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a b s t r a c t

Sultanine grapevine (Vitis vinifera L.) is one of the most important commercial seedless table-grape vari-
eties and the main source of seedlessness for breeding programs around the world. Despite its commercial
relevance, little is known about the genetic control of seedlessness in grapes, remaining unknown the
molecular identity of genes responsible for such phenotype. Actually, studies concerning berry devel-
opment in seedless grapes are scarce at the molecular level. We therefore developed a representational
difference analysis (RDA) modified method named Bulk Representational Analysis of Transcripts (BRAT)
in the attempt to identify genes specifically associated with each of the main developmental stages of Sul-
tanine grapevine berries. A total of 2400 transcript-derived fragments (TDFs) were identified and cloned
eedless grape
DA
eal-time PCR
itis vinifera

by RDA according to three specific developmental berry stages. After sequencing and in silico analysis,
1554 (64.75%) TDFs were validated according to our sequence quality cut-off. The assembly of these
expressed sequence tags (ESTs) yielded 504 singletons and 77 clusters, with an overall EST redundancy
of approximately 67%. Amongst all stage-specific cDNAs, nine candidate genes were selected and, along
with two reference genes, submitted to a deeper analysis of their temporal expression profiles by reverse

e PCR
heir i
transcription-quantitativ
expression that allowed t

. Introduction

Larger fruit size, higher fruit number per plant, better flavor,
aste and nutritional quality, and reduced seed number and size
re major goals in the genetic improvement of fruit crop species.
onsidering table-grapes (Vitis vinifera L.), seedlessness is one of

he most appreciated quality traits. The understanding of genetic
nd molecular mechanisms driving seedlessness in table-grapes is
ustified by their economic relevance and most breeding programs
ave focused on the generation of new cultivars (cv) combining

Abbreviations: BRAT, bulk representational analysis of transcripts; cDNA, com-
lementary DNA; cv, cultivar; DDD, digital differential display; DP, differential
roduct; DS, developmental stage; EST, expressed sequence tag; RDA, representa-
ional difference analysis; RT-qPCR, reverse transcription-quantitative polymerase
hain reaction; TDF, transcript-derived fragment.
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168-9452/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.plantsci.2010.07.021
. Seven out of nine genes proved to be in agreement with the stage-specific
solation by RDA.

© 2010 Elsevier Ireland Ltd. All rights reserved.

seedlessness with other quality traits such as larger berry size, mus-
cat flavor or crispiness. The grapevine cv Sultanine, also known as
Thompson Seedless, Sultanina or White Kishmish, is the world most
important commercial seedless table-grape variety and it has been
the main source of seedlessness in table-grape breeding programs
[1–3].

Since the pioneer work of Stout [4], two different types of seed-
lessness mechanisms have been observed amongst grape genetic
resources: parthenocarpy (like in cv Corinto) and stenospermo-
carpy (like in cv Sultanine). Parthenocarpy, or fruit development in
the absence of pollination, yields small berries that completely lack
seeds, employed mainly for the production of raisins. In stenosper-
mocarpic varieties, pollination and fertilization occur normally, but
the embryo and/or the endosperm abort 2–4 weeks after fertiliza-
tion. As a result, seed development ceases, leaving only partially
formed seeds or seed traces, while the ovary wall pericarp con-
tinues to grow to originate berries with sizes compatible with

commercial requirements for fresh fruit consumption. The differ-
ent hypothesis proposed for the genetic control of seedlessness in
grapevine were further studied and revised [2,5–7].

A logical approach to look for genes possibly responsible for
seedlessness would be the comparison of gene expression profiles

dx.doi.org/10.1016/j.plantsci.2010.07.021
http://www.sciencedirect.com/science/journal/01689452
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etween seeded and seedless varieties. Nearly identical genetic
ackgrounds are imperative for such strategy in order to avoid dif-
erential gene artifacts that, in fact, are not related to the seedless
henotype. This approach was employed by Hanania et al. [8,9]
ho were able to identify a Sultanine seeded-mutant. Through dif-

erential gene expression analysis between seeded and seedless
ines of Sultanine, these authors were able to identify a gene cod-

ng for chloroplast chaperonin 21 (ch-Cpn21), whose silencing in
obacco and tomato fruits resulted in seed abortion. They concluded
hat the ch-Cpn21 protein was essential for seed development and
ts silencing was involved in seed abortion in stenospermocarpic
rapes. Indeed, ch-Cpn21 is a strong candidate as key gene in the

ig. 1. (A) Representation of main grape fruit developmental stages from budburst until f
nd physiological aspects are indicated. (B) Sultanine grape seedless fruits at fruit-set (DS0
ictures were taken by L.F. Revers at EMBRAPA Uva e Vinho in Bento Gonçalves, RS, Braz
ranscripts (BRAT) employed to generate subtracted libraries from early developmental s
Science 179 (2010) 510–519 511

control of seedlessness in grapes. A suggestible final proof for such
or any candidate gene would be the phenotype complementation
of Sultanine grape or other seedless varieties.

