - -_— — - """""" -
NO STRUCTURAL VARIANT DELETION INSERTION INVERSION

Figure 6: Paired-end method (PEM). Detection of different SV categories, based
on the alignment of paired-end reads to the reference genome.

12
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Depth of coverage (DOC)

Assuming the sequencing process to be uniform, the number of reads mapping
to a region is expected to be proportional to the number of times the region
appears in the donor (Medvedev P et al., 2009). The Depth Of Coverage (DOC)
method can be applied for the detection of structural variants which alter the
copy number of a sequence (Figure 7). By measuring the increase or decrease in
sequence coverage, DOC enables the detection of duplications and deletions,
respectively. Read-depth methods exploiting NGS data were developed to
define SV rearrangements in cancer tissues (Campbell PJ et al.,, 2008). In
contrast to PEM signatures, DOC signatures enable the detection of large SV
events, with less breakpoint resolution power, while the method has less power

in the detection of smaller events.

sample sequenced alignment to the reference genome
—) — —) — —) —) — =
— - D ) - — —) D )
—)  — —) —)  — —)
NO STRUCTURAL VARIATION NUMBER OF COPIES = 1
— ) —_— - > — e —
—)  — —) —)  — —)
DUPLICATION NUMBER OF COPIES =2
—  m—) —-— ) —  m—) — -
— - - — -> —) - ﬂ- —
—)  —) —) — —) —)

NUMBER OF COPIES =0
DELETION

Figure 7: Depth of coverage (DOC) method. Reads obtained from the
sequenced sample (left part of the picture) are aligned to the reference genome
(right part of the picture). Realignment on reference genome enables the
detection of duplications or deletions, based respectively on the increase or
decrease of the local read alignment coverage.

13
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Split-read approach

The split-read method enables the single-base-pair breakpoint resolution of
different SV categories. Based on the signature of split reads, this approach
defines the exact breakpoint of a structural variant. The application of this
method is still limited, since it needs to cope with the alignment and correct
location of short read fragments. However, different computational tools

already exploit this information for a better resolution of the SV identification.

De novo assembly

With the de novo assembly of a genome, theoretically all SV categories may be
identified. Combining de novo and local assembly, contig sequences are
generated and then compared with the reference genome. De novo assembly
still suffers from the resolution of highly repeated or duplicated sequences,
reducing thus the ability in the detection of SVs that involve repeated sequences

such as transposable elements.

1.6 Transposable elements and plant pan-genome

Chromosomal rearrangements may occur with different sizes. Two groups of
structural variants may be described: small SVs ranging in size between 1 and
25/30 Kb, and larger SVs which extend to several Mb. Smaller SVs in higher
plants are mainly influenced by the movement of Transposable Elements (TEs).
Transposable elements were first described in plants in the ‘40s as controlling
elements, based on their ability to influence the nearby genes’ expression
(McClintock B, 1956). Once, TEs were considered junk DNA sequences (Orgel LE
& Crick FHC, 1980), but nowadays it is ascertained that TEs may play important
roles and influence several cellular functions. Among plants, TEs in extant
angiosperms are young and have been very active in the recent past, through

bursts of activity (El Baidouri M & Panaud O, 2013; Oliver KR et al., 2013).
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Compared to mammals, TEs in angiosperms are more active (Kejnovsky E et al.,
2009), creating thus structural variation in the plant species, and widely
influence genome size and structure, contributing up to 84% of the latter

genomes (Kumar A & Bennetzen JL, 1999).

Based on the mechanism of transposition, two different classes of TEs are
known (Wicker T et al., 2007; Levin HL & Moran J V., 2011): class | transposable
elements, or retrotransposons, which move along the genome via a
copy-and-paste mechanism (Figure 8A, Figure 8B); class Il transposable
elements, also known as DNA transposons, which move inside an individual

through a cut-and-paste mechanism (Figure 8C).
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Figure 8: Mechanisms of transposon mobilization. A. & B. Copy-and-paste
mechanism of the class | retrotransposons. A. Replicative strategy of the Long
Terminal Repeat (LTR) retrotransposons. B. Transposition method of non-LTR
retrotransposons. C. Cut-and-paste mechanism of the class Il DNA transposons
(modified from Levin HL & Moran J V., 2011).
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Class | elements move in the genome through an RNA intermediate, reverse
transcribed by a reverse transcriptase encoded by the TE itself. Among the
retrotransposons, different orders are known: Long Terminal Repeat (LTR), Long
and Short Interspersed Nuclear Element (LINE and SINE, respectively),
Dictyostelium Intermediate Repeat Sequence (DIRS) and Penelope-Like Elements
(PLE). Class Il TEs code for a transposase, a protein required for their excision
and consecutive insertion in another genomic position. Class Il elements are
divided in two subclasses, differentiated by the number of DNA sequences
involved in the transposition process. Subclass | is represented by Terminal
Inverted Repeat (TIR) elements and Crypton TEs (unique to fungi), which move
via the classic cut and paste mechanism. On the other hand, subclass Il
transposable elements involve only one DNA strand (Wicker T et al., 2007). Two
main orders have been described: Helitron, which replicate through a
rolling-circle mechanism, and Maverick TEs. Orders are in turn divided in
superfamilies. Although TE superfamilies within the same class share the same
replication strategy, they differ by copious features. Superfamilies are then
divided in families, based on the DNA sequence conservation (Wicker T et al.,

2007).

Transposable elements influence wide portions of the eukaryotic genomes, and,
as stated by Wicker T and colleagues (2007), LTR retrotransposons are the most
abundant order in plants. TEs affect the structure and evolution of the plant
genomes in several ways: transposable elements may modulate gene
expression, by silencing or altering the expression of nearby genes; TEs may
contribute to chromosomal rearrangements via non-homologous
recombination; furthermore, TEs influence the local methylation patterns
(Feschotte C et al., 2002; Eichler EE & Sankoff D, 2003; Bennetzen JL, 2005;
Slotkin RK & Martienssen R, 2007; Lisch D, 2012). The grapevine berry colour is
one of the striking examples of gene expression modulation mediated by TE.

The berry colour ranges in a wide spectrum of colours, varying between white
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and black. The coloured phenotype is controlled by two transcription factors,
MybA1 and MybA2, which control the anthocyanin biosynthesis pathway. White
varieties, which lack the anthocyanin pigments, are characterised by an
inactivation of the MybA1 transcription factor, caused by the insertion of Gretl
(transposable element of class 1) in the promoter region of the gene. White
varieties are homozygous for the Gretl insertion, while coloured cultivars carry
at least one functional allele at the MybA1l locus. As reported in 2004 by
Kobayashi, 10 out of 10 white varieties carried the homozygous white
haplotype, while all (9) red varieties were heterozygous at the colour locus,
proving the coexistence of the inactivated MybA1 gene (white haplotype) with
the functional or coloured haplotype. These observations were confirmed also
in a later work of Fournier-Level A and colleagues: out of 137 grapevine
varieties, only nine varieties were homozygous at the colour locus (carrying
both coloured haplotypes) and produced darker berries (Fournier-Level A et al.,

2010).

Evidences of structural variation revealed that the genomes of individuals
belonging to the same species were characterised by several alterations,
encompassing both small variants due to the transposable element movement
and larger ones, which altered the chromosomal structure. Based on these
observations the concept of pan-genome, originally introduced for bacteria
(Tettelin H et al., 2005), was extended to plants by Morgante M and colleagues
in 2007. The pan-genome is composed of a core fraction, shared between all the
individuals of the species, and a dispensable portion present only in some
individuals, but not in all. While the core genome includes single copy
sequences, thus the majority of genes, and few transposable elements shared
by all individuals; the dispensable fraction is mostly composed of transposable
elements and repeated sequences found in a specific location only in some
individuals (Morgante M et al., 2007). Although the dispensable genome is not

essential for survival, it might play an important role in shaping the genomes
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structure and mediating the response to environmental stimuli (Marroni F et al.,

2014).
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2 OBJECTIVES

The main objective of the present project was the characterisation of the
dispensable portion of Vitis vinifera pan-genome, mostly attributable to
structural variants (SVs), and to investigate how genetic relationships, measured
using SVs, compare to those estimated using SNPs. In an era where the
genomes of several individuals may be re-sequenced rapidly and at relatively
reduced costs, we first used SNP markers to gain knowledge on the genetic
relationships and population structure in more than one hundred individuals. In
the last decades next-generation sequencing enabled an accurate genome-wide
analysis of the structural variation affecting genomes of any species (Korbel JO
et al., 2007; Campbell PJ et al., 2008). Comparative sequencing revealed that
the genomes of individuals belonging to a species are shaped by high levels of
structural variation. The latter encompasses both smaller alterations mediated
by the movement of transposable elements, as larger ones which modify the
chromosomal structure. Thus, the genomic complement of a species is better
explained by its pan-genome, composed by a core fraction, shared by all
individuals and a dispensable portion, unique to some. We aimed to explore
genome wide the small structural variants (ranging in size from 1 to 25 Kb)
shaping the pan-genome of Vitis vinifera. The aim was to characterise the
dispensable fraction of the pan-genome, through a combination of different
analysis methods. Besides the discovery of insertions and deletions, and their
accurate description, by mean of the transcriptome sequencing we investigated
how SVs affected gene expression. With the results of the present work we
gained knowledge about the composition of the dispensable portion and gave a

first estimate of the grapevine pan-genome total size.
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3 MATERIALS AND METHODS

3.1 Plant material

We analysed 128 Vitis vinifera varieties originating from different locations
across the European and Asian regions (see Table 2 for details about the country
of origin). Leaf tissues were collected from plants held in different collections.
Plant material was collected for 54 varieties at the Experimental farm
“A. Servadei”, Udine (UD, ltaly); 51 cultivars were sampled at the Consiglio per
la ricerca in agricoltura e I'analisi dell’economia agraria, Centro di ricerca per la
viticoltura (CREA, CRA-VIT), Conegliano (TV, Italy); 12 varieties were sampled at
Vivai Cooperativi Rauscedo, Rauscedo (PN, Italy); 5 cultivars were sampled at
the Kmetijsko gozdarski zavod Nova Gorica, Loze, Vipava (Slovenia). The raw
read sequences of 6 additional grapevine varieties were instead acquired from
the Sequence Read Archive (SRA) (Wheeler DL et al., 2005). The following
varieties and runs were selected: Autumn royal, run SRR354199 (experiment
SRX101831); Italia, runs SRR354198 and SRR769824 (experiments SRX101830,
SRX247604); Red globe, runs SRR769829 and SRR354201 (experiments
SRX247609, SRX101832); Tannat, run SRR863595 (experiment SRX283507);
Sultanina, runs SRR931841, SRR931842, SRR931843, SRR931844, SRR931845,
SRR931846 and SRR924196 (experiment SRX316886); Thompson seedless, runs
SRR769825 and SRR354200 (experiments SRX247605, SRX101833).

3.2 Library preparation and sequencing

DNA paired-end libraries were generated from genomics DNA, according to the

standard lllumina paired-end sample preparation guide (Illumina Inc., San Diego,

20



Chapter 3 — MATERIALS AND METHODS

CA, USA), with slight modifications. DNA was extracted following a modified
Zhang protocol (Zhang H-B et al., 1995) and then sheared by sonication. The
resulting mixture, composed of fragments with sticky ends (both 3’ and 5’) and
blunt ends was treated with T4 DNA polymerase and Klenow enzyme, in order
to perform end repair, and an ‘A’ was added to the 3’ ends of the obtained blunt
fragments in order to facilitate the ligation of lllumina adaptors. Unligated
adaptors were then removed and the obtained libraries validated. The
NanoDrop ND-1000 UV-Vis Spectrophotemeter (Thermo Scientific, Wilmington,
DE, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA)
were respectively used for the quantification and for the quality assessment.
The libraries were then immobilized to the surface of the lllumina flow-cell via
the Illumina Cluster Generation Station (cBot) and sequenced by synthesis in
one lane of the Illumina HiSeq2500 at the Institute of Applied Genomics (Udine,
Italy). Based on the library type, the sequencing was accomplished with 101,
126 or 133 cycles per read. The CASAVA 1.8.2 version of the lllumina pipeline

was used to process raw data.

Raw sequences were quality trimmed and contaminant filtered using erne-filter
version 1.2 (Del Fabbro C et al.,, 2013) and adapters were removed with
cutadapt version 1.1 (Martin M, 2011). Short reads sequences were then
mapped against the Vitis vinifera reference genome sequence (Jaillon O et al.,
2007) using the software package BWA version 0.7.5a (Li H & Durbin R, 2009)
with the default settings (seed length 32, mismatch penalty 3, gap open penalty
11, gap extension penalty 4). The output of the aligner in Sequence
Alignment/Map (SAM) format was sorted and transformed to Binary
Alignment/Map (BAM) file through the software package SAMtools version
0.1.18 (Li H et al.,, 2009). PCR duplicates were then removed with samtools
rmdup command and uniquely aligned reads were selected for further analyses

(reads mapping in multiple positions on the reference genome were discarded).
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Insert size statistics were computed with the CollectinsertSizeMetrics command

of the 1.88 version of the Picard suite (http://broadinstitute.github.io/picard).

The mean coverage of each individual was calculated dividing the total number
of unique aligned bases by the number of covered positions. The physical
coverage was computed as above, but considering the insert-size information,
including thus the bases not sequenced, but comprised between the two

sequenced reads.

To assess the quality of the sequencing data, KmerCounter (developed by our
research group) was used (on trimmed reads) to measure the k-mers
distribution with a k value of 16. Instead, the coverage profile was computed on

the uniquely aligned reads, measuring the coverage of each single base.

3.3 SNP analysis

The software package GATK version 3.3-0 (McKenna A et al., 2010) was used for
SNP calling. Alignment files generated by BWA (Li H & Durbin R, 2009) were
parsed with the tools CleanSam and FixMatelnformation of the Picard suite, to
provide the correct input format to GATK. The GATK RealignerTargetCreator
command was used to define intervals in proximity of indels, targeted for local
realignment. IndelRealigner (with default settings) performed then the local
realignment over the intervals defined by the previous tool. Lastly, the variant
discovery tool UnifiedGenotyper was applied (with heterozygosity parameter set
to 0.01) in order to call SNPs in each variety (Van der Auwera GA et al., 2002;
DePristo MA et al., 2011).

22



Chapter 3 — MATERIALS AND METHODS

The raw SNPs identified in the grapevine population were filtered by quality and

coverage as follows:

e Only SNPs with a Phred-scaled quality score greater than 50
were selected.

e In each variety, only positions with a coverage ranging between
0.5 and 2.5 times the modal coverage value were considered for
SNP calling.

e SNP positions were discarded if the number of non-informative
varieties (with missing data) was greater than 50% the total
number of varieties compared in the analysis.

e SNPs in regions characterised by repeats or microsatellites were
removed from the analysis. Repetitive regions were identified and
masked based on ReAS annotations (Li R et al., 2005), on Sputnik
annotations (Abajian C, 1994) and on a hand curated database of

transposable elements (Dario Copetti, PhD thesis).

We examined the population structure of V. vinifera with ADMIXTURE
(Alexander DH et al., 2009) with different values of K (number of ancestral
populations) varying between 2 and 15. Twenty independent runs of
ADMIXTURE were carried out, with randomly generated seed for each run and
for each value of K. The cross-validation (CV) method implemented in
ADMIXTURE was used to identify the K value with the best predictive accuracy.
In addition, the AK method (Evanno G et al., 2005) was employed to identify the
true value of K. The mean Log likelihood, L(K), was calculated over 20 runs for
each value of K. The first order rate of change of the Log likelihood was
measured as the mean difference between two successive values of L(K):
L’(K) = L(K) — L(K-1). The second order rate of change of L(K) was estimate as the
absolute value of the difference between two successive values of L’(K):

|L”(K)| = |L'(K+1) - L'(K)|. Lastly, the AK value was calculated as the mean of the
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L”(K) values divided by the standard deviation of L(K). AK was calculated as
following: AK = [L”(K)| / s[L(K)]. The modal value of the AK distribution should

be located at the real number of clusters K.

The genotypic distance between any two varieties was computed comparing the
SNP genotype at each position. Genetic distance between two varieties at any
given SNP was set to 0, 0.5, or 1 if they shared two, one or no alleles,
respectively. We summarized the distances for each chromosome with the

following equation:

(0.5 * positions 1 allele shared) + (1 * positions 0 allele shared)

total SNP positions

Genome wide the genotypic distance measure was normalized dividing the
single chromosome distance measure by the total number of variant positions
in the chromosome. The principal coordinates of the genome wide genotypic
distance were plotted with the R function cmdscale of the stats package (R Core

Team, 2013).

In addition, pairwise haplotype distance was estimated as follows in windows of
100,000 non-repetitive bp: for each window the number of haplotypes shared
between two varieties was inferred according to a slightly modified version of
the method implemented by Wu GA and colleagues (Wu GA et al., 2014).
Briefly, for each window, each position was classified as IBSO, IBS1, IBS2 or O, if
respectively, no alleles were shared, one allele was shared or both alleles were
shared in heterozygous condition (IBS2) or in homozygous state (0). Genome
wide the haplotype distance was normalized as accomplished for the genotypic

distance measure.

To measure the haplotype diversity, phase was inferred and missing genotypes

were imputed based on localized haplotype clustering with Beagle version 3.2.2,
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with 100 iterations (Browning BL & Browning SR, 2009). Haplotype diversity was

then estimated in blocks of five consecutive markers.

For each window of 100 non-repetitive Kb, we further measured the pairwise
linkage disequilibrium (LD) between SNPs positioned at less than five Kb. Only
SNPs with a Minor Allele Frequency (MAF) above 0.2 were retained for the
analysis. LD was computed with the R function LD of the genetics package

(Warnes G et al., 2011).

Lastly, the mean SNP frequency of a 100 Kb window of non-repetitive bp was
calculated in each variety by dividing the number of SNPs by the number of
base-pairs with a coverage ranging between 0.5 and 2.5 times the modal value

of the coverage and was then averaged over the grapevine population.

3.4 SV dataset simulation

To evaluate the performances of tools for the detection of SV, we simulated
1000 insertions and deletions in two different reference genomes:
Populus trichocarpa (Tuskan GA et al., 2006) and Vitis vinifera (Jaillon O et al.,
2007). Variants were simulated by randomly deleting 1000 repeated sequences,
ranging in size between 1 and 25 Kb, from their original position in the
reference genome and inserting them in a new randomly chosen position of the
genome, creating thus a modified reference genome (simulated SV genome).
Through the alignment of reads (obtained from the individual used to produce
the original reference genome) to the simulated SV genome, insertions were
expected where the 1000 repeated sequences had been removed, while

deletions were expected where the sequences had been inserted (Figure 9).
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Figure 9: SV simulation outline. A simulated insertion (in the sample compared
with the simulated SV genome) was created where the repeated sequence had
been removed, while a simulated deletion was observed where the repeated
sequence was introduced. Reads obtained from the individual that was used to

produce the original reference genome sequence are displayed.

