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Grapevine (Vitis vinifera L.) is rich in phenylpropanoid compounds, namely flavonoids and stilbenes
which, present in most tissues, are described as antioxidants and known to accumulate in response to
biotic and abiotic stress. Grapevine is then a choice model for studying the interplay between the
phenylpropanoid pathway and nutrient deficiency. Here we report the response to sulfur deficiency (�S)
of flavonoids and stilbenes biosynthetic pathways in chlorophyll tissues (plantlets) and cell culture.
Anthocyanins and trans-resveratrol accumulated in plantlets and trans-resveratrol glucoside in cell
cultures in response to sulfur deficiency, while a significant decrease in chlorophyll was observed in �S
plantlets. The up-regulation of chalcone synthase gene and the downstream flavonoid biosynthesis genes
dihydroflavonol reductase and anthocyanidin synthase matched the accumulation of anthocyanins in �S
V. vinifera plantlets. The mRNA level of stilbene synthase gene(s) was correlated tightly with the increase
in trans-resveratrol and trans-resveratrol glucoside levels, respectively in �S plantlets and cell cultures.
As a whole, the present study unveil that V. vinifera under sulfur deficiency allocates resources to the
phenylpropanoid pathway, probably consecutive to inhibition of protein synthesis, which can be ad-
vantageous to resist against oxidative stress symptoms evoked by �S conditions.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

The phenylpropanoid biosynthetic pathway is widely spread in
plant species conferring adaptive advantages to diverse ecosystems.
Phenylpropanoids, phenyalanine-derived compounds, are phyto-
chemicals not essential for plant survival, thus classified as plant
secondary compounds. The deamination of L-phenylalanine by the
action of phenylalanine ammonia-lyase (PAL) produces t-cinnamic
acid, the precursor of all phenylpropanoids. Flavonoids, e.g. antho-
cyanins, and stilbenes are derived from p-coumaroyl-CoA, which
undergoes cyclization and aromatization reactions, namely the
sequential condensation of one p-coumaroyl-CoA with three
malonyl-CoA molecules [1]. Chalcone, produced by chalcone
CHS, chalcone synthase gene;
t; F30 ,50H, flavonoid 30,50-hy-
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synthase (CHS) is the precursor of all the flavonoid compounds,
while stilbene synthase (STS) is responsible for the production of
stilbenes, such as resveratrol. The distinct nature of flavonoids (C15)
and stilbenes (C14) lays merely in the decarboxilation step suffered
by the second and since both enzymes use the same substrate [1], it
has been proposed that STS evolved from CHS by gene duplication
[2]. The latter is ubiquitous conversely to STS,which is restricted to a
limited number of plant species, e.g. cranberries, blueberries, mul-
berries, peanuts, jackfruit, sorghum and pine [3].

Abiotic and biotic stress has been linked to the accumulation of
polyphenols and to the increase in anthocyanin content [4,5].
Nutrient deficiency, such as nitrogen [6], phosphorus [7] and sulfur
[8], can bring about the accumulation of anthocyanins and other
polyphenols, although different classes of compounds seem to
respond differently to environmental variation [9].

Vitis vinifera L. (grapevine) has a large variety of phenyl-
propanoid compounds, including polyphenols (flavonoids and stil-
benes), which assume several roles during the plants life cycle.
Flavonoids, including anthocyanins, are present in all V. vinifera
tissues and have been described as powerful antioxidants, namely
by protecting leaves or berries against UV photo-oxidative damage,
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functioning like seed dispersers and pollinator recruiters [4]. The
stilbenes, resveratrol and derivatives, are classified as phytoalexins
[10] due to their capacity to restrain fungal growth. In grapevine, the
stilbene synthesis is induced by abiotic stress factors, such as
aluminum [11], ozone exposure [12], UV light [13,14], mineral ni-
trogen depletion [15], soil lime [16], water stress [17], as well as
methyl jasmonate (MeJA) [18].

Due to the powerful antioxidant properties grape and wine
polyphenols hold a wide range of valuable effects in preventing
heart diseases and cancer [19]. Also, the overall quality and char-
acteristics of red grapes and wine taste are directly affected by the
anthocyanin and polyphenols content and composition [20,21].

In grapevine, CHS is coded by a small family of three genes
[22,23], unlike STS which belongs to a large gene family [22e25].
The downstream flavonoid biosynthetic pathway includes single-
copy genes like flavonoid 3-hydroxylase (F30H), dihydroflavonol
reductase (DFR), anthocyanidin synthase (ANS or leucoanthocya-
nidin dioxygenase, LDOX), anthocyanidin reductase (ANR), and
UDP-glucose:flavonoid 3-O-glucosyltransferase (UFGT), and a few
large gene families, e.g.flavonoid 30,50-hydroxylase (F30,50H) [24,25].

