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Abstract
Background: Segmental duplications (SDs) are blocks of genomic sequence of 1-200 kb that map to different loci
in a genome and share a sequence identity > 90%. SDs show at the sequence level the same characteristics as
other regions of the human genome: they contain both high-copy repeats and gene sequences. SDs play an
important role in genome plasticity by creating new genes and modeling genome structure. Although data is
plentiful for mammals, not much was known about the representation of SDs in plant genomes. In this regard, we
performed a genome-wide analysis of high-identity SDs on the sequenced grapevine (Vitis vinifera) genome
(PN40024).
Results: We demonstrate that recent SDs (> 94% identity and >= 10 kb in size) are a relevant component of the
grapevine genome (85 Mb, 17% of the genome sequence). We detected mitochondrial and plastid DNA and
genes (10% of gene annotation) in segmentally duplicated regions of the nuclear genome. In particular, the nine
highest copy number genes have a copy in either or both organelle genomes. Further we showed that several
duplicated genes take part in the biosynthesis of compounds involved in plant response to environmental stress.
Conclusions: These data show the great influence of SDs and organelle DNA transfers in modeling the Vitis
vinifera nuclear DNA structure as well as the impact of SDs in contributing to the adaptive capacity of grapevine
and the nutritional content of grape products through genome variation. This study represents a step forward in
the full characterization of duplicated genes important for grapevine cultural needs and human health.

Background
Grapevine (Vitis vinifera) is one of the oldest (appeared
approximately 65 million years ago) and most important
fruit crops in the world [1]. Today, this species is widely
cultivated and represents almost the 98% of grape vineyards subdivided into table, wine and raisin grapes [2].
The productivity is generally valuated only by phenotype
observation, although it is largely influenced by genotype, environment and cultural techniques. Grape was
shown to reduce the incidence of cardiovascular and
other diseases due to the content of secondary metabolites such as resveratrol, quercetin and others polyphenols [3].
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The grapevine genome is diploid and organized in 38
chromosomes (n = 19), with a total size of ~487 Mb. A
genotype originally derived from the Pinot Noir grape
variety (PN40024) has recently been sequenced and
assembled using a whole-genome shotgun (WGS)
approach resulting in 12-fold coverage [4].
It was reported that during plant and animal genome
evolution, whole-genome and segmental duplication
(SD) events occurred leading to an increase in biological
complexity and the origin of evolutionary novelties [5,6].
In fact, gene duplication represents the primary source
of new gene function origination [7-11]. SDs are large
blocks of genomic sequence at least 1 kb in size mapping to more than one location in a genome. Highly
similar SDs are regions of genome instability as they
predispose chromosomes to rearrangements providing
templates for non-allelic homologous recombination
(NAHR) events. The erroneous pairing between two
non-allelic SDs leads, after crossover, to translocation,

© 2011 Giannuzzi et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Giannuzzi et al. BMC Genomics 2011, 12:436
http://www.biomedcentral.com/1471-2164/12/436

inversion, deletion or duplication [12]. Notably in plants,
previous studies have reported a large impact of SDs on
the evolution of genes involved in disease resistance,
berry development and the ripening process [13-15]. An
example is the NBS-LRR gene family, whose evolution
and expansion through duplication have been studied in
the Arabidopsis thaliana genome [14,16].
It is widely known that the identification and characterization of high-identity SDs is problematic in WGSbased sequencing. The inability to identify such duplications results in the merging of distinct duplicated loci
into the same sequence. More divergent duplications
with < 94% sequence identity can be easily resolved by
the WGS assembly method, whereas high-identity duplications (> 94%) are frequently collapsed [17,18]. Studies
about the role of SD in Vitis vinifera and other plant
genome evolution have followed classical assemblybased approaches of sequence alignment and comparison [4,19-22], thus ignoring the impact and contribution
of highly similar SDs.
The whole-genome shotgun sequence detection
(WSSD) method is a genome-wide approach identifying
large (>= 10 kb in length), high-identity (> 94%) SDs
based on their higher depth of coverage of WGS
sequence reads aligned to the reference genome
sequence, in an assembly-independent fashion [23]. This
approach was used to evaluate the genomic architecture
of recent SDs in human, mouse, chimpanzee, dog and
bovine genomes, all species belonging to the mammalian
group [18,23-26]. Genome-wide analysis of large, highidentity SDs in plant genomes has never been reported.
Therefore, the extent and organization of highly similar
SDs in any sequenced plant genome are not known.
In this work, we present an analysis of Vitis vinifera
PN40024 inbred line genome architecture and its highidentity duplication content. We generated an SD map
for this genome and discovered that 85 Mb of grapevine
genome were duplicated. In this way, we identified
duplicated regions that might have been misassembled
or erroneously merged in the current genome assembly.
We detected 2,589 genes embedded in the identified
duplicated segments, demonstrating a role of duplication
in the evolution of these genes. Furthermore, the identified genomic regions are candidate hot spots for de
novo duplication and/or copy number variation among
the wide list of existing grapevine varieties and may
underlie the molecular basis of some phenotypical differences among them.

Results
We applied the WSSD strategy [23] to the PN40024
grapevine genome to detect SDs (>= 10 kb in length, >
94% sequence identity) based on a read depth methodology. Plant genomes are enriched in repetitive elements,
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which impose problems in SD detection since large highcopy common repeats may be erroneously classified as
SDs. To circumvent this issue, we sought to establish the
best repeat masking parameters for the grapevine genome. We compared three different settings of the RepeatMasker and Tandem Repeats Finder (TRF) softwares: i)
known repeats with < 10% divergence from the consensus sequence and tandem repeats converted to lowercase,
as performed in previous WSSD analyses ("div10_low”
method) [24-26]; ii) known repeats without a divergence
threshold and tandem repeats converted to lowercase
("nodiv_low” method); and iii) known repeats without a
divergence threshold and tandem repeats converted to N
("nodiv_N” method). These three methods differ for the
stringency of repeat masking (divergence < 10% vs. no
divergence threshold) and the possibility of extending the
alignment through masked sequence to reach the alignment length threshold (lowercase vs. N masking). 12.28%
of the Vitis genome was masked with a threshold divergence equal to 10, whereas 29.26% was masked with no
divergence threshold. Less stringent masking (i.e. without
a divergence threshold) not only reduces the genomic
sequence available for read matches, but also increases
the effective size of 5 kub (kilo of unmasked bases) windows, which comprise 5 kb of unmasked nucleotides plus
the interposed masked ones. In fact, the effective window
size depends on the prevalence of masked sequence in
the corresponding region.
To experimentally estimate the duplication content in
Vitis vinifera and establish a control set for WSSD analysis, we randomly selected 100 BAC clones from the
Pinot Noir VVPN40024 library to use as probes in FISH
(fluorescent in situ hybridization) experiments. We
examined hybridization signals on both interphase and
metaphase chromosomes to evaluate the single or duplicated nature of the corresponding genomic regions. We
based estimations on the observation of at least 50
nuclei.
We distinguished signal patterns in single (one or
two), duplicated (more than two), tandem-duplicated
(more than two and on the same chromosome), and
undefined according to the number and pattern of
observed signals (Figure 1, Additional file 1). A pattern
was assigned as “undefined” when the copy number
could not be estimated because of the high background
or the pattern was not consistent among the observed
nuclei. The results revealed 45 single, 21 duplicated, 5
tandem-duplicated, and 16 undefined BACs, whereas 13
clones gave no result (Additional file 2). All tandemduplicated clones showed four clusters in both nuclei
and metaphases and mapped to two pairs of chromosomes (Additional file 1).
End sequences from seventy-nine BAC clones were
mapped on the grapevine genome assembly, where eight
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Figure 1 FISH results and WSSD outputs for a single and a duplicated BAC clone. FISH signals on metaphase and interphase
chromosomes (left panel), and WSSD coverages and segmentally duplicated regions according to the nodiv_N method of the genomic loci
(right panel) of VV40024H153C18 single (A) and VV40024H153D21 duplicated (B) clones.

