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NTRODUCTION

Berries of stenospermocarpic varieties carry only seed rudiments, as a result of endosperm
abortion following fertilization which leads to cessation of seed development (Cheng et al. 2013).
Seeds are considered the main source of GA in the berry (Lavee 1960; Kato et al. 1998; Agiiero et al.
2000; Perez et al. 2000). Hence, in stenospermocarpic varieties seeds serve as the primary source of
GA only prior to abortion (Conde et al. 2007), and the berries are usually small due to relatively low
levels of GA (Iwahori et al. 1967). To stimulate berry development to a commercially acceptable size,
stenospermocarpic varieties are routinly treated with exogenous GA, since the late 1950s,. GA
application is also used routinely in the table grape industry for rachis stretching and cluster thinning,
to allow proper spacing between berries, and avoid rot-based yield loss (Weaver 1958, 1965; Harrell
and Williams 1987). Yet, issues of timing of application and differential sensitivity of organs and
cultivars frequently result in adverse effects Pre-bloom application of GA to some stenospermocarpic
cultivars causes thickening of rachis (Weaver 1961b; Agiiero et al. 2000) and stem (Weaver 1958),
which may increase shatter, hastens flowering, increases fruitset and results in shot berry formation
(Weaver 1958). Bloom and post-bloom application may reduce fruitfulness in the succeeding season by
the development of uncommitted promodia to tendrils (Srinivasan and Mullins 1981), enhance
abscission probably by decreasing pollen viability (Mullins et al. 1992; Mullins 1986), and delay
ripening (Weaver 1958).

Differences in varietal sensitivity to GA application have been reported in berries and other
vegetative tissues/organs, including rachis and shoot (Mullins et al. 1992; Hagiwara et al. 1980; Agiiero
et al. 2000; Weaver 1958). For example, a single application of 57 uM GA results in 200% increase in
berry size of 'Black corinth' (Weaver et al. 1962). "Thompson seedless', the major grape cultivar in the
world, requires 3-4 GA applications for a 2-fold increase in size (Dreier et al. 1998). At the end of the
spectrum, application of 290 uM of GAj; increased 'Emperatriz' berry size by only 20% (Agiiero et al.
2000), while a single application of 90 uM produced similar increment in 'Superior' berries (Or,
unpublished data). A single post-bloom application of 121 uM GA; resulted in a 24%, 50% and 30%
increase in the length of internodes of 'Thompson seedless' and the lines '38-13F' and '31-123F',
respectively (Hagiwara et al. 1980). A similar treatment, however, resulted in 50%, 62% and 63%
increase in the weight of rachis of "Thompson seedless', '38-13F' and '31-123F', respectively (Hagiwara
et al. 1980). The basis for these differential sensitivities between organs and varieties is unknown. We
previously showed that GA response in grapevine is organ specific (Acheampong et al. 2015), but it is
unclear whether varietal differences in GA response is limited to certain tissue/organ type (reproductive
or vegetative) or it is a whole-plant phenomenon.

From an agrotechnical perspective, the contrasting effects of GA discussed above present
challenges for broad-base application in sensitive cultivars. From environmental and consumer

perspective, better understanding of grapevine response to GA will help minimize the excessive use of
2



plant growth regulators during table grapes cultivation. Varietal differences in response to GA may
result from variations in GA signaling components and/or availability of bioactive GA. Studies in
model plants have shown that GA activates its response pathway by binding to the GA receptors,
GID1s, which then target DELLAS, the major negative regulators of the GA-response, for degradation
through binding with SLY1, GA-specific F-box proteins (Hirano et al. 2008; Sun 2010, 2011). We
recently identified and characterized the major GA signaling components in grapevine (Acheampong et
al. 2015). Similar to Arabidopsis (King et al. 2001; Dill et al. 2001; Cheng et al. 2004; Ariizumi and
Steber 2007), the grapevine genome encodes 3 DELLA proteins (VVDELLAI1, VVDELLA2 and
VVvDELLA3), all of which are redundantly expressed in vegetative and reproductive organs
(Acheampong et al. 2015; Boss and Thomas 2002). VVDELLAI transcripts and proteins were highest
detected in internodes, rachis and tendrils, but undetected in seeds and berries. Gain-of-function
mutation in this gene conferred GA-insensitive dwarf phenotype, reduced length of tendrils, and
tomentosed shoot tips (Boss and Thomas 2002). Other phenotypes included short generation cycle,
conversion of uncommitted meristem into inflorescence instead of tendrils, higher accumulation of
GA; and GA4 in organs and increased seed dormancy, but had no effect on berry size (Boss and
Thomas 2002; Chaib et al. 2010). The specific function of VVDELLA?2 in grapevine has not been
elucidated yet, but its in vitro function, its ability to complement Arabidopsis mutation, and the high
transcripts and proteins quantities in most organs of 'Thompson seedless' suggested a central role in
regulating GA-related physiological processes in grapevine organs. Based on similar functional tests,
low abundance in mature organs and higher abundance in developing tissues, it was proposed that
VvDELLA3 regulate GA-mediated processes in young organs.

Two functional grapevine GID1 homologs, VvGIDIa and VvGIDIb, exhibited spatial and
temporal expression redundancies, and were down-regulated upon GA application. Interestingly, there
are also two functional VVSLY1 paralogs in grapevine, the only such multiple GA-specific F-box
proteins identified in angiosperms, which exhibited inverse temporal expression profiles during organ
growth and development, and were downregulated by GA (Acheampong et al. 2015).

To investigate the potential involvement of allelic variability or quantitative differences in
VVDELLAs, and other GA signaling components, in difference in response to GA between tablegrape
verieties, we carried a comprehensive comparative study of their sequence, their nature of interaction
and their quantities in cv. Black finger (BF), considered by growers as highly sensitive to GA and cv.
Spring blush (SB), considered insensitive to GA (E. Raban, personal communication). We
complemented our syudy by comparisons of levels of bioactive GAs and central GA biosynthetic and

degradation genes.



RESULTS
Functional analysis of VVDELLAZ in grapevine

While VVDELLAI has been functionally-characterized and shown to mediates GA-related
internode and rachis elongation, as well as fruitfulness, but not grape berry size (Boss and Thomas
2002), no functional analyses has been undertaken for VVDELLA2; even though it is the most
abundant VVDELLA paralog in most organs of grapevine (Acheampong et al. 2015). To determine the
functions of VVDELLA2 in grapevine, vvdella? transgenic grapevine plants, carrying a construct
encoding gain-of-function version of VVDELLA2, along with a 2.5 kb sequence upstream of the start
codon (pVvDELLA2::vvdella?) were generated. Compared to wild type, transgenic vvdella? lines
accumulated high VVDELLA? levels in triton-treated organs (Fig. 1A). Whereas GA treatment led to
complete degradation of VVDELLA?2 in control plants, similar treatment did not result in complete
degradation of the mutated vvdella2 proteins in the transgenic lines. Transgenic plants produced were
characterized by reduced internode length, leaf size and tendril size (Fig. 1B). Unlike the VvDELLA1
gain-of-function (vvgail) which resulted in conversion of tendrils to inflorescence through extensive
branching of uncommitted primordia (Boss and Thomas 2002), the tendrils in vvdella2 lines were no
more branched than that of wild type lines (Fig. 1C). It should be noted that present characterization
was carried out on transgenic lines in their juvenile phase. Thus, the functions of this Y'vDELLA gene in

reproductive organs could not be validated.

