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Introduction

Cytokinins are essential plant hormones that control various 
aspects of plant growth and development such as cell division, 
shoot formation, senescence and chloroplast development.1

The analysis of the mechanism of cytokinin perception and 
signaling in Arabidopsis referred to as a “two-component sys-
tem”,1,2 resulted in a model that distinguishes four major steps: 
(1) cytokinin sensing and initiation of signaling by histidine 
kinase receptor (HKs); (2) phosphoryl group transfer to histidine 
phosphotransfer (HPts) and their translocation to the nucleus; 
(3) phosphotransfer to nuclear B-type response regulator (RRs), 
which activate transcription; and (4) negative feedback through 
cytokinin-inducible A-type RRs, which are the products of early 
cytokinin target genes.3 Three Arabidopsis HK genes (AHK4/
CRE1, AHK2 and AHK3),2 three maize HK genes (ZmHK1, 
ZmHK2 and ZmHZ3a)4 and five HK in rice (OHK1, OHK2, 
OHK3, OHK4 and OHK5)5 were described. The identification 
of orthologs for cytokinin signaling components in other plant 
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species suggests evolutionary conservation of this pathway.3 
The large majority of HKs are membrane-bound, homodimeric 
proteins with a C-terminal cytoplasmic kinase domain6 and a 
extracytoplasmic CHASE domain which is the putative recogni-
tion site for cytokinin.7,8 The Arabidopsis triple mutant for the 
three HK genes showed no cytokinin response, but is not lethal, 
suggesting that either cytokinin is not essential to Arabidopsis 
growth or another unknown signaling pathway of cytokinin may 
exist.9

The HPts translocate the phosphate group perceived from 
HKs from the cytoplasm to the nucleus, where it is transferred to 
RRs.10 RRs can be broadly classified into two groups, A-type and 
B-type RR. The B-type RRs have a phosphorelatable receiver 
domain at their N-terminus and a GARP DNA-binding domain 
in the midpoint of the sequence; when phosphorylated the acti-
vated B-type RRs induce or repress the expression of target 
genes.2,11 Arabidopsis B-type RRs were found in de nucleus and 
the structural analysis confirmed their binding to DNA. Unlike 
the expression pattern of A-type RR genes, the steady-state levels 

In plants, cytokinin (CK) perception and signaling pathway is composed by a histidine kinase receptor (HK) and a response 
regulator (RR), the signal being mediated by a histidine phosphotransfer (HPt), as described in Arabidopsis, maize and rice. 
From database searches we identified in grapevine three HKs, three HPs, four A-type RRs and six B-type RRs, suggesting 
a common mechanism for grapevine. The phylogenetic analysis of these Vitis genes showed a variable but high degree of 
homology with Arabidopsis sequences. When sulfate was withdrawn from the culture medium (-S) of in vitro Vitis shoots, 
we assessed a significant reduction in shoot branching. To ascertain the crosstalk of S status with CK signaling in grapevine, 
control and -S grown shoots and control, -S and -CK cell suspensions were used as experimental systems. Real-time PCR 
was elected to quantify the expression of key genes. The expression of CK receptor genes was downregulated in -S cells 
while not affected in -CK cells. In differentiated shoots no response to -S was observed on those genes. A-type VvRRa4 
was downregulated in -S or -CK cells while Vitis B-type RRs did not respond either to CK or S starvation. The results sug-
gest that Vitis CK signaling pathway is affected by -S, although differently according to the model system. Transcription of 
Vitis apical meristem-identity genes VvWUS, VvCLV and VvSTM and axillary meristem genes VvBRC1, VvBRC2, VvLAS, VvRAX 
and VvREV was estimated and VvSTM and VvLAS showed to be downregulated in -S. Then, the expression levels of VvSTM 
and VvLAS make them strong candidates to be associated with the branching pattern of Vitis shoots in -S.
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achieved through feedback regulation, whereby changes in stem 
cell number result in corresponding changes in CLV3 expression 
level, and adjustment of WUS expression.31

