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Genome Sequence Initiatives

Anne-Frangoise Adam-Blondon,"* Olivier Jaillon,? Silvia Vezzulli,
Andrey Zharkikh,* Michela Troggio®and Riccardo Velasco?®

ABSTRACT

The possibility to access a complete genome sequence allows the
development of new resources for high-throughput functional analysis
without a priori, whole genome syntenic approaches for the detection
of badly predicted genes or of conserved regulatory boxes. It also
facilitates the identification of key genes by combined genetic and
genomics approaches. Two parallel projects using different strategies
for the sequencing of the grapevine genome were initiated. The first
one aimed at the development of a reference genome sequence using
a near homozygous genotype and the second one at the sequencing
of a highly heterozygous high quality cultivar. Beside giving access
to two annotated draft sequences of the genome of Vits vinifera L., the
two projects developed genomic resources such as BAC libraries, BAC
end sequences, sequenced full length cDNA libraries, physical and
genetic maps. They offer very good material to assess the influence of
heterozygosity on the development of physical maps or whole genome
shotgun sequences and a first rough view on the polymorphism between
the two haplotypes of a grapevine variety. Finally, they provided a first
picture of the grapevine highly heterozygous genome, with a structure
not much rearranged from the genome of its ancient hexaploid ancestor
and the expansion of specific gene families.
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9.1 Introduction

The possibility to access a complete genome sequence allows the
development of new resources for (i) high-throughput functional analysis
without a priori (see for instance http://www.catma.org/), (ii) whole genome
syntenic approaches for the detection of badly predicted genes or of
conserved regulatory boxes (see for instance Roest Crollius et al. 2000).
Finally, it greatly facilitates the identification of key genes by combined
genetic and genomics approaches (Morgante and Salamini 2003).

Three main strategies can be developed for the sequencing of complex
genomes: a clone-by-clone approach, a whole genome shotgun approach
and a mix of both (for review, see Green 2001). The BAC by BAC approach
consists of building an integrated genetic and physical map of the genome,
then to select the minimum set of large insert clones that allows to cover
the genome (minimum tiling path) and to obtain the finished sequence of
these clones. The quality of such a genome sequence is the highest possible
among these three approaches, and the number of remaining gaps in the
sequence depends on the quality of the integrated genetic and physical map
used. This usually necessitates many exchanges between the sequencing
teams and the mapping teams during the sequencing process to improve
the tiling path. In plants, the Arabidopsis genome sequence (Arabidopsis
Genome Initiative 2000) and the rice genome sequence (International
Rice Genome Sequencing Project, IRGSP 2005) were obtained using this
approach. The second method, called Whole Genome Shotgun (WGS) is
now the most widely used because it is less labor intensive, faster, and
thus much cheaper than the BAC by BAC approach. In this case, different
libraries are prepared with contrasting average insert size (plasmid, cosmid
and BAC). The extremities of these clones are sequenced and the pairs of
reads are assembled in sequence contigs and super-contigs. The super-
contigs can then be aligned along an integrated genetic and physical map.
The resulting genomic sequence contains sizeable gaps between the contigs
of a super-contig, gaps of unknown size between the super-contigs and
the total gap number is heavily dependent on the genome coverage. In
Angiosperms, the poplar, rice and papaya genomes were sequenced using
this approach (Goff et al. 2002; Yu et al. 2002; Tuskan et al. 2006; Ming et al.
2008). The recent development of ultra-high throughput new technologies
for sequencing (Shendure et al. 2004; see also Chapter 10) has definitely
lowered the price of WGS approaches and are now increasingly used for
such projects (see for instance Huang et al. 2009). A comparison was made
between the clone-by-clone rice sequence and a 6 x WGS sequence of the
same subspecies (IRGSP 2005). The WGS draft sequence covered 78%
of the rice genome and 75.3% of the full-length cDNA supported genes
models, probably due to local bad quality of the WGS sequence or of the
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cDNA sequence, and also to contamination. Another issue is the level of
heterozygosity of the genome sequenced. In WGS approaches, it may cause
abad assembly of the sequence, leading to artificial duplications of variable
size (Vinson et al. 2005).

Two parallel projects using different strategies for the sequencing of
the grapevine genome were initiated. The first one was established within
the frame of the International Grapevine Genome Program (IGGP; wwuw.
vitaceae.org) and the second one resulted from collaboration between the
Istituto Agrario di San Michele all’Adige and Myriad Genetics.