In grapevine berries, the anthocyanin content showed a strong
correlation with the accumulation of UFGT mRNA [26], the first
enzyme totally committed to anthocyanin biosynthesis, and its
regulatory elements VvMybA [27,28], although anthocyanin
composition was also influenced by the regulation of F30H, F30,50H
and O-methyltransferase gene [20]. In fact, the methylation of an-
thocyanins by O-methyltransferase leads to color stabilization
before their accumulation in the vacuole, which greatly affects
anthocyanin properties in wine and its anti-oxidative power [20].

Gluthathione S-transferases (GSTs) were characterized in rela-
tion to the detoxification of xenobiotics [29] and to their ability for
intracellular shuttling [30]. Several studies with maize mutants and
functional complementation demonstrated that GSTs are involved
in the accumulation of anthocyanins and proanthocyanidins [31],
particularly in their transport to the vacuole [30]. Moreover the
level of GST and UFGT transcripts showed similar patterns during
grapevine ripening [20].

Considering the major investment of grapevine in the poly-
phenol pathway and the presence of stilbenes, it is considered a
preferential model for studying the interplay between the syn-
thesis of phenolic compounds and nutrient deficiency. Here we
report for the first time the response of flavonoid and stilbene
biosynthetic pathways to sulfur deficiency in heterotrophic
grapevine leaves and isolated cells. For that purpose, we analyzed
the accumulation of phenolic compounds in different sulfur
conditions, with special attention to anthocyanins and resveratrol
and derivatives. Finally, the crosstalk between gene expression for
the main biosynthetic enzymes and the accumulation of the
correspondent metabolites was examined under changing sulfur
conditions.
Table 1
The effect of sulfate availability on physiological parameters of Vitis vinifera cv Touriga N

Treatment þS

Plantlets 0 2 wk 4 wk

Fresh weight (g) 0.11c 0.18b 0.25a
Branch number 1c 1.75b 2.45a
Leaf number 3c 7.00b 12.31a
Total chl (mg cm�2) 0.02a 0.018a 0.018a
Chla/Chlb 3 3.09 2.58
Cell culture 0 1d 3d 4d 5d
Fresh weight (g) 2.9 2.2 3.1 3.8 4.8

Values shown are for plantlets grown in semi-solid medium with low sulfur (50 mM; �S)
liquid culture grown for 7 days in the same sulfur conditions.
Each value is the mean of 3e15 replicates of two independent experiments. Different le
2. Results

2.1. Physiological responses to sulfur deficiency

The measurement of physiological parameters is a valuable
mean to assess the effect of imposed conditions on the functioning
of biological experimental systems. Low sulfate (�S) availability
significantly reduced the growth of V. vinifera plantlets. The �S
conditions affected severely total biomass and repressed plantlet
branching and, consequently, leaf number. The branch and leaf
number was respectively 75% and 80% higher in þS plantlets at the
2nd week (Table 1), a tendency that was confirmed after 4 weeks
growth, when þS plantlets showed in average 2.45 shoots, unlike
the majority of �S plantlets which maintained but the initial
branch, and 12 against 5leaves, when þS and �S plantlets are
compared (Table 1).

As a symptom of normal physiological shape, the total chloro-
phyll content of þS shoots did not change during the 4 weeks of
multiplication treatment (Table 1) while the �S conditions signif-
icantly affected the total chlorophyll content of the shoots. At the
4th week, �S shoots showed the lowest chlorophyll content
resulting in visible symptoms of chlorosis. The chlorophyll a/b ratio
was similar in both conditions studied with a slight tendency for
decreasing during the second half of the growth period.

Comparing the biomass of þS to �S cell cultures along the
growth cycle, after a latency period of three days in both conditions,
increasing values were obtained. After five days in culture cells
in þS medium showed a statistically higher fresh weight than �S
cells (4.8 vs 4 g) and such a tendency was even more clear at day 7
in culture, when the FW of �S cells was the same as at day 0, 3 g,
while þS cells attained the highest value, 5.8 g (Table 1). V. vinifera
cells growing in �S during a 7 days cycle showed increasing brown
color as compared to cells growing in þS conditions which main-
tained a white-yellow color (Supplementary Figure S1).

2.2. Total phenolic compounds

An increase in the content of total phenolic compounds was
observed in response to sulfur deficiency in both experimental
systems. Total phenolic contentwas higher in�S plantlets after two
weeks, although not statistically significant and even though
declining towards the 4th week in both conditions, a significantly
higher value was obtained in �S conditions (Table 2). In an FW
basis þS cells presented lower phenolic content than control
plantlets which increased under �S conditions (Table 2).

In Table 2 we show that the precipitated fraction corresponds to
the main input to the total phenolic content in both experimental
systems and conditions, while soluble monophenols and o-diphe-
nols represent a smaller fraction of total phenols, contributing in
lesser extent to the response to �S conditions.
acional plantlets and biomass of cell culture.

�S

0 2 wk 4 wk

0.11c 0.09c 0.09c
1c 1.03c 1.16c
3c 3.85c 5.17b
0.02a 0.015b 0.011c
3 2.99 2.78

7d 0 1d 3d 4d 5d 7d
5.8a 2.8 2.5 3.4 4.1 4 3b

and high sulfur (1.5 mM; þS) for 2 and 4 weeks after transplanting and for cell from

tters correspond to significant differences (p < 0.05).



