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TÍTULO DA TESE: Absorção e assimilação do sulfato na videira: perspectiva molecular e 

fisiológica 

 

RESUMO 

A caracterização do metabolismo do sulfato e o efeito da carência deste elemento na via dos 

fenilpropanóides na videira foram os objectivos principais deste estudo. Em culturas 

celulares de Vitis vinifera cv Touriga Nacional usadas como sistema modelo estudou-se a 

sua resposta fisiológica em condições de deficiência de sulfato (-S). Confirmando resultados 

obtidos em outras espécies, a taxa de influxo de sulfato aumentou significativamente em -S, 

em correlação com a expressão do gene VvST pertencente ao grupo 1 da família de 

transportadores de sulfato. Em 2007 a publicação do genoma da videira permitiu a 

identificação das famílias multi-génicas dos transportadores de sulfato e da enzima serina 

acetiltransferase (SAT). O aumento da expressão do transportador VvSultr4;1 e do gene das 

proteínas SAT VvSAT2;2, em culturas celulares de V. vinifera em –S foi observado 

respectivamente,  após 4 e 7 dias de crescimento. A proteína VvSAT2;2 foi localizada no 

núcleo e apresentou uma cadeia C-terminal consideravelmente mais curta o que poderá ter 

determinado uma interacção fraca com O-acetilserina-tiol-liase de Arabidopsis thaliana. Em 

‘plantinhas’ (ramos sem raiz) de V. vinifera em condições –S verificou-se um aumento da 

concentração de antocianinas equivalente ao aumento da expressão do gene da chalcona 

sintase. Por sua vez a concentração de stilbenos aumentou em ‘plantinhas’ e culturas 

celulares em -S, correlacionando-se com a activação da expressão do gene da stilbeno 

sintase.  
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Title: Uptake and assimilation of sulfate in Vitis vinifera: a molecular and physiological 

approach 

 

ABSTRACT 

The objective of this study was to broaden the information on sulfate metabolism in Vitis 

vinifera, and the interplay between sulfate metabolism and the phenylpropanoid pathway. 

The investigation started with a physiological characterization of sulfate deficiency (-S) using 

Vitis vinifera cv Touriga Nacional cell cultures as a model system. A significant increase in 

sulfate influx rate was observed under -S, which correlated with an up-regulation of the 

relative expression of VvST assigned to group 1 of sulfate transporters. The recent 

sequencing of V. vinifera genome permitted the identification of sulfate transporters and 

serine acetyltransferase (SAT) families, both characterized as multi-gene families. An up-

regulation of group 4 sulfate transporter, VvSultr4;1 and group 2 of SAT family VvSAT2;2 , 

transcripts in V. vinifera cell cultures was observed under -S, after 4 and 7 days of cell 

growth, respectively. VvSAT2;2 had a putative localization in the nucleus, and its C-terminal 

was considerably shorter which probably caused a weak interaction with OAS-TL3 from 

Arabidopsis thaliana. An accumulation of anthocyanins was observed under –S in V. vinifera 

plantlets that matched well the up-regulation of chalcone synthase gene. In -S plantlets and 

cell cultures an increase in stilbenes correlated well with the up-regulation of a stilbene 

synthase gene.  

 

 

 

Key-words: Vitis vinifera; anthocyanins; genes from sulfate pathway; serine 

acetiltransferase; sulfate transport; stilbenes. 
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INTRODUCTION 

Sulfur (S) is an essential macronutrient for all plant species. The earth atmosphere ensures 

that sulfur exists predominantly in the form of sulfate (SO4
2-, +6 oxidation state). Through the 

bio-geochemical sulfur cycle, S is oxidized and reduced in a constant flux (Fig. 1). Plants and 

microorganisms reduce sulfate through assimilative reduction, changing the 

oxidation/reduction state to -2 (S2-, sulfide) and assimilating SO4
2- into cysteine (Cys). The 

oxidation of reduced S is carried out by animals, plants and microorganism via aerobic 

catabolism, by bacteria that use S as electron donor or by geochemical mechanisms that 

generate volatile S compounds (Falkowski et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 – Sulfur cycle with focus on a agricultural system, showing the sources and pools of 
sulfate, elemental sulfur and organic sulfur. [Adapted from Crawford et al. (2000) and 
Schoenau et al. (2008)] 
 

In plants, S represents the least abundant macronutrient, in the cytoplasm is the ninth 

element and 0.1% of dry matter, compared to 1.5% of nitrogen (N) and 45% of carbon 

(Leustek et al., 2000). Sulfate enters a plant predominantly through the roots; however in 

areas with air pollution sulfur dioxide (SO2) can also penetrate the leaves and be assimilated. 

In biomolecules S is incorporated predominantly in the reduced form, although S also occurs 

in its oxidized form in sulfolipids and several sulfated compounds (Leustek et al., 2000). 
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1. Sulfur biological functions 

Unlike animals, plants are able to assimilate inorganic sulfate and reduce it to sulfide. Sulfate 

can also be incorporated directly into organic molecules by the action of adenosine 

phosphosulfate (APS) kinase (EC 2.7.1.25) (APK) (Lee et al., 1998). Sulfide is assimilated 

into Cys, which is mainly used for protein synthesis (Leustek et al., 2000); methionine, the 

essential S-containing amino acid for men and other mammals is synthesized from Cys 

through a trans-sulfurylation pathway (Hesse et al., 2004); organic S is also found in 

glutathione (GSH) the tripeptide formed by Cys, glutamate and glycine. Nevertheless, the 

range of biological compounds containing S is vast, including amino acids, oligopeptides, 

vitamins, co-factors, chloroplast sulfolipids and many secondary compounds (Table 1). As a 

whole, the high variety of S organic compounds plays a determinant role in plant functioning 

and adaption to the environment (Zhao et al., 2008). 