9.2 Strategies for Sequencing of the Grapevine Genome
9.2.1 Development of BAC Library Resources

A growing resource of grapevine BAC libraries is available (Table 9-1),
mainly for Vitis vinifera L. well known cultivars but also for a V. vinifera
genotype introgressed with disease resistance genes. The two V. vinifera cv.
Cabernet Sauvignon BAC libraries were chosen as reference libraries by
the IGGP, as the initial plan was to use Cabernet Sauvignon as the model
genotype for grapevine, due to its wide distribution around the world.
Now, the development of new BAC resources are more targeted to other
species of the Vitis or Muscadinia genus, aiming at identifying efficient alleles
for resistance to diseases or for the adaptation to abiotic stresses through
comparative genomics approaches.

9.2.2 Development of Physical Maps of the Grapevine Genome

Physical maps consist of the assembly into contigs of overlapping large
insert clones based on fingerprint similarities and on the presence of
common markers. These assemblies can be produced using the software
FPC (Nelson and Soderlund 2005) and the distance is in base pairs. Most
of the physical maps developed in plants are now based on the assembly
of BAC clones (see Meyers et al. 2004 for review).

Two physical maps of the V. vinifera genome have been recently
constructed: one using a Pinot Noir ENTAV 115 BAC library (Scalabrin et al.
2010) and one using the Cabernet Sauvignon reference BAC library (Moroldo
etal. 2008). The fingerprinting method that was used for the construction of
both maps is based on the fluorescent labeling of four different restriction
sites and was adapted by Moroldo (2008) from the original paper of Luo
et al. (2003). 49,104 BAC clones from the Pinot Noir library representing 11
times the grape genome were fingerprinted (Scalabrin et al. 2010) whereas
30,828 clones, representing eight times the genome were processed from
the Cabernet Sauvignon BAC library (Moroldo et al. 2008; Table 9-2).
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Table 9-2 Features of the Cabernet Sauvignon (Moroldo et al. 2008) and of the Pinot Noir
(Scalabrin et al. 2010) physical maps. The average band size (1.1 kbp) was calculated by di-
viding the average insert size of the BAC clones by the average number of bands per clone.
This value was used to estimate the physical length of the contigs. The physical map of the
Cabernet Sauvignon and its links with the grapevine genetic map and the reference genome
sequence can be queried at http://urgi.versailles.fr/cmap. The physical map of the Pinot Noir and
its links with the Pinot noir genome assembly and the grapevine genetic maps developed at
IASMA can be viewed at http://genomics.research.iasma.it.

Whole physical map Cabernet S Pinot Noir
Number of clones fingerprinted 44 544 44,544
Number of clones used for map assembly 30,828 38,983
Number of singletons 1,111 3,372
Number of contigs 1,770 1,804
Physical length of the contigs (kbp) 715,684 888,000

Contigs anchored on the genetic map:

No. of contigs 395 436
Coverage (kbp) 255,476 341,621

Collections of BAC end sequences (BES) were also developed for both
genotypes allowing the development of new genetic markers to improve
the integration between the genetic and the physical maps (Lamoureux et
al. 2006; Troggio et al. 2007): in particular, 77,231 Cabernet Sauvignon BES
contained 3,601 SSR loci (V. Tharreau, unpublished results), which are very
efficient molecular markers for mapping in grapevine.

A common feature of both maps is that the total length of the contigs
is larger than the estimated size of the grape genome (1.5-1.6 fold) and that
this expansion could mainly be attributed to the effects of heterozygosity
(Moroldo et al. 2008; Scalabrin et al. 2010). Indeed, genotyping with simple
sequence repeat (SSR) markers of a V. vinifera germplasm collection showed
a high level of heterozygosity in V. vinifera (Aradhya et al. 2003). Moreover,
it was later shown that an important part of the sequence variation is due
to insertion/deletion events and that the frequency of Single Nucleotide
Polymorphisms (SNPs) is uneven, by comparing the two haplotype
sequences in “Cabernet Sauvignon” over two different genomic regions
encompassing 182 kbp (F. Chopin et al. unpublished) or as a result of the
WGS sequencing of the cultivar Pinot Noir (Velasco et al. 2007). These
features affect the banding pattern of the fingerprints produced from two
allelic regions and their assignment to overlapping regions by the FPC
software. Even when the BAC clones corresponding to the two different
haplotypes are assembled within the same contig, their local order has to be
considered with caution as many false duplications are observed (Moroldo
et al. 2008; Scalabrin et al. 2010).

