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a b s t r a c t
In the present work, the effect of assisted fertilization on anatomical, morphological and gene expression
changes occurring in carpels and during early stages of berry development in Vitis vinifera were studied.
Inﬂorescences were emasculated before capfall, immediately manually pollinated (EP) and fruit development was compared to emasculated but non-pollinated (ENP) and self-pollinated inﬂorescences (NESP).
The diameter of berries derived from pollinated ﬂowers (EP and NESP) was signiﬁcantly higher than from
non-pollinated ﬂowers (ENP) at 21 days after emasculation/pollination (DAE), and a rapid increase in the
size of the inner mesocarp, together with the presence of an embryo-like structure, were observed. The
expression of gibberellin oxidases (GA20ox and GA2ox), anthranilate synthase (related to auxin synthesis)
and cytokinin synthase coding genes was studied to assess the relationship between hormone synthesis
and early berry development, while ﬂower patterning genes were analyzed to describe ﬂoral transition.
Signiﬁcant expression changes were found for hormone-related genes, suggesting that their expression
at early stages of berry development (13 DAE) is related to cell division and differentiation of mesocarp
tissue at a later stage (21 DAE). Expression of hormone-related genes also correlates with the expression
of VvHB13, a gene related to mesocarp expansion, and with an increased repression of ﬂoral patterning
genes (PISTILLATA and TM6), which may contribute to prevent ﬂoral transition inhibiting fruit growth
before fertilization takes place.
© 2011 Elsevier GmbH. All rights reserved.

Introduction
Fruits represent a key innovation for pursuing multifunctional
tasks, initially constituting a receptacle for developing seeds, protecting them from harmful environmental factors or predators, and
later promoting their dispersal for the survival of the species. Once
fertilization takes place, the activation of a developmental program
begins, triggering the process of converting carpels into a developing fruit (Gillaspy et al., 1993). Despite this, the existence of
seedless (parthenocarpic) fruits shows that fertilization is not an
imperative requirement for fruit growth in some species. This pro-
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cess can also be regulated by pollination alone (Olimpieri et al.,
2007), suggesting that pollen-derived signals are also necessary
for preparing the ovary for fruit set. In tomato (Solanum lycopersicum) both fertilization-dependent and independent fruit sets
have been extensively documented, with a considerable number of
genes common to both events (Wang et al., 2009).
Fruit growth is initiated with consecutive events of cell division
and expansion which are hierarchically coordinated by two different hormones: auxins and gibberellins (GAs). These hormones
act as initial signals for fruit growth in an inter-dependent manner (Vivian-Smith et al., 2001; Aloni et al., 2006). GAs accumulate
as a direct consequence of pollination and fertilization, but they
also increase in ovary and pericarp tissues in response to auxins
(Serrani et al., 2007). In addition, other hormones such as cytokinins
(CKs; Mapelli, 1981), abscisic acid (ABA; Vriezen et al., 2008) and
ethylene (Wang et al., 2009) may contribute to initial fruit development. The effect of different plant growth regulators on fruit
development has been studied by diverse approaches, and transgenic plants have been particularly useful in this respect (Rotino
et al., 1997; Ficcadenti et al., 1999; Pandolﬁni et al., 2002; Costantini
et al., 2007).
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Even though different growth factors positively affect fruit set,
this process is in fact actively repressed under default conditions,
leading to senescence of the pistil if pollination or fertilization do
not occur (reviewed by de Jong et al., 2009). In parthenocarpic varieties, which show ovary expansion in the absence of fertilization,
diverse studies have related the increase of the size of the ovary to
an increase in GA levels during anthesis (Gillaspy et al., 1993; Fos
and Nuez, 1996; Fos et al., 2000).
Most of the studies focused on fruit development have been
performed using herbaceous model species such as tomato or arabidopsis but fruits from woody plants are also considered a valuable
model for fruit developmental studies as important traits could
be improved. As an example, grapevines (Vitis vinifera) cultivated
for table grape production have long been treated with exogenous
applications of hormones in order to increase berry size, although
their effects have not been characterized at the molecular level.
In grapevine ﬂowers, after self-pollination takes place (at anthesis), petals are detached as the cap (a protective structure found
in this species) falls apart (see Poupin et al., 2011 for a review
of grape ﬂowering). In different species, both the embryo and
its surrounding tissues produce fruit growth signals that trigger
fruit growth (as an example, see Ozga and Reinecke, 2003; Dorcey
et al., 2009). Growth of grape berries consists of two consecutive sigmoidal growth periods separated by a lag phase (Coombe
and McCarthy, 2000). During the ﬁrst growth period, the berry is
formed and the seed embryos are produced. Rapid cell division
occurs during the ﬁrst few weeks, and by the end of this period,
the total number of cells within the berry has been established
(Ojeda et al., 1999). At the end of the ﬁrst stage, the ovary wall has
developed into a pericarp composed of the exocarp, mesocarp and
endocarp.
Many transcriptomic analyses of berry development have been
performed in grapes (da Silva et al., 2005; Terrier et al., 2005; Deluc
et al., 2007; Grimplet et al., 2007), giving insights into the main
aspects of fruit development. Nevertheless, these studies have not
been focused on early berry morphogenesis. Fernandez et al. (2007)
identiﬁed genes which are possibly involved in early grape berry
development, by using a ﬂeshless berry mutant with reduced fruit
size due to the lack of mesocarp development (Fernandez et al.,
2006a,b). Whether these genes are regulated by, or related to,
the hormonal networks controlling fruit growth and development
remains unknown. Many hormone biosynthetic genes have in fact
not been isolated or described yet in Vitis sp.
In this work, ovary expansion at early stages of grape berry
development was studied in relation to the pollination and
fertilization events. This analysis considered how the expression of hormone related genes, together with ﬂower and berry
development-related genes was modiﬁed in assisted-fertilized or
unfertilized fruits. In addition, some of these genes were isolated
and cloned for the ﬁrst time.