Table 2
The effect of sulfur on total phenolic content and phenolic compounds differentially
precipitated with formaldehyde in Vitis vinifera cv Touriga Nacional plantlets and
cell culture.

Phenols (mg (þ)-
catechin mg�1 DW)

Precipitated with
formaldehyde

Non-precipitated
with formaldehyde

Treatment þS �S þS �S þS �S

Plantlets
2 wk 66.9a 85.4a 55.2b 71.8a 11.7c 13.6b
4 wk 41.2b 70.3a 34.8c 54.3b 14.1b 16.7a

Cells
1 d 9.3b 9.5b 5.8b 6.1b 3.5b 3.4b
4 d 9.3b 13.4a 6.3b 9.1a 3.0b 4.4a
7 d 9.5b 11.9a 5.7b 8.5a 3.8ab 3.4b

Values shown are for plantlets grown in semi-solid medium with low sulfur
(50 mM; �S) and high sulfur (1.5 mM; þS) for 2 and 4 weeks after transplanting and
for cells from liquid culture grown for 7 days in the same sulfur conditions.
Each value is the mean of 3e4 replicates. Different letters correspond to significant
differences (p < 0.05). DW, dry weight.
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Fig. 2. Effect of sulfate on the accumulation of the stilbenes, trans-resveratrol, trans-
resveratrol glucoside and ε-viniferin in Vitis vinifera cv Touriga Nacional plantlets (A)
and cell cultures (B). Samples were taken from V. vinifera plantlets grown for 2 and 4
weeks and cell cultures grown for 1, 4 and 7 days in full sulfate (1.5 mM, þS) or sulfate
deficient (50 mM; �S) semi-solid medium and liquid medium, respectively Columns
with the same letter are not significantly different (p < 0.05 in plantlets (A) and
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2.3. Anthocyanin accumulation in V. vinifera plantlets

Sulfate deficiency caused an increase in anthocyanin accumu-
lation in V. vinifera plantlets. Two weeks �S treatment led to a
moderate and not statistically different raise in anthocyanin. The
highest value was obtained in plantlets subjected to sulfate defi-
ciency for four weeks (p < 0.01). After two and four weeks the
control plantlets maintained the same anthocyanin content (Fig. 1).

Cell cultures grown under light exposition did not show any
accumulation of anthocyanins in both sulfate conditions, at least as
measured by the applied photometric technique.

2.4. Stilbene production

In methanol extracts obtained from V. vinifera plantlets growing
in þS or �S conditions and analyzed by HPLC, we could detect and
quantify the stilbene compounds trans-resveratrol, trans-resveratrol
glucoside and the oxidized form, ε-viniferin (Fig. 2A). Trans-resver-
atrol was the predominant stilbene measured in both treatments,
with ca 0.50 mg mg�1 DW in þS plantlets, raised significantly in �S
conditions to 1.29 and 0.87 mgmg�1 DW, respectively at the 2nd and
4th week, 1.7- to 2.5-fold increase (Fig. 2A). Therefore in plantlets,
trans-resveratrol showed the greatest response to sulfate deficiency;
ε-viniferin increased moderately under �S conditions (although
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Fig. 1. Effect of sulfate on accumulation of anthocyanins in Vitis vinifera cv Touriga
Nacional plantlets grown in low sulfur (50 mM; �S) and high sulfur (1.5 mM; þS) semi-
solid medium for 2 and 4 weeks. Error bars represent �SD; n ¼ 4. Columns topped by
the same letter are not significantly different (p < 0.05) as determined by LSD. DW, dry
weight.

p < 0.01 in cell culture (B)) as determined by LSD; n ¼ 6. Note the change in scale of y-
axis and x-axis between A and B. DW, dry weight.
significantly, p< 0.05) and the content in trans-resveratrol glucoside
was almost constant under the two sulfate conditions (Fig. 2A).

The HPLC analysis of extracts from cell cultures allowed the
detection of trans-resveratrol glucoside. The non-glucoside trans-
resveratrol could be detected in small amounts, 0.04 and
0.06 mg mg�1 DW after 4 and 7 days in �S conditions, respectively.
ε-viniferin was absent in þS and �S cells, or below the limits of our
HPLC analysis (Fig. 2B). In þS conditions, the amount of trans-
resveratrol glucoside was maintained constant along the growth
cycle and similar to the content in �S cells collected at day 1 (þS,
0.10; �S, 0.11 mg mg�1 DW). However after four days in �S, the
measured trans-resveratrol glucoside revealed a 7-fold boost, which
was maintained at the 7th day in �S cells (Fig. 2B).