Grapevine berry development is a unique process in plant
biology. It has been intensely studied in seeded varieties due to
their more prominent economic impact in wine making [10]. The
dynamic and complex process of berry development is summa-

rized in Fig. 1A and involves a cascade of biochemical changes
[11]. Sizes, colors and general aspects of Sultanine berries along
their development are represented in Fig. 1B. After anthesis, berries
undergo a double sigmoidal pattern of growth divided into three
distinct stages. The fruit-set stage involves rapid growth as the con-

ruit harvesting (adapted from Carmona et al. [10]). Main fruit, cellular, biochemical
) and at developmental stages (DS) of 2, 4, 6 and 8 weeks after DS0. Scale bars 1 cm.
il, in January–February 2005. (C) The strategy of Bulk Representational Analysis of
tages of Sultanine grape seedless berries.
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equence of cell division and elongation induced by the initial high
uxin concentration and the increasing levels of gibberellins and
ytokinins. Organic acids such as tartrate and malate accumulate
n cell vacuoles, and major precursors of phenolic compounds are
ynthesized in this phase. Seeds are formed and fully maturated
uring this first stage of berry development. The véraison stage is
haracterized by slower growth and the initiation of berry soften-
ng, defining the transition between berry formation and ripening.
ugars and pigments begin to accumulate at véraison. Finally, the
erry ripening phase is characterized by the attainment of final
erry size and color, when sugar concentration increases, organic
cid production decreases, and volatile secondary metabolites are
ynthesized, contributing to final berry flavor and aroma [11,12].
ecent and important works have focused on the transcriptome
ynamics during grapevine berry development since most of the
hysiological and biochemical changes described are determined
y gene transcriptional modulation [13–17].

Notwithstanding all mentioned authors employed seeded grape
arieties in their studies on grape berry development and, as far as
e are concerned, there are no reports on transcript profiling of

erry development in seedless grapevines. In the current work, a
trategy based on Representational Difference Analysis (RDA) was
sed to identify moderately rare to very rare cDNAs associated
ith grape berry development in the stenospermocarpic Sultanine

rape. In order to validate the strategy, nine candidate genes were
elected and analyzed for their temporal transcriptional profile by
everse transcription-quantitative PCR (RT-qPCR). The results gath-
red on these genes are discussed in the light of previous reports
nd support the subtraction strategy employed in the present work
o pinpoint stage-specific transcripts during seedless grape berry
evelopment.

. Materials and methods

.1. Plant material and RNA extraction

Grape berries from V. vinifera L. cv Sultanine were harvested
rom November 2004 to January 2005 (2004/2005) in open vine-
ards grown at Embrapa Uva e Vinho (Bento Gonçalves, RS, Brazil).
amples were collected in the morning hours from at least 12
ndependent plants, frozen in liquid nitrogen, and stored at −80 ◦C
ntil RNA extraction. Three distinct moments of berry fruit devel-
pment were chosen to perform the RDA: fruit-set (DS0–BBCH
ode #71), characterized as the first stage of fruit development
hen young fruits begin to swell and flower remains are lost; 4
eeks after DS0 (DS4–BBCH code #75), when berries reach the size

f peas and clusters are already hanging; and 8 weeks after DS0
DS8–BBCH code #81), characterized by the beginning of ripening,
hen berries start to develop variety-specific color. For the reverse

ranscription-quantitative PCR (RT-qPCR) validation, we included
ther two stages of grape berry development: 2 weeks after DS0
DS2–BBCH code #73), characterized by berries in pepper-corn size
nd clusters starting to hang; and 6 weeks after DS0 (DS6–BBCH
ode #77), when berries begin to touch each other. Berry growth
tages were assumed according to the Extended BBCH Scale as
eviewed by [18]. Total RNA was extracted with Purelink RNA
eagent (Invitrogen Life Technologies) and the miniprep protocol
ecommended by the manufacturer. RNA quality was assessed by
garose gel electrophoresis and spectrophotometry.
.2. Full length cDNA synthesis

Complementary DNA was prepared using the SMART PCR cDNA
ynthesis Kit (Clontech Laboratories), according to the manufac-
urer’s instructions, in the presence of RNase OUT (Invitrogen Life
Science 179 (2010) 510–519

Technologies). First-strand cDNA synthesis was performed with the
Superscript III Reverse Transcriptase (Invitrogen Life Technologies)
using 1 �g of total RNA as template. First-strand cDNA (2 �L) was
used as template to synthesize the second-strand of cDNA. All RNA
preparations were treated with DNase I (Fermentas) to eliminate
residual DNA contamination.