Materials and methods
Experimental material and microscopic analysis of ﬂower
development
To evaluate the effects of pollination and fertilization on
ovary/berry growth and gene expression, 15 pre-capfall (fused
petal) inﬂorescences from ﬁve grapevine plants (Vitis vinifera L.
cv. Red Globe) were selected from a commercial ﬁeld located in
the Curacaví Valley (Chile), during the 2007/2008 growing season. Single ﬂowers from each inﬂorescence were chosen from the
ﬁrst 1/3 segments. Ten inﬂorescences were manually decapped and
emasculated (Emasculated: E) while ﬁve were kept intact (nonemasculated self-pollinated: NESP), as shown in Supplementary

Fig. S1. After emasculation, ﬁve inﬂorescences were manually pollinated (EP) with pollen collected from the same cultivar, and ﬁve
were kept unpollinated (ENP). For each treatment, inﬂorescences
were covered in paper bags and a total of 500 single ﬂowers were
considered for berry size measurements, microscopy analyses and
RNA extraction. Berry size measurements were taken at different
days after emasculation (DAE) for the EP and ENP treatments, or
days after anthesis (DAA) for the NESP treatment, as shown in
Supplementary Fig. S1. Samples for microscopy analyses and RNA
extraction were taken at 13, 21 and 29 DAE for EP and ENP treatments, at the same time of the day. Samples for RNA extraction were
frozen in liquid nitrogen and stored at −80 ◦ C, while samples for
microscopy were ﬁxed in 5% glacial acetic acid, 3.7% formaldehyde
and 50% ethanol. Fixed samples were vacuum treated and passed
through an increasing ethanol series for complete tissue dehydration. These were then parafﬁn-embedded, cut into 6–8 m sections
and stained with Safranin and Fast Green as described previously
(Poupin et al., 2007).
RNA isolation, cDNA synthesis and PCR ampliﬁcation of positive
and internal controls
Total RNA was isolated from ﬂoral samples using a CTABSpermidine extraction buffer (Poupin et al., 2007). For cDNA
synthesis, total RNA (1 g) was reverse transcribed with random hexamer primers using StrataScript® reverse transcriptase
(Stratagene) according to the manufacturer’s instructions. Individual embryos at the globular stage were isolated from a grapevine
embryogenic callus obtained as previously described by CadavidLabrada et al. (2008). Total RNA was isolated from these embryos
and used for cDNA synthesis. As positive and internal controls, the GLYCERALDEHYDE PHOSPHATE DEHYDROGENASE (GPDH;
Mahalingam et al., 2003) and LEAFY COTYLEDON 1 LIKE (L1L;
Schellenbaum et al., 2008) genes were ampliﬁed. The primers used
are shown in Supplementary Table SI. A standard PCR proﬁle (35
cycles of 30 s at 95 ◦ C, 30 s at 55 ◦ C and 30 s at 72 ◦ C) was used.
Search, isolation and phylogeny reconstruction of gibberellin
oxidase, anthranilate synthase and cytokinin synthase genes in
the grape genome and EST databases
The nucleotide sequences of the Arabidopsis thaliana GA20
and GA2 OXIDASES (Genbank accession numbers NM 118674
and AJ132435, respectively), ANTHRANILATE SYNTHASE (ASB1;
NM 102331) and ISOPENTENYL TRANSFERASE (IPT; NM 116176)
genes were used in a BLAT search to identify homologous
gene models in the Grape Genome Browser (version 8X)
designed by Genoscope (the French National Sequencing
Center; http://www.genoscope.cns.fr/vitis). For ASB1, a gene
model (GSVIVT00030640001) and a singleton (NP9531944)
with high homology to AtASB1 were identiﬁed. The gene
models obtained were also compared to EST sequences available at the Grape TGI (The Gene Index Project) EST-database,
released version 6.0 (http://compbio.dfci.harvard.edu/tgi/cgibin/tgi/gimain.pl?gudb=grape) for efﬁcient primer design.
Forward and reverse primers were designed for amplifying the
complete and partial coding regions of the grape GA20oxidase and
IPT1 genes, respectively, from green berry stage cDNA samples
(Supplementary Table SI). Standard PCR proﬁles (35 cycles of 30 s
at 95 ◦ C, 30 s at 55 ◦ C and 1 min 30 s at 72 ◦ C) were used. Ampliﬁed
fragments were cloned into the TOPO-SD cloning vector (Invitrogen, USA), checked for insertion by PCR ampliﬁcation, sequenced,
and their sequences deposited in Genbank under the accession
numbers DQ508817 (VvGA20ox) and GQ981408 (VvIPT1). The predicted amino acid sequence of VvGA20ox was aligned with related
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sequences of arabidopsis proteins and a phylogenetic tree was constructed as described in Poupin et al. (2007).
Quantitative comparison of gene expression
Real time RT-PCR was performed as described by Poupin et al.
(2007). Ampliﬁcation of a fragment of the UBIQUITIN1 gene (99 bp;
TC53702, TGI database, VvGi5) was used for normalization (Downey
et al., 2003). PCR primers are shown in Supplementary Table SII.
Relative gene expression calculations were conducted as described
in the software manufacturer’s instructions: an accurate ratio
between the expression of the gene of interest (GOI) and the housekeeping gene (UBI) was generated according to Eq. (1):
2−(CtGOI-UBI)

(1)