Effect of exogenous GA3z; and PAC on organs

Although available data shows varietal differences in GA response (Mullins et al. 1992; Agtiero
et al. 2000; Weaver 1958), it is unknown if the differences are limited to tissue/organ type or
universally similar across all organs of the compared cultivars. To investigate the scope of such varietal
differences in grapevines, we analyzed the response of vegetative and reproductive organs of cv. Black
finger (BF) and cv. Spring blush (SB) to GAj; application over two growing seasons. Compared to the
control, GAj treatments resulted in 2.1- and 1.6-fold increase in internode elongation of BF and SB,
respectively, while PAC treatments caused a 3.7- and 2-folds reduction in internode length of both
cultivars (Fig. 2A-D). Whereas GAj treatment caused 5- and 1.8-fold increases in rachis lengths of BF
and SB, respectively, PAC treatment resulted in approximately 2-fold reduction in both cultivars (Fig.
2E-H). GA; application caused a 3-fold increase in berry weight of BF, but did not significantly alter
berry size of SB (Fig. 2I-L). PAC treatment led to a 2-fold decrease in berry weight of SB, but only a
slight change in berry weight of BF. To verify that the effect PAC was mostly GA-related, PAC-GA
treatments, involving GA; treatment of organs 96 h after PAC treatment, were included. Indeed, the
results show that for all organs of both cultivars, the effect of PAC was either partially or fully rescued
by the GA treatment.



Sources of varietal differences in response to GA

Since GA signaling regulates GA-related plant growth (Achard and Genschik 2009), it was
assumed that varietal differences in response to GA3 may, at least partly, be determined by qualitative
and/or quantitative variations of the signaling components.
Allelic variations in sequences of GA signaling components

To check if the differences in GA response between BF and SB are the result allelic variation

that may affect the quality of interaction and hence GA-mediated VVDELLA degradation, all alleles of
VvDELLAs, VvGID1s and VvSLY1s in both BF and SB were sequenced. Functional interactions
between the GA signaling components were also analyzed by Y2H assays. Nucleotide sequence
analyzes showed cultivar-specific point mutations in VvGIDIla, VvGIDI1b, VvSLYIla and VvSLY1b
genes (for ref seq see Acheampong et al., 2015). Yet, these mutations did not result in changes in coded
amino acids as these amino acid sequences were similar to previously sequenced genes of "Thompson
seedless' (Acheampong et al. 2015). Sequence analyses revealed that there were no cultivar-specific
differences in the nucleotide or amino acid sequences of VVDELLA 1. However, there were substitution
and deletion in the nucleotide sequence of V'vDELLA?2 of both cultivars. The substitutions occurred at
positions 22 (A-G substitution), 35 (C-G substitution), 1161 (A-G substitution) and 1426 (C-T
substitution). Whereas the latter two substitutions were silent and did not result in changes in amino
acids, the first two resulted in S*G (Ser at position 8 of BF replaced by Gly in SB), and A"°G (Ala at
position 12 replaced by Gly) substitutions. Deletion of nucleotide sequence GGC (number 46-48) in
VWDELLA?2 of BF, compared to SB, resulted in the in-frame deletion of Gly at position 16 (G'°). Two
alleles of V'wDELLA3 differed between the cultivars in nucleotide substitutions G-C at positions 38 and
394, A-T at position 390, A-C at position 1092 and 1538 and T-C substitution at 1320 . While sequence
variations between alleles of BF did not result in changes in amino acids, there was S"*T (Ser-Thr)
amino acid substitutions at position 13 of SB. Comparing BF ORF to ORFs of both alleles of SB, there
were Ser-Thr and Glu-Gln substitutions at positions 13 (S"T) and 132 (E**Q), respectively .

The strengths of interaction of these cultivar-specific alleles were quantified by -galactosidase
assays in Y2H. The results of this assay show that the varietal changes in amino acid sequences of
VVDELLA2 and VVDELLA3 did not result in significant differences in strength of interaction with
VvGIDI1s (Fig. 3A) or VvSLY s (Fig. 3B). Similar to the recently-published data, obtained using
clones of 'Thompson seedless' (Acheampong et al. 2015), both VvGID1 homologs interacted with each
of the VVDELLA2 clones from both cultivars in a GA-dependent manner, while VvGID1b did not
interact with any of the VVDELLA3 alleles, even in the presence of GA;. Compared to VvSLY la,
VvSLY 1b interacted stronger with all VVDELLA homologs and alleles.

We also checked whether these varietal-specific mutations in VVDELLA genes may affect

stability of their transcripts in planta. QRT-PCR results show that there was no obvious effect of GA or



PAC treatments on the expressions of all three V'vDELLA genes in both cultivars after 6 h and 24 h

(data not shown).

Varietal differences in VVDELLA levels and in response to GA
Since both loss-of-function and gain-of-function DELLA mutants display impaired GA
signaling and are defective in GA response (Dill et al. 2001; Ikeda et al. 2001; King et al. 2001; Boss

and Thomas 2002), we assumed that varietal differences in VVDELLA quantities may result in

differences in response to GA: a variety with higher VVDELLA quantities will exhibit greater response
to GA application compared to variety with lower quantities. Accordingly, transcript and protein levels
of the previously-characterized V'vDELLAs paralogs were determined in both cultivars.

Similar to other grapevine cultivars (Boss and Thomas 2002; Acheampong et al. 2015), the
VvDELLAs were expressed in all organs of BF and SB (Fig. 4). As previously-described for 'Thompson
seedless' (Acheampong et al. 2015), VWDELLAI and VvDELLA?2 are the most predominant homologs in
both BF and SB. Generally, V'vDELLA2 and VvDELLA3 transcripts were higher in SB compared to BF
organs of similar developmental stage. The only exceptions were in young and mature leaves where
VvDELLA3 was 1.5- and 4-folds higher in BF.

The fact that in grapevines and other model plants DELLA is mostly regulated by its protein
turnover and not transcript quantities (Arana et al. 2011; Acheampong et al. 2015; Dill et al. 2004),
prompted us to determine VVDELLA proteins quantities in both cultivars. Results of immunoblot
analyzes, using the gene specific anti-VVDELLA polyclonal antibodies show considerably higher
levels of the three VVDELLA proteins in all young organs of BF, compared to SB organs at similar
developmental stage (Fig. 5).

Levels of VVDELLAI1, VVDELLA2 and VVDELLA3 proteins were 20-, 4- and 38-folds higher
in young internodes of BF, compared to SB (Fig. 5A), and decreased during BF internode
development. In general, VVDELLA levels in mature internodes were similar in both varieties.
VvDELLAT1 and VVDELLA2 were 38- and 6-folds higher in young rachis of BF compared to SB,
whereas VVDELLA3 was not detected in both young and mature rachis of both varieties (Fig. 5B).
VVDELLA1 and VvDELLA2 protein level decreased during BF rachis maturation, but in SB the
protein quantities of these genes increased, and were 2- and 22-folds higher in mature rachis of SB
compared to BF.