Up to now, only three fingerprinting-based physical maps were
assembled for heterozygous plants other than grape: Prunus (Jung et al.
2004), apple (Han et al. 2007) and poplar (Kelleher et al. 2007). The peach
map was constructed using the same fingerprinting method as the one
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used for grapevine, but some other differences impair a homogeneous
comparison of the two assemblies (Moroldo et al. 2008). The poplar and
apple maps both showed an 1.2-fold genome size expansion (Han et al.
2007; Kelleher et al. 2007). This value is lower compared to the ones found in
grapevine and it may be related to the use of agarose gels in fingerprinting
(Nelson et al. 2007; discussed in Moroldo et al. 2008), as at least in poplar,
the sequence variation was shown to have the same features as in grapevine
(Kelleher et al. 2007). Another concern was an unusually high percentage
of chimeric contigs that was found compared to physical maps of other
species despite a stringent filtering of possible plate cross contaminations
before the physical map assembly (Moroldo et al. 2008). Such chimerism
may arise from partial sequence similarity within the BAC clones caused
by shared fingerprint bands corresponding to repetitive sequences or large-
scale duplications.

Despite these limitations, in absence of a whole genome sequence,
such integrated maps are invaluable resources for the quick development
of new markers in targeted regions using BAC-end sequences (see Barker
et al. 2005; Castellarin et al. 2006; Troggio et al. 2007; Moroldo et al. 2008
for examples in grapevine), for candidate gene approaches by establishing
links between genetic maps where quantitative trait loci (QTLs) for traits
of interest have been located and gene-containing BACs and to prepare
and accelerate map base cloning projects. For instance, it was proved to be
very useful to understand the genome organization of a gene family like
the flavonoid hydroxylase ones (F3'H and F3’5'H) at a fine scale. Three
groups recently cloned and characterized these genes in grape, based on
available expressed sequence tags (ESTs) and sequence homologies with
known F3’'H and F3’5’H genes in other plants and analyzed their expression
in relation with the composition in particular classes of flavonoids like
cyanidin and delphinidin-based anthocyanins (Jeong et al. 2005; Bogs et
al. 2006; Castellarin et al. 2006). Two groups showed that both F3'H and
F3’5'H belong to a multigene family, either by sequencing several fragments
amplified with degenerate primers (Jeong et al. 2005), or by a physical
mapping of sequences obtained with the same approach combined with
a single-strand conformational polymorphism (SSCP) based evidence
of the different members of the gene family (Castellarin et al. 2006). The
second approach revealed bigger and tandemly duplicated gene families
(Castellarin et al. 2006). The fact that different forms of the F3’5'H genes
showed different patterns of transcription (Jeong et al. 2005; Castellarin
et al. 2006), underlines the importance of obtaining the complete family
of sequences, which is now easy to implement with the availability of the
grapevine whole genome sequence. Finally, the establishment of finely
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integrated local genetic and physical maps will remain the key step of
map-based cloning projects for genes of interest. The long generation time
and the space needed for large progenies make such approaches much
more difficult in perennial species than in annual species, even though it
has already been proved possible (see for instance Patocchi et al. 1999 in
apple tree and Claverie et al. 2004 in plum) and especially for target genes
expressed in plantlets. The first local fine map in grapevine was published
by Barker et al. (2005) for a region containing a major gene for resistance
to powdery mildew (see Chapter 8).

9.2.3 Strategy for the Development of a Reference Genome
Sequence for Grapevine by the French-Italian Public Consortium
for the Grapevine Genome Characterization

In order to have a WGS sequence of the highest quality possible, the
international consortium decided to sequence a nearly homozygous
genotype, the PN40024 with a 12 x coverage. The near homozygous line
was derived from Pinot Noir at the INRA station of Colmar (Bronner and
Oliveira 1990) by nine successive selfing steps. Its analysis with SSR markers
led Jaillon et al. (2007) to suspect that an outcross might have occurred
in any of the three first generations of selfing. A rough paternity search
showed that the most probable parent would be Helfensteiner (Jaillon et al.
2007). Even if the number of selfing generations the PN40024 was derived
from may be lower than nine, its level of homozygosity was showed to be
quite good: 7/102 tested SSR loci were heterozygous and the heterozygous
genome sequence contigs did not represent more than 7% of the genome
size (Jaillon et al. 2007).