3.5 Benchmarked software packages for the detection of deletions

For the detection of deletions, four freely available tools were tested: CLEVER
(Marschall T et al., 2012), DELLY (Rausch T et al., 2012), GASV (Sindi S et al,,
2009) and Pindel (Ye K et al., 2009).

The 2.0rc3 version of CLEVER was used with the option use_xa, which enabled
the interpretation of the XA tags in the alignment file, in order to get a better
resolution of the deletions prediction. The software produced an output file in
Variant Call Format (VCF) and only variants with size ranging between 1 Kb and

25 Kb were retained for analysis.

DELLY (version 0.3.3) was used with the default parameters (map-qual = 0,
mad-cutoff = 5). The VCF output file was filtered selecting the deletions included

in the 1 to 25 Kb size range and supported by at least two paired ends.
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The 2.0 version of GASV was used. First, the BAMToGASV software was
employed with default parameters to generate the GASV input file from the
alignment file. Then, GASV algorithm was run with the minClusterSize option set
to 2, which required at least two paired reads for the deletions prediction.
Based on the information of discordantly mapped reads, GASV predicts the SV
through a geometrical approach. Once identified the putative breakpoint, it
draws a polygon and thus the breakpoint is reported as an interval. Therefore,
the central points of the left and right polygons breakpoints were used for
defining the deletion coordinates. Once again, the output file was filtered by
keeping only the deletions ranging from 1 to 25 Kb in size. Furthermore,
positions were discarded where GASV wasn’t able to explain the data with a
single structural variant (identified in the Localization field of the output file
with the flag value -1, where the square root of the breakpoint region

is reported).

Pindel version 0.2.5a3 was used with the minimum_support _for_event option
set to 2, in order to require at least two supporting reads for the SV detection.
The deletions with a size included between 1 Kb and 25 Kb and with a mean

mapping quality above 20 were selected for further analysis.

3.6 Identification of deletions

The preferred method for detecting deletions in the whole Vitis vinifera dataset
was the integration of results obtained by DELLY and GASV. DELLY was used
with default parameters, and the deletions were selected in the size range
between 1 Kb and 25 Kb, discarding those with a paired-end support lower than
five and a median mapping quality below 20. GASV was run with default
parameters, and once again the deletions ranging between 1 Kb and 25 Kb in
size and with a support of at least five paired-end reads were selected. As

previously explained, the central points of the SV intervals were used in order to
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approximate the left and right breakpoint coordinates of each deletion
identified by GASV. The deletions obtained by the two methods were then
merged in each sample. If the coordinates of the deletions identified by the two
methods overlapped on both extremities within 250 bp, the deletions were
combined as a single event. The coordinates of DELLY were used for the
overlapped deletions. Then, the total deletions identified in the 50 varieties
were merged using a greater interval of 500 bp around the left and

right breakpoints.

Lastly, the deletions were filtered for each sample based on the coverage
information of the SV’s flanking regions. The mean coverage of the unique
aligned reads was computed separately in an interval of 500 bp spanning the
left and right SV coordinates. The coverage information of the left and right
region were then merged: positions of a variety with a total mean coverage
greater than 2.5 or lower than 0.5 times the modal coverage value were

considered non-informative.

In order to assign a genotype to the SV identified in each sample, the total
dataset of deletions obtained was analysed using an internally developed
Python script. For each deletion, the software retrieved from the alignment file
of each variety the total number of reads supporting the deletion - positive
reads - (reads mapping to the reference genome with a greater insert size than
expected, spanning both deletion coordinates) and the total number of not
supporting reads - negative reads - (reads supporting the reference genotype,
mapping with an insert size similar to the expected one and spanning only one
of the two SV breakpoints). The analysis was computed on regions of 500 bp
flanking the left and right SV coordinates. The frequency of the variant was
obtained dividing the number of positive reads (those supporting the SV) by the
total number of reads (sum of positive and negative reads). Based on the allele

frequency we refined the total dataset of deletions observed with DELLY and
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GASV and assigned to each variety a genotype for the SV observed: the
genotype was assigned only to samples with at least five reads (both positive
and negative) in the regions flanking the SV. In any given individuals, the SVs
with a positive to negative ratio below 0.25 were considered homozygous for
reference; positions with a ratio between 0.25 and 0.75 were considered
heterozygous; lastly, SVs with a ratio above 0.75 were identified as homozygous

for alternate allele.

3.7 Transposable element annotation

The sequences of the identified deletions were extracted from the reference
genome and used as query for the annotation of transposable elements. An
annotation pipeline was developed by integrating several freely available tools.
The database used for the annotation of deletions was composed of: 202
sequences obtained from RepBase (Jurka J et al.,, 2005), representing a
non-redundant set of Vitits vinifera transposable elements, and 467 V. vinifera

TE sequences, obtained from an internal database.
The annotation pipeline was composed of five progressive steps.

1. Tandem Repeats were masked in the deletions sequences with Tandem
Repeat Finder (TRF) tool (Benson G, 1999) with the option
pattern size <170 bp. All deletions containing more than 80% of
unknown (N) bases were removed from further analysis.

2. Stretches of 100 bp, corresponding to the extremities of the database
sequences, were then aligned separately with RepeatMasker (Smit AFA,
Hubley R & Green P, RepeatMasker Open-3.0) against 400 bp of the
deletions extremities. A deletion was classified and annotated to a
transposable superfamily if both ends mapped to both TE extremities

belonging to the same superfamily.
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3. LINE and solo-LTR were classified by aligning the deletions to the
database of LINE and LTR elements using RepeatMasker. All deletions
aligned for more than 80% of their length were classified at this step.

4. LTR finder (Xu Z & Wang H, 2007) was used to discover novel
retro-transposons missing in the TE database. Deletions were scanned,
searching for LTR features. Deletions were classified as new LTR
retrotransposons if the coordinates of the putative LTRs were located no
more than 300 bp from both extremities of the deletions.

5. Lastly, all the deletions were classified using Teannot software, a package
of the REPET suite (Flutre T et al., 2011). All the deletions were mapped
to the database of known transposable elements taking advantage of
different alignment programs such as BLASTER, RepeatMasker and
CENSOR. An empirical statistical filter was used in order to discard false
positive calls. Transposable element fragments belonging to the same TE
were then concatenated with MATCHER and a long joining step was

applied in order to merge relative distant fragments.

3.8 Dating of Long Terminal Repeat insertion events

Insertion dates of complete LTR retrotransposons were estimated according to
the method developed by SanMiguel P and colleagues, considering the amount
of divergence between the 5 and 3’ LTRs (SanMiguel P et al.,, 1998).
LTR_FINDER software was used to define, on the reference genome, the exact
coordinates of the 5 and 3’ LTRs within deletions, with the following
parameters: max distance between LTRs D = 25000; min distance between LTRs
d = 100; max LTR length L = 6000; min LTR length / = 50; LTR must have edge
signal E; auto mask highly repeated regions C; length of exact match pairs
p = 15; predict PBS based on a tRNA database s; predict protein domains a;

signal status control F=11110000000 (equivalent to requiring that both LTRs
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have the TG signal at the 5’ end and the CA signal at the 3’ end, and not
requiring any additional sequence signature). In order to increase the number of
candidate LTR retrotransposons, the deletion breakpoint coordinates were
extended by 400 bp at both extremities. Only LTRs defined at less than 500 bp
from the breakpoint coordinates were retained for further analysis. LTR
retrotransposons not involved in structural variation were discovered
genome-wide with LTR_FINDER as described above, discarding all positions
involved in SV in our grapevine population. LTR sequences of each
retrotransposon were recovered from the reference sequence and aligned with
the stretcher command of the EMBOSS suite (Rice P et al.,, 2000; Olson SA,
2002). The evolutionary distance (K) between two LTRs was calculated for each
pairwise comparison with the distmat tool of EMBOSS, with the nucmethod
option set to 2, in order to compute the distance measure with the Kimura’s
Two-Parameter method (Kimura M, 1980). Finally, the time of insertion (T) was
estimated for each retrotransposon with the substitution rate (k) of 1.3E% (Ma
J & Bennetzen JL, 2004), via the following equation: T=K/2*k, where K is the
evolutionary distance. The substitution rate (k) is two time higher than the
synonymous substitution rate observed by Gaut BS and colleagues for the adh1

and adh2 loci of grasses (Gaut BS et al., 1996).

3.9 Detection of insertions

For the discovery of the insertions in Vitis vinifera, a pipeline previously
developed by our group was used (Sara Pinosio, unpublished results). Insertions
of transposable elements were observed by means of the peculiar mapping
pattern of the paired-end reads spanning an insertions site: while one read of
the pair originates from the flanking region, its mate originates from either the
3’ or 5’ end of the inserted element. The former reads are expected to map to

III

the reference genome with opposite orientation and creating thus a “wall” of
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reads pointing toward the insertion site, while the SV internal reads should map
to multiple positions of the genome (upper part of Figure 10). The insertion
discovery tool used in the present work relied on a database of transposable
elements, that included the deletion sequences identified previously and the
above described database of transposable elements used for the

annotation step.

The pipeline for the identification of TE insertions was structured in four steps

(Figure 10):

1. The reads pointing toward the insertions site (creating thus a wall
of reads), whose mate mapped to another genomic position, were
de novo assembled using CAP3 (Huang X & Madan A, 1999),
creating thus two consensus sequences of the insertion flanking
regions. Cap3 was run with an overlap length cutoff o = 16, a
clipping range y = 6, a base quality cutoff ¢ = 6, an overlap
similarity score cutoff s = 251, a max overhang percent length
h =100, a match score factor m = 40, a segment pair score cutoff
i =21 and a chain score cutoff j = 31.

2. The consensus sequences were then alignhed to the reference
genome of Vitis vinifera using blastn (Altschul SF et al., 1990) with
default parameters. If the reconstructed consensus sequences
mapped with opposite orientation and at distance lower than the
mean sequenced library insert size, a putative insertion site was
identified.

3. In order to characterise the transposable element in the putative
insertion site, the mates of the anchored reads were used to
reconstruct de novo the extremities of the TE with CAP3.

4. In order to validate the TE insertion, the consensus sequences

were aligned to the database of transposable elements using
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blastn: an insertion was called if both de novo reconstructed

extremities mapped to both extremities of the same TE.
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Figure 10: Insertion discovery pipeline. In the upper panel the mapping pattern
of reads flanking an insertion in the sample with respect to the reference
genome is reported. In the lower panel the pipeline workflow is outlined.

3.10 Identification of insertions

The pipeline previously described was employed for the identification of the
insertions in the grapevine population. The insertions were searched separately

in each variety and then merged across samples within an interval of 250 bp
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around the breakpoint site: insertions identified in at least two samples with
coordinates overlapping within the interval were combined as single event.
Insertions were filtered in each sample based on coverage information. The
mean coverage of the unique aligned reads was computed separately in an
interval of 500 bp spanning left and right the SV breakpoint. The mean coverage
of the two regions flanking the insertion breakpoint was then calculated. Only
positions of a variety with a total mean coverage ranging between 0.5 and 2.5

times the modal coverage value of the variety were considered informative.

As described previously for the deletions, we employed a Python script to
estimate the genotypic status of the insertions. The analysis was computed on
regions of 500 bp flanking the left and right SV coordinates. For each insertion,
the software retrieved from the alignment file of each variety the total number
of reads supporting the insertions - positive reads - (reads pairs for which one
read was mapped within 500 bp spanning the insertion breakpoint, while the
mate was aligned to another genomic position and mapped within 500 bp at the
5’ or 3’ end of the inserted transposable element) and the total number of not
supporting reads - negative reads - (reads supporting the reference genotype,
mapping with an insert size similar to the expected one and spanning the SV
breakpoint interval). The frequency of the variant was obtained as the ratio of
the number of positive reads (those supporting the SV) divided by the total
number of reads (sum of positive and negative reads). Based on the frequency,
a genotype was assigned to the insertions of each variety: the genotype was
assigned only to the samples with at least five reads (both positive and
negative) in the regions flanking the SV. Positions were classified as homozygous
for reference, heterozygous or homozygous for alternate allele if the ratio was

lower than 0.25, between 0.25 and 0.75, or over 0.75, respectively.

As previously explained, the individual used for assembling the reference

genome of grapevine was obtained through successive cycles of selfing of a
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Pinot Noir seed parent. During the process of self-fertilizations the seed parent
was accidentally pollinated in an early generation by Helfensteiner (a variety
obtained in Germany from a cross between Pinot Noir and Schiava Grossa).
Thus, only part of the reference genome corresponds to one of the haplotypes
of Pinot Noir. Based on the SNPs information we classified the regions of the
reference genome as either donated by Pinot Noir or donated by Schiava
Grossa. In the regions where Pinot Noir carried only heterozygous SNPs, one

haplotype was shared between Pinot Noir and PN40024.

In order to validate the call of the genotype for the insertions, we compared
SNP genotypes with the genotypes of the insertions in Pinot Noir, within the
regions where Pinot Noir shared at least one haplotype with the reference
genome. SVs in these regions are expected to be heterozygous. We observed
that several insertions were incorrectly classified as homozygous (approximately
30%), due to an excess of positive reads compared to negative reads. Therefore,
we applied a further quality control by integrating the negative reads count with
the coverage information of the regions flanking the SV breakpoints. We
calculated a parameter by dividing the count of negative reads by the mean
coverage of the flanking regions. The threshold for this ratio was defined based
on the PCR-validation results. Insertions with a ratio higher than 0.3 were

classified as heterozygous.

3.11 Gene annotation analysis

In order to characterise the genes interrupted by the SVs, the primary
transcripts of the genes of the V2.1 annotation (Vitulo N et al., 2014) were
functionally annotated, using the sequences as query for a blastx analysis
against the Viridiplantae (taxid: 33090) non redundant protein (nr) database.
The blastx results were then imported into the Blast2GO 3.1 interface (Conesa A

et al.,, 2005). By retrieving the GO terms associated with each blastx hit,
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Blast2GO reported a GO annotation for the input gene sequences through the
annotation and mapping steps. A summary of the annotation was obtained
mapping the results to the Plant GO-Slim, a reduced version of the Gene
Ontology with only selected relevant nodes for plants. Over-representation of
gene categories affected by SVs, compared to the rest of the genome, was
statistically tested using the Fisher’s exact test integrated in Blast2GO. A false
discovery rate correction for multiple testing (Benjamini Y & Hochberg Y, 1995)
was used and only gene categories with a corrected p-value<0.05

were considered.

3.12 Validation of structural variants

The identified deletions and insertions were validated experimentally through a
PCR-based assay. For each variant, four different primers were designed and

combined in three different pairs (Figure 11).

DELETIONS INSERTIONS

1 2 3 4
€= -> L. 1 4
REF _a»_e_ REF 'e’.‘,:,x <=
SAMPLE 9*4 SAMPLE
- - - ->
1 4 => 5 ;3 €=

Figure 11: Primer design for validation of structural variants.

Both in the insertions as in the deletions, the primer pairs 1-2 and 3-4 amplified
the left and right junction between the reference genome sequence and the SV
sequence, respectively. The primer pair 1-4 connected the reference genome

sequences flanking the SV. While deletions were validated if the external pair
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1-4 amplified, insertions were confirmed by the amplification of the primer pairs
1-2 and 3-4 (Figure 11, Table 1). Deletions were validated only if the sizes of the
PCR products were in agreement with the expected sizes, since in smaller
deletions (of approximately 1/1.5 Kb), the primer pair 1-4 may amplify the
entire sequence also in absence of deletion.

Table 1: Primer pairs required for SV validation. A deletion was validated if

primer pair 1-4 amplified, while an insertion was validated if primer pairs 1-2
and 3-4 amplified.

Primer pairs
1+2 3+4 1+4
DEL - - +
INS + + -

Primers were designed for a random set of the identified SVs, using
BatchPrimer3p (You FM et al., 2008), and then manually inspected for further
selection. A randomly chosen set of 50 deletions and 50 insertions underwent
validation in four different grapevine varieties. Each variety could be either
positive or negative for the validated SVs: in total we expected 200 validation
events (positives and negatives) for each structural variant category. Events
were discarded if no primer pair amplified or a clear genotype could not be
determined. The PCR reaction occurred in a 2720 Thermal Cycler (Applied
Biosystems, Foster City, CA) under the following conditions: 1 minute at 95°C;
16 cycles of 10 seconds at 95°C, 10 seconds at 67°C (decreasing the temperature
by 0.5°C at each cycle) and 10 seconds at 72°C; 25 cycles at 95°C for 10 seconds,
at 59°C for 15 seconds and at 72°C for 10 seconds, followed by a final extension

at 72°C for 7 minutes.

PCR products were loaded onto a 1% (w/v) agarose gel (160 ml TAE 1X, 1,6 g
AGAROSE and 8 pl EUROSAFE) in 1x TAE buffer. In order to verify the identity of
the PCR fragments, a 1 Kb DNA ladder and a 100 bp DNA ladder (Biolabs,

Ipswich, MA) were run on every gel. The samples separated at 120 V for at least
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40 minutes. Finally, images were acquired in a gel documentation station using

UV light.

3.13 Validation of SVs on de novo assembly

The de novo assemblies of six grapevine varieties were used to further validate
in silico the insertions and deletions identified in the corresponding varieties.
The assemblies were obtained with ALLPATHS-LG (Gnerre S et al., 2011) for
Cabernet Franc, Heunisch Weiss, Kishmish Vatkana, Rkatsiteli, Sangiovese and
Savagnin Blanc. To validate deletions and insertions, a region of 500 bp
upstream and downstream the SV breakpoints from the Vitis vinifera reference
genome was aligned to the de novo assembly sequence using blastn with the
option E-value 102°. The SVs with flanking sequence regions mapping to the
same contig and with the expected orientation were selected for the validation.
Deletions were validated if the flanking regions aligned on the same contig with
a distance lower than 500 bp; insertions were validated if the upstream and
downstream regions mapped to a contig with a distance of at least 500 bp

greater than the original distance.