Secondary axillary meristems (AM) formed in the axil of 
each leaf are initiated in an acropetal order, from the axils of 
mature leaves to younger leaves axils.32 Genes such as LATERAL 
SUPPRESSOR (LAS)33 or REGULATOR OF AXILLARY 
MERISTEMS (RAX )34,35 maintain the meristematic potential of 
leaves and allow the organization of stem cells.35 Genes promot-
ing local bud arrest have been described in monocots, e.g., teosinte 
branched1 (tb1) from maize36 and its rice ortholog, Os tb1,37,38 
which are expressed in AM of arrested buds.38,39 Other gene also 
involved in early stages of axillary meristem is REVOLUTA/
INTERFASCICULAR FIBERLESS1 (REV/IFL1).40 In 2007 
Aguilar-Martinez et al.41 described BRANCHED1 (BRC1) and 
BRANCHED2 (BRC2) as the genes most closely related to tb1 
in Arabidopsis.

In the present work, Vitis cell suspensions and in vitro shoots 
were used as experimental models to assess the effects of sulfur 
deficiency through the analysis of growth parameters. Taking 
advantage of Vitis genome sequencing,42,43 we performed a data-
base search of genes associated to the CSP and meristem identity 
and the expression of candidate genes was analysed by quanti-
tative real time PCR in the different biological systems under 
sulfur sufficient and deficient conditions and in the presence or 
absence of cytokinin. The discussion of the results obtained so 
far allowed fostering tentative, certainly far from definitive, con-
clusions: -S status disrupted markedly the expression of different 
CSP genes while the downregulation of VvRRas in -CK status 
confirmed their role as CK primary response genes; growth and 
branching pattern of Vitis shoots in -S status is mostly explained 
by the expression profiles of VvSTM and VvLAS.

Results and Discussion

Effects of sulfur and cytokinin deficiency on cell and plant-
let growth. The measurement of physiological parameters is a 
valuable mean to assess the effect of imposed conditions on the 
functioning of biological experimental systems. To determine if 
grapevine (Vitis vinifera L.) cytokinin pathway and meristematic 
genes were affected by sulfate deficiency, two experimental mod-
els were used: cell cultures and in vitro plantlets.

The effect of sulfate or cytokinin withdraw on the growth of 
Vitis cells, was determined through cell biomass along the cell 
growth cycle, on a weekly basis. The fresh weight (FW) of Vitis 
cells grown in full MS medium as control (+S), without sulfate 
(-S) or without cytokinin (-CK) is presented in Table 1 and 
shows that the biomass of Vitis cells was significantly affected 
by cytokinin depletion only at the seventh day. Considering cell 
number and cell dimension measured at that point (Suppl. Table 
1), mitosis was not blocked so far but Vitis cells adjusted to -CK 
status at the level of cell expansion.44 Conversely, shoot FW from 
in vitro plantlets was significantly affected by the sulfur deficient 
conditions: FW of in vitro control shoots (+S) almost doubled 
in 2 weeks while no increase was detected in FW of -S shoots. 
The multiplication rate of control shoots (+S) increased along 

of B-type RR transcripts are apparently not affected by the appli-
cation of cytokinin or other plant hormones. Conversely, expres-
sion of A-type RRs genes are induced by cytokinin and display 
properties for cytokinin primary-response.12

The primary response of most plant systems under sulfur (S) 
deficiency is a clear upregulation (or de-repression) of sulfate 
transporters at the transcription level13-17 which is strongly down-
regulated (or repressed) by sulfate repletion.16,17 The evidence 
for the involvement of cytokinin signaling under S deficiency 
conditions came from the genetic study of the Arabidopsis cyto-
kinin receptor mutant cre1.18 The mutant in CRE1 displayed a 
lower repression of both the SULTR 1;2 expression and S uptake 
in S full conditions and the authors proposed the role of cyto-
kinin as a negative regulator and suggested two independent 
modes of regulation for sulfate acquisition, one induced by sul-
fate depletion and the other cytokinin dependent. If cytokinins 
were the sole mediators of sulfur starvation signal for regulating 
the expression of sulfur responsive genes, their concentration in 
-S status tissues was expected to increase. However in leaf tis-
sues, cytokinin concentration did not increase significantly after 
two days of sulfate starvation suggesting that it is unlikely that, 
at least in leaves, cytokinins mediate directly sulfur-deficiency 
responses.19