2.3. Bulk representational analysis of transcripts (BRAT)

RDA was performed with total RNAs from the sampled stages
of grape berry development identified by DS0, DS4 and DS8, as
optimized by Pastorian et al. [19]. Approximately 2 �g of double-
stranded cDNA were digested with the restriction enzyme MboI
(New England Biolabs). Resulting products were purified using the
GFX Kit (GE Healthcare) and ligated to adapters RBam12 (GATC-
CTCGGTGA) and RBam24 (AGCACTCTCCAGCCTCTCTCACCGAG). To
provide sufficient amounts of starting material for RDA, cDNAs
were diluted and amplified using the RBam24 as primer (25 cycles
of denaturing at 95 ◦C for 45 s and annealing and extension at 70 ◦C
for 3 min). Aliquots derived from the same driver cDNA synthesis
reaction were used in all the remaining rounds of hybridization.
Final PCR products were purified using the GFX Kit, resulting in
the driver cDNA populations. To generate tester cDNA populations,
a small aliquot of the drivers was completely digested with MboI
to remove the 24mer primers that were incorporated into cDNA
by PCR. After purification by GFX, the resulting products were lig-
ated to different adapters, NBam12 (GATCCTCCCTCG) and NBam24
(AGGCAACTGTGCTATCCGAGGGAG). In order to isolate genes up-
regulated in DS0, we used cDNAs from DS4 and DS8 (bulked)
as driver and DS0 cDNAs as tester. In order to isolate genes up-
regulated in DS4, we used cDNAs from DS0 and DS8 (bulked) as
driver and DS4 cDNAs as tester and, finally, to isolate genes up-
regulated in DS8, we used cDNAs from DS0 and DS4 (bulked) as
driver and DS8 cDNAs as tester. To perform the first round of
hybridization and amplification, generating the first differential
product (DP1), driver and tester populations were mixed in the
ratio of 50:1 in a 5 �L reaction at 67 ◦C for 24 h, and amplified by
PCR with the NBam24 primer (7 cycles at 95 ◦C for 45 s and 70 ◦C for
3 min). PCR products were diluted and submitted to a new round
of amplification to remove unwanted single-stranded cDNAs. After
purification, DP1 products were digested with MboI to remove the
NBam adapters before ligation to JBam12 (GATCCGTTCATG) and
JBam24 (ACCGACGTCGACTATCCATGAACG) adapters. The second
hybridization was performed at a ratio of 100:1. The second dif-
ferential product (DP2) was obtained using the same procedure as
for DP1, using JBam24 as primer instead of NBam24.

2.4. Cloning and sequence analysis

One hundred nanograms of the final RDA products (DP1 and DP2
fragments) were cloned into pGem T-Easy (Promega). Escherichia
coli DH10B competent cells were transformed with the ligated
products. Individual bacterial clones were grown in 96-deep-well
plates. Plasmid DNA was prepared from 2400 selected clones
and samples were sequenced using the automatic sequencer ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems). The qual-
ity established for sequence acceptance was defined by a Phred
[20,21] equal or higher than 20 and a minimum length of
80 bp. Resulting cDNA sequences (without vector sequences) were
then matched using the SisGen Automatized System of Sequence
Analysis (http://genoma.embrapa.br/genoma/), a unified tool that

dynamically integrates data from various databases including V.
vinifera genome, V. vinifera peptide, V. vinifera mRNA, Vitis TIGR
clusters, Arabidopsis thaliana proteins from MIPS, SwissProt, GO,
non redundant database, NCBI and EST database. Sequence redun-
dancy (R) was calculated according with the quantity of transcripts

http://genoma.embrapa.br/genoma/
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Table 1
Gene-specific PCR primers used for RT-qPCR.

Gene Forward (F) and reverse (R) primer sequences

1 VvUBP1 F: GGGGTTTTGGGTTTGTTTCT
R: GGCATCTGAATTTGGCTTGT

2 VvFS41 F: GAGACATCCTCACCCTGCTC
R: GACTATGACTGTTTTATCCTGA

3 VvPHP1 F: CATCCATCACCAACCCATTT
R: CCAACATGCAGTTCACCATC

4 VvRIP1 F: GGATCCTCGTTAAGGGATTTAGA
R: CGCAAATTACCCAATCCTGA

5 VvP450 F: GCTCAACAGGGTCTTCTTTCC
R: AACGGCGGGAGTAACTATGA

6 VvDOF1 F: GAGAGTTCGATTTCCGCTCA
R: GAACCAGGCCTTGAAGTGTC

7 VvERF1 F: TTCATCGTCTCCGTCCTCTC
R: TGGGTGTCTGAAATTCGGGA

8 VvCLP1 F: TCGATATCGGAGAAGAACACC
R: CCGGGGATGAGGAGGACT

9 VvGID1L1 F: CCCACCGTGGAAGAAAAGTA
R: TGAGGGGGTGTTCTCTTTTG

10 VvCNP21 F: GGGACAGAGGTGGAGTTCAA
R: TTTCCTTGCTTGCCTCTGTT

11 VvACT F: CTTGCATCCCTCAGCACCTT
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Fig. 2. Differential cDNA products obtained by BRAT. Lanes 1, 5 and 9 represent

(DDD) method [25] to construct a diagram of Venn (Fig. 3). In accor-
dance with the designed strategy, most clusters/singletons were
specific to only one developmental stage, as indicated in Fig. 3 and
in Table 2. Throughout the present technical strategies we were

Table 2
Distribution of ESTs derived from BRAT analysis of Sultanine grape berries.