3.14 RNA sequencing experiments

The transcriptome of five varieties (Cabernet Franc, Kishmish Vatkana,
Rkatsiteli, Sangiovese and Savagnin Blanc) was sequenced. For each variety two
biological replicates for three different tissues (leaves, berries and tendrils)
were sampled. Each biological replicate was handled separately during all the
RNA sequencing (RNA-Seq) experiment steps. 100 mg of collected tissues were
ground in liquid nitrogen and stored at -80°C. RNA was extracted with the
Spectrum plant total RNA kit (SIGMA, St. Louis, MO) and sequencing libraries

were prepared following the Low Sample (LS) lllumina protocol, with the TruSeq
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Stranded mRNA Library Prep kit. Libraries were sequenced with the HiSeq2500
and 100 bp paired-end reads were obtained. Adapters of raw reads were
removed, and reads were further filtered for quality and contaminants. Filtered
reads were aligned to the reference genome using TopHat2 version 2.0.6 (Kim D
et al.,, 2013) and the V2.1 gene annotation file (Vitulo N et al., 2014). TopHat
takes advantage of the short read aligner Bowtie (Langmead B et al., 2009) for a
better alignment resolution of short read segments. To estimate the expression
levels in all varieties and tissues, Cufflinks version 2.2.0 was used (Trapnell C et
al., 2010, 2012). Expression levels were reported as Fragments Per Kilobase of
transcript per Million mapped reads (FPKM), to adjust, in each experiment, for

length of transcript and for total number of reads aligned to the transcriptome.
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4 RESULTS

4.1 Sequencing

The grapevine population explored in the present work was composed of 128

varieties, including PN40024, the genotype used to produce the grape reference

genome. Sequencing metrics are reported in Table 2.

Table 2: Sequencing results of the V. vinifera population.

. :
Variety ! #? Origin 3 Group * Coverage ° co(‘;eF:::i 6 c:\r:Z:aI\chI ; Ie:eg?c: s I;::r:

Aciaruli Tetri 1 Georgia Pontica Georgica 26.26 86.38 37.15 123.56 | 405

Agadai 2 Dagestan admixed 24.90 86.76 33.35 123.49 | 381

Aglianico 3 Italy Italica Tirrenica 44.81 84.46 91.09 97.75 471

Airen 4 Spain admixed 26.60 86.95 36.22 123.56 | 387

Alexandroouli | 5 | Georgia | OnticaGeorgica | ;40 | g673 37.24 | 123.54| 390
Caspica

Ansonica 6 Italy Pontica Insularis 32.49 80.45 47.98 96.07 353

Ararati 7| Armenia | OrfentalisCaspica | o 4o | 9649 | 3813 | 12343 427

trans-Caucasica
Assyrtiko 8 Greece admixed 32.45 86.39 46.03 123.57 | 406
Asyl Kara 9 Dagestan admixed 20.19 87.18 30.06 126.29 | 431
Orientalis

Autumn Royal 10 breeding Antasiatica medi- 5.62 64.94 6.51 75.19 268
Asiatica

Barbera 11 Italy admixed 57.02 85.98 122.82 98.86 495

Bayan Shirei 12 | Azerbaijan admixed 19.09 86.33 25.85 124.03 | 389

Berzamino 13 Italy admixed 14.55 82.89 28.46 109.44 | 517

Bovale 14 Italy admixed 13.98 82.97 24.64 97.28 413

Cabernet Franc | 15|  France Occidentalis 3292 | 8574 | 39.89 | 9429 | 266
Gallica

scﬁﬁ;:ztn 16|  France chgflfc t;’/’s 2797 | 8338 | 4744 | 9779 | 398

Carignan 17 France admixed 8.19 79.89 16.16 97.31 481

Catarratto B.C. 18 Italy admixed 32.73 82.31 52.79 95.63 375

Cesanese d'Affile | 19 Italy Italica Tirrenica 20.24 83.78 44.68 107.72 | 568
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. -
Variety * #2 Origin 3 Group * Coverage ° cofe?':zl 6 COPI‘:Z::;; ; Ie:eg?c: g I:iz:rgt
Pontica
Chaouch blanc 20 Turkey Meridionalis 37.46 88.05 51.83 123.90 389
Balcanica
Charistvala .
. 21 breeding - 18.57 84.81 26.54 123.22 415
Kolchuri
Chasselas Blanc | 22 - Occidentalis 31.60 | 88.40 | 43.95 | 123.86| 390
Teutonica
Clairette Blanche | 23 France admixed 20.87 87.51 27.28 124.08 | 371
ey |, o
Coarna Alba 24 Meridionalis 26.39 87.46 38.39 124.03 413
Moldova .
Balcanica
v?::::::e 25 Italy admixed 3652 | 84.90 | 80.42 | 97.82 | 507
Daphnia 26 Greece admixed 21.55 87.52 28.68 124.01| 377
Disecka 27 Slovenia admixed 13.60 80.52 24.00 95.81 420
Enantio 28 Italy Occidentalis 13.05 | 80.47 2522 | 98.19 | 472
Raetica
Falanghina 29 Italy admixed 29.77 80.78 44.70 95.57 355
Fiano 30 Italy Italica Tirrenica 25.75 84.72 61.10 96.96 543
Fumat 31 Italy admixed 13.86 83.54 23.66 108.28 442
Garganega 32 Italy Pontica Adriatica 24.96 82.66 55.64 96.84 522
Garnacha 33 Spain Pontica Insularis 24.81 82.37 34.31 78.84 265
Glera 34 Italy admixed 27.26 85.32 50.09 96.83 417
Gorula 35| Georgia | FomicaGeorgica |50 | 8727 | 4160 | 123.86| 399
Caspica
Grechetto Bianco | 36 Italy admixed 30.12 81.01 61.86 96.11 487
Greco di Tufo 37 Italy Italica Tirrenica 35.42 80.01 42.56 96.66 290
Grignolino 38 Italy admixed 13.39 84.02 31.00 120.94 666
Gyulyabi | 55 | pagestan | OriemtalisCaspica | g a0 | gen | 2557 | 12343 | 398
Dagestanskii trans-Caucasica
Harslevelue 40 Hungary admixed 22.16 87.62 32.40 126.30 | 421
Orientalis
Henab Turki 41 Turkey Antasiatica medi- 28.03 86.73 42.30 123.95 431
Asiatica
Heunisch Weiss | 42 - Pontica Balcanica 57.26 86.36 78.48 94.04 299
Italia 43 breeding admixed 9.23 73.04 12.51 74.64 277
Pontica
Kadarka 44 Hungary Meridionalis 25.87 86.87 38.30 123.44 | 421
Balcanica
Katta Kurgan 45 | Uzbekistan admixed 22.06 86.62 27.89 123.53 361
Khop Khalat 46 Dagestan admixed 21.86 86.31 28.88 123.52 378
Kishmish Orientalis
47 | Uzbekistan | Antasiatica medi- 30.73 83.65 40.36 97.20 305
Vatkana .
Asiatica
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. .. % Ref Physical Read | Insert
1 2 3 4 5
Variety # Origin Group Coverage”| vered © coverage ’ | length 8| size®
Lambruscodi | /o Italy Occidentalis 15.09 | 81.45 31.65 | 101.83| 524
Sorbara Raetica
Lambrusco | g Italy Occidentalis 2439 | 84.01 41.65 | 98.40 | 400
Grasparossa Raetica
Pontica
Limnio 50 Greece Meridionalis 21.08 87.40 28.83 123.51 387
Balcanica
Malvasia Bianca | 51 - admixed 31.76 78.36 55.18 96.05 426
Malvasia Bianca | ., - admixed 3129 | 8216 | 5640 | 95.80 | 420
Lunga
Malvasia di | - admixed 30.66 | 82.17 | 46.84 | 9522 | 354
Sardegna
Malvasia Istriana | 54 Croatia Pontica Adriatica 14.19 83.59 24.43 108.47 447
M -
arandi | ool A erbaijan admixed 2056 | 8555 | 2936 | 125.60| 419
Shemakhinskii
Mauzac Blanc 56 France admixed 29.66 88.37 40.98 123.48 | 386
Mavrodaphni 57 Greece admixed 17.79 85.96 24.13 123.48 | 390
Merlot Noir | 58 |  France Occidentalis 2834 | 8738 | 7551 | 9863 | 602
Gallica
Montepulciano | 59 Italy Pontica Adriatica 26.27 83.71 57.91 97.52 514
Moscatodi | .| e ding Occidentalis 1320 | 83.50 3045 | 120.95| 668
Scanzo Teutonica
Mtsvane Kachuri | 61| Georgia | /onticaGeorgica | 1q 93 | gg os 2989 | 116.09| 401
Caspica
Muscata Petits | ¢, - admixed 2080 | 8474 | 5440 | 97.22 | 419
Grains B.
Orientalis Caspica
Narma 63 Dagestan . 21.66 86.96 32.82 12411 | 433
trans-Caucasica
Nasco 64 Italy Pontica Insularis 33.35 81.50 67.55 96.60 480
Nebbiolo 65 Italy Occidentalis 3471 | 87.97 42.99 | 120.03| 338
Raetica
Negro Amaro 66 Italy admixed 12.80 82.93 26.38 104.66 | 520
Nero d'Avola 67 Italy Pontica Insularis 33.08 84.63 66.52 97.69 464
Nieddu Mannu | 68 Italy Pontica Insularis 29.44 78.92 31.62 98.71 269
Nosiola 69 Italy admixed 23.65 84.25 55.27 96.75 537
Ojaleshi 70 Georgia admixed 18.47 87.26 29.96 112.56 | 418
Passerina 71 Italy Pontica Adriatica 36.56 79.60 71.30 96.75 474
Pecorino 72 Italy Italica Tirrenica 34.68 85.18 70.03 97.19 461
Petit Rouge 73 Italy admixed 11.63 81.24 23.25 102.46 | 504
Picolit 74 Italy admixed 28.13 86.33 55.39 97.34 444
Pignoletto 75 Italy Pontica Adriatica 37.61 77.67 66.75 96.38 441
Pinela 76 Slovenia Pontica Balcanica 15.05 83.04 29.93 97.16 465
Pinot 77| France Occidentalis 7143 | 89.26 | 10842 | 9739 | 331
Teutonica
Plechistik 7g | Russian admixed 1759 | 8678 | 2654 | 116.48| 405
Federation
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. .. % Ref Physical Read | Insert
1 2 3 4 5
Variety # Origin Group Coverage”| vered © coverage ’ | length 8| size®
PN40024 79 breeding - 45.24 92.85 108.07 96.44 496
Raboso Piave | 80 Italy Occidentalis 1091 | 82.64 19.85 | 99.07 | 436
Raetica
Red Globe 81 breeding admixed 9.40 76.07 12.86 74.59 268
Refosco P.R. | 82 Italy Occidentalis 2185 | 87.99 | 4464 | 9836 | 457
Raetica
Ribolla Gialla 83 Italy Pontica Balcanica 30.13 85.34 48.03 97.42 364
Ribolla Gialla | o, . i 1457 | 8455 | 2864 | 114.93| 534
(Slovenia)
Riesling Weiss 85 Germany admixed 37.62 88.47 55.21 124.28 | 412
Rkatsiteli 86| Georgia | fonticaGeorgica |, a3 | 8635 | 6154 | 9457 | 304
Caspica
Sagrantino 87 Italy admixed 20.75 83.77 50.27 105.33 | 609
Orientalis
Sahibi Safid 88 | Afghanistan | Antasiatica trans- 21.82 86.63 33.42 123.87 | 438
Caucasica
Sangiovese 89 Italy Italica Tirrenica 89.79 87.32 125.74 95.72 307
Sauvignon Blanc | 90 France admixed 8.56 84.71 12.57 98.58 342
Savagnin Blanc | 91 - Occidentalls | 5949 | 8739 | 9312 | 9626 | 345
Teutonica
. . Occidentalis
Schiava Gentile | 92 Italy . 23.83 87.38 39.42 109.92 | 416
Raetica
. Occidentalis
Schiava Grossa | 93 Italy . 13.89 86.78 15.61 94.12 244
Raetica
Schioppettino 94 Italy admixed 14.32 84.02 27.32 97.61 443
Sciavtsitska | 95 - Pontica Georgica | 1944 | 8679 | 27.01 | 126.35| 405
Caspica
Shafei 96 | Azerbaijan admixed 22.11 86.44 36.01 118.98 | 448
sirgula 97| Georgia | onticaGeorgica | 40 | 8497 3515 | 124.13| 438
Caspica
Orientalis
Sultanina 98 Turkey Antasiatica medi- 82.81 86.77 124.71 132.77 | 461
Asiatica
Orientalis
Tagobi 99 Tajikistan Antasiatica trans- 23.66 86.85 40.17 116.86 | 457
Caucasica
Taifi Rozovyi 100| Uzbekistan admixed 21.74 87.60 36.57 116.71 | 448
Tannat 101 France admixed 22.12 87.63 26.42 99.74 272
Tavkveri 102| Georgia | OrfentalisCaspica | g o0 | g5 00 | 3217 | 11654 | 440
trans-Caucasica
Orientalis
Terbash 103 | Turkmenistan | Antasiatica medi- 27.79 84.91 41.01 123.98 | 431
Asiatica
Terrano 104 Italy admixed 36.79 85.38 73.62 96.70 453
Thompson 1,45 . . 1006 | 8091 | 1591 | 7453 | 291
Seedless
Tibouren 106 France admixed 19.28 84.40 39.66 98.37 480
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o :
Variety * #2 Origin 3 Group * Coverage ° co(t/)e'::zl 6 COPI‘:Z::;; ; Ie:eg?c: g I:iz:rgt
Tocai Friulano | 107 Italy admixed 36.96 83.37 60.24 97.22 380
Trebbiano 1,50 Italy Pontica Adriatica | 29.91 | 85.40 50.39 | 95.04 | 375
Toscano
Tsc“}’:g':"s's 109 - P O"t’gssgie;rg’ca 31.07 | 87.43 | 49.85 | 118.26| 434
Uva di Troia 110 Italy Pontica Adriatica 41.59 89.48 68.15 97.11 356
V267 111 - admixed 25.30 87.09 42.44 116.63 449
V278 112 - Pontica Georgica 20.77 86.15 36.14 116.66 471
Orientalis
V292 113 - Antasiatica medi- 22.06 86.95 35.35 116.15 428
Asiatica
Orientalis
V294 114 - Antasiatica trans- 2491 86.80 41.26 116.46 444
Caucasica
Orientalis
V385 115 - Antasiatica trans- 22.10 86.83 34.89 124.02 | 451
Caucasica
V389 116 - admixed 21.15 87.38 36.20 116.54 456
V395 117 - Pontica Georgica 29.79 85.78 44.88 12411 | 436
V400 118 - - 21.27 87.81 36.62 116.68 458
Orientalis
V410 119 - Antasiatica trans- 23.08 87.55 39.09 119.25 461
Caucasica
V411 120 - admixed 20.78 86.06 32.60 121.88 444
Verdicchio |, Italy admixed 26.83 | 84.54 56.94 | 97.02 | 487
Bianco
Verduzzo |, Italy admixed 1296 | 7997 | 2408 | 111.75| 519
Friulano
Vermentino 123 Italy admixed 9.65 80.11 15.20 91.82 361
Vernaccia S.G. | 124 Italy admixed 37.85 79.14 63.98 96.05 410
Welschriesling | 125 - admixed 35.31 83.02 78.06 96.94 516
Zametovka 126 - admixed 12.21 82.73 27.78 101.58 559
Zelen 127 Slovenia admixed 23.22 86.05 46.83 119.83 562
Zinfandel 128 Croatia admixed 10.36 81.21 17.68 98.08 412

1 Prime name (short format) of the V. vinifera variety. 2 Variety reference nhumber used in plots.
3 Country of origin, if available. ? Subgroups membership defined with ADMIXTURE K=13. > Mean
sequence coverage of the uniquely aligned reads. ® % V. vinifera reference genome covered by unique
aligned reads. 7 Mean physical coverage of the unique mapped reads. 8 Mean read length of quality
trimmed reads. ° Mean library insert size (bp).

The coverage of the uniquely aligned reads varied among the 128 varieties from

89.8X (Sangiovese) to 5.6X (Autumn Royal), with a mean value of approximately

26X and a standard deviation of 13. Uva di Troia was the cultivar covering the
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highest proportion of V. vinifera reference genome (89.5%) while Autumn Royal
was the one covering the lowest proportion (64.9%). In line with the coverage
information, Sangiovese was the variety with the highest physical coverage
(125.7X) and Autumn Royal the one with the lowest (6.5X). The read length of
the varieties varied between 74.5 bp (Thompson Seedless) and 132.8 bp
(Sultanina), with a mean length of 107.5 bp and a standard deviation of 13.7 bp.
The insert size had a mean value of 424.3 bp (standard deviation of 79.3 bp),
ranging between 244 bp in Schiava Grossa and 668 base pairs in

Moscato di Scanzo.

4.2 Single Nucleotide Polymorphism (SNP) analysis

Single nucleotide polymorphisms (SNPs) were called with GATK (Van der
Auwera GA et al.,, 2002; DePristo MA et al., 2011) in 128 grapevine cultivars.
Raw SNPs were filtered with a custom developed Perl script (see methods,
paragraph 3.3) and 18,296,434 SNPs were retained. Furthermore, SNPs in
repeated regions were removed and a total of 9,476,368 SNPs were retained for

further analyses.

In order to compute and plot genetic parameters on a whole-genome scale,
polymorphic sites were analysed in windows of variable size, containing always
100 Kb of positions not masked by repeat sequence annotators. In each window
and in each variety, not all non-repetitive 100 Kb are informative, since a
fraction of bases has a coverage below 0.5 or above 2.5 times the modal
coverage value. Thus, the number of informative positions is variable in each
window. A total of 2,367 windows were obtained over the

19 grapevine chromosomes.
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SNPs identified in grapevine were validated with three different approaches.

1. As previously explained, part of the reference genome sequence
corresponds to one haplotype derived from Pinot Noir. We selected all
genomic regions where Pinot Noir and the reference genome share one
haplotype. Only stretches of at least three consecutive windows,
discarding the first and the last window (where spurious signals may
arise), were selected for validation. In these regions only heterozygous
SNPs are expected, while no homozygous SNPs should be called. A total
of 175.1 Mb were used to validate the SNPs in Pinot Noir. We recovered
545,646 SNPs: 545,519 SNPs (99.98%) were classified as heterozygous,
while 127 as homozygous (0.02%). Out of 82.52 Mb nucleotides used for
SNP calling, one homozygous SNP was wrongly detected every 649.74 Kb.
We also tested regions in which Pinot Noir shares both haplotypes with
the reference sequence and no SNPs are expected. We retained for
analysis only stretches of at least three windows, after discarding the first
and the last, and we identified a total of 242 SNPs in 2.26 Mb informative
bases, corresponding to a false positive SNP every 9.33 Kb.