Gene expression levels were normalized to the expression of the
emasculated – prior to pollination – sample (E), except for VvHB13,
where the normalization was performed against the non-pollinated
treatment at 13 DAE. All experiments were performed with three
biological replicates and two technical replicates.
Statistical analysis
For inner and outer mesocarp cell number and gene expression analyses, differences were analyzed statistically at each sample
time point by one-way ANOVA. For genes related to berry set, the
two way ANOVA mixed model was utilized to test the signiﬁcance
of the effects of treatments: Pollination as a ﬁxed factor and the
different stages of ovary/berry growth (time of sampling) as a random factor. Tukey’s media comparison analysis was performed to
compare treatments at each stage. Statistical differences between
means were based on the least signiﬁcant method when F values
were signiﬁcant (p < 0.05).
Results and discussion
Pollination and fertilization induce an increase in berry size at
initial stages of berry development
To investigate whether differences in carpel or berry size were
dependent on pollination and fertilization in grapevine, three
different treatments were imposed on inﬂorescences at approximately six weeks before anthesis, in a commercial ﬁeld of V. vinifera
(Supplementary Fig. S1). Inﬂorescences were selected before petal
dehiscence (Fig. 1A) as in many cultivars pollination occurs before
the fall of the fused petals (a structure termed cap or calyptra).
The experimental procedure included two initial groups: emasculated (removed anthers, E) and non-emasculated (NESP) ﬂowers
(Fig. 1B and C). This last group was allowed to self-pollinate and
fertilize, although the exact date of these events cannot be precisely determined and it can only be suggested on a time scale
(Supplementary Fig. S1). While NESP ﬂowers were left to develop
into normal berries upon anthesis, the emasculated ﬂowers were
divided into two subgroups: ﬂowers that were manually pollinated
(EP) and those left unpollinated (ENP). Berries were measured every
week for the ﬁrst four weeks (Fig. 1D). After 60 days, pollinated
ﬂowers developed into seeded berries which subsequently grew to
almost 20 times their size and later ripened, accumulating sugars
and anthocyanins, whereas the carpels of those ﬂowers kept unpollinated, grew only for the ﬁrst weeks and became small seedless
berries (Supplementary Fig. S2).
As seen in Fig. 1D, carpel/berry diameter between NESP, EP
and ENP treatments varied signiﬁcantly between 15 and 20 DAE.
Berries belonging to the manually and self-pollinated ﬂower groups
reached their greatest differences in size at 17 DAE, although these
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measurements were not signiﬁcantly different after this period
(e.g. at 29 DAE: 3.7 and 3.2 mm, respectively). In the EP treatment, the rate of berry size increase was delayed compared to
NESP berries. Ovaries belonging to the unpollinated ﬂower treatment reached their maximum size at 24 DAE and maintained this
size at 29 DAE, never reaching the lengths observed in EP nor NESP
treatments, even at 29 DAE. These results show that the emasculation and pollination treatments were efﬁcient means of inducing
berry growth and that they were performed at a suitable ﬂower