Sultanine library RDA-BRAT Total

DS0 DS4 DS8

Sequenced clones 768 864 768 2400
ESTs > 80 bp 538 457 559 1554
Unigene set 175 169 441 581a

Singletons 158 132 426 504a

Clustersa 17 37 15 77a

Redundancy (%) 81.92 77.98 67.26 67.57a
R: TCCTGTGGACAATGGATGGA
12 VvTUB F: CAGCCAGATCTTCACGAGCTT

R: GTTCTCGCGATTGACCATA

enerated and the size (number of bases) that were added in
ounting: R = 1 − (c + s/i), where “c” refers to the number of con-

igs, “s” refers to the number of singletons, and “i” is the number
f ESTs in each input. The novelty of sequences refers to percent-
ge of sequences of each input not yet represented in clusters
r singletons already submitted. Singleton and cluster consensual
equences were submitted and are available at the GenBank under
ccession number type dbEST: GR389936–GR390695.

.5. RT-qPCR validation

Reverse transcription was performed with 1 �g of total RNA
rom each sample using M-MLV Reverse Transcriptase (Promega)
ccording to the manufacturer’s instructions. Design of oligonu-
leotides was performed with Primer3 (http://frodo.wi.mit.edu/cgi
in/primer3/primer3 www.cgi) with the criteria to amplify PCR
roducts from 100 to 250 bp (Table 1). PCRs were performed with
0 �L out of 1/100 dilutions of single-stranded cDNAs, using the
YBR Green PCR Master Mix (Applied Biosystems) with a 7500
equence Detection System (Applied Biosystems) apparatus. Actin
VvACT) and �-tubulin (VvTUB [22]) gene sequences were used
s internal controls to normalize the amount of mRNA present
n each sample, using the 2−��Ct method described by Livak and
chmittgen [23].

. Results and discussion

.1. Identification of differentially expressed genes during the
arly berry development in Sultanine grape

In order to identify genes differentially expressed during the
arly developmental stages of Sultanine grape berries, we designed
nd employed a modified strategy for the construction of sub-
racted libraries. Basically, the RDA method was performed as
escribed by Hubank and Schatz [24] and optimized by Pastorian et
l. [19] with modifications. During the harvest season (2004/2005),

ruits from the same clonal plants were collected in five develop-

ental stages (DS) as indicated in Fig. 1A and B. Total RNA samples
ere purified from first year’s berries at DS0, DS4 and DS8 and
ooled in three ways for the production of three distinct subtracted

ibraries according to Fig. 1C. Similar cDNA quantities from DS4 and
tester cDNAs, 2, 6 and 10 represent driver cDNAs, 3, 7 and 11 are the differential
products after the first subtraction (DP1) and 4, 8 and 12 are the differential products
after the second subtraction (DP2) representing libraries L1, L2 and L3, respectively.
M indicates the 100 bp-DNA ladder (Invitrogen).

DS8 were pooled as “drivers” to subtract the DS0 “tester” cDNA
population, producing the first subtracted library (L1). Likewise,
DS0 and DS8 cDNAs were pooled to subtract DS4 tester cDNAs to
produce L2 and, finally, L3 was obtained by the subtraction of DS8
tester cDNAs with the equivalent pool of DS0 and DS4 driver cDNAs.

Although DS2 and DS6 were not employed for the construction
of subtracted libraries, RNAs from all stages were later employed for
the validation of selected candidate genes by RT-qPCR. The method
employed was designed to optimize the subtraction towards
stage-specific transcripts by pooling groups of samples (driver) to
subtract the sample of interest (tester). By doing so, and avoiding
complete and repetitive reciprocal subtractions that would lead
to pairwise-specific transcripts, we drastically reduced the num-
ber of libraries. Such strategy allowed us to minimize costs, time
and yielded consistent results concerning differentially expressed
genes. We named this RDA strategy as Bulk Representational Anal-
ysis of Transcripts, or BRAT (Fig. 1C).

