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Grape (Vitis vinifera) color somatic variants that can be used to develop new grapevine cultivars occasionally appear associated
with deletion events of uncertain origin. To understand the mutational mechanisms generating somatic structural variation in
grapevine, we compared the Tempranillo Blanco (TB) white berry somatic variant with its black berry ancestor, Tempranillo Tinto.
Whole-genome sequencing uncovered a catastrophic genome rearrangement in TB that caused the hemizygous deletion of
313 genes, including the loss of the functional copy for the MYB transcription factors required for anthocyanin pigmentation in
the berry skin. Loss of heterozygosity and decreased copy number delimited interspersed monosomic and disomic regions in the
right arm of linkage groups 2 and 5. At least 11 validated clustered breakpoints involving intrachromosomal and interchromosomal
translocations between three linkage groups flanked the deleted fragments, which, according to segregation analyses, are phased in
a single copy of each of the affected chromosomes. These hallmarks, along with the lack of homology between breakpoint joins and
the randomness of the order and orientation of the rearranged fragments, are all consistent with a chromothripsis-like pattern
generated after chromosome breakage and illegitimate rejoining. This unbalanced genome reshuffling has additional consequences
in reproductive development. In TB, lack of sexual transmission of rearranged chromosomes associates with low gamete viability,
which compromises fruit set and decreases fruit production. Our findings show that catastrophic genome rearrangements arise
spontaneously and stabilize during plant somatic growth. These dramatic rearrangements generate new interesting phenotypes
that can be selected for the improvement of vegetatively propagated plant species.

Somatic variation is a major source of diversity in
multicellular organisms and is generated by unique
mutation events affecting single dividing cells. Somatic

mutations can spread by cell division to generate
mutant sectors or cell lines derived from the original
mutant cell. Somatic mutations range from single-
nucleotide variation (SNV) and insertions-deletions
(INDELs) to complex genome structural variation
(SV) originating from chromosomal rearrangements
(Li, 2016). Recently, the rapidly growing number of
medical genomic studies has unveiled highly complex
forms of SV that are collectively known as chromoa-
nagenesis (Collins et al., 2017). Among them, the most
commonly reported case is chromothripsis (for chro-
mosome shattering), a cellular catastrophe initially
described in human cancer that affects a few chro-
mosomes (one to four) or chromosome arms and re-
sults in multiple clustered rearrangements (five or
more breakpoints) and deletions after chromosome
breakage and illegitimate rejoining (Stephens et al.,
2011; Korbel and Campbell, 2013; Collins et al., 2017).
Chromothripsis has been reported in mammals, but
it has never been related to natural somatic variation
in the plant kingdom.
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Given their capacity for asexual propagation, plants
may be better systems than animals in which to study
somatic variation and its effects on somatic cells
(Whitham and Slobodchikoff, 1981). Plant species lack a
separated germ line, and somatic genetic variation
represents an important source of phenotypic variation
that may be adaptive and transmitted to the next sexual
generation when present in the meristem cell layer
giving rise to gametes (D’Amato, 1997). Somatic vari-
ation is especially relevant in plants such as long-living
trees or vegetatively propagated species in which single
genotypes are perpetuated for very long periods and
can colonize vast extensions, which increase the likeli-
hood of somatic mutation emergence and accumula-
tion. This case is applicable to woody crops such as
grapevine (Vitis vinifera), from which cultivar geno-
types are asexually propagated by cuttings and per-
petuated from the original sexual seedling that, inmany
cases, germinated several centuries ago (This et al.,
2006). Somatic mutations generating new interesting
phenotypes that are stabilized in grapevine plants as
periclinal chimeras or that extend to all cell layers have
been selected as new clones of wine grape cultivars or
as new derivative cultivars (This et al., 2006; Pelsy et al.,
2010; Torregrosa et al., 2011). Recently, genetic and
genomic approaches identified SNV and new trans-
posable element (TE) insertions responsible for emer-
gent phenotypes in several grapevine somatic variants
(Boss and Thomas, 2002; Fernandez et al., 2010, 2013;
Battilana et al., 2011; Emanuelli et al., 2014).
Given their conspicuousness, berry color somatic

variants have occasionally been selected and studied in
grapevine (Kobayashi et al., 2004; Walker et al., 2006;
Yakushiji et al., 2006; Furiya et al., 2009). Grape color
results from the accumulation of anthocyanins gener-
ally in the berry skin (Boss et al., 1996), which is ge-
netically controlled by a major locus on linkage group
(LG) 2 (Doligez et al., 2006). This locus colocalizes with
a cluster of tandemly repeated VviMybA genes (Wong
et al., 2016). FunctionalVviMybA1 andVviMybA2 genes
are essential for grape pigmentation, whereas the
presence of a Gret1 retrotransposon insertion in the
promoter of VviMybA1 along with a small INDEL
causing a frame shift in VviMybA2 are responsible for a
null allele of the grape color locus that is frequently in
homozygosis in white berry cultivars (Kobayashi et al.,
2004; Lijavetzky et al., 2006; This et al., 2007; Walker
et al., 2007). Black berry cultivars heterozygous for the
null allele occasionally display grape color variants
with either red/gray or white berries depending on
whether only the L2 or both L1 and L2 meristem cell
layers, respectively, carry mutations at the color locus
(Walker et al., 2006; Furiya et al., 2009; Vezzulli et al.,
2012; Migliaro et al., 2014; Pelsy et al., 2015). Initial
characterization of red/gray and white berry somatic
variants of Cabernet Sauvignon and Pinot Noir using
Southern blots showed that the absence of anthocya-
nins in the berry was related to deletion of the func-
tional allele of the color locus (Walker et al., 2006;
Yakushiji et al., 2006). Recently, the use of loss of

heterozygosity (LOH) analyses along LG 2 suggested
that the size of these deletions can be quite variable in
different berry color somatic variants (Vezzulli et al.,
2012; Migliaro et al., 2014; Pelsy et al., 2015). Unfortu-
nately, no information is available yet on the break-
points delimiting these deletions, which is required to
understand their mutational origin.

Tempranillo Blanco (TB) is a white berry somatic
variant that originally appeared as a bud sport mutant
of Tempranillo Tinto (TT) (Martinez et al., 2006). Like
many black berry grapevine cultivars, TT is heterozy-
gous for the color locus functional allele, and TB has
been proposed to appear by deletion of this allele
(Ibáñez et al., 2012; Migliaro et al., 2014). To understand
the origin of the TB variant, we carried out SV analysis
after whole-genome sequencing (WGS) of TT and TB
lines. SV breakpoints were confirmed by DNA se-
quencing of specific amplicons, and self-cross progeny
were used for haplotype phasing and transmission
analysis. Globally, the results show the relevance of
complex SV as a driver of clonal variation in plants.

RESULTS

Hemizygous Deletions around the Color Locus Associate
with Anthocyanin Biosynthesis Blockage in TB

TB is a grapevine cultivar generated by vegetative
propagation of the white-berried mutant phenotype
that appeared as a spontaneous bud sport in a TT plant
(Martinez et al., 2006; Fig. 1A). In TB, the presence of a
hemizygous deletion eliminating the functional allele of
the VviMybA1 gene on the color locus at LG 2 was
confirmed using DNA-blot hybridization of DNA
extracted from both TT and TB plants (Fig. 1B). The
sequence of a specific amplicon corresponding to part
of the VviMybA1 gene showed LOH in TB, further
confirming the presence of a hemizygous deletion af-
fecting at least this gene in TB (Fig. 1C). Given the high
heterozygosity of grapevine cultivars (Laucou et al.,
2011), the extent of the deletion in TB was first assessed
using primer pairs (Supplemental Table S1) intended
for LOH analysis of amplified fragments along the
putatively affected region in LG 2. This analysis
showed that putative hemizygous deletions extended
outside of theMybA gene cluster in LG 2 (Supplemental
Table S2). Unfortunately, the efficiency of this method
to identify the loss of one allele is limited to originally
heterozygous genomic regions, and, coincident with
other studies (Migliaro et al., 2014), many tested
amplicons only provided monomorphic sequences in
the TT original cultivar, with no polymorphic site
detected after position chr2:15,861,181 (Supplemental
Table S2) in the PN40024 12X.0 reference genome as-
sembly (https://urgi.versailles.inra.fr/Species/Vitis/Data-
Sequences/Genome-sequences).