The function of S in organic molecules is very diverse considering that S can exists in 

multiple oxidation/reduction states (+6, +4, 0, -2) each conferring different chemical 

properties (Beinert, 2000). Sulfur is involved, not only as a structural component of organic 

compounds, but also, and importantly, in the catalytic, regulatory and electrochemical 

functions. The reduced form, named thiol group (-SH), can be found in Cys, Cys peptides 

such as GSH and proteins, in lipoic acid and coenzyme-A. The thiol groups are redox active, 

playing an essential role in proteins, both in structural and regulation, by forming a covalent 

disulfide bond. This reaction is reversible since thiol groups can be restored by the reduction 

action of GSH or redox proteins such as thioredoxins and glutaredoxins (Leustek, 2002). 

Disulfide bonds play a crucial role in the tertiary and quaternary structure of proteins 

(Crawford et al., 2000). Inside the cells, the reducing power of thiol groups can be used to 

control the redox state of others cell components, for example thioredoxins in the chloroplast 

uses the interchange of disulfide bond to regulate photosynthetic enzymes (Crawford et al., 

2000). 

 

1.1. Sulfur Nutrition  

Plant productivity is highly influenced by S availability considering it major role in plant growth 

and involvement in essential metabolic pathways. Different crops vary in their requirement for 

S. In general, Brassica species have an high demand for S (1.5-2.2 Kmol ha-1), followed by 

Allium species (1-1.2 Kmol ha-1), cereals and legumes (0.3-0.6 Kmol ha-1) are considered 

having low demands for S fertilization (Zhao et al., 2002; Zhao et al., 2008). Sulfur 

requirements are also dependent on crop yield, like other macronutrients high plant 

productivity requires high S inputs (Zhao et al., 2008). Sulfur deficiency manifests as 

chlorosis of younger leaves and stunted growth and sometimes can be confused with N 
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R-O-S-O-

O

=
=

O

deficiency (Hawkesford, 2005). Typically S is considered less limiting for plant productivity 

than others macronutrients such as N or phosphorus, however N-use efficiency is only 

achieved in balanced S availability (Hawkesford, 2005).  

 

Table 1 – Overview of organic sulfur compounds in plants and their functions. [Adapted from 
Leustek (2002) and Pilon-Smits et al. (2006)] 

Molecule S group 
General 

Structure 
Function 

Cysteine Thiol RSH Amino acid, metabolic intermediate 

Cysteine derivatives    

Cystine Disulfide 

R-S-S-R 

 

Oxidized glutathione Disulfide Stress resistence 

FeS cluters Sulfide R-S-R Cofactor of enzymes 

Coenzyme-A Thiol 

R-S-H 

Coenzyme 

Lipoic acid Thiol Coenzyme 

Phytochelatins Thiol Metal tolerance 

Reduce glutathione Thiol Reduction processes, stress resistence 

Biotin Thioester 

R1-S-R2 

carbon dioxide transfer 

Mo cofactor Thioester Cofactor of enzymes 

Thiamine Thioester Coenzyme-A formation? 

Methionine Thioester R1-S-R2 Amino acid, metabolic intermediate 

Methionine derivatives    

Methyl-methionine Methylsulfonium  
(H3C)-S

+-
(R)2 

Transport, metabolic intermediate 

S-adenosylmethionine Methylsulfonium Methyl donor, ethylene precursor 

Dimethylsulfide Thioester R1-S-R2 Release of excess S? 

Sulfolipids Sulfonic acid 

 

 Thylakoid membrane component 

 

Sulfated compounds    

Brassinosteroids Sulfate esters  Plant growth regulator 

Cholin-o-sufate Sulfate esters  S transport? Osmoprotective 

Gallate glucoside Sulfate esters  Plant growth regulator? 

Glucosinolates Sulfamate  Ecological role 

Allicin Sulfoxides  R1-S-O-R2 Ecological role 
 

 

 

 

R-C-S-O-

O

=
=

O

H2

R=N-O-S-O-

O

=
=

O
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In recent years incidences of S deficiency have been reported worldwide (Pasricha et al., 

1993; Dobermann et al., 1998; Blair, 2002; Edmeades et al., 2005). In the past, the S used 

by crop plants resulted from S-containing fertilizers and/or S in the rainfall (Jolivet, 1993). 

Due to environmental policies both these sources were significantly reduced in the last 25 

years: atmospheric S deposition significantly decreased and most of the currently used 

mineral fertilizers lack S (Blake-Kalff et al., 2000). The increase in yield crop also contributes 

to reports of S deficiency (Zhao et al., 2008). 

Apart from yield benefits, S has an effect on the quality of plant products. Animals are unable 

to reduce sulfate, depending on methionine supplied in their diet. Sulfur deficiency decreases 

the legume seeds nutritive value by decreasing the synthesis of S rich proteins (Eppendorfer 

et al., 1995). Several studies showed a marked effect of S in the breadmaking quality of 

wheat, namely on the composition of gluten proteins and the dough extensibility, due to the 

accumulation of S-poor storage proteins such as -gliadin (Zhao et al., 1999). Recently 

some concern was raised by the fact that under S deficiency the large quantities of free 

asparagine accumulated in wheat grain could be converted in acrylamide during flour heating 

(Muttucumaru et al., 2006), a compound known as carcinogenic, and with neurological and 

reproductive effect (Friedman, 2003). On the other hand, excess sulfur input can increase 

the quantity of glucosinolates in Brassica species, which determine a stimulus in the 

production of oxazolidine-2-thione that results from glucosinolates hydrolysis, and has a 

strong anti-nutritional effect in animals (Zhao et al., 2002). 