While high levels of VVDELLA1 and VVDELLA?2 proteins were detected in young leaves of
BF, these proteins were not detected in young SB leaves (Fig. 5C). VVDELLA3 was 16-folds higher in
young leaves of BF compared to SB. Generally, VVDELLA levels decreased as leaves of both cultivars
mature. All three VVDELLA proteins were not detected in mature leaves of SB. Similar to most all
organs, VVDELLA1, VVDELLA2 and VVDELLA3 were 3-, 5-, and 11-folds higher in young tendrils
of BF than SB (Fig. 5D). Whereas VVDELLA1 accumulated during tendril development of both
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cultivars, the quantities of VVDELLA2 and VVDELLA3 reduced. VVDELLA1 was similar in both
mature tendrils of BF and SB, while VVDELLA?2 was 4-folds higher in BF than SB. VVDELLA3 was
not detected in mature rachis of both cultivars.

VvDELLA1 was present in substantially high level in BF carpels but was barely detected in carpels
of SB (Fig. 5E). VVDELLA2 and VVDELLA3 quantities were similar in carpels of both cultivars.
While VVDELLA1 was not detected in berries of SB, significantly high levels of the protein was
present throughout berry development of BF. VVDELLA2 was present in both BF and SB berries but
was significantly higher in BF berries at all analyzed time points (8-, 73- and 203-folds, respectively,
higher in BF in berries at 0 d, 10 d, and 30 d). Interestingly, whereas VVDELLA?2 protein accumulation
was low and gradually decreased during SB berry development, the quantities of this protein in berries
of BF peaked at 10 DAF. VVDELLA3 was detected in both cultivars at 0 d and 10 d, but was 30-folds
higher in BF at 30 d increasing Similar to VVDELLA?2 in BF, the levels of VVDELLA3 in berries of SB
was highest at 10 d, while the levels of the protein in BF progressively increased during development
of BF berries.

Based on the above, it is assumed that the higher VVDELLA protein accumulation in young organs
of BF signifies greater repression of growth of organs. This repression is removed via GA-mediated
proteolytic degradation of the VVDELLA, which may explain the higher response of this cultivar to GA

application.

Potential sources of varietal differences in VVDELLA accumulation in BF and SB
Factors such as mRNA quantities of GIDIs (Griffiths et al. 2006; Li et al. 2011; Willige et al. 2007)
and SLYIs (McGinnis et al. 2003; Sasaki et al. 2003), and levels of endogenous GAs (Dill et al. 2001,
Griffiths et al. 2006; King et al. 2001) result in changes in DELLA proteolysis/accumulation in
different species.
Stability of VVDELLA proteins in planta

One potential explanation for the higher levels of DELLA proteins in BF was that GA-

dependent proteolysis is completely impaired in young organs of BF. Our immunoblot analyses of
young organs show that both VVDELLA1 and VVDELLA2 proteins accumulated in PAC-treated
organs and were significantly reduced in response to GA (Fig. 6E). In details, while VVDELLA1 was
undetected in internodes of SB, GA treatment produced a 6-fold reduction in internodes of BF. The
same treatment resulted in 12- and 3-fold reduction in VVDELLA2 quantities in internodes of BF and
SB, respectively. Similar GA treatments also led to significant reduction in protein levels of
VVvDELLA1 and VVDELLA2 in rachis and carpels of both cultivars. PAC treatment led to 4-fold
increase in VVDELLA1 in SB carpels, and 2-folds increase in VVDELLA?2 in both internodes and
rachis of BF and in VVDELLAI proteins of carpels. Due to a limiting amount of sampled tissues,

similar in planta assay could not be conducted to ascertain the GA-dependent VVDELLA3 degradation.
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While these results suggest that GA-dependent proteolysis of VVDELLA is functional in both varieties,
they do not exclude potential differences in efficiency of such proteolysis.
Comparative spatial and temporal profiles of VvSLY1s transcripts in BF and SB

Since SLY1 is a central regulator of DELLA proteins degradation (McGinnis et al. 2003; Dill et
al. 2004; Sun 2010; Sasaki et al. 2003), it is reasonable to assume that higher accumulation of all three

VVvDELLAs, detected in BF, may result from lower levels of their common regulator, VvSLYI, and
hence lower efficiency of DELLA degradation. To explore this hypothesis, VvSLYI mRNA levels in
different organs of both cultivars were compared (Fig. 7A and B). Indeed, young organs/tissues of SB
generally presented higher VvSLY] transcripts than corresponding organs of BF. Compared to young
organs of BF, VvSLY1b transcript was 3-fold higher in young internode, carpels and young berries of
SB and 6-, 2- and 12-folds higher in young rachis, leaves and tendrils of SB. VvSLYIb in mature
internodes, rachis and tendrils, was 4-, 3-, and 6-folds, respectively, higher in SB, compared to BF.
VvSLY1a expression was, however, only marginally higher in SB carpels (1.2-folds), young rachis (1.2-
folds) and berries at 0 d and 10 d (1.6- and 1.4-folds, respectively), and slightly lower in young leaves
and tendrils of SB (0.2- and 0.3-folds, respectively). However, with the exception of mature tendrils,
VvSLY1a was lower in mature organs of SB than BF, with leaves recording the highest differences of 3-
folds.

Following changes during organ development within a variety, it appears that both varieties
presented similar profiles of VvSLYla expression - upregulated during internode and rachis
development, and downregulated as leaves, tendrils and berries mature. VvSLYIb expression also
increased during SB internode development, and decreased as SB tendrils aged. Interestingly, VvSLY1b
expression in BF appears to be unaffected by organ growth and development, except in leaves, in
contrast with VvSLYIa. It is worth-noting that both cultivars displayed the inverse temporal expression
profiles of VvSLYI homologs similar to the previously-described profile of cv. Thompson seedless
(Acheampong et al. 2015).

These results suggest that the observed varietal differences in VVDELLA accumulation may be
resulting from varietal differences in VvSLY1b expression, where the lower expression in organs of BF
correlates the higher VVDELLA accumulation in these organs, and the opposite for organs of SB.
comparative spatial and temporal profiles of VvGID1s transcripts in BF and SB

As DELLA proteins were increased in gid/ mutants of rice and Arabidopsis (Ueguchi-Tanaka et al. 2005;
Griffiths et al. 2006; Willige et al. 2007), we explored the possibility that the varietal differences in VVDELLA
accumulation may result from differences in expression of VvGID! in the cultivars. Contrary to our expectations,
we found higher levels of VvGIDI expression in organs of BF, compared to SB (Fig. 7C-D). The only
exceptions were in young tendrils, where VvGIDIa and VvGID1b were 2-, and 3-folds higher in SB,
respectively. For most organs, there was higher expression of VvGIDIb, and varietal difference in

expression was higher for VvGID1b than VvGIDl1a. In detail, VvGIDIa (Fig. 7C) and VvGID1b (Fig.
8



7D) mRNA quantities in young internodes of BF were 2- and 20-folds higher than in SB. Similarly,
VvGID1a and VvGIDI1b expression in rachis of BF was 2 and 10-folds, respectively, greater than in SB.
Transcript levels of VvGIDIa in young berries (10-30 DAF) of BF were at least 2-folds higher than in
SB berries at similar stage, and VvGIDI1b was 6-folds higher in BF at all developmental stages of
berries. In light of the results, a possibility is raised that a variety with higher V¥vGIDI will have greater
number of receptors for GA, more GA-VvGID1-VvDELLA complexes, greater number of VVDELLA
degradation, and ultimately will exhibit greater response to GA application compared to variety with

lower quantities of V'vGID].