To globally predict the extension of hemizygous
regions in TB irrespective of the heterozygosity level
in TT, the GrapeGen GeneChip cDNA-based micro-
array (Lijavetzky et al., 2012) was initially used for
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comparative genomic hybridization (CGH). Signifi-
cant copy number variation (CNV) was detected for
probe sets corresponding to 31 annotated genes, and all
but one involved decreased copy number in TB com-
pared with TT (Supplemental Table S3), 14 of them
mapping on LG 2 around the color locus and extending
to regions that are homozygous in TT according to the
amplicon analysis (Supplemental Fig. S1). Thus, both
copy number decrease and LOH supported hemizy-
gosity around the LG 2 color locus in TB. Unexpectedly,
the signal of probe sets corresponding to 14 genes
mapping on LG 5 decreased significantly in TB too
(Supplemental Table S3). Plotting of signal log ratios
along reference genome chromosomes suggested the
existence of three hemizygous regions of approximately
1 Mb each in LG 5 of TB (Supplemental Fig. S1). Thus,
CGH microarrays suggested complex SV in the TB ge-
nome involving multiple deletions in LGs 2 and 5.
However, the use of a cDNA-based microarray did not
provide enough resolution to identify the limits of this
sequence variation, which required aWGS comparison.

WGS Detects Interspersed Monosomic and Disomic
Regions in LGs 2 and 5 of TB

To delimit SV occurrence in TB, WGSwas performed
on both Tempranillo lines using 90-nucleotide paired-

end reads. A total of;2093 106 clean reads per cultivar
were obtained (Supplemental Table S4). A similar
alignment rate was obtained in both Tempranillo lines,
with more than 90% coverage of the reference genome in
an average effective depth of 303 (Supplemental Table S5).

Heterozygosity Loss

According to the same logic followed previously for
selected amplicons, LOH analysis from WGS data was
used to widely detect the loss of one allele at original
heterozygous sites. Coincident with microarray-based
CGH results, large LOH regions were detected in TB
LGs 2 and 5, collectively spanning 4.3 Mb (Fig. 2;
Supplemental Table S6). Additionally, two small win-
dows were detected in LGs 1 and 11, spanning 760 and
1,027 bp (Fig. 2A; Supplemental Table S6). Monomor-
phic segments were detected for both TT and TB in LG
2 (6.3–7.7 and 15.8–18.8 Mb) and LG 5 (3.8–5.2 and 12.6–
12.9 Mb; Fig. 2B), precluding their LOH analysis in TB.

CNV

To identify CNV in TB at the whole-genome scale
irrespective of the heterozygosity level, we compared
the number of reads aligned to the 12X.0 reference ge-
nome between the two Tempranillo lines. Large areas
with significant copy number decreases in TB were
detected in LGs 2 and 5 (Fig. 2A; Supplemental Table
S7). In LG 2, significantly lower copy number in TB
extended to at least three alternating segments located
between 13 and 18.2 Mb, close to the 39 end of the
chromosome (Fig. 2B). The extension of deletions to TT
homozygous regions observed in CGH microarrays
was confirmed by the CNV analysis of WGS data. The
lower copy number in LG 5 of TB comprised at least
three alternating segments located between 13.4 and
21.9 Mb, also interspersed with segments showing un-
altered copy number (Fig. 2B). In LGs 2 and 5, the
overlap between LOH and decreased copy number
strongly indicated that both events result from the de-
letion of fragments leaving monosomic chromosome
regions in TB. Similarly, the small LG 11 region with
LOH in TB also showed a copy number decrease (Fig.
2A). A few other small regions with reductions of copy
number in TB were detected in other LGs (Fig. 2A).
Althoughmicroarray and LOHanalyses did not confirm
them as hemizygous deletions, specific positions show-
ing LOH were detected within decreased copy number
fragments that were interspersed in LG 9 between po-
sitions 14,733,335 and 14,920,269 (Supplemental Table
S7). Altogether, these results support the presence of
large hemizygous regions in LGs 2 and 5 of TB. The
discontinuity of hemizygosity in these regions indicates
the existence of multiple chromosome breaks in the ori-
gin of the TB genome. Following the same significance
values (see “Materials and Methods”), no parallel sig-
nificantly increased copy number regions were detected
in LGs 2 and 5 of TB, which indicates that duplications
are not involved in this SV.

Figure 1. Initial characterization of a TB white grape variant line. A, TT
and TB plant phenotypes. Mature plants show the absence of antho-
cyanin pigments in TB bunches. B, Southern blot for a VviMybA1 probe
showing the loss of one copy in TB. Only the smallest positive fragment,
corresponding to the nonfunctional allele with a predicted ApaI target
site within the Gret1 retroelement, is kept in TB. C, Loss of VviMybA1
heterozygosity in TB. Only one VviMybA1 haplotype is kept in TB
according to the LOH at original heterozygous single-nucleotide
polymorphisms (SNPs) in TT.
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SV Junction Sites Reveal Multiple Interchromosomal and
Intrachromosomal Translocations in the Genome of TB

WGS reads were explored to delimit the breakpoints
of fragments deleted in TB and to elucidate the nature of
the SV. Discordant pair-endmapping (PEM) is useful to
detect SV breakpoints from short-read sequencing data
(Korbel et al., 2007; Marroni et al., 2014). Thus, TB-
specific discordant PEM and soft-clipped reads with
respect to the grapevine reference genome revealed six
SV junctions in the TB genome not present in TT. Col-
lectively, they comprised six breakpoints in LG 2, five in
LG 5, and one in LG 9 (Table I).
An inversion junction in LG 2 (Inv) was predicted by

the identification in TB but not in TT of read pairs
mapping on LG 2 with mates separated one from an-
other by more than 4.36 Mb (Fig. 3). Mates at both po-
sitions displayed the same alignment orientation,

which is compatible with an inversion (Korbel et al.,
2007; Rausch et al., 2012). TB-specific soft-clipped reads
were detected at both flanks of the junction (Fig. 3).
BLASTN identified that the unaligned extreme of
these soft-clipped reads matches to the 59 extreme
of the mate inversion flank, unveiling the putative
inversion junction breakpoint at nucleotide level
resolution (between positions chr2:13,025,297 and
chr2:17,391,598; Table I). Similarly, discordant reads
identified four SV junctions with flanks in different
chromosomes of the reference genome (T1–T4; Table
I). These rearrangements were interpreted as inter-
chromosomal translocations and involved LGs 2 and
5 in all cases except T1, involving LGs 2 and 9. For the
T5 event, discordant alignment identified an SV
junction joining LG 5 fragments originally separated
by ;5 Mb, which is compatible with an intra-
chromosomal translocation (Supplemental Fig. S2).

Figure 2. Genome-wide scanning of LOH and
copy number decrease in TB. A, Genome-wide
representation of regions with significant LOH
or copy number decreases in TB. Significant
intervals were mapped to chromosomes of the
PN40024 12X.0 reference genome using the
V. vinifera whole-genome tool of EnsemblPlants
(http://plants.ensembl.org/Vitis_vinifera/Location/
Genome). Black outer lines show chromosome
segments with significant LOH in TB. Red inner
lines show chromosome segments with signifi-
cantly decreased copy numbers in TB. B, Close-
up of heterozygosity and CNV comparison be-
tween TTand TB resequencing data mapping on
LGs 2 and 5. Top, Heterozygosity levels in TT
(black traces) and TB (red traces). Middle, Copy
number ratios between TB and TT. Windows
are represented in increasing red color
tones corresponding with CNV significance P
values. Bottom, Comparison of LOH and CNV
segments in TB detected by WGS and other
approaches.