developmental stage prior to the occurrence of self-pollination. As
shown in Supplementary Fig. S1, it is possible that pollination in
NESP treated ﬂowers could have occurred before manual pollination of the EP treated ﬂowers. These unsynchronized fertilizations
between EP and NESP treatments are possibly due to variations in
the rate of the natural fertilization process occurring in the NESP
treatment.
Pollination and fertilization increase cell number within the berry
inner mesocarp
To further understand the anatomical differences and to determine which berry tissues were affected most in cell number in the
EP and ENP treatments, microscopic sections of berries from both
treatments at 13, 21 and 29 DAE were inspected (Fig. 2). As the last
two time points showed clear differences in berry size compared
to 13 DAE, the pollinated and non-pollinated treatments were analyzed by microscopy at all three stages. Tissues were stained with
Safranin and Fast Green, resulting in differential staining between
cellular layers. Nuclei, nucleoli and phenolic compound accumulation (phenolic acids, lignins, tannins or other ﬂavonoids) are
stained red, while cellulose walls and the cytoplasm are shown
in cyan/green, as previously demonstrated in grapevine by Poupin
et al. (2007).
Upon anthesis, peripheral ovary walls develop into the epidermis and a parenchyma-like tissue known as the mesocarp. The
mesocarp is divided into two regions by dorsal vascular bundles:
the inner and outer mesocarps, as described by Fougére-Rifot et al.
(1995). While ﬂavonoids, aromas and ﬂavor compounds accumulate in the outer mesocarp, the inner mesocarp possesses highly
vacuolated cells capable of storing water, sugars and acids, forming
the ﬂesh of the berry. As seen in Fig. 2, phenolic compound accumulation was observed in the outer mesocarp as stained in red,
while the inner mesocarp had a light purple coloration in some of
its cells. All these tissues were present in the berry samples from
both treatments, but with substantial differences according to each
sampling date.
Consistent with berry size at 13 DAE, there were no differences between the treatments in layer size or cell number within
the epidermis, endodermis, outer or inner mesocarps at this timepoint (Fig. 3). Nevertheless, at 21 and 29 DAE, the inner mesocarp
had a higher cell number exclusively in the pollinated treatment
(Fig. 3, one-way ANOVA p = 0.025 and p = 0.026 for 21 and 29 DAE,
respectively). On the other hand, although some small differences
were found in cell number in the outer mesocarp between treatments, these were not statistically signiﬁcant (data not shown).
These results show that the most affected tissue upon pollination
and fertilization is the inner mesocarp, which shows signiﬁcant
changes at 21 DAE. This berry tissue has been shown to possess the greatest capacity to divide and enlarge (Hardie et al.,
1996).
The expression of Leafy Cotyledon1 Like (VvL1L), an early embryogenic marker gene (Schellenbaum et al., 2008), was detected in the
self- and manually pollinated samples (NESP and EP) at 13 and 21
DAE, but not in non-pollinated ﬂowers (ENP) (Supplementary Fig.
S3A). Globular-stage isolated embryos from an embryogenic callus culture were used as an internal control (Supplementary Fig.