mapped by one end only (one-end anchored, OEA)
(Additional file 2). The five tandemly duplicated BAC
clones were not anchored to the genome assembly. BAC
end sequences (BES) of these clones were highly similar
when aligned to the BES of the other tandemly duplicated clones, except 153C07FM1, with an average identity of 93.59% (Additional file 3). Sequence similarities
and FISH co-hybridization results revealed that all tandem-duplicated BACs hybridize to the same chromosomal region.
Of the 45 BAC clones tagged as single in FISH experiments, 39 were anchored to the Vitis vinifera genome
[27]. We used the read depth over 5 kub windows in
these 39 BAC-anchored loci to define the threshold to
detect duplicated 5 kub windows for the three different
masking settings discussed above. The resulting read
depth distributions were similar (Figure 2). After testing
some models (see Additional file 4), we choose to fit the
data sample of single BAC 5 kub window coverages for
each masking setting with a model made of four Gaussian distributions (G1, G2, G3 and G4) (Figure 2). G2, G3
and G4 curves had an average 2, 3 and 4 times the G1
average (avg) and a standard deviation √2, √3 and √4
times the G1 standard deviation (sd), respectively. We
then considered as single the regions fitting in G1 and

used the G1 average and standard deviation to calculate
the threshold values for single and duplicated windows.
We established three categories for 5 kub windows
based on their WSSD coverage or read depth: 1) read
depth less than or equal to two sd above the avg
(WSSD negative windows, green colored); 2) read depth
greater than two sd above the avg and less than or
equal to three sd above the avg (WSSD borderline windows, gray colored); and 3) read depth greater than
three sd above the avg (WSSD positive windows, red
colored) (Figure 1). We calculated the percentages of
windows in the whole genome belonging to each category. We first considered all windows together, and
then we divided them into five subgroups according to
their masked sequence percentage: i) lower than 20%, ii)
20-40%, iii) 40-60%, iv) 60-80%, and v) greater than 80%
(Additional file 5). We compared the occurrence of
negative, borderline and positive windows in the full set
and in the five subgroups, observing different distributions. It is noteworthy that for nodiv_low and nodiv_N
methods, the higher the masked sequence percentage,
the higher the percentage of WSSD positive windows. In
the case of div10_low method, such a trend is valid for
the first three subgroups, with almost half of the windows in the last three subgroups being duplication
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Figure 2 Comparison of three repeat masking settings. Left panel - The fit results of the WSSD coverage data sample from 39 single BACanchored loci (black dots) obtained using the “div10_low”, “nodiv_low” and “nodiv_N” masking settings are displayed. The data are fitted to a
model of four Gaussian distributions (G1, G2, G3 and G4) drawn in green, red, yellow and magenta, respectively, with their sum drawn in blue.
Mean (red vertical line) and sigma (magenta vertical line) values in the box refer to Gaussian G1. On top, the normalized residuals distribution
(Pull = (Ndata-Nfit)/sdata, N and s being the number of events and the error for each bin) is shown. When the pull distribution is fully between -3
and 3, fluctuations are only statistical. Right panel - WSSD outputs and segmentally duplicated regions according to the three masking methods
of VV40024H153A08, 153A22, 153C20, 153C22, 153D03 and 153D07 BAC clones.
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positive. These results showed that the percentage of
WSSD positive windows generally increases with the
increase of the window masking percentage, when comparing the window subclasses of the same method. This
observation is true for all the three methods and is in
agreement with previous works that demonstrated the
relationship between segmental duplications and repetitive elements [28,29]. Moreover, the percentage of all
WSSD positive windows goes down from 25 to 18 with
decreased masking stringency: converting to N instead
of lowercase and not limiting the allowed repeat divergence instead of limiting it to 10%.
We then compared the WSSD outputs of FISH-single
BAC clones derived from the three methods (Figure 2).
Several windows were positive in the div10_low method
but negative in the nodiv_low and nodiv_N methods.
Therefore, reads matching to unmasked repeats, which
are more than 10% divergent from the consensus
sequence, in the div10_low method widely determined
the div10_low higher read depth. We observed a similar
result when comparing the nodiv_low and nodiv_N
methods because the lowercase repeat masked
sequences still allowed matching reads, thus creating a
higher depth of coverage. We then considered the
nodiv_N method as the most suitable and appropriate
masking setting to predict duplicated regions. This setting is better than the other two because it avoids the
chance of false positives due to its lower masking stringency, not considering as duplicated the regions particularly rich in common repeats. Further, the resultant
mean WSSD coverage value for windows in single copy
(equal to 79.2) was perfectly consistent with the 12X
coverage of the grapevine genome, as 735 (read size) ×
79.2 (WSSD coverage) / 5000 (window size) = 11.6. A
snapshot of WSSD coverages for all Vitis vinifera chromosomes is in the additional file 6.
In our subset of 100 random clones, 12 out of 17
(70.59%) clones classified as duplicated in FISH assays
contained several WSSD positive regions (Additional file
7). The remaining five showed one to seven sequence
gaps, reflecting the existence of a difficult-to-assemble
genomic region, probably due to the presence of duplications. None of the FISH-duplicated clones were
entirely WSSD positive. Of the single and undefined
clones, 8/39 and 8/13, respectively, contained at least
one WSSD positive region. Notably, the average number
of gaps in the sequence assembly for FISH-duplicated
clones is almost double the average in FISH-single
clones (2.41 vs. 1.26), which stresses the difficulties in
correctly assembling duplicated regions.
Further, we experimentally validated a subset of predicted duplicated regions. We selected 22 PN40024
BAC clones mapping to duplicated regions and used
them as probes in FISH experiments. The results
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showed that 16/22 (73%) of the BAC clones were duplicated, four were single, one showed no result, and one
was classified as undefined (data not shown). BAC
VV40024H127M19 showed a tandem-duplication signal,
whereas the others showed an interspersed pattern.
In conclusion, we estimated that SDs with > 94%
sequence identity and >= 10 kb in length comprise
17.47% of the grapevine genome (85 Mb). We identified
2,642 duplicated intervals with a size mode equal to 20
kb and a maximum size of 379 kb (Additional files 8, 9).
As expected, contigs assigned to, but not placed on,
chromosomes (random chromosomes) and contigs unassigned to any chromosome (unknown chromosome) are
enriched for duplicated regions when compared to contigs assembled in chromosomes (nonrandom chromosomes) (27.64% and 20.57% vs. 16.76% of WSSD
positive sequence) (Table 1). No chromosomes exceed
the 38.48% (chr10_random) of duplicated fraction,
except chr16_random (90.85%). Chromosome 16 shows
the highest value for the percentage of duplicated
sequence among the assembled nonrandom chromosomes (25.08%).
The grapevine genome and its duplicated portion are
similar in their overall repeat and GC content (Additional
file 10). Of note, SDs had a reduction of LINEs but
enrichment in LTR elements, particularly Gypsy/DIRS1.
We searched for mitochondrial and plastid DNA
sequences integrated in the grapevine nuclear genome
by performing a BLAST search of the Vitis vinifera
nuclear genome against Vitis vinifera organelle genomes
as previously described [30,31]. We found that NUMTs
(nuclear mitochondrial DNA) and NUPTs (nuclear plastid DNA) comprise 0.26% and 0.15%, respectively, of the
grapevine genome (Table 2). The percentage of NUMTs
reduces to 0.19% when we exclude chromosome
“unknown” (chrUn). The grapevine nuclear genome
shows NUMT content similar to that of Arabidopsis
thaliana, representing the highest content among those
known to date of sequenced plant genomes [30-32].
Interestingly, the grapevine genome and its duplicated
portion exhibit different NUMT and NUPT content,
either valuating sequences from nonrandom, random,
placed or all chromosomes, with a remarkable increase
in the percentage of NUMTs in the duplicated segments
(Table 2). We found that 17% and 12% of duplicated
intervals contain NUMTs and NUPTs, respectively.
SDs are depleted of genes, with a gene density almost
half of the whole genome. 1,367/2,642 SDs (52%)
entirely overlapped 2,589 predicted genes (9.83% of
grapevine gene annotation), whereas 795 duplicated
intervals (30%) did not contain any partial or entire
gene (Table 3, Additional files 11, 12). However, these
results may be affected by incomplete gene annotation,
especially for SDs.
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Table 1 Segmental duplications in the grapevine genome
chr

chr_size
(bp)

dup_size
(bp)