Other macronutrients, e.g., phosphate (P), may respond to the 
application of cytokinin. It has been shown that exogenous appli-
cation of cytokinin represses the induction of many P starvation-
responsive genes in Arabidopsis,20 and this effect is attenuated in 
cre1 mutants, implicating cytokinin in the negative regulation of 
P starvation responses.21

Previous work in our group (unpublished) has shown that sul-
fate starvation impairs shoot growth and branching of in vitro 
grapevine, therefore suppresses the reversion of apical dominance 
inhibition as triggered by routinely added cytokinin to in vitro 
multiplication media.22,23 Two hypothesis for such symptoms can 
be proposed: the effect of sulfur deficiency on cytokinin signal 
pathway (CSP) genes or its interference with meristem identity 
genes. Therefore, and to elucidate those hypothesis, the crosstalk 
between sulfur status, cytokinin signaling and meristem genes 
prompted further investigation.

Post-embryonic development in higher plants is characterized 
by the reiterative formation of lateral organs from the flanks of the 
apical meristems.24,25 The shoot apical meristem (SAM) is com-
posed of three clonally distinct layers of cells,24 which contain a 
population of pluripotent stem cells, with three primary functions: 
formation of lateral organs, such as leaves; shoot axis growth; the 
pool of stem cells required for further growth.24,25 Several groups 
of transcription factors have been shown to take part in SAM 
differentiation. The gene Shootmeristemless (STM) is required 
for the initiation and maintenance of the SAM in Arabidopsis.26 
Embryos homozygous for strong loss-of-function mutations in 
the STM form cotyledons and other embryonic structures but fail 
to establish a population of self-renewing stem cells.27 Another 
early gene expressed is WUSCHEL (WUS), a gene required to 
produce the stem cell maintenance signal.28 WUS expression is 
under negative control by the CLAVATA genes (CLV1, CLV2 
and CLV3).29,30 Homeostasis of the stem cell population may be 
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Cultured cells. In Figure 2 are shown the expression levels of the 
expressed genes in Vitis cells at day 7 of growth in -S conditions as 
quantified by real time PCR. VvCyt2, VvHP3 and VvRRa4 were 
significantly downregulated in -S status cells while in -CK cells 
only VvRRa3 is significantly below the threshold (Fig. 3) suggest-
ing that the transcription of cytokinin receptors and HP genes is 
independent of the hormone availability. In Arabidopsis the triple 
mutation in the cytokinin receptors causes CK resistance, a strong 
growth inhibition and a loss of CSP signal.9 The downregulation 
of cytokinin receptor in -S status cells could depict the same type 
of effect as described by Higuchi et al.9 Regarding A-type RRs, 
VvRRa4 was downregulated in -S grown cells (Fig. 2) and the 
expression of VvRRa3 and VvRRa4 also decreased in -CK cells 
(Fig. 3). Hwang and Sheen2 propose A-type ARRs as negative 
regulators of CSP because these genes are able to disconnect 
CK signal by a feedback loop. In Vitis cells cytokinin depletion 
seems to interrupt the CSP at RRa level, confirming A-type RRs 
as cytokinin primary-response12 and negative regulator2 genes. 
From Arabidopsis results, the B-type RR genes are apparently not 
induced by cytokinin but can be involved in the transcription of 
cytokinin primary target genes.2,12,47 Vitis B-type RRs did not 
respond either to cytokinin or to S starvation. Taken the Vitis cell 
results as a whole, only VvRRas respond to CK withdraw, con-
firming their role as CK primary response genes2,12 while -S status 
disrupted markedly genes of different steps of the CSP.

In vitro shoots. In in vitro propagated shoots under -S condi-
tion the variation of CSP genes was within the threshold limits 
(Fig. 4) steering the different response of CSP genes to sulfur 
depletion in dedifferentiated and differentiated cells. These 
results follow the same trend as whole plants or plant organs 
adjustment to nutrient supply.48

the 2 weeks culture, while the number of branches maintained 
constant in -S status (Table 2).