Endogenous and exogenous GA requlation of VVDELLA and VvGID1 transcripts in BF and SB

It was previously demonstrated in grapevine and other species that both exogenous and
endogenous bioactive GAs regulate DELLA protein accumulation and GIDI transcripts by negative
feedback (Ueguchi-Tanaka et al. 2005; Lange et al. 2012; Acheampong et al. 2015; Voegele et al.
2011; Griffiths et al. 2006). To test if similar regulatory mechanism is evident in BF and SB, and to
investigate the possible role of this mechanism in regulating the varietal differences in GA response,
the levels of VvGIDIs in GA and PAC-treated organs. In accordance with the negative feedback
regulation, GA application resulted in downregulated VvGIDI transcripts, while PAC upregulated
expression of the genes in organs of both cultivars (Fig. 6A-D). Similar results were obtained in the
2011 growing season (data not shown). In line with the GA-mediated degradation of DELLA proteins,
application of GAj; resulted in significant reduction in vvDELLA1 and VVVDELLAZ2 levels in organs
of both cultivars, while PAC led to significant accumulation of these proteins (Fig. 6).

Levels of endogenous GAs in organs of BF and SB

In general, the levels of the different bioactive GA species either decreased or remained constant as
organs of both BF and SB developed.

Internodes - GA| was undetected in young internodes of SB and detected in young BF internodes. GAy,
however, was 3-folds higher in young internodes of SB, compared to similar organs of BF. Higher
level of GAg (the deactivation product of GA;) was detected in young internodes of SB compared to
BF, but there was no significant difference in quantities of GAs4 (the deactivation product of GAy) in
young internodes of both cultivars, despite the higher GA4 level in SB (Table 1). Similar to young
internodes, GA; was not detected in mature internodes of SB, while BF presented high levels. While
relatively high amount of GA4 was detected in mature internodes of SB, it was not detected in similar
organs of BF. GAg was not detected in mature internodes of both cultivars, while GA34 was detected in
only mature internodes of SB.

Rachis — Accumulation of GA; in young rachises of BF was evident, accompanied by significant
quantities of GAg (Table 1). In SB, however, both GA| and GAg were not detected in young rachis. In
mature rachis both GA; and GAg were not detected in both cultivars. While both developmental stages
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of rachis of SB presented GA4, it was not detected in young or mature rachis of BF. No reliable
quantification exists for GA34 in rachis.

Carpels and Berries - In carpels of both cultivars, GA; was the more abundant bioactive GA and was
2-folds higher in BF. GA4, on the other hand, was 4-folds higher in SB (Table 2). There was, however

no significant difference between the quantities of both GAg and GAs4 in carpels of both cultivars.

During the carpel-berry transition (fruitset), there was a significant decrease in quantities of GAj,
which was accompanied by more than 2-fold increase in GAg accumulation, in both cultivars. As
berries of both cultivars developed, GA; quantities dropped to levels below detection, and this was
accompanied by a corresponding decrease in GAs. Notably, unlike berries of BF, which had no
detectable quantity of GA4, a steady level of GA4 was recorded in the carpels and throughout berry
development of SB. A convex profile of GA34 was recorded, which peaked at 10 DAF and dropped
towards 30 DAF (Table 2).

Leaves and Tendrils - Other notable findings appeared from the bioactive GA profiling in other

vegetative organs. In young leaves, GA| and GAg levels were comparable in both cultivars but GA4 and
GA34 levels were 2-folds higher in SB. In young tendrils, however, both GA; and GA4 levels were 7-
folds higher in BF. In mature tendrils, GA; and GA4 were not detected in both cultivars. Deactivation
products were higher in BF tendrils (Tables 1). Over all, except in leaves and berries, GA; were higher
in young organs of BF than corresponding organs of SB. GA4 levels, on the other hand, were

considerably higher in organs of SB, apart from young tendrils.

Correlation between total endogenous bioactive GAs and varietal differences in response to GA
While GA signaling is a central factor, quantities of endogenous bioactive GAs may also
mediate differences in response to GA application. Data on this subject is currently limited, but the
concept was supported showing that varietal difference in response of inflorescence to GA application
was inversely related to the quantities of endogenous GA (Boll et al. 2009). With the exception of
berries, there was however no correlation between total endogenous bioactive GAs and the varietal

differences in response of organs of BF and SB.

Potential sources of varietal differences in endogenous GAs in berries

Since seed rudiments of stenospermocarpic cultivar are considered as the primary source of GA in
the grape berry after endosperm abortion (Conde et al. 2007), it was envisioned that berry variations in
bioactive GA content may be influenced by differences in size/presence of seed rudiments. Analyzes of 30-

day old berries revealed existence of seed rudiments in berries of cv. SB, while BF berries had none (Fig.
8).
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Comparative aanalyses of transcripts of central regulators of GA metabolism

To elucidate the molecular sources of the varietal differences in bioactive GA quantities, the
transcript levels of grapevine 2-ODDs (JvGA200x, VvGA3ox, VvGA2ox gene families) (Giacomelli et al.
2013) were quantified by qRT-PCR (Fig. 9).
Internodes - In young internodes of SB, expression of V'vGA200x1 and VvGA3ox1 were 2 to 3-folds higher
than in young internodes of BF. In mature internodes of SB, transcript levels of VvGA200x5 and VvGA20x3
were 3- and 2-folds higher, while that of V'vGA20oxI and VvGA20x8 were 2- and 20-folds lower than in
mature internodes of BF.
Rachis - In young rachis of SB, /'vGA20x6 and VvGA3ox]I mRNA levels were 2- and 3-folds higher than in
young rachis of BF. In mature rachis of SB V'vGA20x3, V'vGA20x4 and VvGA20x6 expressions were 10-, 2-
and 3-folds higher than in mature rachis of BF, while transcript of VvGA30x2, VwGA20xI and VvGA20x8
were 2-, 3-, and 5-folds higher in mature BF rachis.
Leaves - Expressions of V'vGA20ox1, VvGA20x2 were 2-folds higher in young leaves of BF, while
VvGA200x5 and VvGA3ox2 were respectively, 5 and 3-folds higher in BF.
Carpels and Berries - In carpels, VvGA20ox1 expression was 4-folds higher in BF compared to SB, while
JvGA20x3 and VvGA2o0x4 were 3-folds higher in SB. Substantial quantities of /'vGA20ox5 mRNA were
also detected in carpels of SB, but not detected in BF.

There were considerable varietal differences in the expressions of V'vGA200x2, VvGA200x4, VvGA30x3,
VWGA20x2, VvGA20x4 and VvGA20x8 in berries. Compared to BF, SB berries contained higher transcripts
of "'wGA200x2 (8-folds, 0d), V'vGA200x4 (10-60 fold, 0-30d), and V'vGA30x3 (which was not detected in
BF at 10-30d and presented the highest expressed in SB berries, compared to all other tissues). While only
one biosynthetic gene was significantly higher in BF berries (VvGA3o0x2: 4-folds in 0-30d), two catabolic
genes had higher transcript levels in this cultivar, compared to SB (VvGA2o0x1: 2-fold in 0-30d; and
VwGA20x8: 6-, 3-, 2-folds in 0, 10d and 30d, respectively). Two additional catabolic genes, V'vGA20x2 and
VvGA20x4, were higher in BF at 0d (3- and 1.3—fold, respectively), and then higher in SB at 10 and 30 days
(30-fold, and 3-fold in SB at 10-30d, compared with BF).