perc_dup

# dup
intervals

chr1

23,037,639

2,733,492

11.87%

94

chr2
chr3

18,779,844
19,341,862

3,032,687
3,860,663

16.15%
19.96%

104
132

chr4

23,867,706

3,301,331

13.83%

118

chr5

25,021,643

3,688,952

14.74%

125

chr6

21,508,407

2,864,816

13.32%

89

chr7

21,026,613

2,334,595

11.10%

80

chr8

22,385,789

2,028,352

9.06%

86

chr9

23,006,712

5,694,956

24.75%

167

chr10
chr11

18,140,952
19,818,926

3,413,632
2,155,608

18.82%
10.88%

111
82

chr12

22,702,307

4,358,297

19.20%

143

chr13

24,396,255

4,592,630

18.83%

139

chr14

30,274,277

4,521,418

14.93%

159

chr15

20,304,914

4,479,245

22.06%

134

chr16

22,053,297

5,531,029

25.08%

149

chr17

17,126,926

2,453,620

14.33%

91

chr18
chr19

29,360,087
24,021,853

4,551,888
5,810,980

15.50%
24.19%

147
173

Tot_nonrandom 426,176,009 71,408,191

16.76%

2,323

chr1_random

568,933

136,397

23.97%

2

chr3_random

1,220,746

297,331

24.36%

9

chr4_random

76,237

0

0.00%

0

chr5_random

421,237

0

0.00%

0

chr7_random

1,447,032

140,206

9.69%

5

chr9_random
chr10_random

487,831
789,605

137,370
303,818

28.16%
38.48%

4
3

chr11_random

282,498

0

0.00%

0

chr12_random

1,566,225

403,711

25.78%

10

chr13_random

3,268,264

1,079,980

33.04%

28

chr16_random

740,079

672,372

90.85%

8

chr17_random

829,735

126,189

15.21%

4

chr18_random

5,170,003

1,365,584

26.41%

36

27.64%
17.17%

109
2,432

Tot_random
Tot_placed
chrUn
Tot_whole

16,868,425 4,662,958
443,044,434 76,071,149
43,154,196

8,876,440

486,198,630 84,947,589

20.57%

210

17.47%

2,642

Size and percentage of segmentally duplicated regions and the number of
duplicated intervals for: each chromosome, all nonrandom chromosomes
(Tot_nonrandom, from chr1 to chr19), all random chromosomes (Tot_random,
from chr1_random to chr18_random), all nonrandom and random
chromosomes (Tot_placed), and the whole genome (Tot_whole).

We searched the InterPro domain database to identify
the functional motifs contained in Vitis vinifera annotated peptides and then compared functional motifs and
biological functions between proteins encoded by unique
and duplicated genes. We found that 43.73% of Vitis
vinifera annotated proteins had no InterPro domain
assignment, unlike 58.21% of the subset of proteins
codified by genes entirely embedded in duplicated
regions (Additional file 13). Twenty-six InterPro

domains occurred only in duplicated genes, whereas 417
were enriched in duplicated versus single copy genes
(Additional file 14). Most of the 26 domains are
involved in respiratory and photosynthetic electron
transport chains and in biosynthetic processes, such as
of terpenoids and vitamin K. Among the InterPro
domains with an enrichment factor greater than or
equal to 14.47, corresponding to the 73 most enriched,
several take part in translation (structural constituent of
ribosome or involved in tRNA aminoacylation) or in
biosynthetic processes, such as that of fatty acids and
phenylpropanoids. In particular, the active sites of phenylalanine ammonia-lyase and chalcone/stilbene
synthase, key enzymes in phenylpropanoid biosynthesis,
were enriched in duplicated genes (found in 10 duplicated vs. 4 unique genes, and in 10 duplicated vs. 6
unique genes). Phenylpropanoids are secondary metabolites important for normal growth and in responses to
environmental stress and include flavonoids, stilbenoids,
phytoalexins and cell wall components. They provide
protection from ultraviolet light, defend against herbivores and pathogens, and mediate plant-pollinator interactions such as floral pigments and scent compounds.
Other examples of enriched domains are ferritin, which
is involved in iron storage, and annexin, present in a
family of calcium-dependent phospholipid-binding proteins [33] involved in inhibition of phospholipase activity, exocytosis and endoctyosis, signal transduction,
organization of the extracellular matrix, resistance to
reactive oxygen species and DNA replication [34].
We then analyzed InterPro domains contained in the
100 most duplicated genes (genes embedded in regions
with the highest read depth values) (Additional file 15).
Several genes among the 100 most duplicated contain
functional domains with oxidoreductase activity, such as
ferrodoxin, enzymes involved in the respiratory and photosynthetic electron transport chains, aldo-keto reductase,
glucose/ribitol dehydrogenase, and stearoyl-acyl-carrierprotein desaturase. The cytochrome P450 domain, present
in a superfamily of heme-containing mono-oxygenases
and important in plants for the biosynthesis of several
compounds such as hormones, defensive compounds and
fatty acids, was frequent. Several genes that might be
involved in the regulation of transcription are listed: they
codify for the SET domain, found in hystone lysine
methyltransferases [35], or for the homeodomain. Genes
encoding proteins containing tetratrico peptide repeats,
which mediate protein-protein interactions, or pentatrico
peptide repeats, which are thought to mediate RNA-binding, are also present (Additional file 15).
Among the 100 most duplicated genes, 21 detect
homologous genes in mitochondria and/or chloroplast
genomes. Excluding genes in chrUn that might contain
segments erroneously assigned to the nuclear genome,
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Table 2 Comparison of NUMT and NUPT content between grapevine whole-genome and segmentally duplicated
regions
Whole chromosome
chr

NUMTs

Segmental duplications
NUPTs

NUMTs

NUPTs

bp

percentage

bp

percentage

bp

percentage

bp

chr1

35,148

0.15%

31,915

0.14%

7,942

0.29%

2,216

percentage
0.08%

chr2

23,352

0.12%

37,460

0.20%

5,029

0.17%

16,919

0.56%

chr3

46,530

0.24%

21,546

0.11%

3,746

0.10%

1,888

0.05%

chr4

40,855

0.17%

26,304

0.11%

8,651

0.26%

2,803

0.08%

chr5

36,974

0.15%

25,890

0.10%

6,936

0.19%

2,263

0.06%

chr6

42,918

0.20%

35,543

0.17%

14,186

0.50%

10,820

0.38%

chr7

29,780

0.14%

29,239

0.14%

1,282

0.05%

2,409

0.10%

chr8
chr9

52,538
40,017

0.23%
0.17%

38,971
41,931

0.17%
0.18%

16,355
12,529

0.81%
0.22%

10,005
13,459

0.49%
0.24%

chr10

40,034

0.22%

29,263

0.16%

6,255

0.18%

9,896

0.29%

chr11

32,762

0.17%

40,550

0.20%

8,227

0.38%

8,354

0.39%

chr12

79,290

0.35%

42,133

0.19%

46,728

1.07%

11,608

0.27%

chr13

59,784

0.25%

40,806

0.17%

22,390

0.49%

12,465

0.27%

chr14

59,292

0.20%

32,831

0.11%

12,094

0.27%

5,976

0.13%

chr15

25,964

0.13%

25,086

0.12%

5,899

0.13%

4,076

0.09%

chr16
chr17

55,547
26,574

0.25%
0.16%

41,895
28,029

0.19%
0.16%

21,245
3,702

0.38%
0.15%

10,531
2,812

0.19%
0.11%

chr18

60,444

0.21%

40,038

0.14%

22,523

0.49%

8,360

0.18%

chr19

39,838

0.17%

30,991

0.13%

12,876

0.22%

6,879

0.12%

Tot_nonrandom

827,641

0.19%

640,421

0.15%

238,595

0.33%

143,739

0.20%

chr1_random

1,763

0.31%

2,762

0.49%

78

0.06%

33

0.02%

chr3_random

872

0.07%

1,082

0.09%

0

0.00%

0

0.00%

chr4_random

0

0.00%

0

0.00%

-

-

-

-

chr5_random
chr7_random

642
2,355

0.15%
0.16%

366
2,195

0.09%
0.15%

352

0.25%

55

0.04%

chr9_random

525

0.11%

81

0.02%

93

0.07%

0

0.00%

chr10_random

111

0.01%

1,096

0.14%

0

0.00%

0

0.00%

chr11_random

667

0.24%

191

0.07%

-

-

-

-

chr12_random

1,522

0.10%

2,588

0.17%

674

0.17%

1,756

0.43%

chr13_random

8,607

0.26%

5,168

0.16%

4,914

0.46%

2,903

0.27%

chr16_random

636

0.09%

977

0.13%

636

0.09%

977

0.15%

chr17_random
chr18_random

94
5,302

0.01%
0.10%

770
3,476

0.09%
0.07%

0
2,709

0.00%
0.20%

0
509

0.00%
0.04%

Tot_random

23,096

0.14%

20,752

0.12%

9,456

0.20%

6,233

0.13%

Tot_placed

850,737

0.19%

661,173

0.15%

248,051

0.33%

149,972

0.20%

chrUn

417,301

0.97%

69,457

0.16%

159,039

1.79%

21,834

0.25%

1,268,038

0.26%

730,630

0.15%

407,090

0.48%

171,806

0.20%

Tot_whole

these data remain valid though less pronounced (data
not shown).