A smear of cDNA products was clearly observed in the start-
ing material and after the first BRAT subtraction. After two cycles
of RDA, using different tester and driver ratios, a different pattern
was evident, especially in the DP2 (Fig. 2). The resulting BRAT frag-
ments with lengths ranging from 100 to 500 bp were purified and
cloned into pGEM-T Easy and a total of 2400 clones were sequenced
and analyzed (Table 2). The number of valid ESTs from the DS0-,
DS4- and DS8-enriched libraries passing sequence quality cut-off
was 1554 (64.75%). The assembly of these ESTs yielded 504 single-
tons and 77 clusters, with an overall EST redundancy of 67.57%. To
better illustrate the distribution of ESTs amongst developmental
berry stages of cv Sultanine, we used a differential digital display
Novelty (%) 46.34 60.13 51.16 86.75a

Only ESTs longer than 80 bp and with a Phred ≥ 20 were included.
a Numbers represent scores after final clustering of all sequences. The term “clus-

ter” is here and in the text referred as non-singletons, i.e., groups formed by more
than one sequence read.

http://frodo.wi.mit.edu/cgi%20bin/primer3/primer3_www.cgi
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ig. 3. Venn diagram representing the distribution of transcripts from DS0, DS4
nd DS8 of Sultanine berries. Underlined numbers refer to transcript singletons and
nmarked numbers refer to transcript clusters (non-singletons after final cluster-

ng).

ble to identify 91 genes from the seedless grapevine cv Sultanine
hat are specific to the fruit-set (DS0) stage of berry development
nd, respectively, 82 and 236 genes whose expressions are specific
o the developmental stages known as 4 (DS4) and 8 (DS8) weeks
fter DS0.

Amongst the 581 unigenes of the resulting BRAT analysis, we
elected nine genes from the most populated clusters or based
n their predicted function or commitment in fruit development
Table 3). All these genes were further analyzed by RT-qPCR in order
o validate the results obtained by the BRAT method.

.2. Stage-specific genes identified in the early berry development
f seedless grapevine cv Sultanine

RT-qPCR has been readily integrated to validate the results
f many primary differential gene expression screening methods
ike cDNA arrays, differential display PCR (DD-PCR), serial analy-
is of gene expression (SAGE), subtraction hybridization, RDA and
DNA-AFLP [26,27]. Before assaying candidate genes, four genes
reviously assumed as constitutively expressed in grapevine [22]
ere assayed with samples from the five DS of Sultanine berries

rom the harvest season (2004/2005). In our experiments, while
lyceraldehyde 3-phosphate dehydrogenase (GAPDH) and a SAND-
amily member proved not to be constitutively expressed (data
ot shown), actin and �-tubulin (VvACT and VvTUB, respectively)
xhibited the best results, as shown in Fig. 4K. Their expressions
howed the minimal variation in every DS tested when normalized
o each other and, therefore, both were used as internal controls to
ormalize the amount of mRNA for all candidate genes present in
ach sample, according to the 2−��Ct method [23].

Seven out of the nine candidate genes selected from the BRAT-
erived EST collection proved to be in agreement with their
ommitment in a specific DS, at least in what concerned steady-
tate mRNA levels.

.2.1. Sultanine berry genes specific to fruit-set (DS0) and 2

eeks after DS0 (DS2)

Amongst 91 TDFs specific to DS0 (Fig. 3 and Table 2), we selected
hree candidates for further analysis by RT-qPCR. A putative gene
oding for an oligouridylate binding protein (VvUBP1) was identi-
ed and confirmed to be mostly expressed in the initial DS0 and Ta
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S2 stages (Fig. 4A) of berry formation. UBP1 is a heterogeneous-
uclear ribonucleoprotein (hnRNP) previously identified in plant
uclear extracts with a general role in pre-mRNA maturation. It is
ften associated to U-rich introns, suggesting that UBP1 is impor-
ant to recruit the splicing machinery to pre-mRNAs. It was also
roposed that these proteins function as a complex to stabilize

RNA by binding to U-rich sequences [28]. Plant UBP1 was addi-

ionally described to be important for alternative splicing [29] and
or the formation of microRNAs (miRNAs) that may cause transla-
ional repression or mRNA cleavage [30].

ig. 4. Relative gene expression of VvUBP1, VvFS41, VvPHP1, VvRIP1, VvP450, VvDOF1, VvE
y RT-qPCR at different fruit developmental stages during harvest 2004/2005. Developme
tage at the Y-axis. Expressions of the reference genes VvACT and VvTUB (K) were used to
epresent the developmental stage from which every candidate gene was originally isola
Science 179 (2010) 510–519 515

The second candidate gene selected from the DS0 pool of TDFs
was named VvFS41. It codes for a putative S1-like ribosomal protein
that, in conjunction with rRNA molecules, make up ribosomal sub-
units involved in the cellular process of translation. They are also
described to be responsible for the stabilization of highly compact
rRNA structures by filling the gaps between RNA domains [31]. Our

observations that VvFS41 and VvUBP1 are mostly expressed during
DS0 and DS2 (Fig. 4B) are in accordance to the fact that it is exactly
at these stages that most RNA and protein synthesis and processing
occur, i.e., during cell division in berries (Fig. 1A). It is important to

RF1, VvGID1L1, VvCLP1, VvCPN21 and reference genes VvACT and VvTUB measured
ntal stages (DS0–DS8) are represented at the X-axis and relative expressions to DS0
normalize the expression values of all candidate genes. Bars marked by rectangles

ted by BRAT (A–I). All data are presented as mean of four technical replicates.
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ention that our choice to select these candidates was based on
he fact that they belonged to some of the most populated clusters
f TDFs obtained after RDA subtraction.