2. Pinot Noir and Savagnin Blanc are related by a parent-offspring
relationship. Thus, across the entire genome the varieties should share
always at least one haplotype. Based on the haplotype sharing measure,
we estimated that Pinot Noir and Savagnin Blanc share one haplotype
across the 19 chromosomes for a total of 286.4 Mb, while for 116.6 Mb
the varieties share both haplotypes. We discarded 86 windows with
IBS=0, scattered across the genome and amounting to a total of 17.5 Mb.
We hypothesize that these windows contain hemizygous DNA, and the
parent-offspring duo shared by descent the haplotype carrying the
deletion. First, we extracted all the regions where one haplotype is
shared between two varieties. In these regions no homozygous SNPs

should be identified between the varieties, while heterozygous SNPs are
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expected. A total of 1,223,389 SNPs were called in the two varieties with
respect to the reference genome. 99.37% of the SNPs were genotyped
correctly between the two varieties, while only 0.63% of the SNPs
resulted homozygous in one variety compared to the other, producing
thus false positive calls. Out of 120.58 Mb nucleotides included in the
analysis, homozygous SNPs were wrongly called with a FDR of one false
positive SNP every 15.7 Kb. In some specific regions, in addition, both
varieties share both haplotypes, as for example on almost the entire
chromosome 4 and partially on chromosome 15. We further compared in
those regions the SNP calls of the two varieties, in order to estimate the
rate of false positive calls: no differences should be observed between
the two varieties. 22.67 Mb were extracted from chromosome 4, and the
SNP genotypes of Pinot Noir and Savagnin Blanc were compared. A total
of 76,897 SNPs were identified, 98.95% of them called with the same
genotype in both varieties, while 1.05% were wrongly genotyped in one
of the two varieties. A total of 806 SNPs were wrongly called out of
9.49 Mb informative sites, leading to an estimated FDR of one false
positive SNP every 11.78 Kb. Two other smaller regions were surveyed on
chromosome 15: the beginning of chromosome 15 (from 1 to 11.48 Mb)
and a second portion, between 12.21 and 17.96 Mb. SNPs were validated
with a precision of 98.4%, and a FDR of 1.6%. Out of 5.47 Mb tested
nucleotides, 602 SNPs resulted wrongly genotyped, leading to a FDR of
one false positive SNP every 9.09 Kb.

. In addition, we experimentally validated a set of predicted SNPs in
Sangiovese with reads data obtained by our research group with the
Single Primer Enrichment Technology (SPET) (NuGEN, San Carlos, CA,
USA). Sequencing data were obtained via targeted resequencing of 736
random regions of Sangiovese. After filtering for the probe regions and

selecting only regions with at least 100X coverage of SPET reads, a total
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of 669 predicted positions were retained. Of the predicted homozygous
SNPs (180), 97.78% were confirmed by SPET, while the remaining 2.22%
of SNPs were called in heterozygous condition by SPET. Similarly, 94.48%
of the predicted heterozygous SNPs (489) were confirmed by SPET, while
2.04% of variant sites were confirmed, although the genotype was called
homozygous for the alternate allele by SPET. Only 3.48% of the

genome-wide heterozygous SNPs resulted in false positive calls.

To explore the grapevine population structure, and estimate thus the degree to
which grape samples can be differentiated into a number K of distinct
(ancestral) populations, the software ADMIXTURE (Alexander DH et al., 2009)
was used. Different numbers of K populations were tested over a set of 123
varieties. Five of 128 cultivars were discarded from the analysis: the reference
genotype, PN40024; Ribolla Gialla (Slovenia) (clone of Ribolla Gialla) and V400
(clone of Rkatsiteli); Charistvala Kolchuri (inter-specific hybrid); and Thompson

Seedless (genetically very close to Sultanina).

We first evaluated for different K values the Cross-Validation (CV) error estimate

with 10-fold cross-validations (Figure 12).
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Figure 12: Cross-validation error plot. The mean CV-error value was measured
over 20 independent runs, by gradually increasing the K value.
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The mean cross-validation error value was calculated over 20 runs of
ADMIXTURE, each run performed with a random generated seed number. Good
value of K should exhibit low CV error compared to other K values. As depicted
in Figure 12, our population showed the lowest value of CV at K=2 and K=3,
while the CV values increased with higher K. We further evaluated the true

number of K with the four steps method proposed by Evanno G and colleagues
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Figure 13: Four step graphical method for the detection of the true number
of K (Evanno G et al., 2005).

The authors stated that the modal value of the distribution of AK should be
located at the real K. As depicted in the last plot of Figure 13, K=3 had the
highest mean AK value. At K=3 we observed a subdivision of the grapevine
population into three main groups, in line with the observations of Negrul AM
(1946). Our population was divided in Proles occidentalis (green), Proles

orientalis (red) and Proles pontica (blue) (Figure 14).
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varieties (see Table 2).
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Based on the results obtained with ADMIXTURE, our population was composed
of a relatively small number of ancient varieties and a majority of recently
admixed cultivars, leading to a relatively complex population structure. As
depicted in Figure 14 a great proportion of the varieties (73%) showed an
admixture between at least two populations. Conversely, approximately 27% of
the varieties were ascribed without admixture to a single group: 16% to the

P. occidentalis, 4.88% to P. orientalis and 6.5% to P. pontica.

The true number of K describes the primary population structure, but it may
miss fine population substructure. Therefore, we gradually increased the
number of K, in order to explore the distribution of the varieties within
subgroups and investigate evidences of relationships between the individuals
and the subgroups. At K=13, nearly 50% of the varieties originated without
admixture from distinct groups, while the remaining samples resulted from the

mixture of at least two different populations (Figure 15).
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In line with the biogeographical groups defined by Troshin LP and colleagues
(Troshin LP et al., 1990), we named and described the 13 different groups

identified with K=13 as follows:

e Orientalis Antasiatica medi-Asiatica: group of V. vinifera varieties
originating from Central Asia, mostly composed of table cultivars
(Autumn Royal, Henab Turki, Kishmish Vatkana, Sultanina, Terbash
and V292).

e Orientalis Antasiatica trans-Caucasica: group composed of table
and double-use varieties of the East and Middle-East,
encompassing cultivars originating from Tajikistan, Afghanistan
and regions located in the west side of the Caspian Sea (Sahibi
Safid, Tagobi, V294, V385 and V410).

e OQOrientalis Caspica trans-Caucasica: group which encompasses
table and double attitude cultivars originating from Dagestan,
Armenia and other states located between the East side of the
Caspian Sea and the West side of the Black Sea (Ararati, Gyulyabi
Dagestanskii, Narma and Tavkveri).

e Pontica Georgica: group composed of varieties originating from
the Georgian Black Sea Basin (Aciaruli Tetri, V278 and V395).

e Pontica Georgica Caspica: grapevine varieties originating from the
Georgian Black Sea Basin, but in the northern part, stretching from
the North of the Black Sea to as far East as the Caspian Sea
(Alexandroouli, Gorula, Mtsvane Kachuri, Rkatsiteli, Sciavtsitska,
Sirgula and Tschvediansis Tetra).

e Pontica Balcanica: group which includes wine cultivars originating
from the Northern part of the Balkans (Heunisch Weiss, Pinela and

Ribolla Gialla).
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Pontica Meridionalis Balcanica: group encompassing wine
varieties originating from Turkey, Greece and Southern Balkans
(Chaouch Blanc, Coarna Alba, Kadarka and Limnio).

Pontica Insularis: set of varieties of insular origin, for example
Sardinia and Sicily (Ansonica, Garnacha, Nasco, Nero d’Avola and
Nieddu Mannu).

Pontica Adriatica: group composed of Italian varieties spread over
the Adriatic area, showing affinity with Pontica individuals
(Garganega, Malvasia Istriana, Montepulciano, Passserina,
Pignoletto, Trebbiano Toscano and Uva di Troia).

Italica Tirrenica: group of Italian varieties distributed over the
Tyrrhenian side (Aglianico, Cesanese d’Affile, Fiano, Greco di Tufo,
Pecorino and Sangiovese).

Occidentalis Teutonica: group made up of V. vinifera wine cultivars
distributed in the Northern Alp region (Chasselas Blanc, Moscato
di Scanzo, Pinot and Savagnin Blanc).

Occidentalis Raetica: set of varieties represented by V. vinifera
wine samples spread in the Southern Alp region (Enantio,
Lambrusco di Sorbara, Lambrusco Grasparossa, Nebbiolo, Raboso
Piave, Refosco P.R., Schiava Gentile and Schiava Grossa).
Occidentalis Gallica: group composed of grapevines today grown
worldwide that originated in the Western part of France (Cabernet

Franc, Cabernet Sauvignon and Merlot Noir).

Based on the population partition observed with ADMIXTURE at K=13, we

explored the genetic structure of the cultivars via the Principal Coordinates

Analysis (PCoA) method (Price AL et al., 2006). We used SNP genotype

information and measured inter-individual genotypic distance as follows: for

each polymorphic position, the distance between two individuals was set to 1,
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0.5 or 0 if they shared zero, one or two alleles, respectively. We then

decomposed the principal coordinates of the genotypic distance (Figure 16).
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Figure 16: Principal Coordinates Analysis of the SNPs data. Genetic
relationships between the 13 grapevine groups. The colours of the groups
correspond to the colours of ADMIXTURE. Not coloured dots correspond to
admixed varieties.

As depicted in Figure 16 the distribution of the 13 groups over the Cartesian
axes approximately reflected the geographical origin of the varieties. The first
axis separated the groups geographically from East (right) to West. In the upper
part of the plot, the Pontica Georgica subgroup resulted the most distant,
followed by the Pontica Georgica Caspica varieties (upper side of the plot,
turquoise and red dots, respectively). Both groups were well separated from the
remaining groups, while in the right part of the plot an overlap of the Orientalis
cultivars was appreciated. The three Orientalis subgroups showed a
considerable overlap in terms of genotypic distance. Furthermore, the varieties

belonging to other groups (Pontica and Occidentalis) separated clearly over the
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first axis. Beside the Pontica Georgica subgroups, the Pontica groups separated
with a gradient ranging between the Pontica Meridionalis Balcanica and the
Pontica Balcanica group. The Pontica cluster separated well in turn from the
Occidentalis varieties, a cluster of groups encompassing cultivars spread from

the Tyrrhenian Sea side to North-Europe.

We then explored the haplotype diversity, the nucleotide diversity, the linkage
disequilibrium (LD) and the homozygosity of our grapevine population. We
selected a subsample of 114 varieties, removing, in addition to the five varieties
previously discarded, nine accessions of V. vinifera for which accurate identity
was unknown. The haplotype diversity of the core dataset of varieties was
estimated on blocks of five consecutive markers. The estimate was then
averaged over 50 consecutive segments (Figure 17). In order to measure the
nucleotide diversity and the linkage disequilibrium, we summarized the
genotype SNPs information in windows of 100,000 base-pairs, considering only
base-pairs not marked as repetitive sequence. The mean nucleotide diversity
and the median linkage disequilibrium r? value of each window were plotted
over the 19 chromosomes, as depicted in Figure 17. Lastly, based on the SNP
genotypes we estimated the degree of homozygosity inside our population.
First, based on the window segmentation, we defined for each individual the
regions of homozygosity: a window was considered homozygous if the ratio of
the heterozygous SNPs over the mean number of base pairs passing quality
control for SNP calling was lower than 0.0083 (i.e. 50 heterozygous SNPs in
60,000 positions). We then merged the information of the single varieties
together, and measured the total core dataset homozygosity as ratio (Figure

17).
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G
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Figure 17: Chromosome distribution of haplotype diversity, nucleotide
diversity, homozygosity ratio, linkage disequilibrium and SNP frequency. From
outer to inner: haplotype diversity (red, y upper limit 0.75); nucleotide diversity
(blue, y upper limit 0.018); homozygosity (grey, y upper limit 0.51; in black were
reported the windows with a FDR corrected p-value below 0.025 or above
0.975); linkage disequilibrium (r?) (black, y upper limit 1); SNP frequency
(turquoise, y upper limit 0.020).

In the outer part of the Circos plot (Krzywinski M et al., 2009) the haplotype
diversity measure over the 19 V. vinifera chromosomes was reported as
scatterplot. At first glance, the haplotype diversity values lied around 0.5.

Interestingly, some regions with lower haplotype diversity were identified. The
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end of chromosome 2 showed a strong decrease of the diversity measure
consistently with the observations that white varieties are homozygous at the
end of chromosome 2 (Kobayashi S et al.,, 2004). Furthermore, the region
ranging between 5.9 and 6.1 Mb of chromosome 17 showed a strong decrease
of the haplotype diversity values, in agreement with the results obtained by
Myles S and colleagues in 2011, who identified at this position a selective sweep
region. Other smaller regions, such as the beginning of chromosome 11 and
chromosome 19, and the region between 3 and 4.5 Mb on chromosome 15
showed a decrease in haplotype diversity. In the same regions described above,
a decrease of the nucleotide diversity was observed (blue profile). Moreover, in
those regions an increase of the homozygosity ratio was visible (grey profile of
the Circos plot). In black we reported windows that violated the null hypothesis
of a Poisson distribution of homozygous SNPs, after false discovery rate
correction. The end of chromosome 2 (from approximately 13.5 Mb to the end
of the chromosome) showed a very high homozygosity ratio (approximately
0.5), caused by the white varieties, as previously described. Furthermore, a
pronounced level of homozygosity was observed in the putative selective sweep
region of chromosome 17. Also the beginning of chromosome 11 and 19
showed a significant increase of the homozygosity ratio values. Furthermore,
other smaller regions spread over the 19 chromosomes showed a significant
increase or decrease in the homozygosity measure. LD varied with patterns
similar to those of haplotype diversity, nucleotide diversity and overall
homozygosity. In the previously described regions, where haplotype/nucleotide
diversity decreased and overall homozygosity increased, the LD levels increased
compared to the overall chromosome distribution. Notably high r? values were
recorded at the end of chromosome 2 (r? around 0.7) and in the selective sweep
region of chromosome 17 (r? at approximately 1). Finally, we reported the SNP
frequency (turquoise) in the innermost part of the circle. At the end of

chromosome 2, in the selective sweep region of chromosome 17, as in other
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smaller regions, a reduction of the SNPs frequency was observed, in line with
the reduction of the haplotype and nucleotide diversity measures and the
increase of the homozygosity. Surprisingly, at the beginning of chromosome 11,
a different pattern was observed: haplotype and nucleotide diversity decreased,
the overall homozygosity was high, while the SNP frequency didn’t show a
decrease, since several varieties carried the alternative allele in

homozygous state.

4.3 SV simulation

To evaluate the performances of various SV discovery tools we simulated 1000
insertions and deletions (see methods, paragraph 3.4) in two reference
genomes: Populus trichocarpa (Tuskan GA et al., 2006) and Vitis vinifera (Jaillon
O et al., 2007). Three different sets of reads were used for the identification of
the simulated SVs. Two read datasets were represented by the short reads
obtained through the next-generation sequencing of the V. vinifera and
P. trichocarpa reference genomes. These real datasets enabled the
identification of deletions in presence of possible sequencing bias, but were less
informative about the accurate estimation of the false positives. Therefore, in
order to precisely estimate the false positives we created a simulated set of
reads from the Populus trichocarpa  genome. Using  wgsim
(https://github.com/Ih3/wgsim), 100 bp long reads were simulated with a mean
insert size of 420 bp, a base error rate of 0.01 and a 0 rate of mutations (Figure

18 and Table 3).

The simulated and the real set of reads were aligned to the respective simulated
SV genomes using BWA (Li H & Durbin R, 2009), with the default parameters.
Alignment statistics were reported in Table 3. The poplar real reads showed the
smallest mean insert size (224.36 bp). Both P. trichocarpa and V. vinifera real

reads had a very tight insert size peak with a standard deviation of 25.12 and
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75.14 bp respectively (Figure 18). The coverage of the alignments ranged

between 31.2X for the simulated reads of P. trichocarpa and 59.79X for the

grapevine real reads dataset.

Table 3: Summary of the read datasets. Alignment statistics of the different

read datasets.

Species Reads type Read length Mean insert Standard Mean
(bp) size (bp) deviation (bp) | coverage (X)

. trichocarpa simulated reads 100 420.13 129.46 31.2

real reads 75 224.36 25.12 41.2

V. vinifera real reads 100 496.07 75.14 59.79
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Figure 18: Insert size distribution of the three read datasets. Top left: Populus
trichocarpa simulated reads; top right: Populus trichocarpa real reads; bottom
left: Vitis vinifera real reads.
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4.4 Simulation of deletions

We investigated the performance of four different tools in the detection of
deletions. The deletions obtained with each software were classified as
true positives if the difference between the breakpoint coordinates and the
simulated coordinates (both at the 5’ as at the 3’ end of the SV) was lower than
250 bp. A deletion not satisfying this condition was classified as false positive,
while simulated deletions not identified at all by the tools were classified as
false negatives. The Positive Predictive Value (PPV, or precision) was calculated
as the number of true positives over all the SVs detected. The number of exact
predictions was estimated comparing the coordinates and size of the predicted
deletions with the simulated SVs breakpoints, while the mean breakpoint
distance was calculated as the mean distance of the predicted breakpoints from

the simulated coordinates (Table 4, Table 5 and Table 6).

A very important threshold for the detection of SV is the number of paired reads
supporting it. The simulated set of reads was used first to assay the
performances of the four tools (used separately or coupled) when varying the
threshold for the detection of SVs. DELLY and all the three pairwise
combinations of individual softwares performed better than GASV, CLEVER and
Pindel alone, with a slight decay of the total true positives along with the

increasing number of PE required (Figure 19).
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Figure 19: Number of true positive deletions identified using simulated reads
aligned to the simulated SV genome of Populus trichocarpa, as a function of
the number of supporting paired reads required to call a SV.

Furthermore, by means of the simulated dataset we measured the false
positives identified by the four methods, by progressively increasing the PE
threshold. All the software tools tested identified very few false positives, with

the exception of Pindel (Figure 20).
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Figure 20: Number of false positive deletions identified using simulated reads
aligned to the simulated SV genome of Populus trichocarpa, as a function of
the number of supporting paired reads required to call a SV.
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Based on the results observed with the simulated reads aligned to the simulated
SV genome of P. trichocarpa, we used a threshold of five paired-end reads for
further statistical analyses (Table 4).

Table 4: Deletion statistics with simulated reads. Report obtained through the

alignment of simulated reads to the simulated SV genome of P. trichocarpa and
selection of deletions with a support of 5 PE.