 

1.2. Plant Defense 

References on sulfur use are found in the Bible and in Greek and Roman literature. As early 

as more than 2000 years ago, Romans discovered the beneficial effects of sulfur as a potent 

antidote against plant pathogens and refer the application of elemental sulfur in the vineyards 

(Rausch, 2007). Elemental sulfur (S0) is probably the oldest pesticide, with references as old 

as 1000 BC (Williams et al., 2004). Unexpectedly for eukaryotes, it was unraveled that some 

plant species produce S0 as a component of the defense system against vascular pathogens 

(Williams et al., 2002). S0 was then identified as the only inorganic phytoalexin recorded to 

date (Williams et al., 2004). 

More recently, a positive influence of sulfur nutrition on plant health was demonstrated in 

Western Europe in the fourth quarter of last century, when the decrease in atmospheric 

sulfur emissions was accompanied by an increase in the incidence of fungal diseases of 

annual crops including Brassica napus, high S-demanding specie (Bloem et al., 2007). In 

addition, several S-secondary plant metabolites play key roles in plant defense (Kruse et al., 

2007), namely glucosinolates and alliins (Schnug, 1997). Glucosinolates are S-containing 
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glucosides produced mostly by members of the Brassicaceae. In response to plant tissue 

damage, glucosinolates are hydrolyzed by myrosinases releasing volatile isothiocyanates 

which have a wide range of biological effects; they are inhibitors of microbial growth, 

attractants for specialist insects, toxic to herbivores and feeding repellents (Mikkelsen et al., 

2003).  

A group of small cysteine rich proteins, including thionins, defensins and lipid transfer 

proteins, have been described as antimicrobial agents (Broekaert et al., 1995). Plant 

defensins are small (45 to 54 aminoacids) basic peptides that have a characteristic three-

dimensional folding pattern stabilized by eight disulfide-linked cysteines (Thomma et al., 

2002). Several defensin gene sequences from different plant species are now available; y-

thionin represents an example of a plant defensin structurally related to defensins in general, 

including human defensins. Most plant defensins exhibit activity against a broad range of 

fungi, and also against insect pests. Although defensins accumulate in response to 

pathogens and their elicitors (Thomma et al., 2002), they can also be developmentally 

regulated. For the first time in grapevine, using ETS derived from flower-berries libraries, 

genes encoding defensins were differentially expressed among cultivars: one sequence 

which encodes a putative γ-thionin is expressed exclusively in Cabernet Sauvignon ripening 

berries, while it is expressed at pre-véraison, véraison, and ripening berries of Chardonnay, 

suggesting distinct patterns of gene expression between genotypes (Goes da Silva et al., 

2005). 

The protective effect of elemental S against pests and diseases has been mostly reported 

after foliar application (Bloem et al., 2007). In the decade of 90’s field trials showed that S 

fertilization could substitute for fungicide application in crop yield protection from pests 

attack. Then the concept of Sulfur Induced Resistance (SIR) was introduced to describe the 

natural resistance of plants against fungal pathogens through the stimulation of sulfur 

metabolic processes by fertilizer application strategies (Haneklaus et al., 2007), although S-

containing metabolites responsible for SIR have not been fully elucidated (Bloem et al., 

2007). 

In grapevine organic farming, incorporation into the soil of fine-granule sulfur and 

Thiobacillus microorganisms, restricted powdery mildew infected berries and leaves by more 

than 80%, in comparison with 90% after treatment with a conventional fungicide used as 

control (Bourbos et al., 2000). In fact, after the introduction of powdery mildew (Erysiphe 

necator, previously Uncinula necator) in Europe, in the XIX century, it was noticed that sulfur 

applied to vine leaves and berries significantly protected from powdery mildew infection. 
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1.3. Oxidative Stress 

The tripeptide glutathione (GSH) composed by glutamate (Glu), Cys and glycine (Gly) is 

synthesized enzimatically in both chloroplast and cytoplasm by the sequential action of -

glutaminylcysteine synthetase and glutathione synthetase with the consumption of two ATP 

molecules. GSH plays a central role in the antioxidant system against oxidative stress (May 

et al., 1998) and in the regulation of cell redox system, together with ascorbic acid and the 

proteins thioredoxin and glutaredoxin (Rouhier et al., 2008). 

About 2% of the organic reduced S in the plant is present in the form of non-protein thiols, 

and around 90% of this fraction is GSH (Stulen et al., 1993), with more than 50% localized in 

the chloroplast (Halliwell et al., 1976). Two GSH can react with each other to produce the 

oxidised form (GSSG), and this reaction is reversible by the action of glutathione reductase 

using NADPH as a source of protons and electrons. In unstressed conditions most of the 

glutathione is present in the reduced form (GSH) (Kunert et al., 1993), since reducing 

conditions in the cell are required for structural integrity of proteins and for many enzyme 

activities (Leustek et al., 2000). The thiol group of Cys present in GSH enables it to reduced 

other molecules and bind to metals (Kunert et al., 1993). However GSH serves other 

important function in plant cells, such as storage and long-distance transport of reduced S, 

scavenging hydrogen peroxide and other reactive oxygen species, detoxification of 

xenobiotics and heavy metals (Cobbett et al., 2002), activation and conjugation of 

phenylpropanoids and hormones (Marrs, 1996), redox regulation of gene expression and as 

substrates for the synthesis of phytochelatins (Grill et al., 1989). It is then clear that GSH is 

closely involved with plant response to environmental stresses. 