The enhanced branching verified in in vitro multiplication is 
based on the inhibition of apical dominance by exogenous cyto-
kinin.22,23 Then, the decrease in branching rate by -S nutrition 
could result from an effect on cytokinin signal transduction and 
lead us to investigate the effect of sulfur depletion on changes in 
the transcription of cytokinin signaling-related genes.

Identification of vitis genes associated to cytokinin signal-
ing under sulfur stress conditions. The initial approach was 
to evaluate the phylogenetic relationship between Vitis cytoki-
nin signaling genes and annotated genes in other species and to 
register them at NCBI databases. Using the cytokinin receptors 
annotated in Arabidopsis AHK2, CRE1/AHK4, and AHK3, 
as initial queries we identified three Histidine Kinases (HK) in 
Vitis genome, VvCyt1, VvCyt2 and VvCyt3 with a high degree of 
similarity to Arabidopsis,2 maize4 and rice5 HKs and registered 
VvCyt1 (FJ822975) and VvCyt3 (FJ822976). More specifically, 
VvCyt1 shares 65% identity with AHK2, VvCyt2 is similar to 
CRE1/AHK4 in 69% of the amino acids and VvCyt3 shares 
68% homology with AHK3 (Fig. 1A). Four Vitis HPt genes, 
VvHP1, VvHP2, VvHP3 and VvHP4 were identified from which 
VvHP2 (FJ822977), VvHP3 (FJ822978) and VvHP4 (FJ822979) 
were registered. The amino acid sequence of VvHP3 shares 59% 
identity with AHP1 while the homology of VvHP2 is similar 
to AHP4 in 72% of the amino acids and even higher to some 
rice sequences (Fig. 1B). Using Arabidopsis RRa17, described 
as responding to mineral stress,45 four Vitis RRas amino acid 
sequences were identified corresponding to the coding genes 
VvRRa1 (FJ822980), VvRRa2 (FJ822981), VvRRa3 (FJ822982) 
and VvRRa4 (FJ822983). The presence and homology of Vitis 
A-type RRs to other species, e.g., rice5 (Fig. 1C), suggests that 
they may play a role as A-type RRs. With Arabidopsis RRb18 pro-
tein45 as query, six RRbs genes were identified VvRRb1, VvRRb2, 
VvRRb3, VvRRb4, VvRRb5 and VvRRb6, from which VvRRb1 
(FJ822984), VvRRb3 (FJ822985), VvRRb4 (FJ822986), VvRRb5 
(FJ822987) and VvRRb6 (FJ822988) were registered. The 56% 
identity of VvRRb5 to ARRb11 and 45% homology of VvRRb6 
to ARR18, Z. mays and rice RRb9,5 (Fig. 1D) suggest that these 
genes may play a role as B-type ARRs. These results suggest that 
the “two-component system” predicted for cytokinin signaling 
pathway in Arabidopsis2 and rice5 also applies to Vitis. According 
to Müller and Sheen3 cytokinin signaling pathway is conserved 
in all plant species, suggesting an evolutionary conservation of 
this pathway.

Expression of identified CK signaling genes: Effect of -S and 
-CK conditions. To investigate the effect of sulfur or cytokinin 
deficiency on the expression level of CK signaling expressed genes, 
the transcription of VvCyt1, VvCyt2, VvCyt3, VvHP2, VvHP3, 
VvRRa3, VvRRa4, VvRRb5 and VvRRb6 was quantified in -S and 
-CK culture cells and in -S in vitro shoots. The transcripts levels 
were measured by real-time PCR and expressed in fold change as 
compared to control conditions. Real-time PCR is increasingly 
used in plants to study the expression levels of particular genes, 
allowing the detection of a given target gene in a rapid, specific 
and sensitive manner.46

Table 1. Fresh weight of Vitis cells grown for 7 days in control medium, 
without sulphur (-S) and in the absence of cytokinin (-CK)

Fresh weight (g)