1670

P. Dauelsberg et al. / Journal of Plant Physiology 168 (2011) 1667–1674

Fig. 1. (A) Grapevine ﬂower morphology prior to emasculation. The cap structure (fused petals) protects the inner organs (anthers and ovary). (B and C) Uncapped ﬂowers, prior
to, and after emasculation. (D) Carpel and berry size measurements for cv. Red Globe grapevine samples under each pollination/fertilization treatment. NESP: non-emasculated
self-pollinated; EP: emasculated manually pollinated; ENP: emasculated non-pollinated. Scale bars = 1 mm; O: ovule; Ov: ovary.

S3B). Using the microscopic sections from EP samples at 13 DAE,
VvL1L expression was correlated with the presence of a globular
embryo-like structure within the seeds (Supplementary Fig. S3C),
revealing that fertilization had effectively taken place after manual pollination. No embryo-like structure was observed in any of
the ENP microscopy samples (data not shown), showing that fertilization, embryo development and mesocarp growth in grapevine
berries are correlated.

Effect of pollination and fertilization on transcript levels of genes
related to the ﬂowering process and ﬂoral transition
B-class MADS-box genes are involved in determining petal and
stamen identity during ﬂower development (Coen and Meyerowitz,
1991; Vandenbussche et al., 2003). This class comprises the genes
euAP3 (euAPETALA3), TM6 (Tomato MADS-box 6) and PI (PISTILLATA).
While AP3 and PI have been extensively studied, little is known

Fig. 2. Longitudinal section of grapevine carpels/berries under EP and ENP treatments at 13, 21 and 29 DAE. Light micrograph of exocarp and mesocarp cells, stained with
safranin and fast green. (A) 21 DAE EP berry sample with differentially stained tissues: epidermis (Epi), endodermis (End), dorsal/peripheral vascular bundles (DVB), outer
mesocarp (OtM), ovule (Ov) and inner mesocarp (InM). The black box represents the section areas shown in (B). (B) Longitudinal sections of 13, 21 and 29 DAE carpels/berries
from EP and ENP treatments. The inner and outer mesocarp layers show signiﬁcant differences in width and cell number from 21 DAE, with greater differences at 29 DAE.
Scale bars = 100 m.

P. Dauelsberg et al. / Journal of Plant Physiology 168 (2011) 1667–1674

Fig. 3. Average cell number of the inner mesocarp from berries belonging to the EP
and ENP treatments at 13, 21 and 29 DAE. One-way ANOVA analysis was performed
and asterisks indicate statistically signiﬁcant differences between treatments at the
same time point.