2.5. The expression of most genes involved in the phenypropanoid
pathway is up-regulated by sulfur deficiency

Chalcone synthase and stilbene synthase are the enzymes that
define the first branching point of the phenypropanoid biosynthetic
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pathway. The primers designed for CHS gene amplified only one
isoform (Table 3), although the primers design for StSy amplified
three distinct isoforms (Table 3). The transcription level of chalcone
synthase (CHS) gene and stilbene synthase (StSy) genes increased,
respectively, 8.0 and 6.1 times in plantlets of V. vinifera under �S
conditions after 2 and 4 weeks growth (Fig. 3A). Other genes of the
phenylpropanoid pathway also responded to the nutrient defi-
ciency, such as dihydroflavonol reductase (DFR) and anthocyanidin
synthase (ANS), the first moderately, by increasing 3.8-fold, and the
second at the same level of CHS and StSy after 2 weeks in �S con-
ditions (Fig. 3A). Flavonoid 30,50-hydroxylase (F30,50H) and UDP-
glucose:flavonoid 3-O-glucosyltransferase (UFGT) did not seem to
respond to the �S conditions.

Gluthathione S-transferase (GST) addressed due to its role in the
transport and accumulation of phenylpropanoid compounds into
the vacuole, was up-regulated by 6.5 times in V. vinifera plantlets
under sulfur limitation (Fig. 3A).

In cell culture CHS and StSy mRNA reacted strongly to sulfate
deficiency but in opposite directions (Fig. 3B). After one day in �S
medium, the transcription level of CHS did not change and that of
StSywas slightly up-regulated (4-fold increase). However after four
days the tendency for a down-regulation of CHS and up-regulation
of StSy transcripts was accentuated and after seven days in �S
conditions, CHS reached ca a 60-fold repression and StSy a 100-fold
increase (Fig. 3B). Several genes acting downstream to CHS were
also down-regulated in �S cells, such as ANS, or did not respond to
the deficiency conditions in cell culture, e.g. DFR (Fig. 3B). Although
we could not quantify anthocyanins we could detect mRNA of
the genes addressed to the biosynthesis of these flavonoids, such
as UFGT.

2.6. The expression of a laccase-like gene

Considering the role of laccases on the oxidation of phenolic
compounds, the transcription level of a laccase-like gene was also
measured. In �S plantlets its mRNA did not change (Fig. 3A).
Conversely, in cell culture the transcript of the same laccase-like
gene was dramatically up-regulated even before the response
observed in StSy (Fig. 3B). In fact, after 4 days in �S, a 70-fold in-
crease was observed in laccase-like gene expression, a trend that
was maintained till the end of the cell growth cycle, when its up-
regulation was similar to the one observed for StSy (Fig. 3B).

3. Discussion

Using grapevine cell systems we showed previously that sulfate
deficiency up-regulates sulfate influx and the expression of the
Table 3
Primer sequences used for quantitative real-time polymerase chain reaction.

Gene symbol Gene ID (V0 Genoscope, NCBI)a Forward primer (50e

CHS GSVIVT00032968001 CCGACGAAGTTCACA
F30 ,50H GSVIVT00022298001 CATCAAGCGTAATCG
DFR GSVIVT00009743001 TCATCACTATCATACC
ANS GSVIVT00019892001 CAACAATGCTAGTGG
UFGT GSVIVT00024419001 CCTCATGCAGTCTTCT
GST GSVIVT00014973001 GCGGACTACATAGAC
StSy GSVIVT00010590001

GSVIVT00010557001
GSVIVT00010554001

GACCACTGTGTCTAC

Laccase GSVIVT00012329001 AGAAGTATCCAGCAC

Primers designed using Clone manager 6 software.
CHS ¼ chalcone synthase, F30 ,50H ¼ flavonoid 30 ,50-hydroxylase, DFR ¼ dihydroflavonol
cosyltransferase, GST ¼ gluthathione S-transferases, StSy ¼ stilbene synthase, laccase ¼ l

a ID corresponding to official automatic annotation (v0) of the 12� PN40024 genome
gene which was obtained from the 8� PN40024 genome annotation.
transcripts of sulfate transporters [32]. Here we describe the effect
of sulfate deficiency on flavonoid and stilbene contents and on the
expression of genes for the enzymes of the correspondent
biosynthetic pathway in two experimental models, the grapevine
cell system and leaf tissue of in vitro plantlets.

3.1. Slow down of growth of V. vinifera plantlets and cell cultures
under sulfur deficiency

Sulfur deficiency significantly reduced the overall growth
of V. vinifera plantlets, especially the number of new shoots
(branching) confirming previous results obtained with an equiva-
lent experimental system [33]. The cell culture biomass was also
affected by sulfur deficiency an effect explained by the moderate
accumulation of sulfate in grapevine cells, so rapidly exhausted
when they are transferred to �S conditions [32]. A reduction in
biomass was also observed in Arabidopsis thaliana seedlings under
sulfur starvation conditions [8,34]. The general growth retardation
matches the repression in metabolic activity evident by the sig-
nificant decrease in chlorophyll content in �S V. vinifera plantlets.
Several species, such as Spinacia oleracea [35], Brassica napus [36],
Beta vulgaris [37] and A. thaliana [8,34] also responded to sulfur
deficiency by lowering the chlorophyll content, an effect assumed
as a loss of photosynthetic capacity [38]. The metabolic profiling of
A. thaliana under sulfur deficiency showed that the concentration
in chlorophyll pathway metabolites was the second most affected
after that involving sulfur assimilation metabolites [34].