Days Control -S -CK

0 3.03fgh ± 0.37 3.03fgh ± 0.37 3.68efg ± 0.25

1 2.78gh ± 0.02 2.69h ± 0.09 3.22fgh ± 0.32

3 3.79ef ± 0.78 4.22e ± 0.40 4.4de ± 0.5

4 4.47de ± 0.71 5.93bc ± 0.78 5.15cd ± 0.62

6 6.26b ± 0.33 7.53a ± 0.30 6.12b ± 0.42

7 8.14a ± 1.21 7.72a ± 0.43 6.68b ± 0.25

Values of FW are means of three samples taken randomly ±SD. Differ-
ent letters indicate significant differences at p < 0.05.

Table 2. Fresh weight and number of shoots of grapevine in vitro 
shoots in -S and +S growing conditions

Fresh weight (g) Number of shoots

Weeks +S -S +S -S

0 0.12b 0.12b 1b 1b

2 0.19a ± 0.02 0.09b ± 0.03 1.75a ± 0.49 1.03b ± 0.16

In vitro shoots were grown for 2 weeks in medium with (+S) and with-
out (-S) sulphur. Each value is the mean of the FW of ten in vitro shoots 
±SD. Different letters indicate significant differences at p < 0.05.
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Figure 1. Pylogenetic tree of (A) HKs, accession numbers from NCBI: Arabidopsis: At CRE1/AHK4, BAB33310; At AHK2, NP_568532; At AHK3, 
NP_564276; Lupines: L. albus HK1, ABJ74169; Maize: Z. mays HK2, BAD01584; Z. mays HK3, BAD01586; Z. mays HK1, NP_001104859; Rice: O. sativa 
HK3, AAP53311; O. sativa CRE1, ABF89563; Vitis: V. vinifera, CAO42401; V. vinifera, CAO41188; V. vinifera, CAO66151, (B) HPts, accession numbers 
from NCBI: Arabidopsis: At AHP1, NP_188788; At AHP2, NP_850649; At AHP3, NP_198750; At AHP4, NP_566544; At AHP5, NP_563684; Maize: Z. 
mays, BAC06592; Z. mays, BAA82874; Populus: P. x canadensis HP3, CAH56501; Rice: O. sativa, ATT69671; O. sativa, BAD87514; O. sativa, EAY75784; 
Vitis: V. vinifera, CAO71051; V. vinifera, CAN83997; V. vinifera, CAN69375; V. vinifera, CAO45819; (C) A-type RRs, accession numbers from NCBI: 
Arabidopsis: At RRa3, NP_176202; At RRa4, NP_172517; At RRa5, NP_190393; At RRa6, NP_201097; At RRa7, NP_17339; At RRa8, NP_181663; At 
RRa9, NP_191263; At RRa15, NP_177627; At RRa16, NP_181599; At RRa17, NP_567037; Maize: Z. mays RRa2, BAA85113; Z. mays RRa4, BAB20579; Z. 
mays RRa6, BAB20581; Z. mays RRa5, BAB20580; Rice: O. sativa RRa4, NP_001045420; Vitis: V. vinifera, CAO41517; V. vinifera, CAO42848; V. vinifera, 
CAO40969; V. vinifera, CAO63061 and (D) B-type RRs accession numbers from NCBI: Arabidopsis: At RRb1, NP_850600; At RRb2, NP_193346; 
At RRb10, NP_194920; At RRb11, NP_176938; At RRb12, NP_180090; At RRb13, NP_180275; At RRb14, NP_178285; At RRb18, Q9FGT7; At RRb19, 
NP_175345; At RRb21, NP_196338; Maize: Z. mays RRb8, BAB41137; Z. mays RRb9, BAB55874; Rice: O. sativa RRb10, AAN52739; O. sativa RRb9, 
BAD72541; O. Sativa, BAC77080; S. asiatica, ABG35774; Vitis: V. vinifera, CAO22750; V. vinifera, CAO40068; V. vinifera, CAN70187; V. vinifera, 
CAO46698. The circled assignments correspond to sequences analyzed by real time PCR for Vitis gene expression. The phylogenetic tree based on 
the amino acid sequence was constructed using the PHYLIP programs, PRODIST and NEIGHBOR.55
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In order to explain the lack of branches in shoots under -S con-
dition our next step was to analyze the level of expression of api-
cal and axillary meristem genes in response to sulfur nutrition.