Discussion
This is the first genome-wide analysis quantifying duplicated loci and genes as well as mitochondrial and chloroplast DNA sequences in the nuclear genome of
grapevine. Our results have revealed several interesting
features of SDs and the genome organization in Vitis
vinifera that were not previously characterized.

This study used a two-pronged approach: molecular
cytogenetics and in silico analysis to discern single and
duplicated regions in the Vitis vinifera genome. The
quality of common repeat annotation impacts the
assessment of the SD content in a genome. Most recent
WSSD analyses completed on chimpanzee, dog and
bovine genomes masked to lowercase repeats having a
divergence < 10% from the repeat consensus [24-26] to
more precisely calculate read depth values. Our comparison of repeat masking methods revealed that more
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Table 3 Comparison of gene content between grapevine whole-genome and segmentally duplicated regions
chr

total genes

full dup genes

chr gene density

full dup gene density

chr1

1,399

72

6.07

2.63

0.43

chr2

976

93

5.20

3.07

0.59

chr3

1,104

143

5.71

3.70

0.65

chr4

1,363

95

5.71

2.88

0.50

chr5

1,435

138

5.74

3.74

0.65

chr6

1,289

66

5.99

2.30

0.38

chr7

1,357

59

6.45

2.53

0.39

chr8
chr9

1,488
1,136

67
166

6.65
4.94

3.30
2.91

0.50
0.59

chr10

842

100

4.64

2.93

0.63

chr11

1,082

57

5.46

2.64

0.48

chr12

1,263

175

5.56

4.02

0.72

chr13

1,281

150

5.25

3.27

0.62

chr14

1,625

153

5.37

3.38

0.63

chr15

957

122

4.71

2.72

0.58

chr16
chr17

1,048
1,006

140
54

4.75
5.87

2.53
2.20

0.53
0.37

chr18

1,796

143

6.12

3.14

0.51

chr19

1,200

192

5.00

3.30

0.66

23,647

2,185

5.55

3.06

0.55

chr1_random

7

1

1.23

0.73

0.60

chr3_random

28

7

2.29

2.35

1.03

chr4_random

5

-

6.56

-

-

chr5_random
chr7_random

10
73

8

2.37
5.04

5.71

1.13

Tot_nonrandom

ratio of densities

chr9_random

4

2

0.82

1.46

1.78

chr10_random

52

12

6.59

3.95

0.60

chr11_random

11

-

3.89

-

-

chr12_random

36

6

2.30

1.49

0.65

chr13_random

156

47

4.77

4.35

0.91

chr16_random

28

26

3.78

3.87

1.02

chr17_random
chr18_random

15
211

3
44

1.81
4.08

2.38
3.22

1.32
0.79

Tot_random

636

156

3.77

3.35

0.89

Tot_placed

24,283

2,341

5.48

3.08

0.56

2,063

248

4.78

2.79

0.58

26,346

2,589

5.42

3.05

0.56

chrUn
Tot_whole

Number of total genes (total genes), number of fully duplicated genes (full dup genes), chromosome gene density (chr gene density), density of fully duplicated
genes in duplicated regions (full dup gene density), and ratio between full dup gene density and chr gene density (ratio of densities) are shown for each
chromosome, all nonrandom chromosomes, all random chromosomes, all nonrandom and random chromosomes, and for the whole genome. Gene density is
calculated as the average number of genes present in 100 kb of genomic sequence.

stringent masking criteria should be avoided in the case
of grapevine. We integrated and resolved two limits in
the SD analysis: the lack of resolution in detecting small
duplications using FISH and the existence of highly
divergent repetitive elements in the grapevine genome.
In this work, we suggest a way to overcome these limits
and determine the coverage threshold for duplications,
combining the selection of single regions by FISH with
a statistical analysis of WSSD coverage values.

The French-Italian Public Consortium for Grapevine
Genome Characterization reports that 41.4% of the
grapevine genome (8X release) is composed of repetitive/transposable elements [4]. This percentage derives
from the integration of different approaches to identify
the repetitive elements: the frequency of manually annotated transposable elements is 17.47%, whereas the frequency of ReAS derived “repetitive sequences” is
38.81%, as reported in Table S7 of the work [4].
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We found that 24.24% of the grapevine genome (12X
release) is composed of interspersed repeats using the
RepBase library of Vitis repeats (Additional file 10). This
frequency totally agrees with the one previously reported
for the heterozygous grapevine variety (10.7X, 21% of
interspersed repeats) [22].
The ReAS algorithm allows the identification of transposable elements using the unassembled reads of WGS
[36], but its results are biased by a 55% of probable artifacts, in part due to the accounting of high copy number
SDs. Since in this work we searched for SDs, we preferred to mask the grapevine genome using only manually annotated transposable elements, to avoid the
occurrence of high number of false negatives. Nevertheless, it should taken into account that our analysis
might comprise false positives, due to unannotated
transposable elements, that the ReAS software is able to
detect. Our choice was driven by the preference of getting some false positive duplications, which are actually
transposable elements, instead of losing most real segmental duplications (false negatives).
We focused on highly similar SDs to identify recently
duplicated regions in the grapevine genome thus representing candidate hot spots for de novo duplication and/
or copy number variation among existing grapevine
varieties. According to the remarkable content of highly
similar Pinot Noir SDs, we speculate that some of these
regions underlie the molecular basis of some phenotypical features, and the copy number variation of genes
under investigation should be considered in future studies aimed at the identification of genetic differences
among grapevine varieties. A noteworthy observation
from our analysis is the high content of organelle DNA
(NUMTs and NUPTs) as part of Pinot Noir duplications
repertoire suggesting that organelle DNA sequence integration, other than SD events, played an important role
in grapevine nuclear genome evolution.
Two alternative models have been proposed for the
evolution of the grapevine genome. They both derive
from the primary observation that many regions of the
genome appear in triplicate. Jaillon et al. [4] suggest that
the grapevine genome originated from the contribution
of three ancestral genomes (paleo-hexaploid organism).
Alternatively, Velasco et al. [22] suggest a whole-genome
duplication event shared by all dicotyledons followed by
a large-scale duplication event, likely a hybridization
event, in the Vitis lineage in close proximity to the Vitis
speciation event. Both these models assume the occurrence of large-scale duplication events during Vitis evolution. The duplicative events we tracked in our map are
quite recent (> 94% identity) and cannot be used to trace
any long-range evolutionary history of the Vitis genome.
Recent genomic sequence data provide substantial evidence for the abundance of duplicated genes in all
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organisms surveyed [37-43]. Many studies have
described the involvement of SDs in gene evolution.
Several functional categories are enriched among these
genes, including immune response, xenobiotic recognition, reproduction and nuclear functions. This suggests
an important role for SDs in adaptive evolution: they
might have facilitated adaptation to changes especially
when a diversity of responses was advantageous
[14,41,42,44-47].
In this study, we characterized which genes have been
preferentially duplicated in the grapevine genome, likely
giving rise to novel gene families. We performed a genome-wide comparative analysis of functional domains
traced in single versus duplicated genes and also focused
on the 100 most duplicated genes, which revealed two
important aspects. First, duplicated genes are enriched
for genes without annotated functional domains (58.21%
of duplicated genes vs. 43.73% of the whole genome).
Second, duplicated genes show some functional biases.
A few genes coding for the cytochrome P450 domain,
found in plant enzymes involved in the biosynthesis of
several compounds such as hormones, defensive compounds and fatty acids [48,49], are among the 100 most
duplicated. Further, the active sites of phenylalanine
ammonia-lyase and chalcone/stilbene synthase, key
enzymes in phenylpropanoid biosynthesis, were enriched
in duplicated genes. Previous grapevine genome sequencing projects already highlighted the existence of several
copies of genes encoding these enzymes [4,22]. Stilbene
synthase catalyzes the synthesis of resveratrol, the major
compound responsible of cardioprotective abilities of
grapes and wine, attenuating atherosclerosis and
ischemic heart [50,51]. Additional duplicated genes
involved in the biosynthesis of terpenoids and vitamin K
have an impact in human health [52,53]. These data
suggest a preferential expansion through duplication of
genes involved in responses to environmental stress
[54-56]. The duplication of these genes might improve
not only the plant resistance against biotic and abiotic
stresses, but also the nutritional value of grapes and
grape products for human consumption. According to
our data, in Vitis vinifera, like in humans and mammals,
most duplicated genes are responsible for adaptation or
response to environmental changes and thus are
strongly relevant for cultural needs, where the protection of plants from pathogens and climate variability is
of great importance. However, since we have not further
investigated the fate of the duplicated genes, they could
comprise both pseudogenes and novel genes. The analysis of the evolutionary fate of the identified genes and
whether they experienced neofunctionalization, subfunctionalization, conservation of function, or nonfunctionalization [57] required further specific and targeted
studies on specific gene sequences, at the moment not
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available. Our genome-wide approach has defined an SD
map of the grapevine genome and points out SD regions
on which to focus future studies aimed at characterizing
embedded coding sequences.
The enrichment of InterPro domains involved in
respiratory and photosynthetic electron transport chains
in duplicated vs. unique genes, as well as the role of the
highest copy number genes in these two processes, was
striking. As these genes are located in nuclear, mitochondrial and chloroplast genomes, their duplication
extent may be due to a considerable process of transfer
of organellar DNA to the nucleus in Vitis vinifera, or to
the preferential duplication of such sequences in the
nuclear genome, after their movement from the organelle genomes.