CLEVER | DELLY | GASV | Pindel %E:g/ (l:)LEEL\%R 2?::;
Total deletions | 847 937 | 860 | 846 958 957 947
#true positives | 846 936 | 859 | 831 957 955 940
# false negatives 154 64 141 169 43 45 60
# false positives 1 1 1 15 1 2 7
Mz?s'::r:::'((ss;"t 1290 | 2.82 |4536| 176 | 521 3.51 3.02
pﬁ:;i‘z,’:iao‘:s 67 889 | 20 | 829 889 889 893
Sensitivity (%) | 84.60 | 93.60 | 85.90 | 83.10 | 95.70 95.50 94.00
PPV (%) 99.88 | 99.89 | 99.88 | 98.23 | 99.90 99.79 99.26
FDR (%) 012 | 011 | 012 | 177 | 0.10 0.21 0.74
F1 score (%) 91.61 | 96.64 | 92.37 | 90.03 | 97.75 97.60 96.56

In terms of true positives, false negatives, false positives and number of exact
predictions, DELLY performed better than the other three tools. This software
discovered the greatest number of true positives (936), with a sensitivity of
93.6%, and the lowest number of false negatives (64). Similarly to CLEVER and
GASV, DELLY produced a single false positive, predicting deletions with a
Positive Predictive Value (PPV) of 99.89% and a False Discovery Rate (FDR) of
0.11%. Concerning the breakpoint resolution, Pindel resulted the best software
with a mean breakpoint size of 1.76 bp. In order to improve the results
obtained, we combined the results observed with DELLY (the best performing
tool) with any of the other tested packages. Deletions identified by two tools
with breakpoint coordinates overlapping within an interval of 250 bp were

considered as the same SV event. Comparing the results obtained with the
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three possible combinations (DELLY-GASV, DELLY-CLEVER and DELLY-Pindel), the
pair DELLY-GASV performed better than the others, with a sensitivity of 95.7%, a
PPV of 99.9% and a false discovery rate of 0.1%. Compared to the results
obtained with the single tools, the combination of DELLY and GASV enabled
overall a better resolution in the deletion discovery with an F1 score of 97.75%.
In terms of SV breakpoint resolution, the pair DELLY-GASV identified 92.89% of
the deletions with single base resolution and a total mean breakpoint distance
resolution of 5.21 bp. The length of the predicted deletions (with DELLY-GASV)
and the size of the simulated deletions were strongly correlated (Figure 21),

with a Pearson’s correlation coefficient of 0.99.
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Figure 21: Correlation between the length of predicted and simulated
deletions with simulated reads in P. trichocarpa.

In addition, we evaluated the performances of the four tools with real reads
aligned to the simulated SV genomes of V. vinifera and P. trichocarpa. First, we
explored the performances of the tools in terms of detected true positives, by

progressively increasing the paired-end threshold (Figure 22).
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Figure 22: Number of true positive deletions identified using real reads aligned
to the simulated SV genomes of P. trichocarpa and V. vinifera, as a function of
the number of supporting paired reads required to call a SV.

In both species, all the tools or combinations had similar performance, with
CLEVER and Pindel being the worst performing tools. By increasing the
paired-end threshold, the number of true positives tended to decrease with a
higher slope (estimated by linear regression) in poplar (mean tools slope -18.12)

compared to grapevine (mean tools slope -4.52).

We evaluated the performances of the tools also in terms of non-simulated

positive calls with both real read datasets (Figure 23). Non-simulated positive
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calls are the sum of false positives and of real deletions in the reads compared

to the assembly.
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Figure 23: Number of non-simulated positive deletions identified using real
reads aligned to the simulated SV genomes of P. trichocarpa and V. vinifera, as
a function of the number of supporting paired reads required to call a SV.

In poplar all tools discovered a higher number of non-simulated deletions

compared to grapevine. By progressively increasing the coverage of read pairs

required, a decrease of non-simulated calls was observed with higher incidence

in poplar (mean tools slope -44.41) than in V. vinifera (mean tools slope -11.82).

Based on the observed results, the deletions identified with at least five

paired-end reads were selected for further statistical analyses. We evaluated
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the performances of the different tools as reported in Table 5 and Table 6.

Where needed, the non-simulated positives were used as an approximation of

false positives.

Table 5: Populus trichocarpa real reads deletions statistics. Deletions report of
real poplar reads aligned to the poplar simulated SV genome.

. DELLY- | DELLY- DELLY-
CLEVER | DELLY | GASV Pindel GASV | CLEVER Pindel

Total deletions 1238 1755 1773 1732 1819 1842 2121

# true positives 639 | 820 | 831 774 837 840 859
#false negatives | 361 180 | 169 226 163 160 141
#nonsimulated | o5 | g3c | gy 958 982 1002 1262
pOSItlves
Mean breakpoint | o )| 550 | ;g7 1.94 3.34 3.54 2.96
distance (bp)
# of exact 90 767 83 759 769 770 803
predictions
Sensitivity (%) | 63.90 | 82.00 | 83.10 | 77.40 | 83.70 | 84.00 | 85.90
PPV (%) 51.62 | 46.72 | 46.87 | 44.69 | 46.01 | 4560 | 40.50
F1 score (%) 5710 | 59.53 | 59.94 | 56.66 | 59.38 | 59.11 | 55.05

Table 6: Vitis vinifera real reads deletions statistics. Deletions report of real
grapevine reads aligned to the modified grapevine simulated SV genome.

. DELLY- DELLY- DELLY-
CLEVER | DELLY | GASV | Pindel GASV CLEVER Pindel

Total deletions | 973 | 1242 | 1286 | 984 | 1365 | 1356 1317
# true positives | 708 880 | 847 | 781 920 898 887
# false negatives 292 120 153 219 80 102 113
#non-simulated | .. 362 | 439 | 203 445 458 430
positives
Mean breakpoint | oo |, ec | 2339 | 148 | 648 5.94 481
distance (bp)
# of exact 72 839 | 42 | 779 842 841 846
predictions
Sensitivity (%) 70.8 88 | 847 | 781 92 89.8 88.7
PPV (%) 7276 | 70.85 | 65.86 | 7937 | 67.40 | 6622 | 67.35
F1 score (%) 7177 | 7850 | 7410 | 78.73 | 77.80 | 7623 | 76.56
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Based on the results of the SVs identified through the alignment of real reads to
the simulated genomes, the pair DELLY-GASV performed again better than all
the other combinations with an F1 score of 59.38% and 77.8%, respectively in
poplar and grapevine. Compared to the other pairs, DELLY-GASV maximised the
total number of true positives identified, with a precision of 67.4% and a
sensitivity of 92% in grapevine. In poplar the pair DELLY-Pindel performed better
in terms of sensitivity, but again deletions obtained with DELLY-GASV showed
the highest precision (PPV, 46.01%). On the other hand, the number of
non-simulated positives observed (here used as a proxy for false positives) was
significantly higher than the number of false positives identified using the
simulated reads. This is due to the fact that the non-simulated positives are the
sum of two unknown quantities: a) the number of false positives; and b) real
heterozygous deletions in the sequenced sample compared to the reference
sample. Concerning the single base SV breakpoint resolution, in both species
Pindel predicted the highest number of exact breakpoints (98.06% in
P. trichocarpa and 99.74% in V. vinifera), followed by DELLY (93.54% and
95.34%, respectively). In Figure 24 we reported the correlation between the
length of the predicted deletions and the size of the simulated SVs identified by
the best performing pair DELLY-GASV. Both distributions had a very high

Pearson’s correlation coefficient (r=0.99 in both species).
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Figure 24: Correlation between the length of predicted and simulated
deletions with real reads in P. trichocarpa and V. vinifera.

4.5 Simulation of insertions

Based on the same simulation data used for the deletions, we evaluated the
performance of the insertion discovery pipeline. The same read datasets were
used for the analysis: the real and simulated reads of P. trichocarpa and the real

reads of V. vinifera (Table 7).

Table 7: Insertion simulation results.

Populus trichocarpa Vitis vinifera
Simulated reads | Real reads Real reads
# predictions 871 1230 936
# true positives 860 766 805
# false negatives 140 234 195
# non-simul
o 0 464 131
Sensitivity (%) 86.00 76.60 80.50
PPV (%) 100 62.28 86.00
FDR (%) 0 - -
F1 score (%) 92.47 68.70 83.16
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With the simulated reads of P. trichocarpa the tool achieved an F1 score of
92.47%, identifying 860 true positives and no false positive (PPV of 100%). With
real reads the software performed better in grapevine (with an F1 score of
83.16%) compared to poplar. In the latter the pipeline discovered a greater
number of non-simulated positives (PPV of 62.28%), which could be either false

positives or TE variants missing in the reference genome.

4.6 Structural variants detection in V. vinifera

For the SV detection in Vitis vinifera we selected a subsample of 50 varieties
fulfilling the following criteria: a) at least 20X coverage of the uniquely aligned
reads; and b) a k-mer and coverage profile compatible with an unbiased
representation of the genome in the reads (determined by visual inspection of
profile graphs). The k-mer distribution of a high quality sequencing library
enables the distinction of the homozygous genome fraction from the
heterozygous and/or hemizygous portion, with two clearly separated peaks. On
the other hand, the sequencing coverage, based on the alighement of
sequenced reads to the reference genome, enables the distinction between
regions covered by reads originated by both alleles, and regions covered only by
reads originating from a single allele of the studied genome, corresponding to

the hemizygous genome portion.

We selected individuals with a k-mer profile trend ranging between the profile
of Ansonica and Barbera (Figure 25). In the latter variety two different well
separated peaks were observed: the first corresponded to the heterozygous
and/or hemizygous portion of the genome, while the second peak at
approximately 110 amounted to the homozygous portion of the genome. On
the other hand, in Ansonica the two peaks were barely distinguishable. This
particular profile might be influenced by the type of library sequenced and by

the sequencing coverage.
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Figure 25: K-mer profile of Ansonica and Barbera. K-mer distribution obtained
with a K value of 16.

The 50 varieties were selected also based on the sequencing coverage profile of
the uniquely aligned reads. The latter varied with a trend ranging between the
Ansonica and the Barbera one’s (Figure 26). As above, in the latter variety two
peaks were observed at approximately 37X and 73X (corresponding to the

hemizygous and homozygous fractions, respectively), while in Ansonica an

unique hump was observed.

Ansonica Barbera

Mbp
Mbp

0 20 40 60 80 100 120 0 20 40 60 80 100 120
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Figure 26: Coverage profile of Ansonica and Barbera. Coverage distribution
obtained with uniquely aligned reads.

Concerning the population genetic structure, the varieties selected for the SV

analysis covered the entire spectrum of variation detected in our grapevine
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germplasm (Figure 27). With reference to the ADMIXTURE analysis using K=13,
individuals from 10 groups out of 13 were selected. Pontica Meridionalis
Balcanica, Orientalis Antasiatica trans-Caucasica and Orientalis Caspica
trans-Caucasica were the only groups excluded from the analysis. 60% of the
varieties were not identified as admixed, while 40% resulted from the admixture

of two or more ancient populations.
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Figure 27: Principal Coordinates Analysis (PCoA) of the 50 varieties selected for
the SV analysis. Genetic relationships between the 50 grapevine varieties. The
colours of the groups correspond to the colours of ADMIXTURE. Varieties
selected for SV analysis are depicted as triangle, while varieties discarded are
reported as dot. Triangles and dots not coloured represent admixed varieties.

4.7 Ildentification of deletions

According to the simulation results, the combination of DELLY (Rausch T et al.,
2012) and GASV (Sindi S et al., 2009) gave the best results in the detection of
deletions against the reference sequence. This is the approach we selected for

the analysis of our study population.
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A total of 18,551 deletions were identified by merging the results of

50 grapevine varieties. Results are summarized in Table 8.

Table 8: Summary of the deletions identified in the grapevine population for
each variety.

Total Private Hetero* | Homo® Hetero | Homo

deletions | deletions (Mb) | (Mb)

Ansonica 4375 24 1965 2410 10.86 | 12.55
Barbera 5231 33 2239 2992 11.89 | 15.91
Cabernet Franc 5038 51 2445 2593 13.51 | 13.77
Cabernet Sauvignon 4863 19 2538 2325 13.98 | 11.96
Catarratto B.C. 4763 16 1986 2777 10.53 | 14.44
Corvina Veronese 4811 17 2619 2192 13.67 | 11.40
Falanghina 4257 23 2099 2158 11.40 | 11.19
Fiano 5757 67 2628 3129 12.84 | 17.19
Garganega 5174 38 2260 2914 11.74 | 15.18
Glera 5697 32 2963 2734 16.27 | 13.83
Grechetto Bianco 4805 23 1999 2806 10.17 | 14.74
Greco di Tufo 4458 50 1829 2629 10.40 | 13.67
Heunisch Weiss 6345 75 3267 3078 17.86 | 16.18
Kishmish Vatkana 5964 102 2406 3558 13.07 | 18.90
Lambrusco Grasparossa 4479 16 2081 2398 10.94 | 12.36
Malvasia Bianca Lunga 4887 44 1997 2890 10.13 | 15.37
Malvasia di Sardegna 4512 29 2180 2332 11.46 | 12.32
Merlot Noir 6209 159 3004 3205 16.49 | 16.68
Montepulciano 4667 24 2265 2402 11.52 | 12.59
Muscat a Petits Grains B. 5337 47 2585 2752 13.95 | 14.60
Nasco 4570 26 2150 2420 11.46 | 12.61
Nebbiolo 5567 64 3219 2348 17.84 | 12.04

Nero d'Avola 5683 41 2587 3096 13.67 | 16.31
Nosiola 5222 32 2508 2714 12.94 | 14.22
Passerina 4558 27 1836 2722 9.70 14.34
Pecorino 5443 35 2748 2695 14.44 | 14.40
Picolit 6597 81 3560 3037 19.30 | 15.92
Pignoletto 4232 28 1709 2523 9.05 13.07

Pinot 4948 14 3295 1653 17.63 | 8.73
Refosco P.R. 5410 26 2948 2462 16.17 | 12.43
Ribolla Gialla 5591 27 2950 2641 16.18 | 13.63
Riesling Weiss 5973 100 2971 3002 16.28 | 15.75
Rkatsiteli 5509 100 2759 2750 15.03 | 14.48
Sangiovese 6081 70 3192 2889 17.89 | 14.74
Savagnin Blanc 4994 19 2818 2176 15.09 | 11.29
Schiava Gentile 4792 40 2998 1794 15.16 | 9.78
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Total Private Hetero* | Homo® Hetero | Homo

deletions | deletions (Mb) | (Mb)

Sirgula 6183 168 2678 3505 14.49 | 18.62
Sultanina 5316 99 2506 2810 13.86 | 14.87
Tannat 5176 106 2315 2861 13.20 | 15.38
Terbash 6370 170 2772 3598 15.50 | 18.96
Terrano 5502 38 2837 2665 14.59 | 14.29
Tibouren 5771 54 3090 2681 16.64 | 13.84
Tocai Friulano 4826 22 2363 2463 13.06 | 12.50
Trebbiano Toscano 5429 31 2823 2606 1494 | 13.88
Uva di Troia 5515 37 2748 2767 14.88 | 14.36
V395 6248 243 2205 4043 12.50 | 21.78
Verdicchio Bianco 5579 42 2633 2946 14.00 | 15.35
Vernaccia S.G. 4390 37 1791 2599 9.65 | 13.68
Welschriesling 5242 18 2235 3007 11.65 | 16.08
Zelen 5700 81 2879 2821 14.83 | 15.21

¥ Number of heterozygous deletions; $ number of homozygous deletions.

Picolit was the variety with the highest number of deletions (6597), accounting
for 35.22 Mb in total. Pignoletto, with 4232 deletions (accounting for 22.12 Mb),
resulted the variety with the lowest number of deletions. Picolit and Pignoletto
showed the highest and the lowest number of heterozygous deletions
respectively. V395 showed the highest number of homozygous deletions
(64.71% of the deletions identified in V395). Pinot and Schiava Gentile had the
lowest proportion of homozygous deletions (33.41% and 37.44%, respectively),
proving their closeness to the reference genome. Focusing on the private
deletions, V395 resulted the variety with the highest number of private
deletions (243), in line with the results observed with the genotypic distances
measured pairwise between the varieties using the SNP data: V395 resulted to
be a fairly distant variety from the others. Also phenotypically the V395 plant
exhibited a habit more similar to the wild vinifera than to the domesticated

grapes, displaying non-domesticated characters.

We annotated the identified deletions with our custom developed pipeline
(Figure 28) and we found that 65% of the deletions were annotated as a

transposable element, thus confirming the important contribution of
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transposable elements to genetic variation in plants (Kidwell MG & Lisch D,

1997). Only 33% of the deletions were not associated to a transposon

superfamily, while 3% of the deletions were represented mostly by tandem

repeats sequences (approximately 80%) and other type of sequences.

RLG
RLC
RLX
RLR
RXX
RIL
DHH
DTA
DTC
DTH
DTM
DTT
DTX
DXX
XXX

superfamily

not-annotated
other

tandem repeat
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3%
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annotated
32%

Figure 28: Annotation of the deletions identified in the grapevine population.
Left three-letter code classified superfamily (Wicker T et al.,, 2007), as
percentage of the total deletions identified in the V. vinifera population (blue)
and genome-wide TE superfamily abundance, as percentage of the total amount
of base-pairs masked as TE (green). Right summarized classification of SVs

in classes.
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Approximately 54% of the deletions were classified as transposable elements of
class I, while 11% were associated to DNA transposons of class Il. Among the
retrotransposon elements, the LTR Gypsy (RLG) superfamily accounted for the
vast majority of the classified TEs (28.93%), followed by Copia (RLC) elements
(14.95%). LINE (RIL) represented 7.6% of the deletions. A total of 1,913 class |
elements (10.3% of deletions) were masked (with RepeatMasker) by a single
LTR for more than 90% of their sequence length, and were thus classified as
solo-LTR. Concerning the class Il elements, Mutator (DTM) was the most
represented superfamily (3.84%), followed by hAT (DTA) elements (2.87%). As
depicted in Figure 28, the annotation results reflected the genome-wide
abundance of TEs. It is important to point out that the definition of deletion has
a technical meaning and not necessarily a biological meaning. It refers to the
fact that the sequence of the feature is present in the reference genome and is
absent from another variety, without referring to the direction of the SV event.
It is possible that most of the SV events defined as deletions with respect to the
reference sequence are actually insertions in the genome of the

reference individual.

To explore the genome-wide distribution of the deletions in the V. vinifera
genome, we divided the genome in windows of constant size in terms of
mappable reads. A total of 1862 windows were obtained with a mean size of
227.57 Kb and a standard deviation of 20.11 Kb. We looked at the distribution of
the deletions across the windows. By comparing the distribution of the
deletions with the null hypothesis of Poisson distribution and correcting for
multiple testing, approximately 5% of the windows (96 out of 1862) showed
significantly higher or lower density of deletions. Then, for each window, we
plotted across the 19 grapevine chromosomes the number of transposable

elements belonging to the class | superfamilies.
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G

chrls

chrg

Figure 29: Chromosome distribution of the deletions involving class |
transposable elements. From the outside in: Gypsy elements (green, y upper
limit 15), Copia elements (pink, y upper limit 10), LINE elements (turquoise, y
upper limit 10), gene density (blue, y upper limit 51 Kb/window), repeat density
(violet, y upper limit 220 Kb/window), CG methylation context (heat map), CHG
methylation context (heat map) and lastly the total deletions distribution (grey,
y upper limit 30). In the innermost circle, black bars represent the windows with
significant FDR corrected Poisson distribution.