A gene encoding a heat shock protein 70 (Hsp70), putatively
elated to the plant hypersensitive response (HSR) and named
vPHP1, was the third candidate gene whose mRNA was amongst

he richest ones during DS0 according to the BRAT analysis. RT-
PCR revealed however that VvPHP1 mRNA accumulated mostly
t the DS6 and DS8 stages of grape berry development (Fig. 4C).
lthough we cannot explain such discrepancy, it is reasonable

o believe that genes related to plant defense like Hsp70 would
ncrease their expressions at the end of fruit and seed formation,
fter the burst of cell division and when summer temperatures tend
o increase (Fig. 1A). It is also at these stages that fruits and seeds
tart accumulating more nutritious products therefore starting to
ttract insects and other herbivores. Within the diverse Hsp gene
amily, Hsp70 is the most studied member. The encoded and highly
onserved 70 kDa protein-member plays a key role in the stress-
esponse in plants [32], as it does in mammals [33]. It is reported
hat Hsp mRNA increases in the plant cytosol in response to dif-
erent types of stresses, especially high temperatures [34,35]. It is
elieved that Hsp proteins function as chaperones of denatured
roteins as well as assisting in the translocation and/or degradation
f damaged proteins [36].

.2.2. Sultanine berry genes specific to 4 weeks after DS0 (DS4)
The RDA subtraction according to our BRAT strategy allowed us

o rescue 82 classes of TDFs specific to DS4 (Fig. 3 and Table 2). RT-
PCR analysis proved that all four candidate genes elected from this
roup confirmed their higher steady-state mRNA levels around the
iddle stage of berry formation, especially at DS4 (Fig. 4D–G). The

rst candidate, named VvRIP1, is an ASR-like (abscicic acid stress
ipening) gene putatively encoding a ripening-induced protein.
SR-like genes were reported to be involved in the transcrip-

ional response to water stress and their expressions were also
etected during fruit ripening in several plant species [37]. The A.
haliana genome lacks ASR-like genes and only one copy has been
etected in grapes using Southern blot hybridization [38]. Inter-
stingly in tomato, the ASR1 protein was localized in the nucleus
nd shown to bind a specific DNA sequence [39]. Moreover, ASR
roteins from other species including grapevine were also local-

zed in the nucleus, and it was proposed that these proteins may
egulate specific promoters [38,40,41]. These findings suggest that
SR proteins are transcription factors whose likely targets are hex-
se transporters and abscisic acid (ABA) responsive genes. Since
any ASR genes are themselves induced by ABA and regulate genes

nvolved in sugar transport and ABA response, a cross-talk between
lant hormones and sugars responding to water stress could be
peculated. In fact, ABA and sugars act in a concerted way dur-
ng developmental processes in plants [42]. Being highly expressed
uring DS4, we propose that VvRIP1 is not involved in the start
f hexose synthesis since only during DS8 such compounds start
ccumulating in grape berries (Fig. 1A). Due to the strong effect
f ABA on seed formation [43], VvRIP1 could be one of the factors
nvolved in seed (miss) development in Sultanine grape as an ABA-
esponsive gene. Such speculation is corroborated by the fact that
ndosperm degeneration in Sultanine grapes occurs between the
rd and 6th week after anthesis [4], exactly the period of the highest
xpression of VvRIP1.

A cytochrome P450 (CYP450) putatively encoded by one of the
ost populated TDF clusters (VvP450) was also one of the selected
andidate genes at DS4. Our RT-qPCR analysis proved that VvP450
hows its higher steady-state mRNA level around the middle stage
f berry formation (Fig. 4E), especially at DS4. CYP450 is known
o belong to a very large and diverse superfamily of hemoproteins
hat use a plethora of both exogenous and endogenous compounds
Science 179 (2010) 510–519

as substrates in enzymatic reactions. They are usually part of
multicomponent electron transfer chains, called P450-containing
systems that are known to lead to the synthesis of various fatty acid
conjugates, plant hormones, defensive compounds, or bioactive
substances, for instance. Terpenoids, which represent the largest
class of characterized natural plant compounds, are often sub-
strates for plant CYP450 [44,45]. In A. thaliana, Ito and Meyerowitz
[46] described a mutant named 28-5 ap2-1 in which the overex-
pression of the CYP450-like enzyme CYP78A9 induced large and
seedless fruits. Although the function of the proteins encoded by
the CYP78A subfamily is still unknown, members of this family
have been isolated as coding for floral- or meristematic-specific
transcripts [46–48]. It has been speculated that one of the func-
tions of the CYP78A subfamily members may be the production of
signals that activates or enhances fruit development due to its wide
involvement in synthesis or degradation of plant secondary prod-
ucts [46]. Therefore the large accumulation of VvP450 transcripts at
DS4 is most probably related to the first step of berry cell elongation
(Fig. 1A) as a consequence of the enhanced secondary metabolite
production [10].