Conclusions
The grapevine represents one of the earliest domesticated fruit crops and, since antiquity, has been cultivated for consumption of its fruit or producing wine.
Genetic information, such as linkage maps, genomewide association studies, and genome selection, is
increasingly being used to guide breeding efforts in
grapevines. All of these approaches are focused to isolate varieties showing specific characteristics used for
cultural needs but in a time-consuming way. In our genome-wide study, we analyzed and identified candidate
regions and genes embedded in SDs as possible targets
to improve existing grapevine varieties. Our SD map
represents a useful tool for future comparative studies
to other grapevine varieties to identify common or distinctive traits with the aim of selecting the ideal variety
for cultural needs. Targeted approaches to increase the
amount or expression of these genes would be critically
important to further improve and use grapes as great
source of essential substances for human health.
Methods
FISH experiments

The grapevine (Vitis vinifera) Pinot Noir canes came
from certified mother vine of Vivai Cooperativi Rauscendo. The canes were stored at 4°C and 90% relative
humidity and cut into approximately 20 cm pieces. Cuttings were washed in 3% bleach and immersed 2 cm in
SPRINTEX NEW L. 5 mL/L solution for 1 h. Cuttings
were then washed and kept in water until they
germinated.
Interphase nuclei and metaphase spreads were
obtained using a drop-spreading technique. We used the
method described by Kesara Anamthawat-Jonsson [58]
with the following modifications. Actively growing leaf
buds were treated in 2 mM 8-hydroxyquinoline for 2 h
at room temperature, then 2 h at 4°C to accumulate
metaphases. Leaf buds were fixed, rinsed with distilled
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water, and digested for 5 h in the enzyme mixture (75
mM KCl, 7.5 mM EDTA, 2.5% Pectinase and 2.5% Cellulase). The protoplasts were isolated by filtering the
suspension through a nylon mesh of 100 μm. 12 ml of
75 mM KCl were added to the protoplast suspension
and incubated for 15 min. The suspension was centrifuged at 4500 g for 5 min, the supernatant was discarded, and 8 mL of fixative (methanol-acetic acid 3:1)
were added to the protoplast pellet. The suspension was
left at 4°C overnight. The next day, the fixative was
changed twice. The protoplast pellet was diluted in fixative at a proper concentration and protoplasts were
dropped on slides.
FISH probes were derived from Vitis vinifera Pinot
Noir 40024 BAC library, which was developed by INRACNRGV [59], Genoscope [60] and URGV [61,62].
Slide treatment and FISH hybridization were performed as previously described. Briefly, BAC probes
were directly labeled with Cy3-dUTP by nick-translation. Slides and probes were denatured at 75°C for 2
min. Hybridization was performed at 37°C overnight in
2X SSC (sodium chloride and sodium citrate), 50% formamide, 10% dextran sulfate, 3 μg of Vitis vinifera C0t1 and 5 μg of sonicated salmon sperm DNA. High stringency, post-hybridization washing was at 60°C in 0.1X
SSC, three times. Vitis vinifera C0t-1 was prepared [63]
from Vitis vinifera Pinot Noir genomic DNA extracted
from leaves [64,65]. Digital images were obtained using
a Leica DMRXA epifluorescence microscope equipped
with a cooled CCD camera.
Data sets

Vitis vinifera chromosome, mRNA and peptide
sequences were downloaded from the GENOSCOPE
data repository site [66]. The chromosome sequences
were assembled by GENOSCOPE, CRIBI (Consortium
VIGNA) and IGA and released in March 2010 (12X
WGS coverage). We obtained Vitis vinifera WGS reads
and related clip (sequence quality data) files from the
NCBI Trace archive [67]. 8,743,362 WGS reads were
available when we started the analysis (of these, 77,237
items were BAC end sequences). The genomic location
and size of BAC clones were obtained from the URGI
Vitis vinifera genome browser [27].
WSSD computational analysis

We discarded 110,537 reads according to these assessments: 1) low quality and/or contamination evaluation
in clip file; 2) percent errors for the clipped trace greater
than 6.00; and 3) length of the high-quality read portion
smaller than 300 bp. We clipped the remaining
8,632,825 reads (98.7%); the average sequence size was
~735 bp (range 300-1,447 bp), thus the final estimated
coverage of the genome was 13X.
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We masked the chromosome sequences using both
RepeatMasker [68] (with the option -species “vitis vinifera”) and Tandem Repeats Finder [69] (parameters:
match 2, mismatch 7, indels 7, PM 80, PI 10, minscore
50, maxperiod 500). We defined the limits of a series of
non-overlapping sequence windows. Each window contained exactly one thousand of unmasked bases (1 kub).
If a window included a sequence gap, the window was
discarded and the first limit of a new one was picked at
the first unmasked nucleotide after the gap.
We performed a megablast (version 2.2.23 [70]) alignment of the clipped Vitis vinifera reads to the repeat
masked Vitis vinifera genome, with the following parameters: -D 3 -p 93 -U T -F m -s 220. We parsed the
megablast output to select only matches larger than 300
bp. In the case of conversion to lowercase of the masked
nucleotides, we further selected only the alignments
with less than 200 bp within a masked sequence. Then
we counted the number of remaining matches that fell
in the previously defined 1 kub windows (we considered
the middle nucleotide of each match). As in previous
work, we defined a class of 5 kub windows merging five
1 kub contiguous windows, and sliding of a 1 kub window to define the next one. If a sequence gap was
encountered, the sliding was interrupted and the next 5
kub window obtained from the five contiguous 1 kub
windows after the gap. In this way, we obtained the
counts for a series of 5 kub windows, most of which
overlapped to the two neighbors of 4 kub. We will refer
to these counts as WSSD coverage values or read depth
over 5 kub windows.
We selected a list of BACs from FISH assays designated as single. BAC clones were anchored in the grapevine genome assembly through BAC end mapping
provided by the Istituto di Genomica Applicata at the
URGI Vitis vinifera genome browser [27]. We extracted
the WSSD coverage values belonging to the corresponding genomic regions and performed statistical analyses.
The average and standard deviation of Gaussian G1 (see
next paragraph) were used to set the threshold for
duplication detection. All intervals having at least six
out of seven consecutive windows with a significantly
higher depth of coverage (number of reads greater than
or equal to the average plus 3 standard deviations) were
considered SDs. Contiguous intervals were then merged,
and the average WSSD coverage for 5 kub windows was
calculated for each region. To validate the prediction of
duplicated regions, we randomly selected 22 BAC clones
mapping in duplicated intervals greater than 90 kb and
tested them by FISH. Circular graphs of the WSSD coverages of Vitis vinifera chromosomes were produced
using the Circos tool [71].
It should be taken into account that some discrepancies between in silico predictions and experimental data
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may be derived from the different biological sources of
Pinot Noir sequenced genomic DNA and cytogenetic
specimen.
Statistical analysis of WSSD coverage values