Some metabolism genes displaying organ specificity were also identified in the broad spatio-
temporal expression profiling (Fig. 9). V'wGA20x8 was highest expressed in internodes, V'vGA2oxI and
VvGA20x5 mainly expressed in rachis, V'vGA200x3, V'vGA200x7 and VvGA20x6 were mainly expressed in
leaves, and V'wGA200x2, VvGA200x4, VvGA30x3, VvGA20x2 were mainly expressed in berries.

Comparative response of organs of BF and SB to application of GA; and GA4

Based on the fact that different bioactive GA species appear to vary widely in their effects on
different plant species, as well as mutants of the same species (Brian et al. 1962; Lange et al. 2005;
Griffiths et al. 2006; Chandler et al. 2008; Lange et al. 2012), and GA; was identified as the more

effective bioactive GA in enlarging berries of certain seedless cultivars (Weaver 1961a; Paleg et al.
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1964), it is speculated that in a specific organ/tissue, the different grapevine cultivars may contain
different bioactive GA species, which may also underlie varietal differences in GA response. As with
Arabidopsis (Eriksson et al. 2006; Xu et al. 1997), rice (Ueguchi-Tanaka et al. 2007), and pumpkin
(Lange et al. 2005), and based on lower levels of GA4 in most organs of cv. BF, and the accompanying
higher accumulation of VVDELLA proteins, it was speculated that GA4 may be the main bioactive GA
regulating VVDELLA accumulation and hence GA response in grapevine organs. To verify this, young
internodes, rachises and berries of both cultivars were treated with GA; and GA4. The results show that in
both cultivars, application of GA; and GA4 produced similar effect in all three organs (Fig. 10). This is
irrespective of the fact that the endogenous levels of these GA species are markedly different in the different
organs of both cultivars. Compared to controls, GA; and GA4 did not significantly increase internode
lengths of BF and SB (Fig. 10A-B). Both GA; and GA4 produced a 3-fold increase in rachis length of BF,
and slightly increased the length of SB rachis (Fig. 10C-D). While the weight of SB berries was unaffected
by GA; and GA4 application, BF berries were increased by 1.5-folds (Fig. 10E-F). It is worth noting that in
both cultivars, the magnitude of effect of GA3 on organ size was more pronounced that either GA; or GAy,

despite the similarity in response profiles.

DISCUSSION

In addition to organ/tissue-specific response to GA within a grapevine cultivar (Agiiero et al.
2000; Acheampong et al. 2015), varietal-specific differences in organ response have also been reported
(Weaver et al. 1962; Agiliero et al. 2000; Cheng et al. 2013; Weaver 1958). Varietal differences in GA
response may be complex phenomenon. Naturally, the primary potential targets for regulation of
response are GA metabolism and signaling. However factors such as penetrability, cell wall
composition and cell surface GA receptors cannot be discounted. The molecular mechanism regulating
these response differences have neither been verified nor explored. As a first step towards
understanding this phenomenon, the current comparative study focuses on the potential involvement of

GA signaling and metabolism on such differential responses.

Response of cv. Black finger to GAj is generally higher than cv. Spring blush

Two sternospermocarpic cultivars (cv. Black Finger and cv. Spring Blush) selected initially
based on growers' notes regarding their marked differences in berry response to GA, were used as a
model for the current study. Here we show that the response of BF to GAj is higher than that of SB in
all organs analyzed, suggesting that varietal-related responses to GA may be regulated by similar
mechanisms in both vegetative and reproductive organs. Response to PAC was however organ-
dependent; with comparable responses recorded for internodes, while responses of reproductive organs

was higher for SB (Fig. 2). Similar to cv. Thompson seedless and seeded varieties (Agiiero et al. 2000;
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Acheampong et al. 2015), different organs exhibited different degrees of response to GA and PAC in

each cultivar.

Varietal differences in GA; response could not be attributed to specific bioactive GA Species

Similar to Arabidopsis (Griffiths et al. 2006) and pumkins (Lange et al. 2005; Lange et al.
2012), we found high levels of GA4 in most organs of both varieties; suggesting that it is the major
bioactive GA regulating growth in grapevines. Even though specific GA species have been reported to
elicit growth of specific organs in grapevine and other plant species (Paleg et al. 1964; Kato et al. 1998;
Ross et al. 2000; Spielmeyer et al. 2002; Wolbang et al. 2004; Griffiths et al. 2006; Hu et al. 2008),
results of on-field experiments show that both GA; and GA4 affect organ growth similarly (Fig. 10),
suggesting that the differential response does not involve differences in perception of a specific
bioactive GA.

Varietal differences in GA; response was not the result of allelic variation of signaling
components

When signaling components are considered as the potential source for differential response,
both their availability (quantitative differences) and proper biological function (qualitative changes)
have the potential to regulate the response. Quantitative and qualitative determinants to GA response
have been reported in GA response mutants of model plants (Dill et al. 2001; King et al. 2001; Sasaki et al.
2003; Griffiths et al. 2006; Hirano et al. 2010; Yamamoto et al. 2010).

In the current comparative study there were no allelic differences in the ORFs of VvGIDI1s and
VvSLY1, and Y2H assays showed that different cultivar-specific alleles of VVDELLA proteins (Fig.
S1) did not differ in their interaction with VvGID1s or VvSLY1s (Fig. 3). Moreover, immunoblot
analyses verified GA-dependent VVDELLA?2 protein degradation. All together, the data suggest that
allelic differences are limited and when present, it neither affects the nature of biological activity nor
results in detectible perturbation of the degradation of VVDELLA proteins in response to GA in planta
(Fig. 6E).

Varietal differences in response to GA; may be a consequence of differences in quantity of GA
signaling components

The data suggests that varietal differences in response may be regulated by factors along the
GA signaling cascade. Marked differences in quantities of VVDELLA in BF and SB were recorded in
young organs, which seem to be the main factor regulating the varietal differences in organs response
to GA application. According to the current paradigm, application of GA releases VVDELLA-
dependent repression via degradation, leading to enhanced growth of the affected organs. DELLA-
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mediated varietal or ecotype differences in response to GA has also been reported in Arabidopsis where
Col and Lers exhibit differences in male sterility in response to GAs, and Col-0 rga gai loss-of-function
mutants, unlike Ler rga gai, display complete male sterility (Plackett et al. 2014). There was no
observable varietal-related trend in VVDELLA accumulation in mature organs of both cultivars. Since
we did not check the GA response at this physiological state, we cannot definitively draw any
conclusion between the VVDELLA protein amounts and varietal differences in response. As previously
suggested for 'Thompson seedless' (Acheampong et al. 2015), it is possible that as organs mature and
growth rate declines, VVDELLAs do not function on growth regulation and their quantities may not
reflect the varietal differences in response of young organs.

The significant accumulation of all three VVDELLA in young BF organs could be due to (i)
higher transcription, translation or post-translational modification of all three proteins (ii) lower
endogenous bioactive GAs; (iii) decreased efficiency of the GA-induced proteolytic degradation
mechanism of VVDELLA proteins. Expression data (Fig. 4) does not support the first assumption as
VvDELLA transcripts in most organs appear higher in SB. Moreover, there is very little support in the
literature for expression-mediated control of VVDELLA proteins. Higher or comparable levels of
bioactive GAs in most BF organs, apart from leaves and berries, compared to SB rules out scenario (ii)
as a probable cause. The fact that application of GA induced VVDELLA1 and VVDELLA?2 degradation
suggests that the VVDELLA degradation machinery is functional. Thus, the most likely cause of the
high accumulation of all three VVDELLAs in young BF organs is lower efficiency of the VVDELLAs
degradation, a mechanism that is expected to be shared by all three VVDELLAs. Such limited
efficiency may be the result of lower quantities of a modulator required specifically for VVDELLA
degradation.