3.2. High accumulation of phenolic compounds under sulfur
deficiency: moderate impact on anthocyanin content and major
response at stilbene level

Different authors, combining several observations revised by
Manetas [39] put forward the hypothesis that any retardation of
plant growth can lead to surplus of carbonenitrogen skeletons,
which are not assimilated into proteins and remain available for the
synthesis of secondary metabolism compounds, namely phenyl-
propanoids, considering that proteins and phenylpropanoids
compete for the same precursor, the amino acid phenylalanine.
Phenolic compounds are then secondary carbon-rich metabolites,
which accumulate under nutrient deficiency conditions [40], such as
low nitrogen [9,41] and sulfur deficiency in A. thaliana [34] and
grapevine (the present research). Flavonoids, flavonoid-derived (e.g.
condensed tannins) and stilbenes were the main phenolics rising
after sulfur limitation. Anthocyanins and stilbeneswere then elected
for a closer attention since their synthesis is downstream the first
branching point of the phenylpropanoid pathway.
30) Reverse primer (50e30) Amplicon
length (bp)

CTGATTCAAG GATAGTCAGCCTGGTAGACACAGTT 143
AGTGGTCTCT CCTTGCATATGGCTTGTAGGTATGG 156
GACTCTTGT CCTGCCGTATAATTGAATAATGAGC 123
ACAGCTTGAG TGGAACGTAGTCGCTTGGTGTCTTA 112
CCTTCTTCA CACCGTCGGAGATATCATAGGACTT 112
AAGAAGCTC TTCACCACCGAAGTAAGGCTTCTC 150
CAGTCTGATT GCAGTGATAATCTCTTGGCGTATGT 218

GTTTACGAGT CCCCTGTTCTGGTGTCAATAAAGTA 108

reductase, ANS ¼ anthocyanidin synthase, UFGT ¼ UDP-glucose:flavonoid 3-O-glu-
accase-type.
obtained cross-linking in CRIBI (http://genomes.cribi.unipd.it/), excepting in F30 ,50H

http://genomes.cribi.unipd.it/
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Anthocyanin accumulation is considered a common response to
stress conditions [5], including the deficiency in nitrogen in
grapevine cells [6], phosphorus in A. thaliana and tomato [42,7] and
sulfur in A. thaliana [34] and grapevine plantlets (the present
study). Chalker-Scott [43] suggests that anthocyanins have
different protective effects: absorbing high radiation wavelengths,
scavenging reactive oxygen species and acting as osmotic adjusters.
The former can be of especial importance in sulfur depletion con-
ditions, considering that the decline in chlorophyll and the even
stronger decrease in sulfolipids, associated with the impairment in
light absorbance and photosynthetic capacity as observed in
A. thaliana [8,34], points to metabolic conditions where even low
light intensities can be sensed as light stress.

Belhadj et al. [44] working with a grapevine cell system, describe
the accumulation of anthocyanin induced by jasmonates. Interest-
ingly, in the same direction, are the results of amicroarray analysis of
A. thaliana seedlings grown under sulfur depletionwhich showed an
increase in the level of transcripts implicated in auxin and jasmonic
acid biosynthesis [8,38]. It is not to exclude that the symptoms
observed in grapevine plantlets, namely branching inhibition, result
from impairment in the biosynthesis of growth regulators [33].

Conversely to flavonoids, which are ubiquitous in plants, stil-
benes are specific to certain plant families including Vitaceae. It is
worth noting that the two experimental systems applied in the
present study showed marked differences in accumulated stil-
benes, with trans-resveratrol glucoside predominant in cell cul-
tures and trans-resveratrol in plantlets. Trans-resveratrol glucoside
can be considered a storage form of trans-resveratrol, protected
from enzymatic oxidation, which could give raise to toxic forms, as
is the case of viniferins [45], additionally it increases the half-life of
trans-resveratrol released by hydrolysis of trans-resveratrol gluco-
side. Differences in the stilbene content between plantlets and cell
culture can also result from the cell conditions in terms of endog-
enous b-glucosidase expression and oxidation patterns.

Previous reports show that, in grapevine, stilbenes rapidly
accumulate in response to different stress conditions, namely
aluminum [11], fungal infection [10,46], ozone exposure [12],
jasmonates and cyclodextrin [44,47], UV radiation [14] and water
stress [17]. Research conducted with plants transformed with the
gene for stilbene synthase permitted an insight into possible bio-
logical functions of stilbene compounds in plant cells revised by
Delaunois et al. [3]. The antioxidant properties of several transgenic
plants increased substantially when transformed with StSy, e.g.
transgenic tomato plants transformed with StSy under the consti-
tutive promoter 35SCaMV increased their antioxidant capacity
through higher ascorbate/glutathione content [48]. Recent work by
Fornara et al. [49] localizes stilbene synthase (STS), to the cell wall
of berry skin and Pan et al. [14] observed an increased in STS ac-
tivity in primary and secondary cell walls of UV-treated cells,
consistent with an optimized function as protective compounds.