Table I. List of SV junctions predicted in the genome of TB by discordant read mapping analysis

SV Junction SV Class Breakpoint Positions Mapped in the Reference Genome

Inv Inversion chr2:13,025,297 chr2:17,391,598
T1 Translocation chr2:13,537,963 chr9:14,760,326
T2 Translocation chr2:13,764,277 chr5:14,363,763
T3 Translocation chr2:17,143,691 chr5:21,919,555
T4 Translocation chr2:18,226,646 chr5:20,858,083
T5 Translocation

(intrachromosomal)
chr5:13,404,539 chr5:18,450,318
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Interestingly, one flank of all predicted SV break-
points showed decreased copy number (Fig. 3;
Supplemental Fig. S2), suggesting that these recom-
binations involved hemizygous deletion bridges.
In this manner, T2 and T3 breakpoints delimit a de-
leted fragment 3.38 Mb in LG 2 (chr2:13,764,277–
chr2:17,143,691), which contained the allele of the
grape color locus that is lost in TB (Fig. 4A). Further-
more, the existence of additional SVs in TB is reason-
able, considering that discordant read analysis could
not detect the breakpoints for at least one obvious copy
number discontinuity in LG 5 and a likely one in LG
9 (Fig. 4A), whereas missing copy number-neutral
breakpoints also are possible.

Experimental Validation of Genome SVs in TB

To validate predicted SV junctions, small contigs
(450–900 bp) were reconstructed in silico from the se-
quences of the discordant reads that predicted each
junction. Then, we ran PCR using primer pairs
(Supplemental Table S1) with mates mapping at each
flank of the predicted SV junction breakpoint. No
amplicon was expected in TT, given the incompatible
orientation between primer pairs in Inv, their excessive
alignment distance in Inv and T5, or their alignment in
different chromosomes in T1 to T4 (Fig. 4A). As ex-
pected, amplification was obtained from TB but not
from TT genomic DNA (gDNA) for all primer pairs

except for the positive control (in a region without SV)
that was amplified in both genotypes (Fig. 4B). The
actual sequences of the amplicons obtained in TB were
checked by capillary electrophoresis Sanger sequencing
(Supplemental Table S8). BLAST alignment of these
sequences against the 12X.0 reference genome con-
firmed the fragments and breakpoints/junctions pre-
dicted by WGS in the absence of point polymorphisms
compared with TT. Thus, these results validate all SV
junctions identified in TB from the WGS comparison.
Furthermore, their presence and stability were con-
firmed by obtaining the same amplicons in five addi-
tional TB lines that were tested, including the most
direct descendant of the original bud sport that is con-
served, a first-round propagation plant (Supplemental
Fig. S3; Supplemental Table S9). The same amplicons
were obtained using either gDNA isolated from berry
flesh (L2) or skin (L1 contaminated with L2) tissues of
TB, suggesting that the same genome rearrangement
was present in both meristem cell layers of TB bud
sport. Despite analyzing five additional TT accessions
likely belonging to clonal lineages close to the original
TT ancestor, no amplicon corresponding to SV junc-
tions identified in TBwas obtained in any tested TT line
(Supplemental Fig. S3). These results suggest that all
described genome rearrangements appeared together
associated with the emergence of berry color variation
and have been stable over successive mitotic growth
and propagation cycles.

Figure 3. Inversion breakpoints in TB LG 2.
The graph at top shows a sharp decay in copy
number at the 39 flank of the two Inv break-
points. The other graphs show reads aligned at
both Inv breakpoint sites in TT and TB (images
obtained from Integrative Genomics Viewer).
All aligned reads are displayed in the IGV first
(TT) and second (TB) upper windows, while
only discordant reads from TB are displayed in
the lower window. Reads are represented as
arrows showing the orientation of paired-end
mates. From the PEM analysis, read pairs with
abnormally increased insert size are colored in
turquoise and were detected only in TB. These
read pairs are sense oriented, as expected in an
inversion junction. Soft-clipped reads spanning
the breakpoint show an unaligned extreme in
colors.
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Rearrangements in TB Are Characterized by
Nonhomologous Breakpoint Joins

To understand the forces driving the rearrangements
originating the variant genome of TB, we searched for
repetitive sequences and motifs in SV junctions. In four
of them (T1–T3 and T5), one junction flank matched,
with high similarity score, to fragments of Gypsy-27,

VHARB-N2, VLINE1, and VIHAT3 grapevine-specific
TEs, respectively (Table II). These TE-like sequences
were found only in one breakpoint donor site for each
of these SV junctions (Supplemental Fig. S4), preclud-
ing the existence of nonallelic homologous recombina-
tion in the origin of the rearrangements. However, the
involvement of these TE sequences in TB SV through an
uncertain mechanism cannot be completely ruled out,
given that they appear to be enriched within the se-
quenced SV junctions (Table II). On the other hand, no
match with any repeat element deposited in RepBase
was obtained for the Inv junction. Nevertheless, a 7-bp
microhomology was observed between both break-
points of this event (Fig. 5; Supplemental Table S8).
Furthermore, 1-bp microhomology in the context of an
8-bp palindrome (CCTTAAGG) was present at the T3
junction site, while a 2-bpmicrohomologywas found in
T4. Blunt ends with no homology were detected for T1,
T2, and T5 junctions (Fig. 5).

Linkage of Rearrangements in a Single Copy of the
Affected Chromosomes and in Silico Reconstruction of the
TB Derivative Genome

Trying to reconstruct the haplotype phasing of rear-
rangements in the TB genome, we carried out high-
throughput genotyping of a TT self-cross progeny (S1)
comprising 78 siblings. S1 individuals were genotyped
using GrapeReSeq Illumina 18K SNP Infinium chips
(Houel et al., 2015). Subsequently, the haplotype of each
TT homologous chromosome in LGs 2 and 5 was
reconstructed according to the data of 286 SNPmarkers
that were heterozygous in TT (Supplemental Table
S10). The genotype of TB at these SNP positions was
inferred from our WGS data, and comparison with the
two TT haplotypes showed that all hemizygous dele-
tions detected in TBwere linked in a single homologous
copy of LGs 2 and 5 (Supplemental Table S10). In view
of that and considering detected CNV, LOH, and
breakpoint junctions (Fig. 6A), we could in silico re-
construct the TB derivative chromosomes in a single
homologous copy of the affected LGs (Fig. 6B). In this
reconstruction, we hypothesized an additional trans-
location junction that was not identified in the PEM
analysis to connect hemizygous deletion breakpoints
detected by the CNV analysis at LGs 5 and 9 (Figs. 2B
and 4A). In fact, although not passing all the signifi-
cance thresholds in the SV analysis, read pairs sup-
porting this translocation join, and delimiting a deletion
of an;16-kb fragment in LG 9 of TB according to CNV,
were detected from sequencing read alignments. Alto-
gether, 13 breakpoints and 16 chromosome fragments
were considered to reconstruct the three derivative
chromosomes of TB (Fig. 6B). According to this model,
no other undetected breakpoint would be required to
explain this catastrophic rearrangement.

The rearrangement pattern detected in TB resembles
the features described for chromothripsis events
(Stephens et al., 2011; Korbel and Campbell, 2013;