The potential role of VVSLY1 as a trigger for the varietal differences

The natural suspect is VVSLY1, whose role in GA-mediated DELLA degradation and organ
response was demonstrated in model plants (McGinnis et al. 2003; Sasaki et al. 2003). Compared to
wild types, slyl-10 (Arabidopsis) or gid2 (rice) loss-of-function mutants were shown to accumulate
more DELLA proteins (McGinnis et al. 2003; Sasaki et al. 2003; Dill et al. 2004). In agreement, a
significantly-lower level of VvSLY1b transcript was recorded in BF, compared to SB. As VVSLY1b has
a stronger affinity for all three VVDELLA proteins than VvSLY1a (Fig. 3), varietal differences in its
expression may significantly affect the degradation efficiency of all VVDELLA. Hence, the suggested
hypothetical scenario is that relatively low availability of VVSLY 1b in young organs of BF results in
fewer VVDELLA-VVSLY1b complexes, thus decreasing efficiency of polyubiquitination and
degradation by the 26S proteasome, and increasing VVDELLA accumulation in these organs. In
support of this hypothesis, Arabidopsis s/y/-d mutants, with enhanced DELLA-SLY1 interaction than
wild type, accumulated less DELLA proteins and enhanced GA signaling in rga-A /7 mutant lines (Dill

et al. 2004). This varietal difference in VvSLYIb transcript could have resulted from the varietal
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specific differences in the cis or trans transcription regulation element on the varietal-specific
differences in the nucleotides of the putative VvSLYI1b promoter, transcription factors or epigenetic
factors. This need to be further investigated.

The consequences of higher expression of VvGID1

In addition to lower VvSLY1b transcript and higher VVDELLASs, BF presented higher levels of
the GA receptors, VvGIDIs. A cultivar with the greater VvGID]1 transcripts is expected to have more
receptors available for the applied GAs, and thus greater response. Hence, higher level of V'vGIDIs in
all analyzed organs of BF may lead to higher response to GA. The correlation between GIDI
expression and organ response has been extensively documented. GIDI1- transgenic rice lines over-
expressing GID1 showed longer second leaf sheath and higher response to GAj application than wild
type controls (Ueguchi-Tanaka et al. 2005). Additional support to the role of VvGIDI in regulating
varietal differences in response is drawn from work by Suzuki and coworkers (Suzuki et al. 2009)
which attributed variations in phenotype of Arabidopsis mutants to the differential expression of
Arabidopsis GIDI homologs.

The observed varietal differences in the V'vGID]I transcripts in BF and SB could have resulted
from: (i) differences in VVDELLA accumulation; (ii) differences in bioactive GA quantities. Solid
support for the former can be drawn from findings in Arabidopsis (Griffiths et al. 2006; Cao et al.
2006) and rice (Ueguchi-Tanaka et al. 2008) where GID1 transcripts were regulated by DELLA. Since
GA signaling is highly conserved in higher plants (Sun 2010; Harberd et al. 2009), it is highly likely
that a similar scenario may be occurring in grapevine. However, there is also support for scenario (ii)
in grapevine and other model plants, as endogenous bioactive GA regulate G/DI expression in a
negative feedback fashion (Ueguchi-Tanaka et al. 2005; Acheampong et al. 2015; Griffiths et al. 2006;
Lietal. 2011; Voegele et al. 2011). Principally, such level of regulation also occurs in both BF and SB
(Fig. 7C, D; Table 2), but it does not seem strong enough to explain the observed varietal differences in
VvGID1 expression in the organs analyzed. Except in berries and leaves, varietal differences in
endogenous GA do not correlate the observed differences in VvGIDI transcripts and GA response,
suggesting that the mechanism of regulation of varietal differences in VvGIDI expression in most
grapevine organs is not dependent on endogenous bioactive GA quantities.

A scenario can be envisioned, where the high levels of GA|, V¥'vGID]I transcripts in most organs
of BF, and the absence of seed rudiments (seedlessness) of berries of BF are all a consequence of the
low VvSLYI quantities, and subsequently high VVDELLA levels in organs of BF. According to this
scenario, the high VVDELLA (resulting from low VvSLY] transcripts and thus degradation) probably
enhance the expression of VvGIDI genes and specific GA metabolism genes, (VvGA3ox2 and
VvGA20x8) which favor the biosynthesis of GA,. Elevated bioactive GA quantities resulting from high
DELLA accumulation has been reported in mutants of grapevines and other species (Boss and Thomas

2002; Griffiths et al. 2006; Chandler et al. 2002; Itoh et al. 2005; Busov et al. 2006). The suggested
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existence of paralog- and pathway-specificity of GA metabolism genes in grapevines is supported in
our recent publication, which showed that VvGA200x2 is functional only on non-13-hydroxylated
substrates (Giacomelli et al. 2013). Along this suggested line, high GA; quantities in BF carpels
consequently result in parthenocarpic fruit formation. Direct support for GA; induced parthenocarpy
can be drawn from studies showing that GA; accumulated higher in tomato pat-3/pat-4 parthenocarpic
mutants, compared to wildtypes (Fos et al. 2001), and application of GA; led to induction of
parthenocarpic berries in seeded grapevine cultivars (Kato et al. 1998), and resulted in parthenocarpic
growth of unpollinated Madrigal tomato carpels (Fos et al. 2000). Seed rudiments are the main sources
of bioactive GAs in stenospermocarpic cultivars (Conde et al. 2007). In agreement, contrary to berries
of BF, the presence of seed rudiments in the berries of SB is accompanied by higher bioactive GA4
quantities, probably resulting from the upregulation of GA biosynthetic genes, V'vGA20ox4 and
VvGA3ox3 (Fig. 9). In such a situation, the low endogenous GA, high VVDELLA accumulation and
increased V'vGID1 expression synergistically enhances the response of the BF berry to GA.
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FIGURE LEGENDS

Figure 1: Functional characterization of VVDELLAZ2 in grapevine. Transgenic
plants were generated by Agrobacterium-mediated stable transformation of embryonic
calli using constructs carrying VVDELLA?2 gain-of-function mutation expressed under
2.5 kb of its own promoter (vvdella2). (A) Levels of VVDELLA2 proteins in GA-
treated (+) and control (-) young internodes and leaves of WT and vvdella2 transgenic
lines. Control organs were treated with Triton X-100 (0.025%), while Triton X-100
(0.025%)-formulated GA3 (121 uM) constituted GA treatment. Blots of total protein
were incubated with affinity-purified, gene-specific, anti-VVDELLA polyclonal
antibodies. Coomassie Brilliant Blue-stained (CBB) proteins were used as loading
control. Solid black arrows show band of interest, and asterisked-bands (*) indicate
non-specific proteins detected by the anti-VVDELLA antibodies. (A) Gross
morphology of representative plants of vvdella2 and WT; (B) Tendrils of Control
plants and vvdella2 transgenic grapevines. Bar: 1 cm. Pictures (A, B) were taken after
6 months of planting in soil-filled pots. (C) Average internodes, tendril, petiole and
leaf lengths of WT, and transgenic grapevine lines of vvdella2. Parameters were
measured on 6 months old pot-grown lines. The bars represent the mean + SE of at
least 8 plants.