In 2005, an agreement was signed between France and Italy to share the
costs of this publicinitiative (http://www.agriculture.gouv.fr/spip/IMG/pdf/cp_
vignel70505-1.pdf). The necessary funds have been provided in France by the
French Ministry of Education and Research, the Genoscope (www.genoscope.
cns.fr), INRA and the French National Agency for Research (wwuw.agence-
nationale-recherche.fr) and in Italy by the Italian Ministry for Agriculture
and Forestry, the Friuli Venezia Giulia County and a consortium of private
companies and banks. The sequence production was shared between
Genoscope, IGA (Istituto di Genomica Applicata; www.appliedgenomics.org)
and CRIBI (Centro Ricerca Interdipartimentale Biotechnologie Innovative;
www.cribi.unipd.it) and the rest of the work was shared by other French
(Institut National de Recherche Agronomique; INRA; www.inra.fr) and
Italian laboratories (VIGNA consortium; www.vitisgenome.it).
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9.2.4 Strategy for Sequencing a Highly Heterozygous Genome: The
Pinot Noir Genome Project

The Grapevine Genome Initiative, collaboration between the Fondazione
Edmund Mach-Istituto Agrario di San Michele all’Adige<(FEM-IASMA) and
two private companies, Myriad Genetics, Inc. and the 454 Life Science, has
focused on sequencing the elite cultivar Pinot Noir to provide insight into
the structural nature of heterozygosity in an outcrossing species known to
be highly heterozygous. The Sanger sequences (7x) and the 454 sequences
(4.2x) were assembled by a Myriad proprietary software able to handle
heterozygous sequences, revealing a large amount of polymorphism. Of
special interest to biologists and breeders are polymorphisms in and around
the coding regions representing a substantial resource for molecular breeding
programs, as well as trait and quantitative trait loci (QTL) marker association.
This project adopted a new approach for the sequencing and assembly of a
large heterozygous eukaryotic genome, which consisted of a whole genome
shotgun combining paired reads produced by Sanger sequencing (Sanger
et al. 1977) and unpaired reads obtained through sequencing by synthesis
(SBS, Margulies et al. 2005). The coverage of SBS reads aimed at identifying
polymorphic sites and at closing most gaps between DNA contigs. A novel
approach to genomic alignment was developed to generate a single consensus
sequence from both chromosomes of Pinot Noir.

The project was funded entirely by the Province of Trento (Italy) while
the sequence production was shared by Myriad Genetics, Inc., IASMA
Research Centre and 454 Life Science.

Both genome sequences were recently published by Jaillon et al. (2007)
for the 8 x version of the reference genome sequence and by Velasco et al.
(2007) for the Pinot Noir genome sequence (10.7x), revealing interesting
features of the grapevine genome sequence.

9.3 The Reference Grapevine Genome Sequence: The Grapevine
Genome Descends from an Ancient Event of Polyploidization

All the results so far generated (maps, markers, shotgun reads, genome
sequence and its annotations), once analyzed and published, were submitted
to the relevant database at NCBI and can also be viewed in the two genome
browsers of the project: http://www.genoscope.cns.fr/externe/GenomeBrowser/
Vitis/ and http://www.appliedgenomics.org/.

9.3.1 Assembling the Reads of the WGS

The first version of the reference sequence of the grapevine genome has been
obtained from a set of sequences covering 8.4 times the genome size, which
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would a priori lead to a relatively high quality sequence compared with
other similar projects (Table 9-3, Goff et al. 2002; Tuskan et al. 2006; Velasco
et al. 2007; Ming et al. 2008). Several assemblies were produced along the
project and the total size of the genome sequence (487 Mb) was obtained at
a six-fold coverage. After this stage, the improvements that were observed
concerned an increase of the length of the contigs and super-contigs and
the diminution of their respective numbers (Table 9-3). The objective of a
12 x coverage of the grapevine genome is now reached, a new assembly
has been produced with an improvement of the assembly method and is
now available to the public with its annotation at NCBL

The anchorage of the sequence scaffolds along the grapevine genome
was realized in two steps (Jaillon et al. 2007): (i) some super-contigs were
joined together into 45 ultra-contigs using paired BAC-end sequences
(BES) from Cabernet-Sauvignon and BAC contigs of the same BACs
from our Cabernet-Sauvignon physical map and (ii) the ultra-contigs and
remaining scaffolds were then aligned along the V. vinifera genetic map
published by Doligez et al. (2006). This resulted in 61% of the assembly
being anchored and orientated and 69% anchored (Jaillon et al. 2007). This
aspect is being improved in the 12 x version of the genome sequence by
a combination of improvements of the genetic map and of the assembly:
currently, around 85% of the assembly is anchored and orientated and 91%
anchored (The French-Italian Public Consortium for the Grapevine Genome
Characterization, unpublished results).