Figure 4. Mapping and validation of SV junctions detected in the ge-
nome of TB. A, Scheme depicting SV breakpoints detected in the TB
genome. Breakpoints detected by discordant read analysis from WGS
data are mapped on the affected chromosomes according to the
PN40024 12X.0 reference genome assembly. One inversion (Inv), four
interchromosomal translocation (T1–T4), and one intrachromosomal
translocation (T5) junctions were predicted. Hemizygous chromosome
regions detected by LOH and/or CNV from WGS data are indicated
with white boxes. PCR primers used for validation are represented by
arrows according to their mapping positions and orientation with re-
spect to the reference genome (Inv, red; T1, brown; T2, green; T3, or-
ange; T4, purple; T5, blue; the arrow head indicates the 39 end of the
primer). The asterisk indicates the position of the cluster ofMybA genes
at the grape color locus on LG 2. B, Agarose gel electrophoresis image
showing the PCR amplification product obtained using primer pairs
designed to amplify Inv and T1 to T5 SV junctions. Primer pairs
designed for the TB junctions as well as the positive control (C) were
tested for TB and TT. In the gel image, below the two electrophoresis
wells corresponding to the same primer pair combination, a scheme
illustrating the expected amplicon in TB is shown. Chromosome frag-
ments involved in the rearrangement junction included in the amplicon
are represented in the scheme. Inverted fragments are represented as
arrow-ended blocks. The alignment of PCR primers colored as in A is
depicted by arrows below the amplicon. M, DNA size marker; TB, TB
gDNA was used as a template; TT, TT gDNAwas used as a template.
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Collins et al., 2017). Accordingly, computational and
statistical analyses proposed for the inference of chro-
mothripsis events were carried out, confirming that all
the criteria are fulfilled in this grapevine somatic vari-
ant. (1) TB is characterized by interspersed regions with
monosomic and disomic copy number states flanked by
clustered breakpoints in the right arm of LGs 2 and 5,
in the absence of significant copy number gain along
the affected chromosome regions (Figs. 2 and 4). A
goodness-of-fit test confirmed (95% confidence in the
Kolmogorov-Smirnov test) that PCR-validated break-
points are not distributed exponentially along LGs
2 and 5, which is in agreement with clustering rather
than random distribution of breakpoints along the
rearranged chromosomes as described for chromo-
thripsis. (2) Rearrangements are linked in a single ho-
mologous copy of LGs 2 and 5 (Supplemental Table
S10), which, along with SV data, allowed us to recon-
struct and walk the tentative single copy of derivative
chromosomes following a head-to-tail sequence of
fragments (Fig. 6), as expected in a chromothripsis
scenario (Korbel and Campbell, 2013). (3) Simulation
analyses confirmed the randomness of the predicted
fragment order in TB derivative chromosomes. A re-
arrangement order value of 81 was estimated for TB
considering fragment order coordinates as described by
Korbel and Campbell (2013). This value is within the
normal distribution or randomness interval (68.9 6
15.7) estimated by three independent rounds of 108

Monte Carlo simulations. (4) The proportion of join
types in validated SV junctions is a probable result (P =
0.703) of a multinomial distribution with equal proba-
bility for each of the four possible join types (Fig. 6A),
suggesting that fragments were randomly joined as ex-
pected in a single catastrophic event (Stephens et al.,
2011; Korbel and Campbell, 2013). (5) The DNA se-
quence of the breakpoint joins validated in TB shows a
lack of homology (Fig. 5), which is a hallmark of
breakage-repair mechanisms like those involved in
chromothripsis (Kloosterman et al., 2012;Malhotra et al.,
2013). Altogether, the rearrangement pattern of the TB

derivative genome is compatible with the characteristics
that have been described for chromothripsis events.

Genetic Alterations Caused by the Genome Reshuffling

The genome of TB contains predicted hemizygous
areas that include 165 and 148 annotated genes in LGs
2 and 5, respectively, according to the grapevine 12X V1
gene annotations (http://genomes.cribi.unipd.it/). In
addition to gene dose decrease, and considering the
characteristically high heterozygosity of the grapevine
genome (Velasco et al., 2007), such a hemizygous state
might have phenotypic consequences due to the loss of
functional alleles in contrasting loci, as is the case for the
color locus (Fig. 1). In this regard, TB bears 48 and
100 predicted hemizygous genes located in LGs 2 and 5,
respectively, that show heterozygous polymorphisms
in TT. In LG 2, alternative alleles with respect to the
PN40024 reference genome were found only for three
hemizygous genes. This low rate of variation indicates
that the copy present in TB regions involving hemizy-
gous deletions in LG 2 displays a genotype very close to
that existing in the white-berried PN40024 quasiho-
mozygous line used for the reference genome, which is
homozygous for the MybA locus null allele. This result
further confirms the loss of the color locus functional
allele in TB, precluding anthocyanin pigmentation in
the berries of this variant. In contrast, 73 hemizygous
genes in LG 5 displayed variant alleles in TB with re-
spect to the reference (Supplemental Table S11). Variant
alleles with possible deleterious changes remaining
hemizygous in TBwere specifically searched. Although
nomajor effect variants relative to the reference genome
were detected, nonsynonymous changes were pre-
dicted for 21 genes (Supplemental Table S11). More-
over, three annotated genes (VIT_02s0087g00180,
VIT_05s0102g00090, and VIT_09s0070g00940) were
truncated by Inv, T3, and T1 breakpoints, respectively.
The single presence of these alleles might result in
specific TB phenotypes.

Table II. Features of breakpoint junctions sequenced in derivative chromosomes of TB

Sequenced

Breakpoint Junction

Sequenced

Length

Microhomology

in Junction Breakpoint Flank

Repetitive

Elements

Repetitive Element in

Total Sequenced

Junctions

Repetitive Element in

the Grapevine

Reference Genome

T1 730 bp Blunt ends T1_LG2 Gypsy-27_VV-I 8.9% 1.19%
T1_LG9 –

T2 621 bp Blunt ends T2_LG2 VHARB-N2_VV 7.1% 0.10%
T2_LG5 –

T3 529 bp 1 bp in an 8-bp
palindrome

T3_LG2 –
T3_LG5 VLINE1_VV 5.2% 1.91%

T4 437 bp 2 bp T4_LG2 –
T4_LG5 –

T5 807 bp Blunt ends T5_Proximal VIHAT3 10.9% 0.12%
T5_Distal –

Inv 647 bp 7 bp Inv_Proximal –
Inv_Distal –
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Reduced Sexual Transmission of Rearranged
Chromosomes Associated with a Decreased Fruit Yield

Complex and unbalanced chromosomal rearrange-
ments found in the genome of TB might lead to defects
during sexual reproduction (Pellestor, 2014). This hy-
pothesis was tested specifically by studying the sexual
transmission of LGs 2 and 5 in selfed progeny of TT and
TB, consisting of 38 and 46 individuals, respectively.
For LG 2, four heterozygous microsatellite markers
were selected outside of the rearranged region. The al-
lelic distribution observed in the progeny was different
for TT and TB (frequencies inside the circles in Fig. 7). In
TT, the two alleles segregated with a similar frequency
for every marker studied, as expected for Mendelian
inheritance (nonsignificant x2). Nevertheless, in TB,
distorted transmission rates were identified, as every
marker analyzed showed one allele with a significantly
lower frequency than expected for Mendelian inheri-
tance. The frequency of the disfavored allele decreased
as themarkerwas closer to the chromosome rearranged
region. From the genotype frequencies in the TB prog-
eny, the two putative haplotypes in TB were inferred,
showing that all the disfavored alleles were linked in
the same haplotype. The VviMybA1 gene also was
genotyped by the independent amplification of the
functional and nonfunctional alleles (Fig. 7). The study
of genotypic frequencies for the closest microsatellite
and VviMybA1 in the TT progeny allowed establishing
that the disfavored haplotype in the TB progeny was
that carrying the functional allele for VviMybA1 in TT
and, thus, the haplotype linked to SV and deletions in
TB. For LG 5, a similar lack of transmission of one
haplotype was observed when two heterozygous
microsatellite markers were analyzed in the two S1
progeny. Thus, segregation analysis further supports

that SV affected only one copy of each chromosome.
Rearranged chromosome segments are not transmitted
to the next generation or are transmitted at a very low
frequency. This lack of transmission was associated
with a reduction of about 59% of male gamete viability
in TB with respect to TT (Fig. 8), which suggests that
derivative chromosomes lack genes that are essential
for the viability of the haploid phase. This sterility rate
would be consistent with the loss of essential genes for
microgametophyte viability in both LGs 2 and 5. The
effect of complex chromosome rearrangements on
gamete viability might result in additional agronomical
alterations present in TB, considering that reduced
pollen viability correlated with 44% and 29% drops in
fruit set rate and fruit yield, respectively (Fig. 8).