about the function of TM6 in higher eudicots since this gene is
absent in A. thaliana (Lamb and Irish, 2003). In tomato and petunia,
it has been demonstrated that AP3 plays a role in petal development and TM6 appears to be involved in stamen differentiation (de
Martino et al., 2006; Rijpkema et al., 2006). TM6 was previously
isolated from V. vinifera, and since it was differentially expressed
throughout fruit growth and ripening, a possible role in ovary
and fruit development was proposed for this gene in this species
(Poupin et al., 2007).
Tsai et al. (2005) found that the expression of a PI homologue in
orchid (PeMADS6) was repressed in ovaries after pollination, suggesting that this gene may have an inhibitory effect on ovary–ovule
development, in addition to its roles in ﬂoral organ identity and
ﬂower longevity. It was reported that in apples (Malus × domestica),
a PISTILLATA loss-of-function mutation produces parthenocarpic
fruits, suggesting a link between a B-class gene and fruit/seed
development, where MdPI could be acting as a repressor of fruit
development (Yao et al., 2001). Since possible roles of B-class genes
have been proposed for fruit development, the effect of pollination on the expression of the corresponding genes in grapevine was
studied.
At 13 DAE, no differences were detected in VvPI expression in
pollinated and non-pollinated ﬂowers, while at 21 DAE, signiﬁcantly lower expression was observed in pollinated ﬂowers (Fig. 4).
Similar results were obtained when the expression of VvTM6 was
analyzed, where signiﬁcant differences were detected only at 21
DAE (Fig. 4). In this way, an accelerated reduction in VvPI and
VvTM6 transcript accumulation was observed when ovaries were
pollinated, in comparison with emasculated non-pollinated ﬂowers (Fig. 4). This down-regulation of the B-class ﬂowering genes,
mediated by pollination, suggests that in grapevine these genes
could also be acting as negative regulators of fruit set (negatively
regulating ovary/fruit development until pollination occurs). Other
factors such as senescence of the ﬂoral organs may also be involved,
since the expression of VvPI and VvTM6 was also reduced, but to a
lesser extent, in non-pollinated ﬂowers.
As described by Poupin et al. (2007), VvTM6 is expressed during
berry growth. Thus, although its expression is down-regulated by
pollination, it subsequently increases in berry development, where
it could play an additional role in fruit ripening.
We also attempted to evaluate the expression of the remaining B-class gene VvAP3, in both experimental groups. However, the
amount of transcript for this gene was extremely low after emasculation (data not shown), probably because its expression in later
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Fig. 4. Changes in the expression of genes related to ﬂowering under different pollination/fertilization treatments at 13 and 21 DAE. Transcript levels are expressed
in relation to the expression of the VvUBIQUITIN1 gene. Expression was normalized
against the E sample. Error bars indicate the standard deviation of three biological replicates. Two-way ANOVA analysis showed interactions between both time
of collection and treatments (p < 0.05). Asterisks indicate statistically signiﬁcant
differences between treatments at the same time point.

stages of ﬂower development is restricted to petals, and this organ
is removed during the emasculation procedure.
Effect of pollination and fertilization on transcript levels of genes
coding for auxin, gibberellin and cytokinin biosynthetic enzymes
In order to determine if the initial stages of grapevine fruit
development were related to changes in hormone biosynthesis, the
expression responses of genes related to auxin, GA and CK synthesis
were followed in the different pollination and fertilization regimes.
Some of these genes had not been previously identiﬁed in grape so
the ﬁrst step was to isolate the transcripts related to the available
EST sequences and gene models from the grape genome sequence.
Some of these were isolated for the ﬁrst time from V. vinifera.
The ANTHRANILATE SYNTHASE enzyme catalyzes the ﬁrst step
in the pathway of tryptophan (trp) and indole biosynthesis, and it
is a key early enzyme required for auxin biosynthesis, necessary
in both the trp-dependent and independent pathways (Stepanova
et al., 2005). The ASB1 gene codes for the beta subunit of this protein and it has been related to female gametophyte development
(Niyogi et al., 1993). Since AtASB1 is highly expressed in arabidopsis ﬂowers and siliques and its up-regulation by other hormones
results in the accumulation of auxins (Stepanova et al., 2005), we
searched for a putative ASB1 gene in grapevine (see Section ‘Material and methods’).
Studies performed in tomato have suggested that auxin seems to
be an early active signaling hormone involved in the ﬂower-to-fruit
transition (Mapelli et al., 1978; Wang et al., 2009). In grapevine,
Baydar and Harmankaya (2005) suggested a fertilization-related
role for this hormone after ﬁnding that the rise in auxin levels
after berry set was delayed in empty-seeded and stenospermocarpic seedless berries when compared to seeded cultivars. In our
study, auxin in grapevine (at least in terms of VvASB1 expression)
may also participate in early fruit setting since its expression at 13
DAE (Fig. 5) subsequently correlates with the morphological and
anatomical changes observed in the pollination treatment at 21
DAE (Figs. 2 and 3).
The GA 20-oxidase and GA 3-oxidase enzymes are required for
GAs biosynthesis and thus silique elongation in arabidopsis (Hu
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Fig. 5. Changes in the expression of auxin, gibberellin and cytokinin biosynthetic
genes under different pollination/fertilization treatments at 13, 21 and 29 DAE.
Expression was normalized against the E sample. Two-way ANOVA analysis showed
interactions between both time of collection and treatments (p < 0.05).