In the cytoplasm, GSH can be used as a substrate for GSH-conjugation by GSH-S-

transferases (GSTs). The GSTs catalyses the reaction of the thiol group on GSH with a wide 

range of hydrophobic and eletrophilic substances, their substrates varying from phenolic 

compounds to xenobiotics such as the herbicide atrazine (Marrs, 1996). GS-conjugates are 

transported to the vacuole by the GS conjugate vacuolar pump (Rea et al., 1998), where they 

are degraded and metabolized to Cys-conjugates (Lamoureux et al., 1993). 

In Arabidopsis, one isoform of the sulfate assimilation pathway enzyme adenosine 5’-

phosphosulfate reductase (APR1) is pointed out as having a specific function under oxidative 

stress (Bick et al., 2001). Under oxidative stress, as GSH is consumed for stress mitigation, 

the level of GSSH increases, and it was proposed that GSSH activates APR1 by oxidation, 

probably through the formation of a disulfide bond at the regulation site, which drives the 

synthesis of additional Cys and subsequently the synthesis of GSH (Bick et al., 2001). 
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1.4. Heavy metal stress 

Glutathione can also be used in the cytoplasm for the synthesis of phytochelatins (PCs) (Grill 

et al., 1989). PCs are synthesized from GSH by a -glutaminylcysteine dipeptidyl 

transpeptidase (phytochelatin synthetase). This enzyme transfers -Glu-Cys units to form a 

polymer ( -Glu-Cys)n-Gly and, although expressed constitutively, is activated by metal ions 

such as cadmium (Zenk, 1996). PCs binds to metals ions, then the complex is transported to 

the vacuole where is further complexed by sulfide, and the end product is a metal ion/S 

crystallite (Cobbett et al., 2002). PCs function in the sequestration of heavy metals in the 

plant vacuole and can also be transported from root to shoot, although the transport 

mechanism through the plant membrane is not fully elucidated, a good candidate could be a 

recently identified GSH transporter with wide substrate specificity (Zhang et al., 2004). 

 

2. Sulfur assimilatory metabolism  

Sulfur (S) assimilation in plants plays a key role in the biological sulfur cycle (Fig. 1). Sulfate 

(SO4
2-) in the soil is the primary source of S for plants when taken up by roots from the 

rhizosphere. Sulfur dioxide (SO2) absorbed by leaves from the air is converted into sulfite 

due to the alkaline properties of the cytoplasm, and can subsequently enter the S reduction 

pathway (Leustek et al., 2000).  

Although SO4
2- can be reduced and assimilated in root cells, at a rate that varies between 

species, is predominantly transported to the leaves the main location of S assimilation (Fig. 

2). SO4
2- is the major S form found in both the xylem and phloem (Saito 2004); in the reduced 

form S moves in the phloem as glutathione (GSH) (Rennenberg et al., 1979) or as S-

methylmethionine (Bourgis et al., 1999). 

The assimilation of SO4
2- is, with carbon fixation and nitrogen assimilation, one of the basic 

pathways for the incorporation of inorganic elements into the organic molecules that drive 

cell metabolism. Sulfur metabolism in plants involves activation, reduction and assimilation of 

S2- into cysteine (Cys), through the three main steps bellow:  

 

1) Activation 

SO4
2- + MgATP MgPPi + adenosine 5’-phosphosulfate (APS) 

 

2) Reduction 

 APS + 2GSH SO3
2- + 2H+ + GSSG + AMP 

 

SO3
2- + 6 ferredoxinred S2- + 6 ferredoxinox 

ATP sulfurylase (EC 2.7.7.4) 

APS reductase (EC 1.8.4.9) 

Sulfite reductase (EC 1.8.7.1) 
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3) Assimilation  

Serine + acetylCoA                                                                   O-acetyl-L-serine (OAS) + CoA 

 

O-acetylserine + S2-                                                                         L-cysteine + acetate 

4) Sulfation 

APS + MgATP                                            MgADP + 3’-Phosphoadenosine 5’-phosphosulfate 

(PAPS) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 2 – Overview of sulfur assimilation in the subcellular compartments of root and leaf 
cells. Non-bold indicates de names of metabolites: APS, adenosine 5’-phosphosulfate; CN-

Ala, -cyano-Ala; GSH, reduced glutathione; GS-X, glutathione conjugated; OAS, O-
acetylserine; PAPS, 3’-phosphoadenosine 5’-phosphosulfate UDPG, uridine 
diphosphoglucose. Bold indicates the name of proteins: APK, APS kinase; APR, adenosine 

5’-phosphosulfate reductase; APT-S, ATP sulfurylase; BCS, -cyano-Ala synthase; OAS-TL, 
OAS(thiol)-lyase; SAT, Serine acetyltransferase; SIR, sulfite reductase; SQD1, 
sulfoquinovosyldiacyl; ST, sulfate transporter. [Adapted from Crawford et al., (2000), Saito 
(2004) and Pilon-Smits et al. (2006)] 
 

Serine acetyltransferase (EC 2.3.1.30) 

OAS (thiol)-lyase (EC 4.2.99.8) 

APS kinase (EC 2.7.1.25) 
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Globally, SO4
2- reduction to S2-occurs in two steps and requires one ATP and eight electrons; 

the source of two electrons in the first step is most probably GSH while ferredoxin carries six 

electrons for the second step. In the assimilation step OAS, which results from the activation 

of serine, reacts with S2- to produce Cys (Leustek, 2002). 

 

2.1. Sulfate transport 

Sulfate is acquired by plant roots from the soil solution by a multiphase rate mechanism 

(Clarkson et al., 1993). The soil solution is usually poor in SO4
2- (micromolar range), so the 

acquisition of this anion is strongly dependent on a low Km uptake system, an active 

transport that requires energy due to the high electrochemical gradient through the plasma 

membrane. Permeases mediate the transfer of SO4
2- from the soil solution into the cytosol of 

root cells (Yoshimoto et al., 2002). Two kinds of transporters mediate the initial uptake and 

the distribution of SO4
2- throughout the plant: one with low Km (10 μM) assuring a high-

affinity sulfate transport (HAST), and another with much higher Km responsible for the low-

affinity sulfate transport (LAST). 