DISCUSSION

Complex Unbalanced Genome Rearrangements Caused
the Loss of the Berry Color Locus Functional Allele

Deletions resulting in grapevine white berry variants
have been described previously (Walker et al., 2007;
Vezzulli et al., 2012; Migliaro et al., 2014; Pelsy et al.,
2015). However, the mutational mechanisms generat-
ing these deletions remain uncertain. So far, only gene
replacement has been proposed as the mechanism
causing LOH and originating newwhite berry alleles in
Pinot somatic variants by mitotic recombination be-
tween chromosome 2 homologs linked to deletion of
the color locus functional allele (Pelsy et al., 2015).
Nonetheless, we would consider that, since CNV
analysis of the variant lines was not performed in that
study, the presence of hemizygous deletions instead of
gene replacement cannot be excluded in the origin of

Figure 5. Nature of breakpoint junction se-
quences detected in TB. For each validated SV
junction site, close-ups of breakpoint and
junction site sequences are shown at top (LG
2 with regular orientation in black, LG 2 with
inverted orientation in red, LG 5 in blue, and
LG 9 in green). Breakpoints in the context of
the PN40024 12X.0 reference genome assem-
bly chromosomes are represented at bottom.
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the described Pinot alleles. In the TB white berry vari-
ant, Southern blotting and WGS comparisons with its
black berry ancestor, TT, confirmed the presence of
hemizygous deletions leaving at theMybA gene cluster

corresponding to the berry color locus a single copy
corresponding to the null allele (Fig. 1B; Supplemental
Table S11). The parallel copy number decrease ob-
served indicates that LOH in these TB chromosome

Figure 6. DNA structural rearrangement graph and predicted rearranged chromosomes in TB. A, Structural rearrangement graph
depicting CNV, LOH, and rearrangement joins and types in the affected LGs. CNV is shown as log2 (copy number ratio TB/TT)
calculated for eachwindowof the affected chromosomes by CNV-seq. SNP heterozygosity level is depicted as log2 (heterozygous
SNPs per 100-kb ratio TB/TT). Connections between rearranged fragments are depicted by curved lines colored as indicated at the
top of the image according to join types observed in the paired-end alignment analysis. B, Diagram depicting the original and the
predicted rearranged orders of chromosome fragments affected by the chromothripsis-like restructuring that originated the variant
genome of TB. Deleted fragments in TB were predicted by LOH and CNV fromWGS data, and their extremes were confirmed by
PCR of breakpoint junctions in most cases. Fragment order in TB derivative chromosomes was predicted considering the six
deleted fragments and the six breakpoint junction sequences detected in the discordant read analysis that were validated by PCR
(Inv, inversion; T, translocation). Question marks represent an additional breakpoint junction that was hypothesized from WGS
read pairs that collectively did not pass all the SV analysis significance thresholds. According to this model, no other undetected
breakpoint would be required to explain this catastrophic rearrangement. Rearrangements are represented in a single copy of the
affected chromosomes according to the linkage of deleted fragments in the same chromosome haplotype, which was inferred
from a TT self-cross progeny segregation analysis andWGS data of TB. In purple, the asterisk indicates the segment comprising the
cluster ofMybA genes belonging to the grape color locus functional allele, which is present in the heterozygous state in TTand is
lost after genome rearrangements in TB. The white allele is represented by the green line. Red lines denote centromeric repeats
according to predictions on the grapevine reference genome (Di Gaspero and Foria, 2015; Genoscope Web site).

794 Plant Physiol. Vol. 175, 2017

Carbonell-Bejerano et al.

http://www.plantphysiol.org/cgi/content/full/pp.17.00715/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00715/DC1


regions results directly from their hemizygous state
(Fig. 2), as described in other Pinot and Cabernet Sau-
vignon grape color variants (Walker et al., 2006;
Yakushiji et al., 2006).
Genome-wide deep sequencing analyses uncovered

a much more complex SV in the origin of the TB berry
color variant than was identified previously in any
other grapevine somatic variant. Hemizygous seg-
ments detected in LGs 2 and 5 of TB are flanked by
breakpoints corresponding to several translocations
and inversions (Table I; Fig. 6A). These events collec-
tively resulted in the hemizygous deletion of more than
8 Mb (Fig. 2), ;1.7% of the grapevine haploid genome
(Jaillon et al., 2007). The same hemizygous deletions
were detected repeatedly using different approaches
(Figs. 1, 2, and 4; Supplemental Figs. S1 and S3;
Supplemental Table S2), and the corresponding break-
points were confirmed experimentally irrespective of
the clonal lineage proximity of TB and TT accessions to
the original TB bud sport (Supplemental Fig. S3). Thus,
all identified SV events are characteristic of the TB bud
sport and stable in subsequent multiplication cycles
and, therefore, do not seem to correspond to the accu-
mulation of secondary mutations. Remarkably, the
longest deleted fragment in TB was that containing the
color locus functional allele (;3.4 Mb between T2 and
T3 breakpoints in chromosome 2; Table I).
For WGS, we used whole leaves to obtain DNA as-

suming that both L1 and L2 meristem layers were
mutated in TB, as reported before for this and other
grapevine white berry variants (Walker et al., 2006;
Vezzulli et al., 2012; Migliaro et al., 2014; Pelsy et al.,
2015). The existence of independent chimeric mutations
in L1 and L2 involving the loss of the color locus
functional allele was observed in a white berry variant
of Pinot (Pelsy et al., 2015). However, in TB, the fre-
quency of WGS discordant reads detected in SV junc-
tions appears close to 50% (Fig. 3), while no read for a
second allele was identified in SNP positions showing
LOH (Supplemental Table S11). These results indicate
that the cell lineage in which the complex genome

rearrangement appeared had colonized L1 and L2 cell
layers in the meristem that generated the TB bud sport.

Genome Reshuffling in TB Shows Hallmarks of
Chromosome Breakage and Illegitimate Fusion

The existence of SV has been reported among the few
grapevine cultivars sequenced so far at the whole-
genome level when compared with the PN40024 ref-
erence sequence (Jaillon et al., 2007; Velasco et al., 2007;
Da Silva et al., 2013; Di Genova et al., 2014; Cardone
et al., 2016; Xu et al., 2016). Moreover, apart from TE
insertions, major SVs were not considered in the pre-
vious comparison of whole-genome sequences per-
formed between four clones of Pinot Noir (Carrier et al.,
2012). Our study provides the opportunity to identify
possible mutational causes of somatic SV in grapevine
by directly comparing the derivative genome of TB
with the original genome in TT (Fig. 6B). In thismanner,
as described in “Results,” an analysis of the rear-
rangement pattern detected in TB indicates that it ful-
fills all the criteria proposed for the inference of a
chromothripsis event (Stephens et al., 2011; Korbel and
Campbell, 2013; Collins et al., 2017). Although the cel-
lular origin of chromothripsis is still controversial
(Sorzano et al., 2013), both breakage-fusion-bridge
(BFB) cycles and the degradation of lagged chromo-
somes during mitosis inside of micronuclei are mech-
anisms that have been proposed as possible triggers
(Li et al., 2014; Zhang et al., 2015). Proof for the
micronuclei origin of chromothripsis arose from the
observation that missegregated anaphase chromo-
somes are enclosed in extranuclear bodies (micro-
nuclei), where they can undergo fragmentation and
illegitimate repair before their restitution into the nu-
cleus in one to three consecutive cell division cycles
(Crasta et al., 2012; Zhang et al., 2015; Ly et al., 2017).
Similar complex rearrangements associated with
micronuclei formation and dependent on the DNA-
repair machinery were observed during the process of

Figure 7. Segregation ofmolecularmarkers at LGs
2 (left) and 5 (right) in TB and TT selfed progeny.
Markers are mapped to the PN40024 reference
genome chromosomes. Absolute frequencies (%)
for each allele are shown inside circles, and the
significance value of x2 tests for the difference
between the two allele frequencies is indicated for
everymarker (*, P, 0.05; ***, P, 0.0001; ns, not
significant). White and black circles represent
white and black berry color alleles in the Vvi-
MybA1 locus, respectively. Validated inversion
(Inv) and translocation (T1–T5) breakpoints are
depicted as well. Deleted chromosome segments
detected by CNV analysis from WGS data are
depicted as white boxes and linked in the same
chromosome copy as determined by haplotype
phasing using a TT self-cross progeny.
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genome elimination taking place after the hybridiza-
tion of transgenic Arabidopsis (Arabidopsis thaliana)
plants expressing mutant forms of H3 histones (Tan
et al., 2015), which indicates that cellular mecha-
nisms involved in chromothripsis are present in
plants. In TB, the lack of homology or the micro-
homology of 1 to 7 bp that characterize SV junctions
(Fig. 5) is compatible with nonhomologous end
joining at blunt ends and microhomology-mediated
end joining repair mechanisms of double-strand breaks
generating these junctions (Jones and Jallepalli, 2012;
Sinha et al., 2016).