synthesis. In this work, VvGA20ox expression did not change at 13
and 21 DAE, although it was reduced later at 29 DAE in the unpollinated treatment (Fig. 5). GA2-oxidase, a key enzyme involved in GA
catabolism, catalyzes the deactivation of this hormone by hydroxylation (Lester et al., 1999). The expression of the grape GA2-oxidase
like gene found in this work (corresponding to EST ID#TC85080)
was higher in the unpollinated treatment at 21 DAE, while at all
other stages, levels remained constant. This opposite pattern of
expression in comparison to the VvGA20 oxidase gene strengthens
the idea that upon fertilization, a rapid and substantial increase in
active GA accumulation occurs, correlating with inner mesocarp
growth after 13 DAE.
CKs are hormones known to be involved in many aspects of
plant development, including ﬂowering, fruit set and ripening
(reviewed in Ferreira and Kieber, 2005). The IPT gene encodes the
enzyme ISOPENTENYL TRANSFERASE, which catalyzes the ratelimiting step in CK biosynthesis (Akiyoshi et al., 1984). In grapes,
exogenous application of synthetic CKs is effective in increasing
fruit set and ovary growth (Weaver et al., 1972; Zepeda et al., 2006),
especially when applied during early stages of development. We
isolated an IPT homologous gene from grapevine (Genbank accession number GQ981408), which is more similar to IPT3 from A.
thaliana. Arabidopsis IPT3 is involved in many aspects of CK-related
plant development processes, and microarray experiments have
shown that this gene is expressed in ﬂowers (Galichet et al., 2008).
Studies have shown that active CKs are differentially accumulated throughout ﬂower and early fruit development (Gaudinová
et al., 2009). After pollination, the expression of VvIPT1 was maintained at 13 DAE, and decreased substantially 21 and 29 DAE (Fig. 5).
During fruit development, CKs are mostly found in seeds, especially
during early seed development (Zepeda et al., 2006). In a similar
way as we showed for the changes in expression of the ASB1-like
gene, an induction of VvIPT1 occurred in the unpollinated treatment
at 21 DAE.
As seen in Fig. 5, each gene was differentially expressed in
the pollinated carpels throughout the ﬁrst 30 days after emasculation, while the most signiﬁcant changes between fertilized
and unfertilized carpels were observed at 13 and 21 DAE. At 13
DAE, VvASB1-like, VvGA20ox and VvIPT1 expression levels were
signiﬁcantly higher when fertilization had occurred while no differences were detected for VvGA2ox expression at this time. At 21
DAE, the expression patterns for both treatments were inverted
for the auxin and CK biosynthetic genes, while for VvGA20ox, its
expression continued to be higher in the pollination treatment.
Only at this time point were differences observed in VvGA2ox
expression; it was induced ﬁve-fold in unpollinated carpels when
compared to fertilized carpels. Finally, at 29 DAE, expression
levels decreased or stabilized, showing no further differences
between each treatment for any of the biosynthetic genes analyzed
(Fig. 5).
Genes describing ﬂoral transition to berry morphogenesis

et al., 2008; Rieu et al., 2008a), while the activity and expression
of an inactivating GA biosynthetic enzyme (GA 2-oxidase) is also
required for determining fruit set and related developmental processes (Rieu et al., 2008b). We found the tentative consensus (TC) of
the GA20 (activation) and GA2 (catabolism) oxidases in grapevine
(Phylogenetic relationships in Supplementary Fig. S4). The GA20
oxidase coding region was isolated and its sequence deposited in
Genbank under accession number DQ508817 (see Section ‘Materials and methods’).
Even though GA accumulates after fertilization takes place, its
synthesis in unpollinated ovaries in parthenocarpic tomatoes is not
abolished; instead it is maintained with no signiﬁcant peak of accumulation (Olimpieri et al., 2007). GA synthesis, as described in other
species, is induced directly by fertilization and in response to auxin