3.3. The interplay between flavonoid and stilbene pathway genes
under sulfur deficiency

Stilbene and flavonoid syntheses share the same precursor and
have a common origin in the general phenylpropanoid metabolism,
with a branchpoint at stilbene synthase (STS) and chalcone synthase
(CHS) level. In our V. vinifera plantlet system the transcript levels for
CHS and StSy matched well the increase in anthocyanins and stil-
benes under �S conditions. During grapevine berry development
the accumulation of anthocyanins was strongly correlated with the
transcription of UFGT and F3050H [20], conversely to our sulfate
deficiency conditions. However in other nutrient deficient condi-
tions, namely nitrogen [50] and phosphorus [51] in the model plant
A. thaliana, the accumulation of anthocyanins paralleled with the
up-regulation of anthocyanin pathway genes CHS, DFR and ANS. It is
then plausible that the accumulation of anthocyanins observed in
general nutrient deficiency is under transcriptional control at the
level of the former genes. The MYB transcription factors could be
good candidates tomediate the transcriptional control, sinceMYB75
andMYB90 (or PAP1 and PAP2) associatedwith the regulation of the
flavonoid biosynthesis pathway were up-regulated under sulfur
deficiency as depicted in microarray analysis [8], but also under ni-
trogen and phosphorus deficiency [52,53]. The two MYBs
mentionedwere characterized as globally enhancing the expression
of the target genes CHS, DFR and GST [52], which, interestingly, also
respond to sulfur deficiency in V. vinifera plantlets.

In V. vinifera plantlets glutathione S-tranferase (GST) transcripts
increase in response to �S conditions. GST proteins have been
shown to bind flavonoids in vitro [30] and mediate the conjugation
between anthocyanins and gluthathione in maize [29] leading to
the protective storage of these pigments into plant vacuoles,
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although in grapevine cell cultures GST transcripts level did not
change, probably due to the different nature of the phenolic com-
pounds accumulated in response to the nutrient deficiency.

Stilbenes, as anthocyanins, are known to increase under various
stress conditions, grapevine plantlets and cell culture in �S con-
ditions both accumulated stilbenes, although with marked differ-
ences in the nature of the stilbenes, well correlated with the
increase in StSy transcription suggesting also transcription control
at level of StSy genes in cell culture. In Cabernet Sauvignon berries
under water stress [17], the glycosylated form also accumulated
andwas correlatedwith the StSy transcript, since the resveratrol-O-
glycosyltransferase gene expression was maintained constant. The
StSy transcript control seems to be the regulatory step in the pro-
duction of trans-resveratrol and derivatives compounds.

An earlier event to the increase in StSy transcript(s) expression
in �S conditions is the expression boost of a grapevine sequence
with high homology to plant laccases. Together with the brown
color depicted by cell culture after 4e7 days under sulfur deficiency
suggested us that the polyphenolic compounds, especially stil-
benes, could be the target for laccase oxidation, which are poly-
phenol oxidases using o- and p-diphenols as substrates [54]. A
direct link between oxidative polymerization of flavonoids and
laccase activity was obtained with the Arabidopsis tt10mutant with
an uncolored seed coat phenotype [55]. Also, in the interaction of
grapevine with Botrytis cinerea, the role of laccase activity in the
detoxification of resveratrol by oxidation has been previously
considered [56]. Taking into consideration the function and locali-
zation of laccases in cell walls (together with STS), we can speculate
that in grapevine cell cultures tested in the present study, the high
amounts of resveratrol (p-diphenols) were prone to laccase
oxidation resulting in the phenotype observed in cell culture.

Although the accumulation of anthocyanins was not detected in
cell cultures, all genes related to the flavonoid pathway were pre-
sent in themRNA pool in full and deficient conditions, with CHS and
ANS transcripts progressively repressed under �S conditions, a
striking and distinct response when compared with the same
conditions in grapevine plantlets. Fischer et al. [57] demonstrated
for the first time the interaction between the two metabolic
pathways by transforming tobacco seedlings with an StSy gene:
resveratrol accumulated while the flowers changed color and male
sterility was observed. The authors speculate that the presence of
StSy created a competition for metabolites common to the two
branches of phenylpropanoid biosynthesis pathway, a feature also
suggested in V. vinifera different tissues and developmental stages
[23]. In fact, Jeandet et al. [58] observed, during berry maturation,
an accumulation of anthocyanins and a decrease in resveratrol
production, together with a repression of StSy gene.