The first plant gene encoding for sulfate transporter was isolated from the tropical forage 

legume Stylosanthes hamata and confirmed by functional complementation in a mutant yeast 

Saccharomyces cerevisae (Smith et al., 1995). Since then many sulfate transporter 

sequences from different plant species are available in public databases. 

Analysis of the Arabidopsis genome enabled the identification of 14 related genes, which fall 

into the sulfate transporter family, allowing the alignment of the protein sequences into 5 

groups (Table 2) (Hawkesford, 2003). 

Group 1 comprises the genes for high-affinity sulfate transport regulated by S external 

conditions. In A. thaliana genome, three different sulfate transporters were identified, 

AtSultr1;1 and AtSultr1;2 mainly localized to root cells and AtSultr1;3 to the phloem 

(Yoshimoto et al., 2003). AtSultr1;3 specific and unique localization in the sieve-elements-

companion cell of the phloem point out for a particular role in the redistribution of sulfate 

source to sink tissues (Yoshimoto et al., 2003). 

The common characteristic among group 2 sulfate transporters is its low affinity for sulfate 

and expression mainly in vascular tissue of both root and shoots tissues. From the two 

isoforms of Arabidopsis thaliana, AtSultr2;1 and AtSultr2;2, the first isoform is only present  in 

roots under low sulfur and in leaves is up-regulated by S deficiency (Takahashi et al., 2000). 

A large and diverse number of sulfate transporters isoforms has been assigned to Group 3 

(Hawkesford et al., 2006). AtSultr3;5, the only isoform characterized to date, is unable to 

complement the yeast mutant for sulfate transporter and does not respond to S conditions. 

Apparently, it is not a functional transporter but can contribute to SO4
2- uptake when co-
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expressed with AtSultr2;1 (Kataoka et al., 2004a). It was suggested that coexpression of 

AtSultr2;1 and AtSultr3;5 facilitates retrieval of apoplastic SO4
2- to the xylem parenchyma 

cells in Arabidopsis roots and may contribute to the root-to-shoot transport, considering that 

in Arabidopsis sultr3;5 mutant the root-to-shoot transport was restricted even under high 

AtSultr2;1 expression (Kataoka et al., 2004a). An homolog of AtSultr3;5 has been identified 

in Lotus japonicus, localized on the symbiosome membrane in the N2-fixing nodule was 

shown to be essential for an efficient N2 fixation, and contrary to the homolog from 

Arabidopsis was able to complement the mutant yeast (Krusell et al., 2005). 

Sulfate transporters belonging to group 4 were localized to the tonoplast and may play a role 

in mobilizing SO4
2- from the vacuole (Kataoka et al., 2004b). AtSultr4;1 and AtSultr4;2 

showed a distinct pattern of expression in roots and shoots of Arabidopsis. In roots, 

AtSultr4;1 was constantly expressed under different sulfur conditions whereas AtSultr4;2 

became more abundant in sulfur deficiency. In shoots, both sulfate transporters were up-

regulated in response to sulfur limitation (Kataoka et al., 2004b). 

 

Table 2. Arabidopsis sulfate transporter gene family. 

Group Name Expression 

1 

Sultr1;1 Highest in root epidermis, cortex and hairs 

Low in leaves 

Specific localization of Sultr1;2 on stomata guard cells 
Sultr1;2 

Sultr1;3 Phloem  

2 Sultr2;1 

Xylem parenchyma and pericycle cells of roots 

Xylem parenchyma cells of leaves 

Phloem cells of leaves 

 Sultr2;2 

Silique 

Roots 

Leaf vascular bundle sheat 

 

3 Sultr3;1 Leaves 

 Sultr3;2 Leaves 

 Sultr3;3 Leaves 

 Sultr3;4 - 

 Sultr3;5 Xylem parenchyma and pericycle cells of roots 

4 Sultr4;1 Tonoplast membrane in the pericycle and xylem parenchyma 

Cells of roots and hypocotyls  Sultr4;2 

5 Sultr5;1 - 

 Sultr5;2 Mitochondria 
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The group 5 comprises two isoforms but only Sultr5;2 was studied so far (Tomatsu et al., 

2007; Baxter et al., 2008). AtSultr5;2 was proven to be a molybdate transporter (Tomatsu et 

al., 2007) localized in the mitochondria (Baxter et al., 2008), and did not showed sulfate 

transport activity.  

The application of several topology prediction programs permitted a general consensus 

about the number of membrane spanning domains (MSDs) in sulfate transporters proteins, it 

is commonly accepted that the number of MSDs varies between 9 and 12 (Hawkesford, 

2003). A prediction for the high affinity sulfate transporter from Vitis vinifera is presented in 

Fig. 3 showing 10 membrane spanning domains. A conserved motif is generally found in the 

central region of the protein sequence (Fig. 3, in blue) and defines it as belonging to the 

sulfate transporter family. The C-terminal of sulfate transporters is also highly conserved, 

except for the sulfate transporters belonging to group 5, and characterized as a long 

hydrophilic region downstream the last transmembrane helix. This domain, named STAS 

(sulfate transport anti-sigma-factor domain, Fig. 3) proved to be essential for AtSultr2;1 

transport function and particularly two cysteine residues played an important role in sulfate 

transport in Arabidopsis (Rouached et al., 2005). Several mutations, produced by site 

directed mutagenesis, in conserved residues were found to be of particular importance. The 

proline residues are probably involved in the organization of transmembrane spanning 

domains. And a mutation homologous to the one responsible for the human sulfate transport 

impair (Hastbacka et al., 1994) demonstrated to have the same result in sulfate transport of 

Stylosanthes hamata (Khurana et al., 2000). 