Fernandez et al. (2006a) described a grapevine ﬂeshless berry
(ﬂb) mutant in which the cell layers specialized in cell enlargement within the ovary were unable to divide after fertilization. This
mutation inhibited growth of the inner mesocarp, in a similar manner that we observed in the unfertilized carpels. Nevertheless, it is
important to note that seeds are present in the ﬂb mutant, revealing
that fertilization takes place, while complete seed or embryo development is not achieved in the unfertilized ovaries. In transcriptomic
analysis of this mutant, Fernandez et al. (2007) found that the
expression of different genes was altered when compared to wild
type berries. Their expression levels were compared throughout
fruit development and localized in wild-type berry tissues. These
results led the authors to propose that the genes VvPISTILLATA
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opment. Considering the data obtained in this work, it would be
interesting to evaluate the roles of these genes in cultivars where
fruit development is independent of pollination and fertilization
(parthenocarpic cultivars such as Corinto).
Acknowledgements

Fig. 6. Changes in the expression of VvHB13 (Fernandez et al., 2007), under different
pollination/fertilization treatments at 13 and 21 DAE. Expression was normalized
against the ENP sample at 13 DAE. Two-way ANOVA analysis showed interactions
between both time of collection and treatments (p < 0.05).

(VvMADS9) and VvHB13 (Genbank accession code BQ799082) were
involved in early grape mesocarp morphogenesis.
In the ﬂb mutant, the PI gene was still expressed in the ﬂeshless
berry mutant when compared to the wild-type fruit. Even though
the mutant did not show altered PI spatial patterning in the ﬂower,
expression variations close to anthesis were suggested as a possible
cause for the abnormal carpel development in the ﬂeshless mutant
(Fernandez et al., 2007). A model of incompatibility between PI
expression and fruit development could be proposed in which PI
could act as a negative regulator of ovary growth after fertilization. In addition, previous studies shed light on the relationship
between hormone-related genes and ﬂoral patterning genes in a
network responsible for ﬂower to fruit transition. Tsai et al. (2005)
proposed that auxin is a candidate signal regulating the repression of a PISTILLATA ortholog in orchid ovaries after pollination.
Our evidence supports the idea that auxin synthesis may lead to
a subsequent repression of PI and TM6 at very early time points
immediately after fertilization, at 13 DAE or even before (Baydar
and Harmankaya, 2005).
Finally, VvHB13 is an HDZip gene whose expression was
restricted to the pericarp endodermis and dorsal vascular bundle
(Fernandez et al., 2007). In addition, it was induced shortly after
anthesis, at the same time in which the mesocarp undergoes rapid
cell division (Hardie et al., 1996), indicating that it plays a role in
early berry morphogenesis. In our study, pollination and fertilization affected VvHB13, strongly increasing its expression at 21 and 29
DAE (the difference in expression between both time points in the
EP treatment was not statistically signiﬁcant). Although in the ENP
treatment a slight increase in VvHB13 expression is observed at 21
DAE, it later decreases dramatically (Fig. 6). These results support
the idea that this gene may be a positive regulator of berry mesocarp growth, which is in addition highly associated with events
depending on pollination and fertilization.
Conclusion
An assisted pollination assay stimulated signiﬁcant ovary
growth and an increase in cell number within the inner mesocarp. The effects of pollination and fertilization on gene expression
were studied. Interestingly, a role of B-class ﬂowering genes is proposed in controlling fruit set. The expression of GA-20ox, related
to GA synthesis, is triggered by pollination and basal expression is
observed in the absence of pollination. Auxin and CK biosynthetic
genes are affected early after fertilization, although a later peak
is also observed in unpollinated ﬂowers. These expression peaks
are probably not sufﬁcient to initiate fruit set. Finally, VvHB13 was
up-regulated by pollination and could be an activator of fruit devel-
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