Expression of the identified apical and axillary meristem 
genes in shoots: effect of sulfur depletion. Plant shoot is derived 
from the primary shoot apical meristem (SAM) whose activity is 
regulated by environmental inputs, such as nutrient availability, 
that can be relayed by plant hormones.32 Although the expression 
of CSP genes did not vary significantly in -S in vitro Vitis shoots, 
a strong effect on growth and branching was evident (Table 2), 
what prompted to study the effect of -S status on apical and 
axillary meristem genes in order to investigate the effect of -S 
on shoot growth and branching on a different level of control. 
We identified three apical meristem genes VvWUS (FJ822989), 
VvCLV and VvSTM and found that sulfur starvation alters the 
expression of VvSTM by a downregulation in second week (Fig. 
5). One of the earliest indicators of a switch in fate from indeter-
minate meristem to determinate leaf primordium is the down-
regulation of KNOX1 genes orthologous to STM in the incipient 
primordial.26 In Arabidopsis it is well demonstrated that STM 
is required for the establishment49 or maintenance25 of stem cell 
fate and that its loss-of-function results in loss of the SAM, in 
agreement with its role in meristem identity acquisition/mainte-
nance.27 Since Vitis VvSTM is downregulated in -S conditions, it 
is reasonable to assume that the apical meristem is not properly 
formed in sulfur starvation, and this may be one of the reasons 
for Vitis shoot growth impairment.

Shoot branching is the process by which axillary buds, 
located on the axil of a leaf, develop and form new branches. 
Shoot multiplication in vitro is based on the inhibition of apical 
dominance and forced branching by adding exogenous cytoki-
nin. In vitro shoots might then comprise a suitable model for 
analyzing axillary meristem gene expression. Among the genes 
responsible for axillary meristem fate are Arabidopsis transcrip-
tion factors BRANCHED1 (BRC1) and BRANCHED2 (BRC2)41 
the transcription factor LATERAL SUPPRESSOR (LAS)33 and 
the REGULATOR OF AXILLARY MERISTEMS (RAX )34,35 and 
REVOLUTA (REV )40 genes. The amplification of the transcripts 
with specific primers designed for each gene allowed to identify 
in Vitis the homologous VvBRC1, VvBRC2, VvLAS (FJ822990), 
VvRAX and VvREV genes. VvRAX and VvREV expression was 
unaffected by sulfur starvation, while the other genes were 
downregulated (Fig. 5). BRC1 responds to developmental and 
environmental stimuli controlling branching by arresting bud 
development when expressed in developing buds.41 Genes pro-
moting bud arrest have been described in monocots, e.g., teosinte 
branced1 (tb1) from maize36 and their homologs from rice Os 
tb1.37,38 In Arabidopsis when BRC1 and BRC2 are downregulated 
the number of rosette branches increase, indicating that BRC1 
and BRC2 retard all stages of bud development. LAS is neces-
sary for axillary meristem initiation and exerts important roles in 
diverse processes such as signal transduction, meristem mainte-
nance and development.50 LAS transcripts accumulate in the axils 
of all primordial derived from the SAM and mutations in this 
gene showed a severe reduction in the number of axillary shoots.33 
Comparison of the phenotypes of tomato and Arabidopsis lateral 

Figure 2. Expression levels of VvCyt1, VvCyt2, VvCyt3, VvHP2, VvHP3, 
VvRRa3, VvRRa4, VvRRb5 and VvRRb6 as quantified by real time PCR in 
Vitis cells at day 7 of growth in -S conditions.

Figure 3. Expression levels of VvCyt1, VvCyt2, VvCyt3, VvHP2, VvHP3, 
VvRRa3, VvRRa4, VvRRb5 and VvRRb6 genes as quantified by real time 
PCR in Vitis cells at day 7 of growth in -CK conditions.