A cDNA putatively encoding a transcription factor homologous
to the A. thaliana DOF zinc-finger protein family was also identi-
fied at DS4. DOF proteins share a DNA-binding domain of 52 amino
acid residues that is structured as a Cys2/Cys2 Zn2+ finger [49]
that recognizes cis-regulatory elements in the promoters of their
target genes containing the common core 5′-AAAG-3′ [50]. Accord-
ing to the RT-qPCR analysis, VvDOF1 steady-state mRNA level was
increased at DS2, keeping such high levels until DS6 (Fig. 4F). DOF-
domain proteins were described to be involved in seed germination
[51,52], stress-responses [53–55], light-responses [56–58], phy-
tochrome signaling [59], responses to plant hormones including
auxin [60,61] and gibberellin [62,63], and tissue specific expression
in endosperms [64,65], leaves [56] or guard cells [66]. Therefore it is
not surprising to detect high levels of DOF transcripts at the middle
stage of berry formation in grapevine.

The last candidate gene selected amongst the most expressed
ones at DS4 by BRAT was VvERF1, named after V. vinifera ethylene-
responsive transcription factor (ERF) TINY-like. RT-qPCR analysis
however showed that VvERF1 was actually more highly expressed
at DS2 (Fig. 4G). Like in the case of VvUBP1, it is important to take
into account that the DS4 “tester” cDNA population was subtracted
with an equivalent mixture of DS0 and DS8 cDNAs as “drivers”,
thus the relative amount of the transcripts in the final pool was
an average of the original samples. Therefore the higher expres-
sion of VvERF1 in DS2 and DS4 is in agreement with the BRAT
strategy. The ERF is a large family of transcription factors that
belongs to the AP2/ERF superfamily which also contains the AP2
and RAV families [67]. It has been demonstrated that AP2/ERF pro-
teins have important functions in the transcriptional regulation
of a variety of biological processes related to growth and devel-
opment, as well as various responses to environmental stimuli.
While genes of the AP2 family have been shown to participate in
the regulation of processes like flower development [68], spikelet
meristem determinacy [69], leaf epidermal cell identity [70] and
embryo development [71], the involvement of RAV family members
was shown to be more related to ethylene [72] and brassinosteroid
[73] responses. Likewise, after finding the first ERFs in tobacco,
many proteins in the ERF family were identified and implicated in
many cellular processes such as hormonal signal transduction [74],
response to biotic [75,76] and abiotic stresses [77,78], regulation
of metabolism [79,80], and in developmental processes [81,82] in

various plant species.

3.2.3. Sultanine berry genes specific to 8 weeks after DS0 (DS8)
The highest numbers of stage-specific gene singletons (218) and

clusters (18) resulting from our BRAT subtraction were found at
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S8 (Fig. 3 and Table 2). The first candidate gene chosen to vali-
ate the preferential presence of this group of TDFs was a probable
ibberellin receptor similar to A. thaliana GID1L1. VvGID1L1 was
resent amongst the most populated clusters at DS8. Our RT-qPCR
nalysis showed that this class of transcripts was present at DS8
ut it was also equally abundant at DS2 (Fig. 4H). As observed for
vUBP1 and VvDOF1, DS8 “tester” cDNA population was subtracted
ith an equivalent mixture of DS0 and DS4 cDNAs. Therefore the
igher expression of VvGID1L1 at DS2 as well as at DS8 is in agree-
ent with the BRAT strategy employed.
Biologically active concentrations of gibberellins in seeded

rapevines were described to be high in flowers and in fruits dur-
ng the formation phase (Fig. 1A), but then usually drop to lower
evels over the course of berry development [83]. Nevertheless,
ccording to Perez et al. [84], there is a second peak of active
ibberellins at the start of the lag phase which coincides exactly
ith the beginning of DS8 (not represented in Fig. 1A), and it is

7 times higher in the seed when compared to the berry meso-
arp. The presence of VvGID1L1 at DS8 (and DS2) in Sultanine
erries corroborates this observation. Deluc et al. [15] showed that
he transcript abundance of two putative gibberellin receptors,
IDL1 and GIDL2, increases during seeded berry development. The
omplexity of the gibberellin effects over grape berry and seed for-
ation is evident when comparing these observations [15,84] with

he knowledge that gibberellins take a prominent part in seedless-
ess [2,85,86] possibly in association with other growth regulating
ubstances like auxins [87] or ethylene [88]. Treatment with gib-
erellins, besides delaying ripening, is effective in the promotion
f seedlessness in seeded grapes, in the suppression of vestigial
eed development in normally seedless grapes, in the increase of
erry and cluster size and in the decrease of cluster compactness
89–91].