As depicted in Figure 29, deletions involving Gypsy elements tend to accumulate
in regions poor of genes but rich in repeats. We fitted the ‘Gypsy-repeat’ and

‘Gypsy-gene’ distributions with a linear model and the p-values measured for
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both comparisons were highly significant (p-values<2E®). Per window, we
estimated that the increase of one Gypsy deletion led to a decrease of
approximately 2 Kb of coding sequences and to an increase of approximately
9 Kb of repetitive sequences. As a consequence, RLG occurred especially in
pericentromeric regions where the gene density decreased deeply, while the
repeats fraction increased considerably. We further compared the distribution
of the deletions classified as Gypsy with the methylation profiles of the CG and
CHG contexts. Methylation data were obtained from our group of research
performing methylation analyses on Pinot Noir (Mirko Celii, PhD thesis). For
each window and for each context, the mean methylation value was calculated.
An increase in the methylation levels in the CG and in the CHG contexts was
observed in the regions where Gypsy tended to accumulate: a more
pronounced methylation level increase was observed in the CG context

compared to the CHG context.

When a new copy of an LTR retrotransposon is created, the two LTR sequences
are identical, while over time they tend to accumulate mutation. As proposed
by SanMiguel and collaborators, LTR insertion times may be estimated by
comparing the two LTR sequences (SanMiguel P et al., 1998). We compared the
time of insertion of the LTR-retros identified in deletions (SV-LTRs) with the age
of LTR elements not affected by SV in our grapevine population (noSV-LTRs)
(Figure 30). A total of 2,871 SV-LTRs and 1,187 noSV-LTRs were investigated.

78



Chapter 4 — RESULTS

50% -
45% -
40% -
35% -
30% -
25% -
20% -
15% -
10% -
5% -
0% - T

% LTR of each category

- T T T T T T T T 1
nowoon
¥

0-0.5
0.5-1
1-1.5
1.5-2
2-2.5
2.5-3
3-35
3.5-4

< <
age (MYA)

W SV-LTRs noSV-LTRs

Figure 30: Insertion age of LTR retrotransposons involved in structural
variation (SV-LTRs) and of LTR elements shared in the grapevine population
(noSV-LTRs).

As depicted in Figure 30, LTR retrotransposons involved in SV tend to be
younger than the LTR-retros fixed in the population of grapevine. More than
45% of the SV-LTR elements moved recently, showing an insertion time below
0.5 million of years (MYA). We performed the non-parametric two-sample
Kolmogorov-Smirnov test and rejected the null hypothesis of no difference
between the two distributions, since the distributions resulted significantly
different (p-value<0.05): the SV-LTR elements are significantly younger than the

shared LTR retrotransposons.

The length of the transposable elements can vary drastically from few hundred
base pairs to more than 10,000 bp (Bennetzen JL, 2000). We evaluated the
length distribution of the deletions classified as transposable elements in our

dataset (Figure 31).
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Figure 31: Length distribution of deletions classified as transposable elements
(calculated as percentage of the classified deletions).

Three peaks were observed at 1.5-2 Kb, at 5-5.5 Kb and at 10-10.5 Kb,
corresponding respectively to incomplete retrotransposable elements or DNA

elements, to Copia TEs and to Gypsy transposable elements.

The length of the unclassified deletions showed a completely different
distribution (Figure 32). Short deletions were the majority, and variants shorter

than 4 Kb accounted for 50% of the unclassified deletions.
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Figure 32: Length distribution of the unclassified deletions (calculated as
percentage of the unclassified deletions).
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In order to study the intraspecific distribution of the deletions, we investigated
the frequency of the classified deletions across the 50 grapevine individuals
(Figure 33). The majority of the classified deletions were observed at low
frequency, but 42.34% had a frequency in the population greater than 0.5. The
discovery of deletions is subjected to an ascertainment bias, since the analytical
procedure identifies deletions with respect to a single haplotype captured in the
reference genome. One of the consequences is also the fact that SVs classified
as deletions may have biologically originated by insertions in the reference

individual and other varieties that share the same haplotype.
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Figure 33: Frequency distribution of deletions classified as transposable
elements (calculated as percentage of the classified deletions).

More than 2% of the classified deletions were called in homozygous state
between the 50 varieties. These calls are likely caused by assembly errors in the
reference sequence, since both Pinot Noir and Schiava Grossa (parental
varieties of the reference genome) carried the «called SV in

homozygous condition.
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The frequency spectrum of unclassified deletions showed a completely different
pattern (Figure 34). The majority of the SVs were rare (mostly private): more
than 35% of the unclassified deletions had a frequency lower than 0.05,

corresponding to heterozygous deletions carried by only one variety.
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Figure 34: Frequency distribution of unclassified deletions (calculated as
percentage of the unclassified deletions).

We then investigated the V. vinifera genes affected by deletions. Out of the
101,935,035 bp involved in deletions, 21,673,623 bp corresponded to genic
regions. As much as 13% of the gene space was influenced by deletions. Introns
cover 115.5 Mb of the reference genome and deletions affected 18.4 Mb of
those regions (15.9% of the total intron length); CDS cover 33.8 Mb of the
reference genome and deletions involved 2.5 Mb of those regions (7.4% of total
CDS length). Lastly, 5" and 3’ UTR regions cover respectively 5.5 and 10.8 Mb of
the reference genome and deletions affected 0.33 Mb (5.9%) and 0.47 Mb

(4.4%), respectively.
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An accurate analysis of the deletions overlapping genes revealed that deletions
comprising LINE elements tended to accumulate in genes. Approximately 80% of
the deletions classified as LINEs involved gene regions; 93.62% of the LINE
deletions located in a gene, affected only the intronic portion. On the other

hand, the other gene regions were affected mostly by non-annotated deletions.

Deletions affected a total of 5,679 genes. We functionally annotated the genes
with Blast2GO. 68% of the genes involved in deletions were associated with at
least one Gene Ontology (GO) annotation. Nine over-represented functional GO
categories were detected, involved in biological processes, cellular components

or molecular function.

Table 9: Over-represented GO categories influenced by deletions.

Annotated genes
GO term Category* interrupted by degletions (%) FDR
Nucleotide binding F 21.67% 6.20E%°
Cellular protein P 14.65% 1.44E%
modification process
Reproduction P 8.63% 1.72E
DNA metabolic p 5.17% 1.93E02
process
Cell cycle P 5.48% 1.11E%
Embryo p 3.93% 4.95E%
development
Regulation of gene
expression, P 3.13% 2.26E%
epigenetic
Motor activity F 0.85% 2.28E
Nuclear envelope C 0.80% 2.37E%2

§ F: molecular function; P: biological process; C: cellular component

The GO category nucleotide binding accounted for 21.67% of the annotated
genes interrupted by deletions, resulting thus the most influenced category,
followed by genes involved in cellular protein modification processes (14.65%).
Genes belonging to the former category may be related to disease resistance

genes, while the latter encompasses genes involved in post-translational
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modification processes, which modulate the activity of proteins (Mann M &

Jensen ON, 2003).

4.8 Identification of insertions

We used the custom developed pipeline for the insertion analysis across the 50
grapevine varieties. A total of 54,254 insertions were identified after merging

the results (Table 10).

Table 10: Summary of the insertions identified in the grapevine population for
each variety.

Total Private Hetero* | Homo® Hetero | Homo

insertions | insertions Mb Mb
Ansonica 10049 98 7003 3046 45.16 18.49
Barbera 10971 160 8803 2168 | 53.91 13.30
Cabernet Franc 10071 189 7048 3023 | 42.26 17.87
Cabernet Sauvignon 10957 87 8608 2349 53.67 13.78
Catarratto B.C. 10493 47 7413 3080 46.51 18.11
Corvina Veronese 9048 85 7314 1734 42.79 10.48
Falanghina 9599 85 6903 2696 | 42.89 16.41
Fiano 11367 111 8628 2739 51.57 16.53
Garganega 9142 61 6937 2205 40.67 13.33
Glera 9850 67 7563 2287 | 45.76 13.52
Grechetto Bianco 9782 54 7048 2734 | 43.15 16.06
Greco di Tufo 9727 84 6442 3285 40.38 19.85
Heunisch Weiss 10727 150 7889 2838 | 48.21 17.07
Kishmish Vatkana 12203 421 8556 3647 53.53 22.34
Lambrusco Grasparossa 8685 73 6568 2117 39.44 12.86
Malvasia Bianca Lunga 10355 151 7203 3152 44.56 19.33
Malvasia di Sardegna 9432 92 6998 2434 | 43.26 14.37
Merlot Noir 11592 272 9426 2166 | 55.82 12.86
Montepulciano 9709 89 7387 2322 4413 14.25
Muscat a Petits Grains B. 9299 113 6887 2412 41.66 14.15
Nasco 9867 88 7493 2374 | 45.93 14.28
Nebbiolo 12310 213 9072 3238 | 57.31 19.42
Nero d'Avola 11212 158 8456 2756 51.39 16.27
Nosiola 9441 78 7299 2142 | 44.01 12.63
Passerina 9652 58 6694 2958 42.29 17.95
Pecorino 10070 62 8029 2041 | 48.28 12.05
Picolit 11187 176 8568 2619 52.08 15.21
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Total Private Hetero® | Homo® Hetero | Homo

insertions | insertions Mb Mb
Pignoletto 9065 38 6304 2761 39.16 16.53
Pinot 10446 99 8118 2328 | 50.14 13.78
Refosco P.R. 10551 71 8720 1831 52.16 10.57
Ribolla Gialla 9834 45 7346 2488 | 45.28 14.59
Riesling Weiss 13402 321 9710 3692 60.62 22.72
Rkatsiteli 9298 291 6826 2472 | 40.81 15.12
Sangiovese 10906 103 7989 2917 48.48 17.52
Savagnin Blanc 9177 55 7249 1928 43.71 11.04
Schiava Gentile 10338 108 8020 2318 | 49.25 14.09
Sirgula 12558 745 9073 3485 56.23 20.97
Sultanina 10464 251 7471 2993 | 45.96 17.86
Tannat 12375 375 8173 4202 50.59 25.74
Terbash 12655 730 8989 3666 | 55.15 22.01
Terrano 10518 80 8263 2255 49.25 13.57
Tibouren 10555 154 8398 2157 50.29 12.96
Tocai Friulano 10117 73 7478 2639 | 46.72 15.99
Trebbiano Toscano 9837 72 7359 2478 44.59 14.40
Uva di Troia 11055 134 8420 2635 52.41 15.39
V395 12025 1011 7426 4599 | 46.99 28.12
Verdicchio Bianco 10401 83 7766 2635 47.53 15.85
Vernaccia S.G. 9467 104 6548 2919 41.52 17.46
Welschriesling 10374 88 8107 2267 | 48.00 13.90
Zelen 11339 181 8725 2614 | 53.05 15.73

¥ Number of heterozygous insertions; ¢ number of homozygous insertions.

The variety with the highest number of insertions was Riesling Weiss with

13,402 total insertions identified, while Lambrusco Grasparossa showed the

lowest number (8,685). V395 presented the highest number of homozygous

insertions with 28.12 Mb involved in homozygous insertions. On the contrary,

Riesling Weiss had the highest number of heterozygous insertions, involving

more than 60 Mb. Concerning the private insertions, as observed for the

deletions, V395 showed the highest proportion of private SVs (8.41% of the

total insertions identified in the variety), a further evidence supporting

differentiation from the vinifera population. Besides V395, Terbash and Sirgula

(two varieties showing greater haplotype distance from the reference compared

to the other cultivars) had the highest proportion of private insertions.
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As occurred for deletions, insertions are also caused by the movement of
transposable elements. In addition, our analysis method imposed a very strong
bias on the detected insertions, since they had to match a previously described
transposable element or a previously detected deletion. The distribution among
TE superfamilies is, however, not biased by our detection algorithm and is

shown in Figure 35.
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Figure 35: Annotation of the transposable elements involved in insertions. Left
three-letter code classified superfamily (Wicker T et al., 2007), as percentage of
the total insertions discovered in the grapevine population (blue) and
genome-wide TE superfamily abundance, as percentage of the total genome
base-pairs masked as TE (green). Right summarized classification of the
transposable elements in classes.
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95% of the total insertions were annotated as TE: 79% were classified as
transposable elements of class | (retrotransposons), while 16% as elements of
class Il (DNA transposons). Only 2% of the insertions mapped to non-annotated
sequences, which might correspond to rare transposable elements detected as
deletions and unclassified with the annotation pipeline. Among class | elements,
Gypsy were the most represented (45.63%), followed by Copia TEs (20.37%).
LINEs accounted for 10.38% of the insertions. Concerning the class Il elements,
the Mutator superfamily was the most represented (5.14%), followed by hAT
(DTA) and CACTA (DTC) superfamilies.

As accomplished for the deletions, we measured the genome-wide distribution
of the insertions across windows with fixed mappability. By comparing the
distribution of the insertions with the null hypothesis of Poisson distribution and
correcting for multiple testing, approximately 15% of the windows (291 out of
1862) showed significantly higher or lower density of insertions. The distribution
of the class | transposable elements was plotted for each window across the 19

V. vinifera chromosomes (Figure 36).
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G

chrls

chrg

Figure 36: Chromosome distribution of the insertions involving class |
transposable elements. From the outside in: Gypsy elements (green, y upper
limit 45), Copia elements (pink, y upper limit 20), LINE elements (turquoise, y
upper limit 20), gene density (blue, y upper limit 51 Kb/window), repeat density
(violet, y upper limit 220 Kb/window), CG methylation context (heat map), CHG
methylation context (heat map) and total insertions distribution (grey, y upper
limit 60). Black bars in the innermost circle represent the windows with
significant FDR corrected Poisson distribution.

As observed for the deletions, Gypsy elements accumulated in pericentromeric
regions, where the gene density decreased consistently, while on the contrary

the repeats density increased drastically. We fitted the ‘Gypsy-repeat’ and
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‘Gypsy-gene’ distributions with a linear model and again the p-values resulted
highly significant (p-values<2E™f). An increase of one Gypsy element, per
window, led to a decrease on average of approximately 0.6 Kb of coding
sequences and to an increase of 2.7 Kb of repetitive sequences. On the other
hand, Copia and LINE showed a uniform distribution across most of the
19 chromosomes of V. vinifera. On a few chromosomes, such as chromosomes
12, 13 and 19, an opposite distribution trend of the Copia elements was
observed compared to Gypsy TEs: an increase of the Copia TEs was appreciated
where the number of Gypsy decreased. Concerning the methylation levels of
the CG and CHG contexts, an increase in the methylation level was observed in
the repeats rich regions. In correspondence of the RLG peaks, a pronounced
increase in the methylation level was observed in the CG context, and less

pronounced in the CHG context.

We evaluated the length distribution of the transposable elements causing
insertions (Figure 37). While the size of the TEs, identified as deletions, was
exactly defined by the length of reference genome missing in the variety, the
size of the TEs identified as insertions could only be inferred, based on the
length of the TEs present in the database that provided the signal for defining
the event of insertion. Different peaks were appreciated. The first peak was
observed at 1.5-2 Kb and both DNA and RNA transposons fell in this length
category. A second peak was observed at 4.5-5.5 Kb, represented by Copia TEs;
while a third peak at 6-6.5 Kb was represented by LINE transposable elements.

Lastly, at 10-10.5 Kb the peak corresponded to Gypsy transposable elements.
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The frequency distribution of the insertions inside the grapevine population was

then measured (Figure 38). The majority of the insertions showed a very low

frequency in the population, resulting thus rare events not shared between the

varieties. 88.66% of the insertions had an insertion frequency below 0.5.
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Figure 38: Frequency distribution of insertions in the grapevine population.
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Furthermore, we evaluated the functional role of the genes interrupted by
insertions. A total of 7,829 genes were interrupted by insertions in at least one
variety. Approximately 80% of the insertions disrupting genes affected only the
introns. 8.61% of the insertions were predicted in coding regions, while 4.36%
and 2.79% insertions affected the 3’ and 5’ UTR regions, respectively: the
remaining insertions influenced more than one gene fraction. A functional
annotation of the genes interrupted by transposable elements allowed the
annotation of 73% of the genes with at least one Gene Ontology term. Eleven

over-represented functional categories were identified.

Table 11: Over-represented GO categories of genes disrupted by insertions.

Annotated genes
GO term Category® | interrupted by FDR
insertions (%)

Nucleotide binding F 20.33% 6.97E 08
Cellular protein modification process P 14.76% 2.54E®
Cytosol C 13.28% 2.25E03
Reproduction P 9.42% 1.91E%°
DNA metabolic process P 5.22% 1.81E%
Cell cycle P 5.59% 9.50E%
Endoplasmic reticulum C 3.85% 2.01E
Embryo development P 4.26% 1.36E%
ReguIat|oneo;::ggeenneet i((-::xpressmn, p 331% 8080
Tropism P 1.57% 6.80E®
Nuclear envelope C 0.78% 5.72E%

§ F: molecular function; P: biological process; C: cellular component

As observed for the deletions, the nucleotide binding category was the most
influenced by insertions. 20.33% of the genes annotated with this GO term were
interrupted by an insertion, followed by genes involved in the cellular protein

modification process (14.76%).
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4.9 SV validation through a PCR-based assay

We validated experimentally through a PCR-based assay both deletions and
insertions. A randomly chosen set consisting of 50 deletions and 50 insertions
was selected for validation. All these SVs but one were called in four selected
varieties for validation: Pinot, Refosco P.R., Tibouren and Rkatsiteli. Positions
with an unclear genotype, with unexpected PCR product size or without
amplification of any primer pair were discarded. Results of the validations are

reported cumulatively for the four varieties in Table 12.

Table 12: PCR validation summary results.

SV type
DELETIONS INSERTIONS

True positives (#) 90 61
True negatives (#) 78 32
False positives (#) 8 1
False negatives (#) 6 7

PPV (%) 91.84 98.36

FDR (%) 8.16 1.64

F1 score (%) 92.78 93.75
Accuracy (%) 92.31 92

Deletions were experimentally validated with an accuracy of 92.31%. Insertions
were validated with an accuracy of 92%. F1 score of the two SVs categories was
similar: 92.78% for the deletions and 93.75% for the insertions. Compared to
the deletions, we confirmed the insertions with a higher PPV (98.36%) and
lower FDR (1.64%), since only one false positive was detected. Five homozygous
deletions and five homozygous insertions events were confirmed as SV,

although the experimentally validated genotype was heterozygous.

The validated deletions varied in length between 1 Kb and 20.7 Kb, with a mean
length of approximately 5 Kb. The insertions had a mean size of 5.6 Kb, ranging

between 1.1 Kb and 10.6 Kb.
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We evaluated the transposable elements composition of the PCR validated SVs
(Table 13). In both categories, retrotransposons of class | were more frequent
than DNA transposons. Among the former, LINE elements in the deletions
accounted for 31.37% of the validated events, followed by Copia elements
(17.65%). Concerning the insertions, Gypsy TEs were the most frequent
superfamily in the PCR validation (36.73%), followed by LINEs (30.61%). Among
the deletions, approximately 27% of the PCR validated SVs resulted unclassified,

while all insertions were associated with a transposable element.