Figure 4. Expression levels of VvCyt1, VvCyt2, VvCyt3, VvHP2, VvHP3, 
VvRRa3, VvRRa4, VvRRb5 and VvRRb6 genes as quantified by real time 
PCR in Vitis shoots after 2 weeks of -S growth conditions.
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full MS medium (control, +S) or in a modified MS as described 
above for sulfate deprivation (-S).

Determination of growth parameters. FW was registered at 
day 0, 1, 3, 4, 6 and 7 of culture from samples of at least three 
flasks per treatment. At the second week of culture shoot FW and 
the number of new branches formed in vitro were recorded.

To count the number of cells present in suspension cultures  
1 ml of cell suspension was mixed with 0.5 ml 10% cellulose and 
0.5 ml 5% pectinase and incubated for 30 minutes at 25°C, under 
100 rpm.54 Isolated cells obtained by disaggregation of cell clus-
ters were counted in hemacitometer chambers under the micro-
scope. The larger linear dimension of isolated cells was measured 
under a microscope equipped with a micrometric ocular.

Sequence identification. Arabidopsis protein sequences 
extracted from the NCBI databases (www.ncbi.nlm.nih.gov/) were 
used as queries, researched using Vitis proteins as queries and sub-
sequently reconfirmed in Genoscope database (www.genoscope.
cns.fr/spip/). After obtaining the protein sequence for each hit, 
the full-length cDNAs of all predicted genes was extracted from 
NCBI database. The phylogenetic trees were constructed using the 
PHYLIP, PRODIST and NEIGHBOR programs.55

Gene expression. RNA extraction and cDNA preparation. 
Total RNA was extracted from Vitis cells using Rneasy plant 
Mini Kit (Qiagen, Hilden, Germany). All RNA samples were 
treated with RNase free DNase I (Qiagen, Hilden, Germany) 
according to the manufacturer protocol and quantified using 
absorption of U.V. light at 260 nm. Reverse transcription was 
carried out using superscript III Rnase H-reverse transcriptase 
priming with oligo-d(T) (Invitrogen) according to the manufac-
turer’s recommendations.

Total RNA was extracted from Vitis shoots using the method 
described by Reid et al.56 and treated as above.

To further examine gene expression by real-time PCR, specific 
primer pairs were designed to amplify fragments of 100 to  200 bp 
(Suppl. Table 2) using the Clone Manager program (Scientific 
& Educational Software, NC). To confirm the amplification of 
the targeted genes, a PCR reaction was conducted (Master Cycler 
Gradient termocycler, Eppendorf, Germany) under the following 
conditions: 95°C, 3 min (initial polymerase activation); 94°C,  
3 min; 40 cycles at 95°C, 15 s (denaturation); 61°C, 30 s (anneal-
ing); 72°C, 20 s (extension). PCR products were resolved on 2% 
(w/v) agarose gels. The PCR products were purified using the 
Wizard® SV Gel and PCR Clean up system (Promega, Madison) 
and sequenced by STABVIDA (Oeiras, Portugal) or Macrogen 
(Seoul, Korea). The sequence alignments were carried out in 
BioEdit program and their identity confirmed by searches in 
NCBI database, using the translated protein product.

Gene expression analysis by real-time PCR. Real-time PCR was 
performed in 20 μL of reaction mixture composed of cDNA, 
0.5 μM gene-specific primers and master mix iQ SYBR Green 
Supermix (Bio-Rad, Hercules, CA) using an iQ5 Real Time 
PCR (BioRad). Reaction conditions for thermal cycling were: 
95°C for 3 min; 40 cycles of 95°C for 10 sec; 61°C for 25 sec; 
72°C for 30 sec followed by melt curve analysis. The detection 
of PCR product was monitored by measuring the fluorescence 
after each extension step caused by the binding of SYBR green 

suppressor mutants revealed that the described control mecha-
nism is conserved during evolution.39 We forward the hypothesis 
that the decrease in Vitis branching is a consequence of VvLAS 
downregulation (Fig. 5). The apparent contradiction between 
the expression levels of VvBRC1, VvBRC2 and VvLAS may be 
solved by the VvLAS function upstream of VvBRC1 and VvBRC2, 
preventing any phenotype expression due to downstream genes. 
Taken together, the expression profiles of VvSTM and VvLAS 
could explain the growth and branching pattern of Vitis shoots 
in response to S deficiency.