We fitted the WSSD coverage values of windows from
39 single BAC-anchored loci using the RooFit tool of
the software ROOT [72] with a model of N = 4 Gaussian distributions. The probability density function
(PDF) used to describe the distribution of the WSSD
coverage values is defined as follows:
PDF =

4


4


√ 
fn Gn avg · n; sd · n , with
fn = 1

n=1

n=1

where avg and sd equal the average and standard deviation values of Gaussian G1 (n = 1). This model arranges
average and standard deviation values of the following
Gaussians as related to the values of the first one (G1):
avgGn = avgG1*n, sdGn = sdG1*√n. The sum of the areas
under all Gaussian curves is required to equal 1.
In order to retrieve the best fit to the distribution of
the WSSD coverages, a maximum likelihood fit was
done. The fit program evaluates the likelihood L comparing the PDF above to the data set. The parameters of
the best fit are retrieved by the minimization of the
function -logL, performed by the MINUIT software [73].
Gene content analysis

We took advantage of genes already mapped to the
reference genome sequence of Vitis vinifera and considered genes to be duplicated if they mapped entirely
within the coordinates of predicted duplicated regions.
We then compared the gene density of each chromosome with the one of its segmentally duplicated fraction.
Gene density was calculated as the average number of
genes present in 100 kb of genomic sequence.
We searched PROSITE, PRINTS, ProDom, SMART,
Tigr, SUPERFAMILY, Gene3D, PANTHER and
HAMAP databases for InterPro domains present in
grapevine annotated peptide sequences and in grapevine
mitochondrial and plastid peptide sequences [74]. We
retained true positive matches (status = T) and removed
those with no InterPro number assignment (NULL
tagged). We then calculated an enrichment factor for
each InterPro domain found in grapevine peptides
encoded by the nuclear genome. The enrichment factor
was defined as the ratio between the fraction of the
InterPro domain among all the domains found in duplicated peptides and the fraction of the same domain
among all the domains found in unique peptides. Additionally, we selected the 100 most duplicated genes
according to the average of 5 kub window coverages of
the duplicated merged intervals and identified the
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matched InterPro domains for these genes. We identified the InterPro domains shared by proteins encoded
by nuclear and organelle genes.
NUMT and NUPT analysis

Vitis vinifera full-length organellar nucleotide sequences
(NC_012119.1 and NC_007957.1) were retrieved from
NCBI [75] and masked using RepeatMasker [68] (option
-species “vitis vinifera”). Then we locally performed
BLASTN alignments (blast 2.2.23 [70], standard settings
and threshold of 10-4) of masked grapevine mitochondrion and chloroplast genomes to the grapevine nuclear
genome, SDs and the 100 most duplicated mRNA
sequences to identify genes deriving from organelle genomes. We calculated the percentage of NUMTs and
NUPTs in the whole genome and SDs, counting only
once the nucleotides in the genome that have more
than one BLAST hit to mitochondria or plastid
sequences.

Additional material
Additional file 1: FISH results of a tandem-duplicated clone. FISH
signals on grapevine metaphase chromosomes and interphase nucleus
of the VV40024H153B02 tandem-duplicated BAC clone.
Additional file 2: FISH results of 100 random clones from the
VVPN40024 library. The table lists the clone ID, chromosome mapping
and FISH result of 100 random BAC clones from the VVPN40024 library.
Mapping information on 12X grapevine genome assembly is obtained
from http://urgi.versailles.inra.fr/cgi-bin/gbrowse/vitis_12x_pub/. OEA,
one-end anchored.
Additional file 3: Identity percentages between end sequences of
the tandem-duplicated BACs. Identity percentages between end
sequences of the five BAC clones from plate 153 showing the 4-cluster
pattern in FISH experiments.
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in the Vitis vinifera PN40024 genome and reports their chromosome
position, size and average WSSD coverage.
Additional file 10: GC and repeat content of the whole-genome and
segmentally duplicated regions. The table compares the GC level and
repeat content defined by the RepeatMasker tool between grapevine
whole-genome and the identified segmentally duplicated regions.
Additional file 11: Fully and partially duplicated gene content in
grapevine chromosomes. The table lists the number of total genes,
number of fully and partially duplicated genes (full and part dup genes),
chromosome gene density, density of fully and partially duplicated genes
in duplicated regions (full and part dup gene density), and ratio between
full and part dup gene density and chr gene density (ratio of densities),
for each chromosome, all nonrandom chromosomes, all random
chromosomes, all nonrandom and random chromosomes, and for the
whole genome. Gene density is calculated as the average number of
genes present in 100 kb of genomic sequence.
Additional file 12: Gene-containing duplicated intervals in
grapevine chromosomes. The table lists the number and fraction of
duplicated intervals with fully duplicated genes and with fully and/or
partially duplicated genes, in each grapevine chromosome, all
nonrandom chromosomes, all random chromosomes, all nonrandom
and random chromosomes, and in the whole genome.
Additional file 13: Summary of InterPro scan results for the whole
genome and its segmentally duplicated portion. The table lists the
number of genes, number of InterPro domains, number of InterProScan
matches, number of genes with at least one InterPro domain, number of
genes with no InterPro domain, percentage of genes with at least one
InterPro domain, percentage of genes with no InterPro domain, for the
whole genome and its segmentally duplicated portion.
Additional file 14: InterPro domains identified in grapevine proteins
and their enrichment factor in duplicated vs. unique genes. The
table lists the InterPro domains identified in proteins codified by the
grapevine genome, their occurrence in unique and duplicated genes,
and their enrichment factor in duplicated vs. unique genes. The InterPro
domains are sorted by their enrichment factor in descending order.
Additional file 15: Top 100 duplicated genes. The table lists the 100
genes embedded in regions with the highest read depth values. It
reports their chromosome location, the mean WSSD coverage of the
region and their InterPro domain content. Further, the table indicates
whether the genes detect homologous genes in chloroplast and/or
mitochondria genomes.

Additional file 4: Supplemental Note. The note reports the test of five
different statistical models to identify the most appropriate one
describing the WSSD coverage data.
Additional file 5: Comparison of three repeat masking settings. The
table shows the percentages of WSSD-negative (green), borderline (gray)
and positive (red) 5 kub windows among all windows in the grapevine
genome and in five subgroups, defined by the percentage of masked
sequence in the window. The percentages are given for the three repeat
masking settings “div10_low”, “nodiv_low” and “nodiv_N”.
Additional file 6: WSSD coverage of Vitis vinifera chromosomes. The
graphs illustrate the WSSD coverage of all Vitis vinifera chromosomes and
were produced using the Circos tool. WSSD negative, borderline and
positive windows are represented by green, gray and red colored bars,
respectively. Last segment of chrUn sequence misses WSSD coverage
values as it is composed of blocks, spaced out by gaps, too short to
calculate the WSSD coverage on 5 kub windows.
Additional file 7: Segmental duplication data of single, undefined
and duplicated clones. The table lists the number and percentage of
clones containing segmental duplications, and the average and standard
deviation values of gap number, for single, undefined and duplicated
clones designated according to FISH results.
Additional file 8: Distribution size of duplicated intervals. The graph
shows the number of duplicated intervals according to their size.
Additional file 9: Duplicated intervals identified in the Vitis vinifera
PN40024 genome. The table lists all the duplicated intervals identified