9.3.2 Annotation of the Grapevine Genome Sequence

Around 41% of the grapevine genome sequence was found to correspond to
repetitive sequences, which are higher in proportion to in rice and Arabidopsis,
but surprisingly lower than in papaya, which has also a genome smaller in
size than grapevine (Ming et al. 2008). A striking feature in grapevine was
that introns are rich in repeats, with 12.4% of intron sequence that contains
TE, mainly LINESs (Jaillon et al. 2007). Unlike in Arabisopsis, but as in poplar,
in grapevine the TE density is non-homogeneous along the sequence and
is opposite to gene density (Arabidopsis Genome Initiative 2000; Tuskan
et al. 2006; Jaillon et al. 2007). Recently, an in-depth re-annotation of the
Class II elements was carried out based on the two published genome
sequences and the authors reported 1,160 complete elements and 2,086
degenerated elements distributed in four families: hAT, PIF, Mutator and
CACTA (Benjak et al. 2008). The authors also found transcription evidence
of Class II elements in the EST databases and showed that they contribute
to inter-varietal polymorphism (Benjak et al. 2008). They also suggested
that the percentage of genome corresponding to TE by Jaillon et al. (2007)
and Velasco et al. (2007) may be underestimated (Benjak et al. 2008).
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The non-coding RNAs were also analyzed, showing that the tRNA,
snRNA and ribosomal RNA sequences have similar numbers and
distributions as in Arabidopsis, rice and poplar (Jaillon et al. 2007). As for the
miRNA, 22 families were detected by MicroHarvester (Dezulian et al. 2006),
with the noticeable specific expansion of two of them in grapevine (miR845
and miR395) and the first record of the miR535 and miR1213 families in a
dicotyledon. As the miR395 family is thought to be involved into sulfate
metabolism, these observations may lead to interesting research in relation
with agronomical traits. Similar findings were derived from the Pinot Noir
genome project, yet with grapevine specific miRNA families and targets
(Velasco et al. 2007).

Automatic genome structural and functional annotations rely on the
integration of different sets of data: de novo gene prediction, homologies
with ESTs, cDNA, proteins, or sequences conserved across evolution (see
for instance Town 2006 for the Medicago genome project and Jaillon et al.
2007 for the grapevine genome project). With regard to the latter point, in
animals, the comparison of the human and of Tetraodon genome sequences
allowed to improve or define gene models (Roest-Crolius et al. 2000; Jaillon
et al. 2004). But the key resources with regard to the quality of the output
of an automatic annotation are EST and full length cDNA collections. Full
length cDNA sequences allow globally improving the quality of the protein
coding gene models proposed by the process of automatic annotation. For
instance, in Arabidopsis, although the genome had been sequenced four years
ago and several rounds of annotation had already been done, a collection of
31,558 flcDNAs allowed to discover 326 unpredicted genes and to correct the
structure of 45% models with no previous full length cDNA support (Castelli
et al. 2004). Finally, it is an important resource for functional genomics
(see as an example http://www.evry.inra.fr/public/projects/orfeome/orfeome.
html). Large sets of public Vitis ESTs were available to Jaillon et al. (2007;
around 190,000) and the consortium produced in addition around 48,000
sequences from libraries enriched in full length cDNAs. These sequences,
mapped on available versions of the genome assembly, also allowed to
quickly develop a set of 650 genes for which both the coding and genomic
sequences were fully known and manually inspected, necessary for the
training of the software used for de novo gene prediction (S. Aubourg and
C. Clepet unpublished results).

The current number of proposed protein coding gene models in
grapevine is 30,434 (Jaillon et al. 2007). The next version of the annotation
should be improved by several means: an increase of the genome coverage
will reduce the number of gaps and errors that still can affect gene predictions
(IRGSP 2005); over 100,000 full length cDNA sequences have now been
produced and finally the deep resequencing of grapevine transcriptome
has also been included in the process (Denoeud et al. 2008; The French-
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Italian Public Consortium for the Grapevine Genome Characterization,
unpublished results).

9.3.4 Whole Genome Comparison between the Grapevine Genome
and Itself or Other Angiosperm Genomes

One of the striking features of the grapevine genome is that it was found
to be an ancient hexaploid with each genomic region always aligning (at
the protein level) with two others (Jaillon et al. 2007; Velasco et al. 2007;
Fig. 9-1), which confirmed and improved previous conclusions derived
from cytological observations of F, hybrids between V. vinifera (2n = 38)
and Muscadinia rotundifolia (2n = 40) and suggesting a polyploid origin of
the Vitis genome (Chapter 1 Section 5.4; Patel and Olmo 1955). Moreover,
the blocks of synteny between the three ancestral genomes have undergone
few rearrangements (Jaillon et al. 2007).