Material and Methods

Plant material and growth conditions. Cell suspensions and in 
vitro shoots of Vitis vinifera var. Touriga Nacional were used in 
all experiments. Cell suspensions were obtained by adapting to 
liquid culture Vitis vinifera callus grown as described in Jackson 
et al.51 Ca 4 g callus tissue was dispersed in 50 ml of liquid MS52 
(Duchefa Biochemie, Haarlem, NL) supplemented with 2.5 
μM 2,4-D, 1 μM kinetin, 5 g l-1 PVP-40T, 20 g l-1, sucrose, pH 
5.7, in 250 ml flasks. The cultures growing in a rotary shaker 
at 100 rpm, in the dark, at 25°C were sub-cultured weekly by 
diluting 25 ml culture into 25 ml of fresh medium.

The growth medium and conditions for cells in the absence 
of cytokinin (-CK) were the same as above except that kinetin 
was withdrawn from the medium. For sulfate deprivation (-S), 
after two cycles in full MS medium (1.5 mM sulfate) a modi-
fied MS medium where sulfates were substituted for chlorates 
was used.

In vitro shoots of Vitis vinifera L., var. Touriga Nacional were 
used as explants for in vitro multiplication as described in Neves 
et al.53 Explants were sub-cultured every four weeks into MS 
basal medium supplemented with 0.5 μM NAA, 5.0 μM BA,  
30 g L-1 sucrose, pH 5.8, and 2 g L-1 Gelrite. Cultures of five 
explants in 250 mL Magenta vessels (Sigma-Aldrich St. Louis, 
MO) were maintained in a growth chamber under light from 
cool-white fluorescent lamps with 16/8 h photoperiod at  
50 ± 5 μmol m-2 s-1at 25 ± 1°C (light) and 22 ± 1°C (dark) in 

Figure 5. Expression levels of Vitis apical (VvWUS, VvCLV and VvSTM) 
and axillary (VvBRC1, VvBRC2, VvLAS, VvRAX and VvREV) meristem 
genes as quantified by real time PCR in Vitis shoots after 2 weeks of -S 
growth conditions.
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assess the expression level of -CK relative to +CK. Taking into 
account the calculated standard deviations, the threshold to 
consider a significant fold variation in gene expression was set 
at +3 or -3.

Statistics. For each parameter, S treatment and control were 
performed at least twice. Data are presented as mean values ± 
standard deviation (SD). The results were statistically evalu-
ated by variance analysis (ANOVA) comparing the treatments 
applied (+S/-S status and +CK/-CK) using MS Excel workbook 
(Microsoft Inc.) software and Statistica 8.
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dye to dsDNA. Each run was completed with a melting curve 
analysis to confirm the specificity of amplification and confirm 
the absence of primer dimmers. Relative amounts were calculated 
and normalized with respect to actin (Act) mRNA levels. Data 
were analyzed with the iQ5 optical system software (Bio-Rad, 
Hercules, CA), which calculates the threshold cycle (C

T
) and 

exported into a MS Excel workbook (Microsoft Inc.,) for further 
analysis. Each reaction was done in triplicate and corresponding 
C

T
 values were determined. The method described by Bovy et 

al.57 was applied to compare the level of gene expression in -S 
status to +S status and -CK to +CK conditions.

First, the C
T
 values were normalized to the C

T
 value of Act2, a 

housekeeping gene found to be expressed at constant level in the 
conditions tested. Next, the expression level of each gene in -S 
condition was expressed relative to its expression in +S conditions 
according to the equation: 

ΔΔC
T(+S/-S)

 = ΔC
T(-S)

 - ΔC
T(+S)

.

Finally, the relative expression of the genes in -S conditions 
was expressed according to the expression 2 exp ΔΔC

T(+S/-S)
, 

where exp = exponential. The same calculations were made to 
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