List of abbreviations
avg: average; BAC: bacterial artificial chromosome; BES: BAC end sequences;
BLAST: basic local alignment search tool; chr: chromosome; FISH:
fluorescence in situ hybridization; kub: kilo of unmasked bases; LINE: long
interspersed nuclear element; LTR: long terminal repeats; NUMT: nuclear
mitochondrial DNA; NUPT: nuclear plastid DNA; OEA: one-end anchored;
PDF: probability density function; sd: standard deviation; SD: segmental
duplication; SSC: sodium chloride and sodium citrate; WGS: whole-genome
shotgun; WSSD: whole-genome shotgun sequence detection.
Acknowledgements
We thank Can Alkan of the University of Washington (Seattle) and Maria
Francesca Cardone of CRA-UTV (Turi, Bari) for advice and critical discussion,
Alberto Policriti and Cristian Del Fabbro of the University of Udine for
providing the BAC end sequences of grapevine library PN40024, and Tonia
Brown of the University of Washington (Seattle) for proofreading the
manuscript. This work was supported, in part, by Vitivin-Valut (MIPAAF grant)
and TEGUVA (APQ Ricerca-Regione Puglia grant).
Author details
1
Department of Biology, University of Bari, Bari 70126, Italy. 2Agricultural
Research Council, Research Unit for Table Grapes and Wine Growing in
Mediterranean Environment (CRA-UTV), Turi (BA) 70010, Italy. 3National
Institute of Nuclear Physics (INFN), Bari 70126, Italy. 4Department of Physics,

Giannuzzi et al. BMC Genomics 2011, 12:436
http://www.biomedcentral.com/1471-2164/12/436

University of Bari, Bari 70126, Italy. 5Department of Genome Sciences,
University of Washington School of Medicine, Seattle, Washington 98195,
USA.
Authors’ contributions
MV and DA conceived the study. GG, MG, and FNC carried out the FISH
experiments. PD performed the computational analysis. MM performed the
statistical analysis and contributed to manuscript writing. GG, PD, MV and
DA participated in the design of the study, analyzed data and drafted the
manuscript. All authors read and approved the final manuscript.

Page 13 of 14

20.

21.
22.

Received: 11 May 2011 Accepted: 26 August 2011
Published: 26 August 2011

23.

References
1. Barth S, Forneck A, Verzeletti F, Blaich R, Schumann F: Genotypes and
phenotypes of an ex situ Vitis vinifera ssp. sylvestris (Gmel.) Beger
germplasm collection from the Upper Rhine Valley. Genet Resour Crop
Evol 2009, 56:1171-1181.
2. McGovern PE: Ancient Wine: The Search for the Origins of Viniculture
Princeton University Press; 2003.
3. Burns J, Gardner PT, O’Neil J, Crawford S, Morecroft I, McPhail DB, Lister C,
Matthews D, MacLean MR, Lean ME, et al: Relationship among antioxidant
activity, vasodilation capacity, and phenolic content of red wines. J Agric
Food Chem 2000, 48:220-230.
4. Jaillon O, Aury JM, Noel B, Policriti A, Clepet C, Casagrande A, Choisne N,
Aubourg S, Vitulo N, Jubin C, et al: The grapevine genome sequence
suggests ancestral hexaploidization in major angiosperm phyla. Nature
2007, 449:463-467.
5. Taylor JS, Raes J: Duplication and divergence: the evolution of new
genes and old ideas. Annu Rev Genet 2004, 38:615-643.
6. Van de Peer Y, Maere S, Meyer A: The evolutionary significance of ancient
genome duplications. Nat Rev Genet 2009, 10:725-732.
7. Bailey JA, Yavor AM, Viggiano L, Misceo D, Horvath JE, Archidiacono N,
Schwartz S, Rocchi M, Eichler EE: Human-specific duplication and mosaic
transcripts: the recent paralogous structure of chromosome 22. Am J
Hum Genet 2002, 70:83-100.
8. Eichler EE: Recent duplication, domain accretion and the dynamic
mutation of the human genome. Trends Genet 2001, 17:661-669.
9. Irish VF, Litt A: Flower development and evolution: gene duplication,
diversification and redeployment. Curr Opin Genet Dev 2005, 15:454-460.
10. Morgante M, Brunner S, Pea G, Fengler K, Zuccolo A, Rafalski A: Gene
duplication and exon shuffling by helitron-like transposons generate
intraspecies diversity in maize. Nat Genet 2005, 37:997-1002.
11. Moura-da-Silva AM, Theakston RD, Crampton JM: Evolution of disintegrin
cysteine-rich and mammalian matrix-degrading metalloproteinases:
gene duplication and divergence of a common ancestor rather than
convergent evolution. J Mol Evol 1996, 43:263-269.
12. Ziolkowski PA, Blanc G, Sadowski J: Structural divergence of chromosomal
segments that arose from successive duplication events in the
Arabidopsis genome. Nucleic Acids Res 2003, 31:1339-1350.
13. Meyers BC, Kaushik S, Nandety RS: Evolving disease resistance genes. Curr
Opin Plant Biol 2005, 8:129-134.
14. Leister D: Tandem and segmental gene duplication and recombination
in the evolution of plant disease resistance gene. Trends Genet 2004,
20:116-122.
15. Licausi F, Giorgi FM, Zenoni S, Osti F, Pezzotti M, Perata P: Genomic and
transcriptomic analysis of the AP2/ERF superfamily in Vitis vinifera. BMC
Genomics 2010, 11:719.
16. Baumgarten A, Cannon S, Spangler R, May G: Genome-level evolution of
resistance genes in Arabidopsis thaliana. Genetics 2003, 165:309-319.
17. She X, Jiang Z, Clark RA, Liu G, Cheng Z, Tuzun E, Church DM, Sutton G,
Halpern AL, Eichler EE: Shotgun sequence assembly and recent
segmental duplications within the human genome. Nature 2004,
431:927-930.
18. Bailey JA, Church DM, Ventura M, Rocchi M, Eichler EE: Analysis of
segmental duplications and genome assembly in the mouse. Genome
Res 2004, 14:789-801.
19. Tuskan GA, Difazio S, Jansson S, Bohlmann J, Grigoriev I, Hellsten U,
Putnam N, Ralph S, Rombauts S, Salamov A, et al: The genome of black

24.

25.

26.

27.
28.

29.

30.
31.
32.

33.

34.

35.
36.

37.

38.

39.
40.
41.
42.
43.

44.