Grapevine plantlets clearly invest in both phenylpropanoid
pathways, to generate flavonoids and stilbenes, while cell cultures
only produce stilbenes (Fig. 4). Plantlets have green tissues, with
photosynthetic capacity, what seems to agree with a photo-
protective role of anthocyanins, while stilbenes can impair oxida-
tive stress in both systems. In cell cultures, the great up-regulation
of StSy, and eventually of its enzymatic product STS, which can
compete for the same substrate as CHS, may lead to repressing the
transcription of CHS and other genes downstream the same
pathway (Fig. 4), proposing a sort of interaction between both
branch phenylpropanoid pathways.

In V. vinifera plantlets, sulfur deficiency was responsible for the
coordination and up-regulation of CHS, DFR, ANS and GST expres-
sion, apparently in correlation with the increase of anthocyanin
content and probable accumulation in the vacuole. Regarding the
stilbene pathway, StSy mRNA level increased in both experimental
systems, as well as trans-resveratrol and viniferin in plantlets and
trans-resveratrol glucoside in cell cultures (Fig. 4).
Taking the whole results into account we can conclude that the
response to sulfur deficiency of V. vinifera photosynthetic and non-
photosynthetic tissues and cells point out to distinct strategies in
phenylpropanoid pathway and metabolite accumulation (Fig. 4).
4. Materials and methods

4.1. Plant materials, culture media and experimental conditions

In vitro shoots (plantlets) of V. vinifera L. cv. Touriga Nacional
were obtained by multiplication and sub-cultured every 4 weeks
into Murashige and Skoog (MS; [59]) medium supplemented with
30 g L�1 sucrose, 0.5 mM 1-naphthaleneacetic acid (NAA) and
5.0 mM benzylaminopurine (BAP) [60], pH 5.8, 2 g L�1 gelrite. Light
was from fluorescent lamps at a photon flux density (PFD) of
45 � 10 mmol m�2s�1and a photoperiod of 16Le8D.

Cell suspensions of V. vinifera L. cv. Touriga Nacional were ob-
tained by adapting to liquid culture callus material maintained in
the dark at 25 �C, as described in Jackson et al. [61]. About 4 g callus
tissue were dispersed in 50 mL of liquid medium containing MS
basal salts supplemented with 2.5 mM 2,4-dichlorophenoxy-acetic
acid (2,4-D), 5 g L�1 polyvinylpyrrolidone-40T, 20 g L�1 sucrose and
1 mM kinetin. The cultures growing in 250 mL flasks on a rotary
shaker at 100 rpm, under the same light conditions described
above, at 25 �C were sub-cultured weekly by diluting 25 mL culture
into 25 mL of new medium [32].

Two sulfate treatments were applied full sulfate (1.5 mM, þS)
and sulfated efficient (50 mM, �S), after four weekly cycles in þS
conditions. Commercial MS (Duchefa Biochemie, Haarlem, NL)
(1.5 mM sulfate) was used for þS experiments while a modified MS
medium where sulfates were substituted for chlorides was
considered �S [62,8].
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Samples from cell cultures were collected at days 1, 4 and 7 after
the onset of sulfur stress and from plantlets after 2 and 4 weeks
growth in �S medium. All samples were frozen in liquid nitrogen,
lyophilized in 50 mL plastic test tubes and pulverized under liquid
nitrogen.

4.2. Physiological parameters

FWwas registered at days 0,1, 3, 4, 5 and 7 of cell culture from at
least three flasks per treatment of two independent experiments.
At the second and fourth week of plantlets growth, FW and the
number of new branches and of leaves were recorded.

Chlorophyll was extracted according to the method developed
by Hiscox and Israelstam [63]. Four leaf discs (total area 113 mm2)
were incubated in 3 mL DMSO at 65 �C for 30 min, and absorbance
was measured at 645 and 663 nm.

The Arnon’s equations [64] was used to calculate the chlorophyll
concentration: Chla (g L�1) ¼ 0.0127 A663 � 0.00269 A645; Chlb
(g L�1) ¼ 0.0229 A645 � 0.00468 A663; tot Chl (g L�1) ¼ 0.0202
A645 þ 0.00802 A663. The Chl concentration was then converted to
leaf Chl content (mg Chl cm�2 leaf area).

4.3. Total phenolic content

Soluble phenolic compounds were isolated from cells and
plantlets by extraction into methanol acidified with 0.1% (v/v) HCl.
Ground tissue (40e60 mg) was added of 3 mL extraction solution,
gently shaken for 2-h at room temperature. The methanol extract
was diluted 10:1 with water and absorbance was assayed at
280 nm, with (þ)-catechin as standard, in a Shimadzu UV-265
spectrophotometer (Japan).

The reaction between formaldehyde and m-diphenols or
p-diphenols under acidic conditions, often named Stiasny reaction,
produces a precipitate following the formation ofmethylene bridges
between theA-rings of twoormoremolecules [65]. Thus, the Stiasny
reaction allowed a first separation within the total phenolic com-
pounds. After the determination of total phenolic content in the
plant extract as described above, 2.5mL of 20% (v/v) HCl and 1.75mL
formaldehyde were added to 2.5 mL of plant extract. The reaction
was incubated overnight at room temperature; the un-precipitated
phenols were estimated at 280 nm. The precipitate contained fla-
vonoids, proanthocyanidins and stilbenes, while the monophenol
and o-diphenol fraction was maintained in solution.