Another candidate gene, named VvCLP1, was also found
mongst the most populated clusters at DS8 according to our BRAT
ethodology. Nevertheless, differently from VvGID1L1, it did not

onfirmed higher transcript abundance at this stage by RT-qPCR.
n the contrary and most surprisingly, it exhibited the lowest

evel of steady-state mRNA exactly at DS8 (Fig. 4I). VvCLP1 puta-
ively encodes a CONSTANS-like (COL) protein 2. The COL genes
ncode members of a family of plant zinc finger proteins arranged
nto three subgroups on the basis of variations within the B-box
egion. VvCLP1 would belong to the first subgroup whose members
etain two B-boxes [92]. Numerous COL genes have been corre-

ated to different aspects of plant flowering, especially in what
oncerns photoperiod, day length and the circadian clock [93,94].

hile the Arabidopsis CONSTANS family is composed of at least
7 genes [95], preliminary grapevine genome analysis showed the
resence of at least 14 putative COL-like genes in the grapevine
enome [96]. Almada et al. [96] characterized two of these COL
enes, demonstrating their diurnal expression pattern and the cor-
elation to photoperiod control of bud dormancy and flowering
nduction. Therefore, the most probable reason for the observed
nconsistency between BRAT and RT-qPCR results for VvCLP1 tran-
cripts is the existence of similar sequences of different members
f the grapevine COL gene family. In such a hypothesis, while BRAT
llowed the total subtraction of VvCLP1 transcripts out of DS0 and
S4, remaining in excess in DS8, primers designed for VvCLP1
llowed the amplification of a specific gene member of the COL
amily that is not (or very lowly) expressed at DS8. As performed
or all other genes selected, the primers designed for RT-qPCR of the
vCLP1 gene were tested against the grapevine genome, being spe-

ific to one gene sequence. Nevertheless it is reasonable that some
equence variations exist between the Pinot Noir genome available
nd the Sultanine genome.

Our main objective when developing the present work was to
stablish a first profile of gene expression during key stages of grape
Science 179 (2010) 510–519 517

berry development in a seedless cv model like Sultanine. In doing
so, and with a subtractive approach like BRAT, it was very tempting
to speculate on the commitment of the selected candidate genes as
related, at least in part, with the seedless phenotype. Hanania et
al. [8] has suggested that a key protein determining seedlessness in
grapes is the chloroplast chaperonin 21 (ch-Cpn21), identified after
suppression subtractive hybridization analysis between seeded
and seedless grapevine lines of cv Sultanine. These authors showed
that ch-Cpn21 silencing in tobacco and tomato plants using VIGS
resulted in growth reduction, chlorosis and seed abortion, reinforc-
ing the idea of a key role for ch-Cpn21 in seed formation. From
the data presented by Hanania et al. [8] it seems clear that down-
regulation of ch-Cpn21 is correlated with the seedless phenotype,
indicating that the absence and/or lower levels of ch-Cpn21 may
lead to seed abortion. In the present study, we decided to check the
transcript levels of the putative ch-Cpn21 gene (VvCPN21) along
the stages of Sultanine berry development. As shown in Fig. 4J, the
lower levels of VvCPN21 were observed exactly at the stages of early
berry formation (DS0–DS4), when degeneration of seed endosperm
takes place. Interestingly, the expression of VvCPN21 was highest
only at DS6, when seeds would be already fully developed in nor-
mal, seeded grapes. The patterns of VvCPN21 mRNA accumulation
measured in our analysis therefore fully support the conclusions of
Hanania et al. [8].

A considerable number of works [13–17] have focused on gene
expression profiling during fruit development in seeded grapevine
cultivars. Through such works, authors were able to characterize
critical genes whose expressions may program cellular metabolism
mostly through hormonal signaling and transcriptional regulation.
The study of seedless berry development or the establishment
of a link between seeded and seedless grapes were not focused
on those works. Hanania et al. [8] have successfully proved the
commitment of ch-Cpn21 in the seedless phenotype after a sub-
tractive screening between seeded and seedless grape berries,
but these authors have not described gene expression profiles
obtained.

At the best of our knowledge, the present work is the first to
describe genes differentially expressed and specific to the main
stages of berry development in a seedless grape cv like Sultanine.
Employing the described BRAT strategy, we were able to identify
1554 TDFs derived from mRNAs that most specifically accumu-
lated at the fruit-set stage and at 4 and 8 weeks after fruit-set.
BRAT results were validated by seven out of nine selected TDFs
via RT-qPCR. We therefore believe that the BRAT strategy is quite
useful for screening sample-specific transcripts when multiple
temporal (stage-specific), spatial (organ-specific) or signal-specific
samples need to be assayed. Besides checking the relevance of
BRAT-selected genes during Sultanine berry development, next
step will be the comparison of Sultanine berries through the key
developmental stages with berries from seeded varieties at equiv-
alent stages.
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