Figure 2: Altered response of organs of cv. Black finger (BF) (A, B, E, F, 1, J) and
cv. Spring blush (SB) (C, D, G, H, K, L) to GA; and GA biosynthesis inhibitor,
paclobutrazol (PAC) treatments. GA3 and PAC (0.8 mM) were formulated in Triton X-
100 (0.025%). Internodes and rachises were treated with 121 uM GA3, while berries were
treated with 90 uM GA3. Tissues/organs were dipped or sprayed until run-off. Increase in
size was monitored at specific time intervals. Young shoots and inflorescences with
tightly packed flowers (stage 15, E-L 15, on the Modified Eichhorn and Lorenz system)
were selected for internodes and rachis experiments, respectively. Clusters with berries of
2-3 mm diameter (E-L 27) were selected for berry experiments. (A, C) Gross
morphology of representative internodes of BF and SB after 20 d of treatment. (E, G)
Gross morphology of representative rachises of BF and SB after 20 d of treatment. (I,
K) Gross morphology of representative berries of BF and SB after 30 d of treatment.
Bar: 5 cm. (B, D) Average per cent increase in length of new internodes arising after
treatment. Increase in length of internode is expressed as per cent increase of initial
length, which was assumed to be 0.5 mm. (F, H) Average per cent increment (as a
factor of pre-treatment length) in length of rachises of BF and SB. (K, L) Average per
cent increase in berry weight relative to mean weight at time of treatment (0 d). Data
points with different letters indicate significantly different values according to Tukey
HSD LSMean test at a = 0.05 and 25 measurements, except for berries with 150
measurements.

Figure 3: Different alleles of VVDELLAs isolated from cv. Black finger (BF) and cv.
Spring blush (SB) interact with VvGID1s and VvSLYls in Y2H assays. (A)
Interaction between VVDELLAs and VvGID1s proceed in a GA-dependent manner.
The addition of 100 uM GA3 to the medium enhanced GIDI-DELLA interactions.
(B) Interaction between VVDELLAs and VvSLYls. VvDELLA3 SB1 and
VvDELLA3 SB2 represent the two alleles of VVDELLA3 isolated from SB.



Figure 4: Spatial and temporal expression profiles of VVDELLAL (A), VVDELLA2
(B), and VVDELLA3 (C) in V. vinifera cv. Black finger and cv. Spring blush. Total
RNA was extracted from pooled samples, and the absolute mRNA levels of each gene
were determined by real-time quantitative RT-PCR (qRT-PCR) and normalized
against VWGAPDH. To ensure accurate quantitation of transcript levels, primers of
similar efficiencies were used, and calibration curves determined from known copy
numbers of single plasmid containing all qRT-PCR amplicons. The bars represent the
mean = SE. of three biological repeats with two technical repeats each. In =
Internodes; Ra = Rachis; Le = Leaves; Te = Tendrils; Ca = Carpels; Be = Berries; 0d
= Berries sampled at 2-3 mm diameter (E-L 27); 10d = Berries sampled 10 day after
E-L 27; 30d = Berries sampled 30 days after E-L 27; Y = Young; M = Mature.

Figure 5: Spatial and temporal profiles of VVDELLA proteins in cv. Black finger
(BF), and cv. Spring blush (SB). Blots of total protein extracted from internodes (A),
rachises (B), leaves (C), tendrils (D), carpels and berries (E) at different
developmental stages (full description given in Materials and Methods), were
incubated with affinity-purified, gene-specific, anti-VVDELLA polyclonal antibodies.
Recombinant full-length proteins (R.P.) (3.75 ng each of VVDELLAI and
VVvDELLAZ2, and 37.5 ng of VVDELLA3) were used as sizing controls. Coomassie
Brilliant Blue-stained (CBB) proteins were used as loading control. In all lanes except
R.P., solid black arrows show band of interest, and asterisked-bands (*) indicate non-
specific proteins detected by the anti-VVDELLA antibodies. Differences in sizes of
R.P. and endogenous VVDELLA proteins result from V5 and 6xHis tags on the R.P. 0
= Berries sampled at 2-3 mm diameter (E-L 27); 10 = Berries sampled 10 day after E-
L 27; 30 = Berries sampled 30 days after E-L 27.

Figure 6. GA regulation of VvGIDla (A, B,) and VWGID1b (C, D) transcript and
DELLA proteins in selected tissues/organs of V. vinifera cv. Black finger and cv.
Spring blush. Organs were dipped or sprayed until run-off with a single GA3
application (G), paclobutrazol (P), or Triton X-100 (C) treatment. Tissues/organs
were sampled 6 h after GA treatment and 102 h after PAC treatment (A, C), and 24 h
and 126 h after GA and PAC treatments, respectively (B, D). The absolute mRNA
levels of each gene were determined by real-time quantitative RT-PCR (qRT-PCR)
and normalized against VVGAPDH. Absolute expressions of gene, in any
organs/tissues are shown relative to values of the GA treatment. The bars represent
the mean + SE of three biological repeats with two technical repeats each. (E) GAs-
induced degradation of VVDELLA1 and VVDELLAZ2 proteins in internodes, rachis
and carpels of cv. Black finger and cv. Spring blush. Western blot analyzes of
VVvDELLA proteins in organs were carried out using protein-specific, affinity-
purified, anti-VVDELLA polyclonal antibodies. Total proteins were extracted from
organs treated with PAC (P, 0.8 mM) and GAj (G, 121 uM for rachis, and 90 uM for
carpels). Control (C) samples were treated with Triton X-100 (0.025%). Physiological
stage at which organs were treated is detailed in Materials and Methods. Recombinant
full-length proteins (R.P.) (3.75 ng each of VVDELLA1 and VVDELLA2) were used
as size controls. In all lanes except R.P., solid black arrows show band of interest, and
Asterisked-bands indicate non-specific proteins detected by the anti-VvDELLA
antibodies. Differences in sizes of R.P. and endogenous VVDELLA proteins result
from tags on the R.P.



Figure 7: Spatial and temporal expression profiles of VvSLYla (A), VWSLY1b (B),
VvGID1a (C) and VvGID1b (D) in V. vinifera cv. Black finger and cv. Spring blush.
Total RNA was extracted from pooled samples, and the absolute mRNA levels of
each gene were determined by real-time quantitative RT-PCR (qRT-PCR) and
normalized against VVGAPDH. To ensure accurate quantitation of transcript levels,
primers of similar efficiencies were used, and calibration curves determined from
known copy numbers of single plasmid containing all qRT-PCR amplicons. The bars
represent the mean + SE. of three biological repeats with two technical repeats each.
In = Internodes; Ra = Rachis; Le = Leaves; Te = Tendrils; Ca = Carpels; Be =
Berries; 0d = Berries sampled at 2-3 mm diameter (E-L 27); 10d = Berries sampled 10
day after E-L 27; 30d = Berries sampled 30 days after E-L 27; Y = Young; M =
Mature. Full description of experimental procedure is given in Materials and
Methods.