 

 

1 2 3 4 5 6 7 8 9 10

N C

Cytoplasm

Extracellular

Sulfate Transporter Family

STAS

Transmembrane-spanning segments 

Conserved motifs

 

 
Figure 3 – Suggested topology and conserved domains for the Vitis vinifera high affinity 
sulfate transporter, VvSultr1;1. STAS – sulfate transport antisigma-factor domain. [Predicted 
at the Phobius server; http://phobius.sbc.su.se/; Kall et al. (2007)] 
 

http://phobius.sbc.su.se/
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2.2. Sulfate Activation 

Sulfate (SO4
2-) is activated to adenosine 5’-phosphosulfate (APS) by ATP sulfurylase with a 

phosphate bound, consumption of ATP and release of pyrophosphate. This activation step is 

necessary because SO4
2- is stable metabolically. Since the reaction equilibrium of ATP 

sulfurylase favors the reverse reaction (ATP and SO4
2- formation) (Saito, 2004) and in plants 

pyrophosphate concentration is around 0.3 mM, in vivo activity of ATP sulfurylase depends 

on the consumption of APS in further reduction or phosphorylation reactions (Leustek, 2002).  

In Arabidopsis four different genes encode ATP sulfurylase isoenzymes. cDNA from all 

genes were detected and the functionality proven by complementation in ATP sulfurylase 

devoid Escherichia coli mutants (Murillo et al., 1995; Hatzfeld et al., 2000a). All Arabidopsis 

genes code putative transit peptides to the plastids (Hatzfeld et al., 2000a), although cDNAs 

cloned from potato encoded a cytosolic and plastid isoform (Klonus et al., 1994) and ATP 

sulfurylase activity could be detected in both intracellular compartments in spinach (Lunn et 

al., 1990; Renosto et al., 1993). Since SO4
2- reduction only occurs in plastids, and the 

reductase enzymes are plastid localized, APS generated in the cytoplasm could be used in 

sulfation reactions which produce a variety of sulfated compounds including hormones 

(brassinosteroids, gallate glucosides), peptides and flavonoids (Lacomme et al., 1996; Bick 

et al., 1998a) and glucosinolates (Rotte et al., 2000). 

 

2.3. Sulfate reduction 

In plants, recent lines of evidence demonstrate that the two step-reduction of SO4
2- to S2- (S:-

2) is carried out by GSH-APS reductase (two electrons) (GSH:APS sulforeductase, APR) 

and sulfite reductase (S2-: ferredoxin oxidoreductase, sulfite reductase, SIR). 

The first reduction step is equivalent to the bacterial formation of sulfite (SO3
2-) through PAPS 

reductase activity as a free intermediate. Briefly, in plants the thiol group of one Cys from 

APR forms a covalent thiosulfate bond with APS resulting in an intermediate complex 

enzyme-(Cys)-S-SO3
2- and AMP is released by hydrolysis. The intermediate is reduced by 

thiosulfate GSH releasing SO3
2- and the complex enzyme-(Cys)-S-SG. The enzyme is 

regenerated by reduction of the bond with a second GSH (Bick et al., 1998b). 

In Arabidopsis it was possible to identify three genes encoding for APR enzymes. cDNA 

cloned from all the genes confirmed their functionality and catalytic properties using E. coli 

mutants deficient in PAPS reductase activity (Gutierrez-Marcos et al., 1996; Setya et al., 

1996; Bick et al., 1998a). The chloroplast mature APR contains an N-terminal reductase 

domain resembling PAPS reductase from bacteria and a C-terminal homolog to thioredoxins 

but acts as glutaredoxin using GSH as electron donor (Gutierrez-Marcos et al., 1996; Bick et 

al., 1998a).  
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SO3
2- may also be used in the chloroplast for the synthesis of sulfolipids (Fig. 2), which are 

important components of the chloroplast membrane and unique of plastids (Sanda et al., 

2001), and may contribute to as much as one third of leaf S (Pilon-Smits et al., 2006). 

The second and final reduction step is catalyzed by sulfite reductase, a plastidic enzyme of 

both photosynthetic and non-photosynthetic tissues. Sulfite reductase transfers six electrons 

from ferredoxin or from NADPH, in photosynthetic and in nonphotosynthetic tissues 

respectively, to SO3
2- to produce S2- (Nakayama et al., 2000). In Arabidopsis a single gene 

encodes sulfite reductase. The mature protein contains a siroheme group and an iron-sulfur 

cluster per subunit, the region where the co-factor is bond shows high homology to nitrite 

reductase (Nakayama et al., 2000). 

 

2.4. Sulfate assimilation and cysteine synthesis 

Sulfide (S2-) is incorporated into cysteine by the activity of serine acetyltransferase (SAT) and 

O-acetyl–L-serine(thiol)-lyase (OAS-TL). The only direct carbon/nitrogen precursor for 

cysteine is O-acetyl-L-serine (OAS), which results from the acetylation of serine by SAT, 

linking sulfur and nitrogen metabolism. OAS-TL (also named cysteine synthase) incorporates 

S2- into the carbon skeleton by an elimination reaction that yields the -substituted alanine 

cysteine (Hatzfeld et al., 2000b). 