The fact that the left arm of chromosomes 2 and 5 is
protected from rearrangement in TB might contradict
the idea of a simultaneous breakage of the two chro-
mosomes and subsequent random repair inside of a
micronucleus. Rather, the type of chromothripsis pat-
tern found in TB has been argued to be generated by
BFB cycles (Sorzano et al., 2013), a mechanism ini-
tially proposed in plants (McClintock, 1941). BFB
cycles can generate chromothripsis-like patterns after

chromosome fusions, producing dicentric chromosomes
that are broken at random positions between the two
centromeres by the action of the mitotic spindle and,
then, rejoined and broken again in successive cell divi-
sions that produce the deletion of fragments segre-
gated in different daughter cells (Sorzano et al., 2013).
In TB, the putative pseudodicentric nature of the
grapevine chromosome 9 (Di Gaspero and Foria, 2015)
might have precipitated the causal genome instability,
as the two breakpoints detected in LG 9 fall within the
small region between the two predicted centromeres
(Fig. 6B). Irrespective of the cellular origin of this
chromothripsis-like conformation, the causal genome
instability appears to be stabilized in the TB derivative
cultivar (Supplemental Fig. S3). Therefore, the case of
TB provides evidence that these complex unbalanced
somatic events lead to genetic and phenotype diver-
sity that can be exploited as a source of novel traits in
vegetatively propagated plants.

Consequences of Complex Unbalanced Chromosome
Rearrangements as a Source of Somatic Variation in Plants

SV is a common driver of genome evolution in sex-
ually reproduced plants (Cao et al., 2011; Chia et al.,
2012; Qi et al., 2013) and a source of genetic diversity
and new traits in vegetatively propagated plant crops
(Terol et al., 2015). Resembling the TB derivative culti-
var, chromoanagenesis events can rapidly produce
dramatic genome reshuffle, resulting in multiple mo-
lecular and phenotype alterations (Leibowitz et al.,
2015). At the gene level, the partial monosomy of large
chromosome segments yields more than 300 hemizy-
gous genes in TB. In highly heterozygous species such
as grapevine, monosomy may unmask the expression
of deleterious alleles originally present in a heterozy-
gous state. In TB, this is the case for the berry color locus
at which rearrangements caused deletions that left only
the null allele (Fig. 1B; Migliaro et al., 2014). Other
nonsynonymous SNVs originally heterozygous in TT
are present in the hemizygous state in TB (Supplemental
Table S11), which might account for additional pheno-
type variation in this cultivar.

At the reproductive level, the sexual fitness of TB
seems to be compromised by the genome reshuffling.
Segregation distortion in a TB S1 progeny indicates a
lack of transmission of rearranged chromosome arms
(Fig. 7). Similar lack of transmission linked to meiotic
recombination might have been mistaken as a proof of
somatic gene replacement in grape color variants of
Pinot (Pelsy et al., 2015). However, considering the
proportion of the hemizygous genome and the reduc-
tion of pollen viability observed in TB (Figs. 2 and 8), it
is more likely to assume that highly rearranged chro-
mosomes like those present in TB are deleterious for the
resulting unbalanced haploid gametes (Pellestor, 2014).
Different levels of sterility also were observed in Ara-
bidopsis lines with shattered chromosomes (Tan et al.,
2015). Although sexual reproduction is not necessary

Figure 8. Pollen viability, fruit set, and yield in TB and TT. A, TTand TB
pollen after Alexander’s staining. Dark pollen is viable, while empty
(pale) pollen is sterile. B to D, Percentage of pollen viability (B), fruit set
rate (C), and fruit yield (D) in both Tempranillo lines. The data depicted
correspond to means 6 SD. All data were recorded in the experimental
vineyard of Finca La Grajera during the 2015 season. Similar results
were obtained in two other seasons.

796 Plant Physiol. Vol. 175, 2017

Carbonell-Bejerano et al.

http://www.plantphysiol.org/cgi/content/full/pp.17.00715/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00715/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00715/DC1


for the maintenance of vegetatively propagated crops,
gametophyte viability is required for proper fruit set
(Iyer, 1966); thus, complex SV may have agronomic
consequences in decreasing fruit yield, as observed in
TB (Fig. 8).

CONCLUSION

Awhole-genome scale approach was helpful to show
that, in the TB white grape variant, the deletion of the
grape color locus functional allele is linked to a much
more complex genome rearrangement than was ob-
served previously in any other grapevine somatic
variant. To our knowledge, this is the first study
delimiting the deletion of this allele at a base resolution
level. In TB, this deletion occurred associated with an
unbalanced chromoanagenesis event entailing an ille-
gitimate rejoining of fragments after multiple chro-
mosome breakage. Taken together, our results show
that complex chromosome rearrangements with chro-
mothriptic features naturally emerge and stabilize
during plant vegetative growth. Although possibly
reducing sexual fitness and compromising fruit and
seed production, these complex somatic events rapidly
generate new phenotypes that can be selected and
vegetatively propagated. Therefore, complex unbal-
anced genome rearrangements that emerged during
somatic growth might be relevant for the genetic im-
provement and evolution of clonally propagated plant
species such as woody crops.

MATERIALS AND METHODS

Plant Material

Molecular biology and viticultural experiments, respectively, were carried
out using materials collected from the two ancestral TB multiplication grape
(Vitis vinifera) vineyards (TB-ICVV2 and TB-ICVV3 accessions; Supplemental
Table S9). These vineyards are located in Finca Valdegón (in Agoncillo, La
Rioja, Spain) and Finca LaGrajera (in Logroño, La Rioja, Spain), respectively. As
a representative accession, TT clone RJ51 (the most cultivated TT clone in the
Rioja DOC region) from both sites was used as respective control. Both plots
belong to the Grapevine GermplasmCollection of the Instituto de Ciencias de la
Vid y del Vino (ICVV; ESP-217) and are maintained under the same agro-
nomical conditions. All plants are grafted in Richter-110 rootstock, trellised in a
double cordon Royat system, and cultivated in a similar way. The genotypes of
nine microsatellite loci located in different chromosomes were obtained as
described elsewhere (Ibáñez et al., 2009), confirming that TB matches the gen-
otype of TT (Supplemental Table S12). Another five TB and five TT accessions
from diverse origins were used to assess the presence of SV breakpoints
(Supplemental Table S9).

Selfed progeny of TT-RJ51 and TB-ICVV2 accessionswere generated in 2008,
consisting of 78 and 46 individuals, respectively. These progeny were main-
tained ungrafted in pots at Finca Valdegón.

DNA Extraction

In all experiments, total gDNA was isolated from young leaves using the
DNeasy Plant Mini Kit (Qiagen) according to the protocol described by the
manufacturer. Additionally, mature fruits of TT-RJ51 and TB-ICVV1 were
harvested in 2016, and gDNA was obtained separately from berry skin and
flesh. Independent DNA samples were used for each technique: microsatellite
genotyping, Southern blot, GrapeGen GeneChip hybridization, Illumina
sequencing, and PCR amplification.

Southern Blot

DNA-blot hybridization analysis was performed as described by Sambrook
et al. (1989). Briefly, gDNA fromTT and TBwas digestedwithApaI, transferred
to a nylon membrane, and hybridized to a VviMybA1 probe as described
previously (Lijavetzky et al., 2006). The VviMybA1 probe was generated by
PCR amplification with primers Ps (59-TCACGGGGTTTAGAAAGTGG-39)
and Pas (59-ATCAATTGGGGAATTGGTGA-39) using TT gDNA as a template.
The hybridized membrane was scanned with a STORM PhosphorImager
(Molecular Dynamics).