Figure 8: Anatomy of representative berries of cv. Black finger (A) and cv. Spring
blush (B), harvested at 30 d after fruitset, and showing presence or absence of seed
rudiment.

Figure 9: Temporal and spatial expression profiles of GA metabolism genes in V.
vinifera cultivars, Black finger and Spring blush. The bars represent the mean + SE.
of three biological repeats each. VWGAPDH, which expression is unaffected by GA
was used as normalizer. In = Internodes; Ra = Rachis; Le = Leaves; Ca = Carpels; Be
= Berries; 0d = Berries sampled at 2-3 mm diameter (E-L 27); 10d = Berries sampled
10 day after E-L 27; 30d = Berries sampled 30 days after E-L 27; Y = Young; M =
Mature. Full description of experimental procedure is given in Materials and
Methods. Y-axis is the normalized relative expression (NRE) as described by
Giacomelli and coworkers (Giacomelli et al. 2013).

Figure 10: Altered response of organs of cv. Black finger (A, C, D) and cv. Spring
blush (B, D, F) to GA; and GA4 treatments. Both GA species (10 ppm) were
formulated in Triton X-100 (0.025%). Young shoots and inflorescences with tightly
packed flowers (stage 15, E-L 15, on the Modified Eichhorn and Lorenz system) were
selected for internodes and rachis experiments, respectively. Clusters with berries of
2-3 mm diameter (E-L 27) were selected for berry experiments. Tissues/organs were
dipped or sprayed until run-off. Increase in size was monitored at specific time
intervals. (A, B) Lengths of new internodes arising after treating shoots. Increase in
length of internode is expressed as per cent increase of initial length, which was
assumed to be 0.5 mm. (B, C) Changes in length of treated rachises, expressed as per
cent increase of initial length. (E, F) Per cent increase in berry weight relative to
mean weight at time of treatment (0 d). Data points with different letters indicate
significantly different values according to Tukey HSD LSMean test at a2 = 0.05 and 25
measurements, except for berries with 150 measurements.
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Table 1: Quantities of GA species in 13-hydroxylated (top half of Table) and non-13-hydroxylated (bottom half
of Table) pathways in selected organs of V. vinifera cv. Black finger (BF) and cv. Spring blush (SB).

. . Internodes Rachis Leaves Tendrils
GA Physiological
species stage BF SB BF SB BF SB BF SB
GA Y n.d. 1.7£0.5 0.8+0.2 n.d. n.d. n.d. n.d. n.d.
53 M n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
GA Y n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
44 M n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
GA Y 145+1.3 29.3x1.3 4610 7.7¢15 24.2+18 53.2+15 29.6+3.9 27+0.2
19 M 1.8204  2.7%0.2 24+16 nd. n.d. n.d. 24435 2.9%0.0
GA Y n.d. 0.8+0.0 n.d. n.d. 5.0+0.2 35+0.7 n.d. n.d.

20 M n.d. n.d. n.d. n.d. n.d. 0.6+0.2 n.d. n.d.
GA Y 0.8+0.2 n.d. 0.410.1 n.d. 2.61£0.2 3.1+0.2 3.320.6 0.5+0.0
! M 0.9+0.3 n.d. n.d. n.d. 0.5+0.1 0.5%0.0 n.d. n.d.

GA Y 1.5+0.2 2.8+0.4 0.4+0.2 n.d. n.g. n.g. n.g. n.g.
8 M n.d. n.d. n.d. n.d. 1.4+0.2 1.3£0.5 2.3x1.0 n.g.
Y 1.510.2 1.510.6 n.d. n.g. 0.1+0.0 n.ag. n.g. n.d.
GA,,
M 0.1+0.0 0.3+0.0 n.d. n.d. n.d. n.g. n.d. n.d.
GA Y 1.9+0.2 2.2+0.3 n.d. n.d. 1.4+0.3 n.g. 0.4+0.0 0.1+0.0
24 M 0.6+0.3  n.q. n.q. n.d. 0.3+0.1 n.q. n.d. n.d.
GA Y 0.3+0.1 1.0£0.2 n.d. 0.1#0.0 0.9+0.2 1.840.7 3.0#0.0 0.4+0.2
4 M n.d. 0.240.1 n.d. 0.1#0.0 n.d. n.qg. n.d. 0.1+0.1
GA Y 0.3+0.1 0.4%0.0 n.g. n.g. 2.0£0.3 4507 2.3x04 1.0£0.9
34 M n.d. 0.1+0.1 n.q. n.q. 0.2+0.1  n.q. n.d. 0.3+0.3

Values represent mean amounts of GA species (ng/g FW) determined in three biological replicates + standard deviation
(SD).; n.d. = undetected or could not be reliably quantified due to low abundance; n.q. = Detected, but could not be
quantified due to co-migration of impurities or undetected internal standard (IS); Y = young; M = mature organs. For
details of physiological stage of organs, refer to Materials and Methods.



Table 2: Quantities of GA species in 13-hydroxylated (top half of Table) and non-13-hydroxylated
(bottom half of Table) pathways in carpels and berries of V. vinifera cv. Black finger and cv. Spring
blush.

GA species Organ Physiological stage Black finger Spring blush
Carpels 8.9+0.3 4.01£0.1
GA,, . 0d 0.7+£0.1 0.91£0.2
Berries 10d n.d. 0.4+0.0
30d n.d. n.d.
Carpels 7.1+14 5.410.4
GA, . 0od 1.2+0.2 0.31+0.0
Berries 10d n.d. n.d.
30d n.d. n.d.
Carpels 39.6+6.4 54.1+2.2
GA 0od 7.3+0.5 15.3+1.9
19 Berries 10d 2.0+0.2 5.7+2.0
30d 0.3+0.0 1.7+£0.7
Carpels od 0.7+0.1 0.7+0.0
3.6£0.0 3.1+0.8
CAz Berries 10d n.d. n.d.
30d n.d. n.d.
Carpels 5.1+1.2 2.5+0.7
GA, _ 0d 0.6%0.1 0.8+0.2
Berries 10d n.d. n.d.
30d n.d. 0.1+0.1
Carpels 12.4+3.8 15.7£2.5
GA 0d 34.8+2.5 37.8£7.5
8 Berries 10d 3.3x0.5 2.2+0.3
30d n.g. 0.410.1
Carpels n.g. n.d.
GA 0d n.d. n.d.
12 Berries 10d n.d. n.d.
30d n.d. n.d.
Carpels n.g. 9.915.6
GA 0od 1.1+0.4 1.0+£0.5
24 Berries 10d 0.4+0.1 0.840.3
30d n.d. 0.1+0.0
Carpels 0.3+0.1 1.2+0.4
GA, _ 0d n.d. 0.9+0.4
Berries 10d n.d. 1.0£0.1
30d n.d. 1.2+£0.1
Carpels 0.3+0.1 0.3+0.1
GA 0od 0.6 £0.1 1.5+0.1
3 Berries 10d n.d. 4.3+0.7
30d n.d. 2.0£0.6

Values represent mean amounts of GA species (ng/g FW) determined in three biological replicates + standard
deviation (SD).; n.d. = undetected or could not be reliably quantified due to low abundance; n.q. = Detected, but
could not be quantified due to co-migration of impurities or undetected internal standard (IS). Carpels were
sampled at at E-L 17. Berries (0 d) were sampled at E-L 27, and subsequently at 10 (10 d) and 30 days (30 d) after
the 1st sampling.
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