Table 13: Transposable elements classification of the PCR validated SVs.

SV validated
DELETIONS INSERTIONS
Class | (%) 62.75 89.8
Class Il (%) 7.84 10.2
Unclassified (%) 27.45 0

58% of the validated deletions involved genes sequences. More than 50% of
gene’s deletions were due to LINE, while approximately 27% were due to
unclassified deletions. Introns were the gene regions mainly affected by
deletions: only five genes coped with deletions in exon sequences. Among the
insertions, 22 genes were interrupted by a SV (approximately 45% of the
validated insertions), and five of them were disrupted in the exon regions. LINEs

resulted the most common TE superfamily (59%) interacting with genes.

4.10 SV validation based on the comparison to the de novo assembly

We furthermore validated the deletions and insertions of six grapevine varieties
(Cabernet Franc, Heunisch Weiss, Kishmish Vatkana, Rkatsiteli, Sangiovese and

Savagnin Blanc) on the respective de novo assemblies (Table 14).
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Table 14: Validation statistics of SVs on the de novo assemblies of six V. vinifera

varieties.
DELETIONS INSERTIONS
Variety % Homo | % Hetero % Homo % Hetero
Homo® | Hetero® Homo® | Hetero¥
omo etero validated | validated omo etero reconstructed | reconstructed

CaF':::let 2048 | 719 | 98.73% | 68.43% | 932 | 2919 32.40% 6.41%
H;‘I‘:i'::h 2341 | 821 | 98.85% | 80.88% | 760 | 2803 37.37% 5.17%
'3::2:: 2795 | 670 | 99.18% | 79.40% | 731 | 2964 46.92% 5.67%
Rkatsiteli | 2145 | 668 | 99.39% | 81.29% | 620 | 2519 30.65% 4.13%
Sangiovese | 2066 | 884 | 98.60% | 81.11% | 781 | 2728 31.50% 3.70%
Sa‘é‘;‘ag:;"g 1685 | 755 | 99.47% | 86.23% | 483 | 2616 32.51% 3.78%

$ Number of homozygous SVs with both breakpoint flanking regions mapped to the same contig;
¥ number of heterozygous SVs with both breakpoint flanking regions mapped to the same contig.

Concerning the deletions, we were able to validate the vast majority of
heterozygous and homozygous deletions. We validated between 98.6% and
99.47% of the homozygous deletions that could be placed on contigs, while the
heterozygous deletions were validated in lower percentage, with values ranging
between 68.43% and 86.23%. On the other hand, validating the insertions on
the assemblies was more complicated. In fact, we were able to reconstruct
between 30.65% and 46.92% of the homozygous insertions, while only between
3.7% and 6.41% of the heterozygous insertions. The observed percentage of
reconstructed insertions is the lower estimate of true positives. The fraction of
non-reconstructed insertions includes: false positives, (heterozygous) insertions
not reconstructed by the assembler and insertions whose flanking regions are
assembled in two different contigs. Hence, the assemblies could be very useful
for the deletion discovery but less efficient for the insertion discovery. On the
other hand, the homozygous SVs were validated with more efficiency (both
deletions and insertions) than the heterozygous one. It is important to point out
that the procedure of de novo assembly reconstructs arbitrarily only one

haplotype of the variety in regions affected by SV, and thus either version of
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heterozygous SVs is included in the consensus sequence. With a random
probability of selecting one haplotype, we expected to validate 50% of the
heterozygous SV events. While heterozygous deletions were validated with
higher percentage, heterozygous insertions were validated with very low
percentage. In both situations the assembly software tended to assemble and
retain the allele without the TE: this is presumably determined by the difficulty
in assembling, extending and scaffolding contigs that contain repeated
sequences. This indicated that the assembly tended to be interrupted in
correspondence of a transposable element insertion, breaking thus the contig

continuity, while for a TE deletion it might reconstruct only part of it.

4.11 Transcriptome analysis

We estimated the contribution of structural variants to gene expression
alteration in five grapevine varieties. RNA-Seq data were produced for three
different tissues (leaves, berries and tendrils) for Cabernet Franc, Kishmish
Vatkana, Rkatsiteli, Sangiovese and Savagnin Blanc. We divided the primary
transcripts of the V2.1 genes annotation (Vitulo N et al.,, 2014) in four

categories:

e Genes non-affected by SV (NO SV)

e Genes disrupted only in the exon regions (EXON)

e Genes disrupted only in the intronic portion (INTRON)

e Genes characterised by structural variants influencing more than one
gene fraction (MIXED)

The expression profiles of the four above described gene categories were
explored in two biological replicates with Cufflinks (Trapnell C et al., 2012).
Overall, berry genes showed a lower level of expression in all categories

compared to leaves and tendrils (Figure 39).
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Figure 39: Expression profiles of genes in three tissues of five grapevine
varieties. FPKM expression levels of the primary transcript of the V2.1
gene annotation.

In order to statistically compare the expression profiles of the genes disrupted
by SVs and the genes non-affected by SVs, the non-parametric
Wilcoxon-Mann-Whitney test was used. All expression profiles of the genes
interrupted by SVs resulted significantly different from genes without SV. Genes
disrupted by SVs in exons or in exon-intron regions showed in all varieties a
drastic decrease in the expression profiles compared to the genes not affected

by structural variants. The expression levels of the genes carrying a variant only
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in the intronic portion increased significantly compared to the genes not
affected by SVs in all three tissues. For each tissue and category of genes, we

measured the number of genes with no expression (Figure 40).
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Figure 40: Proportion of non-expressed genes in three tissues of five grapevine
varieties. The null hypothesis of no difference in the proportion of
non-expressed genes affected by SVs and non-expressed genes not affected by
SVs was rejected in all comparisons (chi-square p-value<0.05).

As expected, genes disrupted in the exons or in intron-exons regions showed an
increase of the non-expressed genes. In all three tissues, the percentage of
genes with no expression increased significantly in the former genes compared

to the dataset of genes not influenced by SVs: chi-square test p-values ranged
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between 8.23E!! (in tendrils of Rkatsiteli ) and 3.54E° (in berries of Rkatsiteli).
On the other hand, the number of non-expressed genes affected by SV only in
the introns decreased drastically compared to the non-disrupted genes. All
tissues showed a very similar trend with a significant reduction in number of
genes with no expression: chi-square test p-values varied between 5.63E%, in

tendrils of Kishmish Vatkana, and 1.91E1% in berries of Rkatsiteli.

4.12 Grapevine pan-genome

We investigated how the varieties contributed to the coverage of the
pan-genome of V. vinifera, by assessing the number of new structural variants

identified by adding one variety at a time (Figure 41).
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Figure 41: Deletion saturation curve. Number of deletions discovered in the
grapevine population by gradually increasing the number of varieties.

As depicted in Figure 41, even after adding all 50 varieties, an increase in the

number of deletions was still observed. Based on the genome-wide haplotype
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distance measures, it was observed that varieties more distant from the
reference genome explained a greater proportion of SVs. Already three varieties
explained 50% of the deletions observed in the grapevine population and
32 varieties saturated the curve with 95% of the SVs identified. After a certain
number of samples the curve tended to reach a plateau, with slight increases
due to the private deletions carried by the single varieties, without ever
reaching an asymptote. Our data could be described by a logarithmic curve with
the following equation y = 3023 In(x) + 7100 and an R? value of 0.99. By doubling
the varieties we estimated an increase of approximately 2,100 private deletions.

A very similar trend was observed for the insertions (Figure 42).
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Figure 42: Insertion saturation curve. Number of insertions discovered in the
grapevine population by increasing the number of varieties.

By gradually increasing the number of varieties, the curve reached a plateau,
with slight increases mediated by private insertions, without ever reaching again
an asymptote. The most distant varieties explained the greatest increase of
insertions identified. Four varieties explained 50% of the insertions identified in

the V. vinifera population, while 33 individuals explained 95% of them. As for
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the deletions, the pan-genome saturation trend mediated by insertions could be
described by a logarithmic curve, with the following equation y = 10332 In(x) +
15538 and R?=0.98. We estimated that 100 varieties will contribute to the

grapevine dispensable fraction with approximately 7,000 insertions.

4.13 Grapevine population structure based on SV

We calculated the genotypic distances between the 50 grapevine varieties,
based on their SV genotypes. The genetic distances were measured pairwise:
distance was set to 0, 0.5, or 1, if the varieties shared both haplotypes, one or
none, respectively, for each SV. With the R function hclust we performed an
UPGMA hierarchical clustering separately for deletions and insertions (Figure

43).
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Figure 43: Hierarchical clustering of the grapevine varieties, based on the
genotypic distances measured with the deletion genotypes (upper side) and
with the insertion genotypes (lower side). The colours of the groups
correspond to the colours of ADMIXTURE. Not coloured dots correspond to
admixed varieties.

As depicted in Figure 43, the 50 varieties were grouped consistently with the
(K=13) ADMIXTURE clusters obtained with SNP data. In both SV categories,
V395, the most distant variety, clearly separated from all other varieties. The
separation of Orientalis varieties (Terbash, Kishimish Vatkana and Sultanina) and
Pontica Georgica varieties (Rkatisteli and Sirgula) from all other wine grapes was
confirmed by the SV-based UPGMA. Furthermore, Pinot Noir and Savagnin

Blanc, related by a parent-offspring relationship, were grouped together.

Lastly, in order to validate the genotyping based on structural variants, we
compared the matrices of genotypic distances obtained separately for
deletions, insertions and SNPs. We performed the Mantel’s permutation test (of
the APE R package (Paradis E et al., 2004)) with 10,000 random permutations

(Mantel N, 1967): all the pairwise comparisons of genetic distance matrices
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based on SNPs, insertions, and deletions resulted to be correlated

(p-value<0.0001).
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5 DISCUSSION

In the present work we performed a genome-wide analysis of the sequence
variation for single nucleotide polymorphisms and structural variants on a set of
128 Vitis vinifera varieties, representative of the genetic diversity within the
species. By means of next-generation sequencing technology we sequenced
122 cultivars, while sequences for six other varieties were retrieved from the
Sequence Read Archive (Wheeler DL et al., 2005). In a set of 123 varieties we
characterised the population structure with ADMIXTURE (Alexander DH et al.,
2009), based on SNP data. According to the AK method (Evanno G et al., 2005),
the K value of 3 explained the major break in the structure of our population. At
K=3 the grapevine population was fragmented in three groups, in accordance
with the observations of Negrul AM: Proles orientalis, Proles pontica and Proles
occidentalis (Negrul AM, 1946). A great proportion of the varieties (73%)
showed admixture between at least two groups. Most of our germplasm was
composed of varieties belonging to the occidentalis or orientalis groups. A few
varieties had pure ancestry. Most individuals were admixed. On the other hand,
very few individuals presented admixture between the pontica and occidentalis
groups. By increasing gradually the value of K we observed a greater subdivision
of the population into smaller groups, in line with known kinships between the
varieties. This subdivision was confirmed also by measures and plots of
genotypic distance. The PCoA representation showed a clear separation
between varieties with an East to West gradient over the first axis, and a
separation between cultivated and wild varieties, over the second axis.
Georgian wine varieties clearly separated from all others and did not contribute

to the ancestry of the Western European varieties. Winegrapes of Southern
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Europe have high orientalis ancestry, which is phenotypically reflected by many
traits shared with table grapes. Based on the PCoA results, we observed that
germplasm today cultivated across short geographical ranges, such as the Italian
peninsula, includes a very broad range of genetic diversity. These regions may
have acted as centres of accumulation of genetic diversity, given their
geographical location and historical relevance for inland and maritime trades
with the East. To date, several studies explored the grapevine diversity (Myles S
et al., 2011; Bacilieri R et al., 2013; Emanuelli F et al., 2013; De Lorenzis G et al.,

2015), but never with an accuracy and depth as in the present work.

In a subset of 50 varieties, representative of the genetic diversity of the
grapevine population, we investigated at genome-wide level the structural
variants (SV) shaping the V. vinifera pan-genome. The pan-genome of a species
is characterised by a core fraction shared between all the individuals, and a
dispensable portion, the absence of which is completely tolerated in a diploid
individual (homozygous SV) or compensated for by the presence of homologous
DNA sequences (heterozygous DNA) (Tettelin H et al., 2005; Morgante M et al.,
2007). Each individual of the species may contribute to the pan-genome with a
set of SVs: it will carry private sequences, missing in other varieties, and at the

same time will lack other portions of the genome.

Several mutational mechanisms contribute to the generation of structural
variants, which extensively affect the genome of any individual. Non-allelic
homologous recombination (NAHR) or illegitimate recombination contribute to
the genome size contraction, inducing deletion of genome fractions (Devos KM
et al.,, 2002; Stankiewicz P & Lupski JR, 2002), while on the contrary, the
movement of transposable elements tends to increase the plant genome size
(Vitte C & Panaud O, 2005). On the other hand, unequal homologous
recombination contributes to the removal of LTR retrotransposon, leading to

the formation of solo-LTRs, as observed, for example, in barley (Shirasu K et al.,
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2000) or in rice (Vitte C & Panaud O, 2003; Ma J et al., 2004; Vitte C et al., 2007).
The TE movement may be identified both through the detection of deletions
and insertions (since the definition of deletion has just an operational meaning).
Instead, solo-LTRs may be not distinguished from complete LTR
retrotransposons if searching for insertions, while we may be able to identify
them, through deletions, only if the fragment is present in the reference

genome and absent from the sample (Figure 44).

A B C D

P VA, — & g . VA

deletion TE insertion TE excision
solo-LTR

Figure 44: Structural variation formation mechanisms. Examples of SV
formation: A. removal of sequences mediated by NAHR; B. insertion of TEs;
C. excision of TEs; D. generation of solo-LTRs: a LTR transposable element may
insert in a genomic region and, at later stage, it may undergo unequal
homologous recombination which leads to the formation of solo-LTR in
the sequence.

In grapevine, no previous work explored genome-wide structural variation
within a population of varieties and with an accuracy and exhaustiveness as in
the present work. Di Genova A and colleagues (2014) recently described a
catalogue of SVs between two grapevines, the table grape Sultanina and the
wine grape PN40024. By combining information of PEM signature and of the
de novo assembly of Sultanina with the reference genome, the authors
discovered a very high number of prevalently small insertions and deletions
(ranging in size between 1 and 46.2 Kb and 1 and 9.99 Kb, respectively), in
addition to other complex structural variants, such as inversions or inter and
intra chromosomal rearrangements. In the present work, we used a similar

approach to identify SVs in 50 grape cultivars with the final aim of characterising
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the dispensable fraction of grapevine pan-genome. A further work of Giannuzzi
and co-workers (2011) revealed, by means of the Whole-genome Shotgun
Sequence Detection (WSSD), Segmental Duplications (SDs) within a single
genome. SDs are portions of DNA sequence with a length varying between 1
and 200 Kb, sharing a very high sequence identity (greater than 90%) and
mapping to different loci in a genome. Based on a combination of molecular
cytogenetics and read-depth analysis, the authors observed that recent SDs
(with a length >= 10 Kb and a sequence identity > 94%) affected 17.47% of the
grapevine genome. These are regions of high instability and are a substrate for
non-allelic homologous recombination, which induce the creation of structural
variation, contributing thus to the evolution of genes involved in different
processes, as for example the NBS-LRR gene family, involved in disease
resistance, or genes controlling the berry development and ripening process
(Giannuzzi G et al., 2011). The identification of a high number of SD in the
grapevine genome confirms the important contribution of SV to shaping genetic

architecture of grape.

In the present work we focused on the detection of deletions and insertions,
ranging in size between 1 and 25 Kb, by means of the paired-end mapping
information of NGS sequenced reads aligned to the V. vinifera reference
genome (Jaillon O et al., 2007). PEM-based methods do not allow the discovery
of all types of SVs, thus, the small SVs discovered in the present work are only a
subset of the entire dataset of structural variants that make up the dispensable
fraction of the grapevine pan-genome. Copy Number Variants (CNVs), driven by
non-homologous recombination, are also a great source of variation both in
human and plants. Based on the read depth, the depth of coverage (DOC)
method (that we are planning to complete in the near future) may enable the

identification of larger deletions or duplications.
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While for the detection of deletions several tools are available, the discovery of
insertions is more difficult. Available tools are limited to the discovery of small
insertions enclosed between two paired reads. Deletions were identified by
means of DELLY (Rausch T et al., 2012) and GASV (Sindi S et al., 2009), while for
the detection of insertions we employed a pipeline developed by our group,
aimed at the detection of insertions resulting from the movement of
transposable elements (Sara Pinosio, unpublished results). The performances of
the tools in the detection of SVs were assayed by simulating 1000 insertions and
deletions in two different species: Populus trichocarpa and Vitis vinifera. In
order to correctly estimate the number of false positives, reads were simulated
in P. trichocarpa and aligned to the SV simulated reference genome. Compared
to the simulated reads, an increase in the number of non-simulated positives
was observed with real sequence data, especially in P. trichocarpa.
Non-simulated positives are the sum of false positives and real heterozygous

deletions in the sequenced sample compared to the reference genome.