4.4. Anthocyanin quantification

Samples of plantlets grown for 2 and 4weeks and of cell cultures
at days 1, 4 and 7, in þS and �S conditions were used for antho-
cyanin quantification based on the procedure developed by Bariola
et al. [66]. Ground tissue was gently shaken in 1.5 mL of 1% (v/v)
HCl/methanol for 2 h at room temperature. Subsequently, 1.2 mL
chloroform was added to the mixture and vortexed vigorously,
prior to the addition of 3 mL of deionized water. The mixture was
vortexed again and centrifuged for 3 min at 6000 g. The superna-
tant was removed and the absorbance of a 1 mL aliquot was
measured at 530 nm and 657 nm in a Shimadzu UV-265 spectro-
photometer (Japan). The latter wavelength was used to compensate
for the absorbance of chlorophyll. The anthocyanin content was
obtained by the difference between A530 and A657. Values were
normalized to the dry weight of each sample.

4.5. HPLC analysis of stilbene compounds

The reversed-phase HPLC analytical separation of stilbenes was
performed according to the method of Pussa et al. [67] and Martin
et al. [68], with the modifications specified below, using a Waters
1525 binary pump linked to a Waters 2996 photodiode array
detector (PDA). The HPLC equipment was coupled to a Waters
Symmetry C18 column with a guard column filled with the same
type of sorbent in a gradient mode of 0.1% (v/v) formic acid
(solvent A) and acetonitrile (solvent B) at a flow rate of
0.5 mL min�1 at 35 �C. Elution started with a linear gradient of B
from 10 to 30% for 20 min and then to 90% for 60 min. The final
elution was isocratic with 100% B for 10 min to wash the column.
The sample injection volume was 50 mL. The PDA detector was set
at an interval of 220e600 nm. The optical density of the eluate
was monitored at the maximum absorbance wavelength for each
peak (lmax), 305 nm for trans-resveratrol, 320 nm for trans-
resveratrol glucoside and 323 nm for ε-viniferin. Quantification of
individual peaks was achieved by comparison to the sample in-
ternal standard pterostilbene. Identification of the chromato-
graphic peaks was performed by comparison to known standards:
trans-resveratrol, trans-resveratrol glucoside and pterostilbene
obtained from SigmaeAldrich. Putative identification of ε-vin-
iferin was by comparison with the results of Pussa et al. [67] and
Martin et al. [68].

4.6. RNA isolation and reverse transcriptase-PCR

RNA from V. vinifera plantlets was extracted according to the
method described by Reid et al. [69]. RNA from cell culture was
isolated using the RNeasy� Plant Mini Kit (Qiagen, Hilden, Ger-
many) following the manufacturer’s instructions. RNA samples
were treated with RNase free DNaseI (Qiagen, Hilden, Germany)
according to the manufacturer protocol and quantified using ab-
sorption of UV light at 260 nm. Reverse transcription was carried
out using superscript III RNase H-reverse transcriptase priming
with oligo-d(T)20 (Invitrogen, Carlsbad, CA) according to the man-
ufacturer’s recommendations. Complementary DNA (cDNA) was
synthesized from 1 mg total RNA after DNaseI treatment.

4.7. Quantitative real-time RT-PCR (qPCR)

Primers to the genes under analysis designed using Clone
Manager 6 (Scientific and Educational Software, Durham, USA) are
indicated in Table 3. Quantitative real-time PCRs were performed in
20 mL of reactionmixture composed of cDNA, 0.5 mMof primers and
master mix iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) using
an iQ5 Real-Time PCR (Bio-Rad, Hercules, CA). Reactions conditions
for thermal cycling were: 95 �C, 3 min; then 40 cycles at 95 �C 15 s,
60 �C 30 s, 72 �C 20 s. Each reactionwas performed in triplicate and
the specificity of amplification products was confirmed by the
melting curve and gel electrophoresis analysis. Data were analyzed
with the iQ5 optical system software (Bio-Rad, Hercules, CA) and
exported into an MS Excel workbook (Microsoft Inc.) for further
analysis. Transcript levels were normalized to Act2 transcript levels,
a housekeeping gene found to be expressed at constant level in the
conditions tested [70]. The method described by Livak and
Schmittgen [71] was applied to compare the transcript levels in �S
and þS conditions.

4.8. Statistical analysis

For each parameter, �S treatment and control (þS) were per-
formed at least twice in triplicate. The results were statistically
evaluated by variance analysis (ANOVA) using MS Excel workbook
(Microsoft Inc.) software. Data are presented �standard deviation
(SD). Two-way ANOVA was conducted with least significance dif-
ference (LSD) statistic when sulfate level or time of growth had
significant effects. Each experiment consisted of two sulfate
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conditions and two or three time points for plantlets and cell cul-
ture, respectively. The sulfate and time effects were tested at
p < 0.05 and p < 0.01, respectively.
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