LOH Analysis in Specific Amplicons

To analyze LOH in TB, primer pairs for 30 amplicons were designed along
LG 2 (Supplemental Table S1). PCR amplifications were carried out using Taq
DNA Polymerase (Qiagen) as recommended by the manufacturer. PCR pro-
ducts were purified with ExoSAP-IT (USB Products Affymetrix) according to
the manufacturer’s instructions and then used for Sanger sequencing at the
Genomic Unit of Parque Científico de Madrid with the same primers used for
amplification.

CNV Analysis by GeneChip Hybridization

Two biological replicates of TT and TB were hybridized to the GrapeGen
GeneChip (Lijavetzky et al., 2012). For each replicate, gDNA samples (10mg each)
were fragmented to an average size of 0.5 kb with a sonicator Labsonic U set at
50% intensity and repeating duty cycle of 0.5, four pulses of 10 s each. Labeling of
DNA was performed as recommended in the GeneChip Whole Transcript
Double-Stranded Target Assay (Affymetrix). Briefly, fragmented DNA was am-
plified, purified, and biotin terminal labeled with the dsDNA Terminal Labeling
Kit (Affymetrix) following recommendations. Finally, 7.5 mg of labeled DNAwas
used for the hybridization of microarrays according to the Affymetrix GeneChip
Expression Analysis Technical Manual. CEL files were RMA normalized, and
differential probe set hybridization between TB and TT was assessed using the
RankProd package from Bioconductor (Breitling et al., 2004). A cutoff value of
1.8-fold change absolute value and P , 0.01 were established to detect genes
with genomic CNV. To this end, the annotation of the GrapeGen GeneChip
according to 12X V1 gene predictions from Lijavetzky et al. (2012) was used.

Genome Resequencing and Computational
Comparative Analyses

Sequencing and Preprocessing

Two gDNA libraries were built from a sample of young leaves from one
individual of TT-RJ51 and another from TB-ICVV2 (second-round multiplica-
tion plant). The gDNA of each individual was fragmented randomly. After
electrophoresis, DNA fragments of;470 bp were gel purified. Adapter ligation
and DNA cluster preparation were then performed and subjected to sequenc-
ing. Each Tempranillo line was sequenced in a different lane at Beijing Ge-
nomics Institute facilities using the Illumina HiSeq 2000 sequencing system. On
each sample, a total of ;209 3 106 paired-end reads of 90-nucleotide length
were obtained (;18.8 Gb of total sequence per sample; Supplemental Table S4).

Sequence data were processed by removing the adapter sequence from
reads and subsequently taking out the reads with low quality (Phred quality
# 5 in 50% or more of the positions of the read) to obtain the clean data de-
scribed in Supplemental Table S4. The final Q20 of each lane was above 95%.
Two files containing the clean reads in FastQ format, corresponding to TT and
TB samples, were submitted to an in-house pipeline composed of several bash
shell scripts (available upon request to the authors). These scripts used shell
commands, Perl scripts, and open-source programs to process the reads, pro-
duce the alignments, select particular subsets of alignments for the PEM study,
and carry out the CNV study and the variant calling. The pipeline also included
a prediction of effects for the retrieved variants and a scanning for LOH regions
in TB. Each specific procedure is described below.

Alignment

Each FastQ file was aligned to the grapevine PN40024 12X.0 reference ge-
nome assembly using BWA version 0.5.9-r16 with the option sampe (for paired
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ends) and default parameters (Li and Durbin, 2009). Approximately 76% of the
reads aligned with the reference genome (Supplemental Table S5). Redundant
reads comprising the same span were then removed using the rmdup option of
SAMtools (Li et al., 2009). To improve the alignments by minimizing the
number of artifactual mismatching bases due to the close presence of INDELs
with respect to the reference genome, local realignment was then done using
GATK version 1.0.5777 (tools RealignerTargetCreator and IndelRealigner;
McKenna et al., 2010). To increase the ability of SV breakpoint detection, an-
other script was used to split each of the 90-nucleotide clean reads into two
fragments of 45 nucleotides. The new sets of FastQ files containing the
45-nucleotide split reads also were aligned as described above and used for SV
junction detection.

Variant Calling and LOH Genome Scanning

Files containing read alignments of TT and TB in BAM format were used to
search for Tempranillo line-specific polymorphisms (SNPs and INDELs).
Aligned readswere preprocessed as described above, andmoreover, readswith
mapping quality, 40 after local realignment in IndelRealigner were discarded
too. Variant calling on each line was carried out using the BCFtools utility from
SAMtools for the whole genome and the HaplotypeCaller tool from the GATK
package for LGs 2 and 5. Initially, for both tools, VCF files independently
comparing each Tempranillo line with the grapevine 12X.0 reference genome
were generated. In order to remove false positives, the following filters and
cutoff thresholds were used: polymorphisms were considered when 15 or more
reads covered the position and the variant sequence was observed in 35% or
more for heterozygous sites and 90% or more with two or fewer reads of the
nonvariant allele for homozygous sites. Finally, the resulting TT and TB sets of
heterozygous polymorphisms identified in SAMtools were binned in 100-kb
bins, and these bins were reported and plotted for each LG. To delimit segments
of LOH along the TB genome, intervals of three or more consecutive hetero-
zygous sites in TT (according to the filters described above) that fulfilled the
criteria of homozygous sites in TBwere considered. To estimate the genotype in
TB irrespective of the variation relative to the reference genome, the sequence at
these positions was obtained from the compilation in the pileup file of the
alignments. In these cases, a Perl script was constructed to detect homozygous
sites in TB according to eight or more reads coverage and 90% or greater fre-
quency of the most frequent allele and two or more for alleles other than the
most frequent one.

GATKHaplotypeCaller also was used for variant calling in LGs 2 and 5, and
the results were cross-checked with those obtained from SAMtools + BCFtools.
Although the results were highly equivalent, HaplotypeCaller was used to
study the effect of polymorphisms involving LOH in hemizygous regions of TB
by assuming that this application could perform better on INDEL detection
(Hwang et al., 2015). The same filters described for the output of SAMtools were
used to detect TT polymorphic sites with LOH in TB (heterozygous in TT and
homozygous in TB). In this case, to estimate the genotype of TB for nonvariant
LOH sites, the variant calling was repeated after merging the reads from the
two lines. The genotype in the nonvariant line was inferred by deducting the
reads of the variant line from the total of both. Finally, the effect of detected
polymorphisms was predicted using SnpEff version 2.0.3 (Cingolani et al.,
2012) according to the grapevine 12X V1 gene predictions from CRIBI
(http://genomes.cribi.unipd.it/) and the functional annotation and classifi-
cation of genes described by Grimplet et al. (2012).

Genome Resequencing CNV

CNV-seq (Xie and Tammi, 2009) was applied using TB and TT as test and
reference, respectively, on the corresponding files containing the initial position
of each aligned read relative to the reference genome (called hits files by the
authors of CNV-seq). Significance values were set in CNV-seq to log2 (copy
number TB/TT) # 20.5 and P # 0.00001 for each chromosomal window and
four or more consecutive sliding windows for annotating a CNV zone. The
CNV zones detected by CNV-seq with P# 0.05 and log2 (copy number TB/TT)
# 20.5 or $ 0.37 were considered as significantly decreased or increased, re-
spectively, in copy number in TB relative to TT.