SAT and OAS-TL form a hetero-oligomeric cysteine synthase complex through specific 

protein-protein interactions (Droux et al., 1998; Wirtz et al., 2001). SAT N terminal is 

responsible for the interaction SAT/SAT and the interaction SAT/OAS-TL as well as the 

catalysis occurs at the C terminal of the protein (Bogdanova et al., 1997). Three SAT 

monomers form a trimer and two trimers constitute the quaternary structure of a dimer, 

known as ‘dimer of trimers’ (Hindson et al., 2000). OAS-TL form stable homodimers carrying 

in each subunit a linked pyridoxal 5’-phosphate at the catalytic site, and it is assumed that 

the cysteine synthase complex is formed where two dimmers bind SAT (Wirtz et al., 2006) 

(Fig. 4). 

SAT and OAS-TL are present in three cell compartments, plastids, mitochondria and 

cytoplasm, eventually to adjust the cysteine pool to protein synthesis (Saito et al., 1997; 

Saito, 2004). In Arabidopsis, SAT proteins are encoded by 5 different genes and OAS-TL 

proteins by 9 genes (Table 3). SAT genes can be divided in three different groups 

(Kawashima et al., 2005) based on the DNA sequence similarity. The division into groups of 

the nine OAS-TL genes is not so easy (Wirtz et al., 2006) although a five group division was 

proposed by Watanabe et al. (2008) (Table 3). 

OAS-TL is classified within the -substituted Ala synthase family (BSAS). The OASTL-like 

protein -cyano Ala synthase (CAS) shares high homology with OAS-TL but catalyses the 
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formation of the non-proteic amino acid -cyano Ala and S2- from Cys and cyanide (Warrilow 

et al., 1998), and is probably involved in detoxification of cyanide (Wirtz et al., 2006). 

Cys synthesis from S2- and OAS occurs predominantly in the chloroplast (Noji et al., 1998). 

After formation Cys is rapidly converted to other compounds, the level of free cysteine in 

plants is very low but the flux can be quite high (Krueger et al., 2009). It was accepted that 

the transport of Cys between the cellular compartments was limited (Saito, 2004). However 

recent studies with Arabidopsis thaliana T-DNA mutants for OAS-TL suggested that Cys 

circulates actively in the different compartments and its biosynthesis is under specific 

regulation in the chloroplast, mitochondria and cytoplasm (Heeg et al., 2008; Watanabe et 

al., 2008). 

 

 

Table 3 – Arabidopsis Serine Acetyltransferase (SAT) and O-acetyl-Lserine(thiol)-lyase 
(OAS-TL) gene family and subcellular localization. [Adapted from Kawashima et al. (2005) 
and Watanabe et al. (2008)] 

Protein Isoform Gene 
Sub-cellular 

Localization 

Serine Acetyltransferase 

SAT1;1 Serat1;1; SAT52; SAT-c and SAT5 Cytosol 

SAT2;1 Serat2;1; SAT5; SAT-B; SAT-p and SAT1 Chlroplast/cytosol 

SAT2;2 Serat2;2; SAT1-6; SAT-A; SAT1; SAT-m; SAT3 Mitochondria 

SAT3;1 Serat3;1; SAT106 Cytosol 

SAT3;2 Serat3;2; SAT4 Cytosol 

O-acetyl–Lserine(thiol)-lyase 

OAS-TL1;1 OAS-TLA1 Cytosol 

OAS-TL 1;2 OAS-TLA2 Cytosol 

OAS-TL 2;1 OAS-TLB Plastids 

OAS-TL 2;2 OAS-TLC Mitochondria 

OAS-TL 3;1 CysC1 (CAS) Mitochondria 

OAS-TL 4;1 CysD2 Cytosol 

OAS-TL 4;2 CysD1 Cytosol 

OAS-TL 4;3 CS-like Cytosol 

OAS-TL 5;1 CS26 Plastids 
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3. Regulation of sulfur metabolism 

Plants have evolved mechanisms to regulate sulfate acquisition and assimilation in response 

to sulfur availability and to coordinate sulfate assimilation with growth and nitrogen 

assimilation (Stulen et al., 1993). The regulation of sulfur metabolism assures that plants 

cope with changing environmental conditions that disturb sulfur homeostasis. Oxidative 

stress, toxins, microorganisms and heavy metals can increase the demand for GSH, Cys, 

phytochelatins, or secondary compounds, evoking an activation of the sulfur assimilation 

pathway. The same effect is found after sulfur deficiency, while feeding reduced sulfur 

compounds to plants has the opposite result (Leustek et al., 2000; Leustek, 2002; Saito, 

2004). 

Generally, plant growing points, such as shoot apex, young leaves and root tip, exhibit the 

highest activity of sulfur assimilation enzymes, probably to meet the demands for S-amino 

acids necessary for protein synthesis (Leustek, 2002). Conversely the choroplastidic ATP 

sulfurylase and APS reductase isoforms activities decrease in fully expanded leaves 

(Crawford et al., 2000; Leustek, 2002).  

Arabidopsis trichomes, leaf structures that accumulate toxins and heavy metals, can contain 

high levels of SAT, OAS-TL and GSH synthesis enzymes, what can be explained in relation 

to leaf detoxification (Gutierrez-Alcala et al., 2000). 

A DNA microarray analysis designed to study the circadian effect in Arabidopsis mRNA 

expression showed that some genes from the sulfate metabolism, were up-regulated before 

the onset of light, namely two sulfate transporters, AtSultr3;1 and AtSultr2;2; APR2, 3-

phosphoglycerate dehydrogenase, the gene for the first enzyme committed to the synthesis 

of serine in chloroplast, and the gene for the plastidic SAT2;1 (Kopriva et al., 1999; Harmer 

et al., 2000). The up-regulation of this gene cluster, preferentially expressed in leaves, 

involved in sulfur uptake and assimilation, and serine biosynthesis, points out to an efficient 

coordination between the onset of light period and sulfate metabolism, to ensure a 

straightforward production of Cys when photosynthesis begins and generates substracts and 

reductants necessary for sulfate metabolism (Leustek, 2002; Saito, 2004). 