cottonwood, Populus trichocarpa (Torr. & Gray). Science 2006,
313:1596-1604.
Grant D, Cregan P, Shoemaker RC: Genome organization in dicots:
genome duplication in Arabidopsis and synteny between soybean and
Arabidopsis. Proc Natl Acad Sci USA 2000, 97:4168-4173.
AGI: Analysis of the genome sequence of the flowering plant Arabidopsis
thaliana. Nature 2000, 408:796-815.
Velasco R, Zharkikh A, Troggio M, Cartwright DA, Cestaro A, Pruss D,
Pindo M, Fitzgerald LM, Vezzulli S, Reid J, et al: A high quality draft
consensus sequence of the genome of a heterozygous grapevine
variety. PLoS One 2007, 2:e1326.
Bailey JA, Gu Z, Clark RA, Reinert K, Samonte RV, Schwartz S, Adams MD,
Myers EW, Li PW, Eichler EE: Recent segmental duplications in the human
genome. Science 2002, 297:1003-1007.
Cheng Z, Ventura M, She X, Khaitovich P, Graves T, Osoegawa K, Church D,
DeJong P, Wilson RK, Paabo S, et al: A genome-wide comparison of
recent chimpanzee and human segmental duplications. Nature 2005,
437:88-93.
Nicholas TJ, Cheng Z, Ventura M, Mealey K, Eichler EE, Akey JM: The
genomic architecture of segmental duplications and associated copy
number variants in dogs. Genome Res 2009, 19:491-499.
Liu GE, Ventura M, Cellamare A, Chen L, Cheng Z, Zhu B, Li C, Song J,
Eichler EE: Analysis of recent segmental duplications in the bovine
genome. BMC Genomics 2009, 10:571.
Vitis vinifera 12x Genome annotation. [http://urgi.versailles.inra.fr/cgi-bin/
gbrowse/vitis_12x_pub/].
Bailey JA, Liu G, Eichler EE: An Alu transposition model for the origin and
expansion of human segmental duplications. Am J Hum Genet 2003,
73:823-834.
Murakami H, Aburatani S, Horimoto K: Relationship between segmental
duplications and repeat sequences in human chromosome 7. Genome
Inform 2005, 16:13-21.
Richly E, Leister D: NUMTs in sequenced eukaryotic genomes. Mol Biol
Evol 2004, 21:1081-1084.
Richly E, Leister D: NUPTs in sequenced eukaryotes and their genomic
organization in relation to NUMTs. Mol Biol Evol 2004, 21:1972-1980.
Hazkani-Covo E, Zeller RM, Martin W: Molecular poltergeists: mitochondrial
DNA copies (numts) in sequenced nuclear genomes. PLoS Genet 6:
e1000834.
Barton GJ, Newman RH, Freemont PS, Crumpton MJ: Amino acid sequence
analysis of the annexin super-gene family of proteins. Eur J Biochem
1991, 198:749-760.
Braun EL, Kang S, Nelson MA, Natvig DO: Identification of the first fungal
annexin: analysis of annexin gene duplications and implications for
eukaryotic evolution. J Mol Evol 1998, 47:531-543.
Dillon SC, Zhang X, Trievel RC, Cheng X: The SET-domain protein
superfamily: protein lysine methyltransferases. Genome Biol 2005, 6:227.
Li R, Ye J, Li S, Wang J, Han Y, Ye C, Yang H, Yu J, Wong GK: ReAS:
Recovery of ancestral sequences for transposable elements from the
unassembled reads of a whole genome shotgun. PLoS Comput Biol 2005,
1:e43.
Cannon SB, Mitra A, Baumgarten A, Young ND, May G: The roles of
segmental and tandem gene duplication in the evolution of large gene
families in Arabidopsis thaliana. BMC Plant Biol 2004, 4:10.
Fiston-Lavier AS, Anxolabehere D, Quesneville H: A model of segmental
duplication formation in Drosophila melanogaster. Genome Res 2007,
17:1458-1470.
King GJ: Through a genome, darkly: comparative analysis of plant
chromosomal DNA. Plant Mol Biol 2002, 48:5-20.
Li A, Mao L: Evolution of plant microRNA gene families. Cell Res 2007,
17:212-218.
She X, Cheng Z, Zollner S, Church DM, Eichler EE: Mouse segmental
duplication and copy number variation. Nat Genet 2008, 40:909-914.
Vision TJ, Brown DG, Tanksley SD: The origins of genomic duplications in
Arabidopsis. Science 2000, 290:2114-2117.
Zhang P, Chopra S, Peterson T: A segmental gene duplication generated
differentially expressed myb-homologous genes in maize. Plant Cell 2000,
12:2311-2322.
Yang J, Xie Z, Glover BJ: Asymmetric evolution of duplicate genes
encoding the CCAAT-binding factor NF-Y in plant genomes. New Phytol
2005, 165:623-631.

Giannuzzi et al. BMC Genomics 2011, 12:436
http://www.biomedcentral.com/1471-2164/12/436

45. Thompson CE, Salzano FM, de Souza ON, Freitas LB: Sequence and
structural aspects of the functional diversification of plant alcohol
dehydrogenases. Gene 2007, 396:108-115.
46. Semple CA, Rolfe M, Dorin JR: Duplication and selection in the evolution
of primate beta-defensin genes. Genome Biol 2003, 4:R31.
47. Johnson ME, Viggiano L, Bailey JA, Abdul-Rauf M, Goodwin G, Rocchi M,
Eichler EE: Positive selection of a gene family during the emergence of
humans and African apes. Nature 2001, 413:514-519.
48. Werck-Reichhart D, Feyereisen R: Cytochromes P450: a success story.
Genome Biol 2000, 1:REVIEWS3003.
49. Frey M, Chomet P, Glawischnig E, Stettner C, Grun S, Winklmair A,
Eisenreich W, Bacher A, Meeley RB, Briggs SP, et al: Analysis of a chemical
plant defense mechanism in grasses. Science 1997, 277:696-699.
50. Ramprasath VR, Jones PJ: Anti-atherogenic effects of resveratrol. Eur J Clin
Nutr 64:660-668.
51. Bertelli AA, Das DK: Grapes, wines, resveratrol, and heart health.
J Cardiovasc Pharmacol 2009, 54:468-476.
52. Roberts SC: Production and engineering of terpenoids in plant cell
culture. Nat Chem Biol 2007, 3:387-395.
53. Iriti M, Faoro F: Bioactivity of grape chemicals for human health. Nat Prod
Commun 2009, 4:611-634.
54. Ververidis F, Trantas E, Douglas C, Vollmer G, Kretzschmar G, Panopoulos N:
Biotechnology of flavonoids and other phenylpropanoid-derived natural
products. Part I: Chemical diversity, impacts on plant biology and
human health. Biotechnol J 2007, 2:1214-1234.
55. Korkina LG: Phenylpropanoids as naturally occurring antioxidants: from
plant defense to human health. Cell Mol Biol (Noisy-le-grand) 2007,
53:15-25.
56. Bednarek P, Schneider B, Svatos A, Oldham NJ, Hahlbrock K: Structural
complexity, differential response to infection, and tissue specificity of
indolic and phenylpropanoid secondary metabolism in Arabidopsis
roots. Plant Physiol 2005, 138:1058-1070.
57. Innan H, Kondrashov F: The evolution of gene duplications: classifying
and distinguishing between models. Nat Rev Genet 2010, 11:97-108.
58. Anamthawat-Jonsson K: Preparation of chromosomes from plant leaf
meristems for karyotype analysis and in situ hybridization. Methods Cell
Sci 2003, 25:91-95.
59. INRA-CNRGV The French Plant Genomic Resource Center. [http://cnrgv.
toulouse.inra.fr].
60. Genoscope. [http://www.genoscope.cns.fr/spip/spip.php?lang=en].
61. URGV - Plant Genomics Research - Unité de Recherche en Génomique
Végétale. [http://www-urgv.versailles.inra.fr/].
62. Adam-Blondon AF, Bernole A, Faes G, Lamoureux D, Pateyron S,
Grando MS, Caboche M, Velasco R, Chalhoub B: Construction and
characterization of BAC libraries from major grapevine cultivars. Theor
Appl Genet 2005, 110:1363-1371.
63. Zwick MS, Hanson RE, Islam-Faridi MN, Stelly DM, Wing RA, Price HJ,
McKnight TD: A rapid procedure for the isolation of C0t-1 DNA from
plants. Genome 1997, 40:138-142.
64. Dellaporta SL, Wood J, Hicks JB: A plant DNA minipreparation: Version II.
Plant Mol Biol Rep 1983, 1:19-21.
65. Crespan M, Botta R, Milani N: Molecular characterisation of twenty seeded
and seedless table grape cultivars (Vitis vinifera L). Vitis 1999, 38:87-92.
66. Genoscope data repository site. [http://www.genoscope.cns.fr/externe/
Download/Projets/Projet_ML/data/].
67. NCBI Vitis vinifera short-read archive. [ftp://ftp.ncbi.nih.gov/pub/TraceDB/
vitis_vinifera/].
68. Smit AFA, Hubley R, Green P: RepeatMasker Open-3.2.9..
69. Benson G: Tandem repeats finder: a program to analyze DNA sequences.
Nucleic Acids Res 1999, 27:573-580.
70. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic Local Alignment
Search Tool. J Mol Biol 1990, 215:403-410.
71. Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, Jones SJ,
Marra MA: Circos: an information aesthetic for comparative genomics.
Genome Res 2009, 19:1639-1645.
72. Antcheva I, Ballintijn M, Bellenot B, Biskup M, Brun R, Buncic N, Canal P,
Casadei D, Couet O, Fine V, et al: ROOT – A C++ framework for petabyte
data storage, statistical analysis and visualization. Comput Phys Commun
2009, 180:2499-2512.

Page 14 of 14

73. James F, Roos M: MINUIT - a system for function minimization and
analysis of the parameter errors and correlations. Comput Phys Commun
1975, 10:343-367.
74. Zdobnov EM, Apweiler R: InterProScan–an integration platform for the
signature-recognition methods in InterPro. Bioinformatics 2001,
17:847-848.
75. NCBI - National Center for Biotechnology Information. [http://www.ncbi.
nlm.nih.gov/].
doi:10.1186/1471-2164-12-436
Cite this article as: Giannuzzi et al.: Analysis of high-identity segmental
duplications in the grapevine genome. BMC Genomics 2011 12:436.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