A comparative analysis of the grapevine genome with the four
angiosperm genomes available to date, showed that the hexaploid ancestor
of grapevine is also the ancestor of Arabidopsis, papaya and poplar, but
would not be at the origin of the monocot lineage (Jaillon et al. 2007; Ming et
al. 2008). This result was only based on the observation of blocks of synteny
between species like those represented in Fig. 9-1. A different timing of
the whole genome duplication or hybridization events in the dicotyledon
lineage, based on studies of substitution rates between pairs of othologous
genes was proposed by Velasco et al. (2007), stressing the difficulty to date
gene divergence between species where substitutions rates may be different
(e.g., comparing annual and perennial species). Altogether these results
confirmed the importance of whole genome duplications/polyploidy in
genome evolution (Ohno 1970; Jaillon et al. 2004; Aury et al. 2006) and
especially in plants (Bowers et al. 2003, Arabidopsis Genome Initiative 2000;
IRGSP 2005; Tuskan et al. 2006; Ming et al. 2008; Rensing et al. 2008).

9.4 The DNA of Pinot Noir Discloses Features of a Highly
Heterozygous Genome

9.4.1 Sequencing and Assembling a Heterozygous Genome:
Problems and Solutions

As already discussed, the assembly of a whole genome shotgun sequence
is more problematic for a highly heterozygous genotype than for an inbred
genotype. For the Pinot Noir project, two sequencing techniques were adopted.
The Sanger method was used to generate 6.5 x coverage of the genome.
This was integrated with a 4.2 x coverage of sequence reads generated by a
scalable, highly parallel sequencing by synthesis (SBS) method.
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Figure 9-1 Topological distribution of paralogous genes in the grapevine genome showing
a 3 to 3 relationship of blocks. The 19 chromosomes of grape are represented on both the x
and y axis. Dots represent the positions of paralogous pairs of genes. Paralogous genes were
computed according to a Reciprocal Best Hit (Jaillon et al. 2007). In blue is highlighted the
exclusive correspondence between a half of chromosome 4 with chromosomes 9 and 11 and
in red the same kind of relationships between the chromosomes 6, 8 and 13. Each and every
one of the chromosomes have a relationship with two others.

Color image of this figure appears in the color plate section at the end of the book.

Existing software and strategies were not adequate for the assembly
of this highly heterozygous genome. A modified version of the assembly
pipeline developed for rice genome sequencing (Goff et al. 2002) was
developed to handle the high level of heterozygosity in the Pinot Noir
genome (Zharkikh et al. 2008). As a result, most of the assembled contigs
were represented by a consensus sequence derived from the alignment
of the two existing haplotypes. In addition to the regions in which such
a merge was possible, many regions were found to be chromosome-
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specific, i.e., either segments with different DNA sequences flanked by
orthologous regions of the two homologous chromosomes (Fig. 9-2a) or
gaps corresponding to sequences missing in one chromosome but not in
the other (Fig. 9-2b).

VV78X276599.8

VV78X210892.9 .

VV78X253855.27 o
VV78X1298715

Figure 9-2 Two examples of chromosome-specific regions of the Pinot Noir genome. (a)
segments with different DNA sequences (in green) flanked by orthologous regions of the two
homologous chromosomes (same color for both chromosomes); (b) Gaps corresponding to a
sequence missing in one chromosome but not in the other.

Color image of this figure appears in the color plate section at the end of the book.

The assembly started with aligning the unique sequences and then
progressively included sequences with a higher degree of repetitiveness.
Applying the procedure to about 6.6 M reads from Sanger sequencing, 90.6%
of which represented paired clone ends, 211,374 initial seed contigs of unique
sequences were generated. By using long clone links with non-repetitive
clone ends, seed contigs were ordered into metacontigs (ordered assembly
of contigs, referred to as supercontigs or scaffolds in other publications)
and the overlapping members of the metacontigs were iteratively merged.
After merging the sequences into 120,000 contigs, the data were combined
with 4.2 genome-equivalents of SBS sequences. This helped identifying
polymorphic sites in the assembled sequences and closing about 25% of
the gaps between contigs. After removal of 10,847 contigs composed only
of tandemly repeated sequences and disposal of 7,003 contigs shorter than
1,000 bp, the iterative assembly produced 58,611 contigs corresponding to
530.9 Mb of genomic DNA. 44,179 of the 58,611 contigs were assembled into
2,093 metacontigs covering 477.1 Mb of genomic DNA and the remaining
14,432 contigs were singletons.