A total of 18,551 deletions and 54,254 insertions were identified in our
grapevine population. Since a great fraction of transposable elements move via
the ‘copy-and-paste’ mechanism, it is important to point out that the definition
of deletion used in this thesis has a technical meaning, since the absence of a
stretch of reference sequence in a given variety may be actually caused by an
insertion of that feature in the reference genome. For each variety we
evaluated the extension in terms of amount of base pairs of the structural
variants (Figure 45). On average, in each individual, the extension of insertions is
approximately twice the extension of deletions: this is in agreement with the
consideration that deletions were discovered with an ascertainment bias with
respect to a single haplotype represented in the reference genome (assuming
that a great fraction of events are in fact insertions), while insertions were
discovered from both haplotypes of each heterozygous variety. It is important

to point out that the identification of SVs based on a reference genome is not
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exhaustive. Portions present in the reference genome and missing in an
individual may be identified quite easily. On the other hand, sequences present
in an individual, and missing in the reference genome, especially regions of
nested transposable elements, are more complicated to be identified. SVs were
genotyped in our population as either homozygous or heterozygous. In all
varieties we observed a high proportion of base pairs in hemizygous state, i.e.
positions characterised by heterozygous SVs. Riesling Weiss was the variety with
the highest hemizygous fraction of the genome amounting to 76.9 Mb, while
Pignoletto was the variety with the smaller portion. The average length of the
hemizygous regions in each variety was estimated to 61.26 Mb; this means that
- strikingly - 12.6% of the genome in each variety lacks a counterpart on the
homologous chromosome. The extension of hemizygosity estimated in the
present work is definitely an underestimate of the real size, since we considered
only small SVs, ranging in size between 1 and 25 Kb. De novo assemblies
obtained for six grapevine varieties are demonstrating high levels of
hemizygosity in the grapevine genome, and the discovery of CNVs will enable a

better estimate of the total amount of hemizygous DNA.
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Figure 45: Heterozygous and homozygous SV extension (Mb). Negative values
represent the Mb involved in deletions, while positive values the Mb involved
in insertions.
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We provided a first insight into the pan-genome size considering only the small
SVs (ranging between 1 and 25 Kb): the pan-genome is necessarily increased in
size with respect to our estimation by the contribution of Copy Number Variants
(CNVs) and by SVs missing in the reference genome, that may be identified only
by means of the de novo assembly. Although SVs longer than 25 Kb and up to
hundreds of Kb may rapidly inflate the size of pan-genome, these events are
expected to have occurred much less frequently than small SV caused by the
movement of TE. A total of 101.94 Mb were deleted in our population, while the
cumulative length of insertions was estimated at 329.9 Mb. Based on a
reference genome length of approximately 486 Mb and by adding small SVs, the
grapevine pan-genome size is now estimated at approximately 816 Mb. Based
on our estimates, the core fraction shared between all chromosomes amounted
to 384 Mb, while the dispensable fraction accounted for 431 Mb. Grapevine is a
diploid species and thus, if we consider the dispensable portion as sequences of
DNA missing in at least one individual of the species, the new pan-genome
estimates are defined as detailed below. Sixty-five Mb of deletions were
observed in homozygous state in at least one of the fifty varieties, and 323.1 Mb
of insertions were present at least in heterozygous state in one variety (i.e
involved a stretch of dispensable DNA, missing in at least one individual of the
species). According to this estimate, the pan-genome has a size of 816 Mb; the
core fraction covers 427.8 Mb, while the dispensable portion extends for

388.2 Mb.

Since the production of the first pan-genome for Streptococcus agalactiae
(Tettelin H et al.,, 2005), numerous studies have been carried out in bacteria
(Donati C et al., 2010; Baddam R et al., 2014; Liu F et al., 2014; Zhou Y et al.,
2014). Only recently, pan-genomic data of higher organisms were made
available, based on structural variation studies of CNVs and PAVs. Several
studies focused on the sequence diversity within genes, which may have an

important phenotypic impact. The model plant Arabidopsis thaliana was

110



Chapter 5 — DISCUSSION

comprehensively investigated: a first study of Ossowski S and colleagues
revealed that 3.4 Mb of sequence were extremely different between two
divergent ecotypes (Ossowski S et al., 2008). A wider screening of 18 accession
of A. thaliana revealed that between 2.1 and 3.7 Mb of the reference sequence
was missing in other accessions (Gan X et al.,, 2011). Rice was the first crop
deeply studied. A first study of 2.4 Mb on chromosome four of two rice
accessions belonging to different subspecies (ssp indica and spp japonica)
revealed that the homologous regions differed for the presence/absence of
27 genes (Han B & Xue Y, 2003). A CGH study of ssp japonica and ssp indica
enabled the detection of 641 CNVs, amounting to approximately 7.6 Mb (Yu P et
al., 2011). A further study of Schatz MC and colleagues on three divergent rice
accessions revealed that 92% of genes were present in the core genome, while
the remaining 8% were variable for presence/absence (Schatz MC et al., 2014).
Compared to our results, in soybean a greater core fraction (80.1%) was
estimated from the comparison of seven Glycine soja genomes (Li Y et al.,
2014). Instead, in maize a smaller core fraction was estimated (Brunner S et al.,
2005; Morgante M et al., 2007). A simple comparison of four randomly selected
genomic regions, between the reference genome B73 and the line Mol7,
revealed that approximately 50% of the DNA was shared, while the remaining
DNA was present in either line. A further work of Springer NM and colleagues
discovered approximately 2,800 CNVs or PAVs between Mo17 and B73 (Springer
NM et al., 2009). On the other hand, the comparison of six inbred lines to the
reference enabled the identification of 296 genes missing in one of the six
individuals, and of 570 genes missing in B73, but present in one of the six lines
(Lai J et al.,, 2010). Lastly, by means of RNA sequencing, Hirsch CN and
colleagues discovered 8,681 high confidence representative transcript

assemblies (RTAs), missing in the reference sequence (Hirsch CN et al., 2014).

In the present work, we characterised for the first time the pan-genome of Vitis

vinifera. We observed that structural variants are a very important source of

111



Chapter 5 — DISCUSSION

genetic variation and contribute to the dispensable portion of the grape
pan-genome. As stated by Golicz AA and colleagues, in order to get more
realistic estimates of the dispensable fraction, it is very important to choose the
most appropriate individuals explaining the greatest diversity within a species
(Golicz AA et al.,, 2015). We observed that by sampling approximately
35 individuals, ordered by decreasing haplotype distance from the reference
genotype, we had been able to capture more than 95% of the SVs identified in
the entire set of 50 varieties, the remaining 15 individuals contributing to only
another 5%. Considering that the set of 50 varieties was itself a subset that
maximised the genetic diversity captured by SNPs, we strongly believe to have

reached a fairly good saturation of the pan-genome for small SVs.

The vast majority of SVs identified in grapevine resulted from the activity of
transposable elements, in accordance with the observations of Kidwell MG and
Lisch D (1997). Class | retrotransposable elements move via the ‘copy-and-paste’
mechanism, leaving a copy of the sequence in the original position, while class Il
DNA transposons move via the ‘cut-and-paste’ mechanism, creating at the same
time a deletion and an insertion. Class | TEs cover 131.1 Mb of the reference
genome and are responsible for 54% and 79% of deletions and insertions,
respectively; Class Il TEs cover 16.2 Mb of the reference genome and are
responsible for 10% and 16% of the deletions and insertions, respectively.
Transposable elements had an important role in the eukaryotic genome
evolution (Bennetzen JL, 2000; Biémont C & Vieira C, 2006; Feschotte C &
Pritham EJ, 2007). The relative recent activity of TEs, usually with bursts of
activity associated with stress (Grandbastien M, 1998), hybridization or
polyploidy (Voytas DF & Naylor GJP, 1998; Liu B & Wendel JF, 2000), induced
high levels of structural variation in several different angiosperms. Very recent
peaks of activity (possibly related to plant domestication) were observed for
example in soybean (Wawrzynski A et al., 2008) and also in grapevine (Moisy C

et al.,, 2008). Plant genomes underwent genome amplification, induced by
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retrotransposition, and contraction, through either illegitimate or homologous
recombination (Vitte C & Panaud O, 2005). Following an approach already used
in maize (SanMiguel P et al., 1998; Brunner S et al., 2005; Baucom RS et al,,
2009), Arabidopsis (Devos KM et al., 2002), Medicago (Wang H & Liu J-S, 2008),
rice (Ma J & Bennetzen JL, 2004; Vitte C et al., 2007; Hurwitz BL et al., 2010) and
melon (Garcia-Mas J et al., 2012), we estimated the timing of TE insertional
activity. We observed that LTR retrotransposons involved in structural variation
moved very recently, with 69% of the surveyed LTR transposable elements with
an insertion age of less than one million of years, and with a significantly
different trend compared to the insertion time of LTR-retros shared in the
grapevine population. The insertion time profile of LTR retrotransposons
involved in SV was very similar to the age distribution of complete LTR-retros
observed in expanded regions of O. sativa (compared to O. nivara) by
Hurwitz BL and colleagues (2010). On the other hand, the insertion age of
grapevine shared LTR retrotransposons showed a similar profile compared to
the age of LTR-retros identified in the melon genome (Garcia-Mas J et al., 2012).
Finally, Brunner S and co-workers (2005) observed a very similar pattern
comparing shared and non-shared LTR retrotransposons in two maize inbred
lines. The very recent activity of transposable elements of different classes
seems therefore to be largely responsible for the high number of structural
variants observed in grapevine, that correspond to insertions that have not had

yet either gone to fixation in the population or have not been lost from it.

Furthermore, we observed that structural variants affected the gene space.
Deletions affected 5,679 genes, while insertions occurred in 7,828 genes. A total
of 2,608 genes resulted affected both by deletions and insertions. The number
of genes influenced by both SV categories was significantly lower than what
expected by chance. We simulated 100 times 18,551 and 54,254 random
deletions and insertions, respectively, in the reference genome and measured

the number of genes affected by SV. Simulations predicted that on average
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9,217.58 genes should be influenced by deletions, with a standard deviation of
60.15 (confidence intervals 9,099.69 and 9,335.47), while 17,037.59 genes
should be affected by insertions, with a standard deviation of 114.41
(confidence intervals 16,813.35 and 17,261.83): a number of genes significantly
higher than what we actually observed in our grapevine population. Thus, the
genome of each variety tolerates a high number of SVs affecting genes. For
example in Merlot Noir we observed a total of 3,734 genes affected by SV. Out
of these, 2,293 genes were affected by deletions. Homozygous deletions are
tolerated by Merlot Noir, since the variety does not show phenotypic
abnormalities. Concerning the heterozygous deletions, we are not able to
predict their effect, since the copy of the gene affected by SV is present in the
genome along with a wild-type copy on the homologous chromosome. If
heterozygous deletions occurred in essential genes, the wild-type copy may
have a dominant effect and is able to provide the functional gene product. On
the other hand, homozygous deletions that cause a complete loss of the gene

function may have a strong negative impact.

In the gene space, structural variants affected mostly non-coding gene regions.
Both deletions and insertions affected mainly introns, and only with lower
incidence exonic or UTR regions. Genes affected by SVs in the latter regions
showed a strong reduction in the expression levels compared to the
non-affected genes, while surprisingly, genes with SVs in introns showed higher
than average levels of expression. In line with these observations, we
discovered a significant increase in the number of non-expressed genes
disrupted by SVs in coding regions, while, on the contrary, a significant
reduction of non-expressed genes affected by SVs in introns. LINE transposable
elements affected prevalently introns of genes that are transcribed. Jaillon O
and colleagues (2007) observed similar results: 75% of the transposable
elements in introns was represented by LINEs which contributed to the longer

size of introns in grapevine, compared to other plant species. As suggested by
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Jiang K and colleague, the intron size expansion may be related to the
evolutionary history of grapevine domestication (Jiang K & Goertzen LR, 2011).
On the other hand, the excess of non-expressed genes showing disruptions of
exons might be due to the fact that such SVs might have negative effects and
might have undergone negative selection. Alternatively, we cannot exclude that
gene models carrying SVs in exons or UTR regions may have been erroneously
predicted or may correspond to pseudogenes without evidence of transcription.
A functional annotation of the genes disrupted by SVs revealed a total of nine
and eleven Gene Ontology categories preferentially affected by deletions and
insertions, respectively. The nucleotide binding GO term was the gene category
mostly influenced by SV. Both insertions and deletions affected a high number
of genes with nucleotide binding functions, most of which are genes involved in
plant disease resistance. Furthermore, genes related to post-translational
protein modification or cytosolic activity were influenced by SV with lower
incidence. Proteins with a Nucleotide-Binding Site (NBS) and Leucine-Rich
Repeat (LRR) are mainly involved in plant innate immunity. The NBS-LRR class of
genes account for hundreds of copies in plant species (Ellis J et al., 2000). Since
pathogen populations evolve quickly, genes involved in disease resistance need
to generate novel variation in the host plant genomes. Thus, these genes may
have high levels of inter- and intraspecific variation (McHale L et al., 2006),
induced by different mechanism as unequal crossing-over, sequence exchange
or gene conversion and usually reside in regions with high SV (Baumgarten A et

al., 2003; Kuang H et al., 2004; Mondragon-Palomino M & Gaut BS, 2005).

Advances in next-generation sequencing improved considerably the
identification of structural variation. Both CNVs and TEs have been widely
associated with human diseases, while in plants few efforts have been made
(Saxena RK et al., 2014). Structural variants have been investigated in different
species: in maize (Springer NM et al., 2009; Beld A et al., 2010), in Arabidopsis
(DeBolt S, 2010), in soybean (McHale LK et al., 2012), in rice (Xu X et al., 2012),
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in sorghum (Zheng L-Y et al., 2011), in barley (Mufioz-Amatriain M et al., 2013),
in melon (Sanseverino W et al., 2015) and in grapevine (Giannuzzi G et al., 2011;
Di Genova A et al., 2014). SVs in human have been linked to several diseases
including schizophrenia (The International Schizophrenia Consortium, 2008) and
autism (Marshall CR et al., 2008). Also in plants several studies have been
carried out. In grapevine, Kobayashi S and colleagues (2004) discovered that the
insertion of Gretl, in the promoter region of the MybA1 transcription factor
gene, inactivated (in white varieties) the anthocyanin biosynthesis pathway. On
the other hand, the insertion of a class Il transposable element in the TFLIA
promoter resulted in an upregulation of the gene expression, affecting
drastically the size and the branching pattern of the Carignan fruit cluster
(Fernandez L et al., 2010). Furthermore, McHale LK and colleagues observed a
significant enrichment of CNV in known R gene clusters, genes involved in
disease resistance (McHale LK et al., 2012). Ong-Abdullah M and colleagues
recently observed in oil palm, that the loss of DNA methylation of the Karma
LINE transposon (Komatsu M et al.,, 2003), within an important flowering
transcription factor gene, was responsible for the mantled phenotype, resulting
in a drastically decrease of oil yields (Ong-Abdullah M et al., 2015). In the near
future, it would be of great interest to determine the phenotypic effects of

other SVs.

Finally, in order to validate the genotyping based on structural variants, we
correlated, by means of the Mantel test (Mantel N, 1967), the matrices of
genetic distances obtained from SV genotypes and SNP genotypes. We observed
that the genetic relationships described by structural variants were consistent
with those described by SNPs (p-value<0.0001), despite the likely more recent

origin of the SVs in comparison to SNPs.

In conclusion, based on the results of the present work, we observed that SVs

extensively affect the grapevine pan-genome. Not only intergenic regions were
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involved, but also gene space resulted affected. We observed that structural
variants affecting exonic regions are associated with reduced gene expression,
while SVs in introns, caused predominantly by LINEs, are associated to an
increase of expression levels, compared to genes not affected by SV. Finally,
concerning the methylation context, SVs mediated by the movement of
transposable elements were generally associated with high levels of DNA
methylation, which is aimed at suppressing further TE activity (Vaughn MW et
al., 2007; Eichten SR et al., 2011; Schmitz RJ et al., 2013).
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7 APPENDIX

Table 15: Common names of the Vitis vinifera varieties sampled in the present

work.

Prime name (short format)

Common name

Aciaruli Tetri Aciaruli Tetri
Agadai Agadai
Aglianico Aglianico
Airen Airen
Alexandroouli Alexandruli
Ansonica Ansonica
Ararati Ararati
Assyrtiko Assyrtiko
Asyl Kara Asyl Kara
Autumn Royal Autumn Royal
Barbera Barbera
Bayan Shirei Bayan Shirei
Berzamino Berzamino
Bovale Bovale

Cabernet Franc

Cabernet Franc

Cabernet Sauvignon

Cabernet Sauvignon

Carignan

Carignano

Catarratto B.C.

Catarratto Bianco Comune

Cesanese d'Affile

Cesanese d'Affile

Chaouch blanc

Chaouch Blanc

Charistvala Kolchuri

Charistvala Kolchuri

Chasselas Blanc Chasselas
Clairette Blanche Clairette
Coarna Alba Pukhlyakovskii
Corvina Veronese Corvina
Daphnia Daphnia
Disecka Disecka
Enantio Enantio
Falanghina Falanghina
Fiano Fiano
Fumat Fumat
Garganega Garganega
Garnacha Cannonau
Glera Glera
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Prime name (short format)

Common name

Gorula

Gorula

Grechetto Bianco

Grechetto

Greco di Tufo

Greco di Tufo

Grignolino Grignolino
Gyulyabi Dagestanskii Gyulyabi Dagestanskii
Harslevelue Harslevelue
Henab Turki Rumi Ahmar
Heunisch Weiss Gouais Blanc
Italia Italia
Kadarka Kadarka
Katta Kurgan Katta Kurgan
Khop Khalat Hop Halat

Kishmish Vatkana

Kishmish Vatkana

Lambrusco di Sorbara

Lambrusco di Sorbara

Lambrusco Grasparossa

Lambrusco Grasparossa

Limnio

Limnio

Malvasia Bianca

Malvasia del Lazio

Malvasia Bianca Lunga

Malvasia Bianca Lunga

Malvasia di Sardegna

Malvasia di Lipari

Malvasia Istriana

Malvasia Istriana

Marandi Shemakhinskii

Marandi Shemakhinskii

Mauzac Blanc Mauzac
Mavrodaphni Mavrodaphni
Merlot Noir Merlot

Montepulciano

Montepulciano

Moscato di Scanzo

Moscato di Scanzo

Mtsvane Kachuri

Mtsvane Kachuri

Muscat a Petits Grains B.

Moscato Bianco

Narma Narma
Nasco Nasco
Nebbiolo Nebbiolo

Negro Amaro

Negro Amaro

Nero d'Avola

Nero d'Avola

Nieddu Mannu

Nieddu Mannu

Nosiola Nosiola
Ojaleshi Ojaleshi
Passerina Passerina
Pecorino Pecorino
Petit Rouge Petit Rouge
Picolit Picolit
Pignoletto Pignoletto
Pinela Pinela
Pinot Pinot
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Prime name (short format)

Common name

Plechistik Plechistik
PN40024 PN40024
Raboso Piave Raboso Piave
Red Globe Red Globe
Refosco P.R. Refosco P.R.
Ribolla Gialla Ribolla Gialla
Ribolla Gialla (Slovenia) Ribolla Gialla (Slovenia)
Riesling Weiss Rhein Riesling
Rkatsiteli Rkatsiteli
Sagrantino Sagrantino
Sahibi Safid Sahibi Safid
Sangiovese Sangiovese
Sauvignon Blanc Sauvighon
Savagnin Blanc Traminer

Schiava Gentile

Schiava Gentile

Schiava Grossa

Schiava Grossa

Schioppettino

Schioppettino

Sciavtsitska

Sciavtsitska

Shafei Shafei
Sirgula Sirgula
Sultanina Sultanina
Tagobi Tagobi
Taifi Rozovyi Taifi Rozovyi
Tannat Tannat
Tavkveri Tavkveri
Terbash Terbash
Terrano Terrano

Thompson Seedless

Thompson Seedless

Tibouren

Rossese

Tocai Friulano

Tocai Friulano

Trebbiano Toscano

Trebbiano Toscano

Tschvediansis Tetra

Tschvediansis Tetra

Uva di Troia Uva di Troia
V267 V267
V278 V278
V292 V292
V294 V294
V385 V385
V389 V389
V395 V395
V400 V400
V410 V410
V411 V411l
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Prime name (short format)

Common name

Verdicchio Bianco Verdicchio
Verduzzo Friulano Verduzzo
Vermentino Vermentino

Vernaccia S.G.

Vernaccia S.G.

Welschriesling

Riesling Italico

Zametovka Zametovka
Zelen Zelen
Zinfandel Primitivo
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