SV Breakpoint Search

PEM and soft-clipped reads indicative of the presence of SV junctions were
searched specifically in the two SAM files containing the TB and TT reads, re-
spectively, aligned to the PN40024 12X.0 reference genome. The two alignment
sets of whole 90-nucleotide reads and reads split into two 45-nucleotide frag-
ments were processed equally in parallel. First, read pairs with mapping

quality = 0 in BWA were removed, as this indicates mapping to multiple lo-
cations. From the remaining set of aligned reads and using bash shell com-
mands (grep and awk) and the SAMtools merge utility, putative chromosome
rearrangement breakpoint sites were searched by extracting two subsets of
paired-end reads with discordant mate alignment: (1) read pairs with increased
insert size indicative of intrachromosomal translocations or large deletions:
absolute value of insert size (TLEN field in the SAM file) . 4 times the median
TLEN value of all aligned pairs in the sample; and (2) read pairs with mates in
different chromosomes indicative of interchromosome translocations (RNEXT
field different from = or RNAME value in the SAM file). To determine the or-
ientation of the rearranged chromosome fragments comprising putative
breakpoints, paired-end reads with unexpected mate orientation alignment
were searched from the previous two subsets. Two different discordant ori-
entations were considered: (1) both mates with unexpected orientation (FLAG
field of the SAM file with values = 81, 161, 97, or 145); and (2) only onematewith
unexpected orientation (FLAG with values 65, 129, 113, or 177). An additional
subset comprising soft-clipped reads (only partially mapping to the reference in
one read extreme) was searched for in genomic regions with discordant mate
alignment 1 or 2. A read containing CIGAR alignment operation S was the
criterion used to select soft-clipped reads.

To select breakpoints distinguishing TB andTT genomes, BEDtools (Quinlan
and Hall, 2010) of TB-specific discordant reads were extracted to delimit SV
candidate breakpoints, which were inspected visually using Integrative Ge-
nomics Viewer (version 2.2) software (Thorvaldsdóttir et al., 2013).

The nonclipped part of TB-specific soft-clipped reads mapping on candi-
date breakpoint areas was aligned to the PN40024 12X.0 genome assembly
using BLASTN suite (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=
BlastSearch).

Analysis of Repetitive Sequences at Breakpoints

For each SV junction detected in TB, a consensus breakpoint junction se-
quence was built from the sequence of discordant reads and submitted
to RepeatMasker version 4.0.3 (http://www.repeatmasker.org/cgi-bin/
WEBRepeatMasker). V. vinifera was the DNA source, and ABBlast/
WUBlast was the search engine to query for matches with repeat elements
deposited in RepBase database update 2013/04/22 (http://www.girinst.org/
repbase), which includes all described repeat elements specific ofV. vinifera. TE-
like sequences were searched by BLAST of RepBase sequences against (1) the
12X.0 reference genome in regions where TB SV breakpointsmapped and (2) TB
consensus sequences at SV junctions. The structure and domains of detected TE
sequences were studied with National Center for Biotechnology Information
Conserved Domain Database tools (http://www.ncbi.nlm.nih.gov/cdd/).

Validation of SV Junctions

PCR primers were designed at each flank of genomically detected SV
junctions (Supplemental Table S1). The consensus breakpoint junction sequence
reconstructed from discordant reads was used as a template for primer pair
design. Primer specificity was checked by BLAST against the PN40024 12X
grapevine reference genome assembly in the Genoscope Web site (http://
www.genoscope.cns.fr/externe/GenomeBrowser/Vitis/). These primer pairs
were tested for PCR amplification using as a template gDNA from different TB
and TT accessions (Supplemental Fig. S3; Supplemental Table S9). PCRs were
carried out using MyTaq DNA Polymerase (Bioline, Meridian Life Science)
following the manufacturer’s protocol. TheVviDXS (VIT_05s0020g02130) gene,
mapping on a presumably disomic region of LG 5 in both TT and TB, was in-
cluded in the experiment as a positive control using primers described else-
where (Emanuelli et al., 2010). An aliquot of the amplification product was
subjected to electrophoresis through 1% agarose gels to check for the presence
and size of PCR products. PCR products were sequenced as described above.

SNP Chip Genotyping and Haplotype Phasing

Total gDNA from 78 TT S1 progeny individuals was genotyped using
the GrapeReSeq Illumina 18K SNP Infinium as described elsewhere
(Houel et al., 2015). SNP genotype data were processed as described in
the GrapeReSeq project (https://urgi.versailles.inra.fr/Species/Vitis/
GrapeReSeq_Illumina_20K). To reconstruct the original phasing of the two haplo-
types in TT, segregation for each pair of adjacent SNP loci represented in the chip
was studied, assuming that themost frequent genotype combination in the progeny
corresponded to the parental haplotypes. The genotype of TB at SNP positions
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represented in the chip mapping on LGs 2 and 5 was obtained from ourWGS data
set. The haplotype remaining in TB at positions involving LOH in this variant was
compared with the two haplotypes reconstructed in TT to infer the homologous
copy affected by each deletion.

Sexual Transmission Analysis

Aseries ofmarkerswere genotyped ina set of TTandTBself-cross S1progeny
to study the sexual transmission of each homologous chromosome at LGs
2 and 5. Four heterozygous microsatellite markers in both Tempranillo lines
mapping on LG 2 were selected: Chr2b, Chr2a, C6F1, and C5G7. Genotyping of
VviMybA1 alleles in TT, TB, and TT self-cross S1 progeny was carried out as
described previously (Lijavetzky et al., 2006). Primer pairs a-d3 and b-d were
used to amplify null and functional alleles, respectively. Allele segregation was
determined for each locus and progeny, and their deviation from expected
values (0.5) was evaluated through x2 tests. This statistical test was performed
using Microsoft Excel software. Genotypic segregation for each pair of adjacent
loci was studied to determine microsatellite haplotypes, assuming that themost
frequent double homozygous genotypes in the progeny correspond to the pa-
rental haplotypes. Joint genotypic segregation of C5G7 and VviMybA1 was
used to establish the haplotypes at LG 2. For LG 5, two microsatellite markers
were selected, VVIT68 and VMC5E11, and the procedure was similar to that
described for LG 2.

Fruit Production and Pollen Viability

Experiments were carried out at Finca La Grajera during 2015. In this
vineyard plot, three rows (;50 plants each) of TB plants are interspersed by
three rows of TT plants. Each row was used as an independent biological
replicate, and four plants per replicate were analyzed. Pollen was collected si-
multaneously from TT and TB inflorescences (one per plant) at 50% bloom.
Pollen viability was analyzed using Alexander’s modified staining as described
previously (Royo et al., 2016). For each Tempranillo line, more than 1,000 pollen
grains per biological replicate were analyzed. Fruit set percentage was calcu-
lated as the rate between the number of ripened fruits per cluster at maturity
and the number of flowers at flowering time in the same cluster (one cluster per
plant was analyzed). The number of flowers per inflorescence was estimated by
bagging the inflorescence before the onset of flowering and counting flower
caps inside the bag after fruit set. Fruit yield was estimated as the total mass of
grape bunches per plant.

Accession Numbers

GrapeGenGeneChip andWGS data are deposited in the National Center for
Biotechnology Information under Gene Expression Omnibus GSE80801 and
Sequence Read Archive SRP065756 (BioProject PRJNA301084) accession
numbers, respectively.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Microarray-based CNV in a TB white berry so-
matic variant.

Supplemental Figure S2. Intrachromosome translocation in TB LG 5.

Supplemental Figure S3. Validation of TB SV junctions in additional Tem-
pranillo accessions.

Supplemental Figure S4. Transposon and repetitive sequences detected at
TB breakpoints sites.

Supplemental Table S1. Oligonucleotides used as primers for PCR ampli-
fication.

Supplemental Table S2.Heterozygosity analysis in PCR-amplified regions
around the color locus in LG 2.

Supplemental Table S3. GrapeGen GeneChip probe sets showing differ-
ential CGH between TB and TT.

Supplemental Table S4. Summary of resequencing data production (clean
data).

Supplemental Table S5. Summary of resequencing read alignments.

Supplemental Table S6. Genome regions showing LOH in TB.

Supplemental Table S7. Genome windows showing copy number de-
crease in TB.

Supplemental Table S8. Sanger capillary electrophoresis-obtained se-
quences of PCR amplicons confirming breakpoint junctions predicted
by genome resequencing in TB.

Supplemental Table S9. Origins of Tempranillo accessions.

Supplemental Table S10. Haplotype phasing of fragments deleted in LGs
2 and 5 of TB.

Supplemental Table S11. List of predicted hemizygous variant sites in the
TB genome and functional effect.

Supplemental Table S12. Microsatellite genotyping identification.
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