9.4.2. Metaconting Alignment on a Dense Genetic Map

The next phase of the assembly involved positioning metacontigs along
the chromosomes using a genetic map. A sample of validated single
nucleotide polymorphisms (SNPs) in non-repetitive regions of the genome
was used to develop 799 markers (Pindo et al. 2008; Vezzulli et al. 2008)
for the genotyping of a Syrah x Pinot Noir full sib family (Troggio et
al. 2007). This genetic map currently includes 1,767 molecular markers
arranged in 19 linkage groups and covering 1,276 cM (Velasco et al. 2007).
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By matching the sequences of 1,356 markers to the assembled contigs, the
397 largest metacontigs were anchored to the genetic map, thus assigning
to the linkage groups about 435.1 Mb of sequence or more than 91% of the
metacontig sequences. Over 81% of these sequences have been anchored by
two or more markers and, therefore, are oriented. The largest metacontig,
mapped to linkage group 18, was anchored with 21 markers and covered
almost 32.3 cM of the map. Large metacontigs were mostly associated
with non-centromeric regions of the chromosomes with a relatively high
recombination rate: about 150-200 kb per cM. Pericentromeric regions,
abundant in TEs and tandem repeats, were covered with multiple short
metacontigs, most of which were poorly anchored to the genetic map (not
oriented or ambiguous order). The recombination rate in these regions was
proved to be low and the DNA content per cM to increase from 300 to 1,000
kb. Sequences which are still unmapped are mostly represented by short
metacontigs and singleton contigs containing multiple tandem repetitive
sequences (Zharkikh et al. 2008).

SNP-based markers were essential in improving the metacontig
assembly. Many adjacent metacontigs that were not initially merged because
of non-significant links between them were associated based on neighboring
genetic markers and could therefore be successfully merged into a single
larger metacontig. On the other hand, if a metacontig was associated with
several markers from different linkage groups or with distant markers
from the same linkage group, it was considered chimeric and was split into
separate metacontigs by a semi-automated procedure (Velasco et al. 2007).
The anchored sequence of the cultivated grapevine genome together with
the large arsenal of SNP loci are available at the public databases and at
http://genomics.research.iasma.it (Velasco et al. 2007).

9.4.3 The Pinot Noir Genome Structure

The set of Pinot Noir chromosome pairs included a considerable number
of haplotype-specific gaps (sequences present in one haplotype but not in
the other). The total length of the 1,042,174 identified gaps corresponded
to 48.9 Mb (Velasco et al. 2007). In some chromosomal regions, the two
alternative haplotypes were too different for the algorithm employed
during assembly to combine them into a single contig and were considered
by Velasco et al. (2007) as hemizygous DNA (22,061 contigs with a total
length of 65.1 Mb). All these data allowed the authors to conclude that
the homologous chromosomes of Pinot Noir differed on average by
11.2% of their DNA sequences and that the grapevine genome exists in a
dynamic state, mediated at least in part by TE activity, as reported for other
species (Morgante et al. 2005). Indeed, the large grapevine genomic gaps
are frequently bordered by 5 bp direct repeats, reminiscent of a type of
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DNA excision mediated by a precise process of transposition (Chandler and
Mabhillon 2002). A total of 2 million SNPs (1,751,176 of which are identified
in the anchored contigs) were discovered along the grapevine genome
together with more than a million of insertion/deletion events (Velasco et
al. 2007) for an overall rate of 6.3 polymorphisms per kilobase. The level of
heterozygosity observed in Pinot Noir was much higher compared to that
reported for the heterogozygous Nisqually-1 genome in poplar (Tuskan et
al. 2006) where 1,241,251 SNPs or indels were identified for an overall rate
of 2.6 polymorphisms per kilobase. An average value of 4.0 SNP per kb was
observed, with coding and non-coding regions demonstrating different
degrees of polymorphism, 2.5 and 5.5 SNPs per kb respectively (Velasco et
al. 2007), while in poplar 83% of the polymorphisms discovered occurred
in non-coding portions of the genome. One or more SNPs were found in
86.7% of anchored genes and 71.4% of genes had more than four SNPs
(Table 9-4). Those gene-based markers are valuable tools, as SNPs present
in functional genes may cause natural phenotypic variation (Fridman et al.
2000; Thornsbery et al. 2001) and help in genetic diagnosis.

A reduction of SNP frequency in gene desert regions was observed as
described for the dog genome (Lindblad-Toh et al. 2005). Independent of
the gene density, SNP frequency was found not homogeneous along the
grapevine genome, with regions where SNP frequency peaked between 5
and 7.5 per 1 kb, and others displaying dramatically reduced frequencies
(Fig. 9-3). However, the sparseness of putative quasi-homozygous haplotypic
blocks indicates that heterozygosity prevails (Velasco et al. 2007).

The existence of structural diversity between homologous chromosomes
within plant species involving different contents in coding regions has
been reported in maize (Brunner et al. 2005; Clark et al. 2007) as well as in
allogamous plants (Rafalski 2002) such as grapevine (Velasco et al. 2007).

9.4.4 Comparison with the Nearly Homozygous Genotype
PN40024 Assembly

The 58,611 contigs obtained from sequencing the heterozygous genome
of grape (HTA = heterozygous assembly) were compared with the 57,634
contigs obtained from sequencing the near homozygous line of grapevine
(PN40024) (HMA = homozygous assembly based on 8.4 x read coverage).
About 57% of contigs from each set showed at least 1,000 bp non-repetitive
sequence overlaps with contigs from the alternative set. More than 50%
of the overlaps could be perfectly aligned with the number of sequence
discrepancies corresponding to the estimated level of heterozygosity. The
remaining overlaps contained multiple large heterozygous insertions and
small (0.5-1.5 kb) sequence inversions which prevent reliable alignment
of contigs. 15,851 HTA contigs and 14,148 HMA contigs were completely
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Table 9-4 SNPs in exons and non-coding DNA (A) and percentage of anchored genes tagged
with SNPs (B).

A.

Region SNPs No. SNPs No./kb
In non-coding 998,149 3.1
Intron 642,219 55
Exon 110,808 2.5
B.

SNPs/gene No. anchored Genes (%)
0 3,773 13.3
1-3 4,362 153
>4 20,292 714
Total 28,427 100.0

overlapped by the corresponding alternative contigs, whereas 26,193 HTA
contigs and 21,613 HMA contigs closed gaps in the alternative assembly.
Adding all these numbers, the combined HTA+HMA assembly closed about
63.3% of HTA gaps and 70.0% of HMA gaps (Zharkikh et al. 2008).

9.5 Perspectives

The automatic annotation has then to be progressively refined by an expert-
based manual annotation, which is made by a community of scientists and
ideally should be centralized and organized (See as an example Aubourg et
al. 2005; Menda et al. 2008). A first glance on the protein-coding sequences
in grapevine showed an expansion of some gene families involved into
the biosynthesis in terpen and flavonoid compounds, both important for
the berry taste, before and after vinification. For instance, 89 genes and 27
pseudogenes were found in grapevine, arranged in clusters, sometimes of
important size (33 genes in a 672 kb tandem array on chromosome 18; Jaillon
et al. 2007) to be compared to around 40 genes in Arabidopsis, poplar and
rice (Aubourg et al. 2002; Jaillon et al. 2007). Similarly, the stilbene synthase
gene family is arranged in 9 clusters in grapevine, totaling 43 genes and
9 pseudogenes while in Arabidopsis, only 4 genes can be found and in rice
and poplar, no more than 30 genes (Jaillon et al. 2007). It is now possible
to set up a global strategy to decipher the individual biochemical function
of each family member and its physiological role. In a more general point
of view it is now possible to set up tools for the genome wide analysis of
gene transcription and translation in grapevine.

Having a reference genome sequence allows the high throughput
resequencing of varieties or wild species to extend the first insight on the
molecular basis of polymorphism in grapevine given by the Pinot Noir
genome sequence (Velasco et al. 2007). This was recently started by Myles
et al. (2010) using a Solexa/Illumina platform and is necessary to fully
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LG 18 95.1 125,007
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Total 1,278.2 1,751,176
Figure 9-3 SNP density along the 19 chromosomes (LG) of V. vinifera. Left and right of the

figure correspond respectively to top and bottom of chromosomes according to Troggio et al.
(2007). The SNP values reported do not consider gaps in and among metacontigs.
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understand the role of different structural variations (transposition, unequal
recombination, mutations, etc.) to the phenotype variation (Hurles et al.
2008). It is also the ground for the development of efficient tools for the
management and use of clonal variation (Benjak et al. 2008; Schellenbaum
et al. 2008). The recent genome wide analysis of the class II TEs present
in the grapevine genome showed a contribution of these elements to the
high polymorphism observed among grapevine varieties (Benjak et al.
2008); these elements are therefore good candidates for scavenging the
clonal variation within V. vinifera varieties. Finally, it allows studying the
epigenetic regulation of grapevine at a genome scale and its interplay with
the structural variations to shape the polymorphism in grapevine (Vaughn
et al. 2007; Beck and Rakhyan 2008).
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