 

3.1.  By Sulfate 

Under SO4
2- deficiency intact plants respond by increasing the uptake capacity mainly and 

primarily in roots cells (Smith et al., 1997; Takahashi et al., 1997), and latter in leaves, due to 

buffered concentration of SO4
2- in leaves vacuoles (Leustek, 2002). Derepression of SO4

2- 

uptake by limiting S condition was observed in intact plants of different species (Smith et al., 

1997; Honda et al., 1998; Quaggiotti et al., 2003) but also in cell culture (Clarkson et al., 

1999; Tavares et al., 2008) and in isolated vesicules (Hawkesford et al., 1993). Subsequently 
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SO4
2- uptake is repressed by SO4

2- re-supply to the medium (Smith et al., 1997; Lappartient 

et al., 1999; Bolchi et al., 1999; Tavares et al., 2008). An equivalent response was observed 

in the level of sulfate transporters, especially the high affinity transporters; transcript level 

(Smith et al., 1997; Takahashi et al., 1997; Tavares et al., 2008) and expression of the 

plasma membrane protein transporter (Hawkesford et al., 2000). In barley seedlings, the 

general response described above was observed, together with a rapid turnover of both 

mRNA and protein SO4
2- transporter (Smith et al., 1997). 

ATP sulfurylase and APS reductase also showed the same pattern of response to sulfur 

deficiency conditions as sulfate transporters. Increased mRNA abundance was observed for 

both enzymes under SO4
2- deprivation (Gutierrez-Marcos et al., 1996; Smith et al., 1997; 

Yamaguchi et al., 1999), and a decrease of mRNA accumulation following SO4
2- re-supply 

(Amâncio et al., 2009a). Similar results were obtained for the protein level and enzyme 

activity for ATP sulfurylase (Lappartient et al., 1999) and APS reductase (Vauclare et al., 

2002). Under SO4
2- deficiency, APS reductase mRNA increased in roots but also in leaves, 

as observed for high affinity sulfate transporters, unlike ATP sulfurylase mRNA increased in 

roots but decreased in leaves (Takahashi et al., 1997).  

Clearly, plants need to regulate sulfate transporters expression and activity in response to 

the environment in order to maximize the sulfate uptake capacity. Sulfate transporters 

together with APS reductase seem to lead for the majority of the control of the SO4
2- 

assimilation pathway (Vauclare et al., 2002). Confirming these observations, tobacco cells 

overexpressing ATP sulfurylase showed that its abundance was not limiting for sulfur 

metabolism (Hatzfeld et al., 1998). Apparently, ATP sulfurylase is a poorer point of control 

due to its dependency on the removal of APS by APS reductase, while sulfide is toxic and 

cannot be accumulated (Crawford et al., 2000). 

The repression/derepression of sulfate transporters, ATP sulfurylase and APS reductase 

observed under changing S conditions was justified by a mechanism through which the 

downstream reduced sulfur compounds, Cys and GSH, represse the mRNA accumulation 

under normal S conditions (Rennenberg et al., 1989; Smith et al., 1997; Blake-Kalff et al., 

1998; Lappartient et al., 1999). Under S deficiency the levels of these compounds diminish 

and the repression is relieved. In conclusion, the model proposed is a negative feedback 

model of regulation (Hawkesford, 2005). 

 

3.2. By Thiols; GSH and Cys 

Cys is rapidly transformed in other compounds and, in consequence, GSH concentration 

exceeds the former in a micromolar range and the latter in a milimolar range (Saito, 2004; 

Pilon-Smits et al., 2006). The mobility of GSH is equivalent to that of sulfate (Blake-Kalff et 
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al., 1998). S-methylmethionine is a reduced sulfur circulating in the plant, although not crucial 

can control S-adenosylmethionine (SAM) levels (Kocsis et al., 2003). Environmental 

conditions that increase the demand for sulfur, such as oxidative stress, heavy metals 

exposure and biotic stress, results in a decline of end-products, Cys and GSH (Smith et al., 

1997; Blake-Kalff et al., 1998; Lappartient et al., 1999; Heiss et al., 1999; Nocito et al., 2002; 

Harada et al., 2002; Howarth et al., 2003), therefore a regulation of sulfate transport and 

assimilation by these compounds is not surprising. 

In general it is accepted that the thiols, Cys and GSH, are negative regulators of sulfur 

metabolism (Saito, 2004). From feeding experiments in Arabidopsis (Vauclare et al., 2002) 

and other previously published results (Klonus et al., 1994; Smith et al., 1997; Takahashi et 

al., 1997; Hatzfeld et al., 1998; Noji et al., 1998; Lappartient et al., 1999; Rotte et al., 2000), it 

was proposed that a moderate increase in Cys concentration and consequently in GSH level 

leads sequentially to a decrease in transcription and activity of sulfate transporters, and 

transcription, translation and activity of APS reductase. Further increase in Cys and GSH 

concentration causes a decrease in ATP sulfurylase mRNA level and protein activity, while a 

short supply of substrate APS contributes to a further down-regulation of APS reductase. 

Feedback inhibition of SAT by Cys was initially proposed by analogy with the bacterial 

regulation of Cys synthesis (Saito, 2004). Such inhibition is specific for L-Cys, since it was 

not verified for D-Cys, methionine or GSH, and was supported by experimental evidences; 

inhibition of cytosolic SAT isoform by Cys, unlike the mitochondrial and plastidic isoforms 

(Noji et al., 1998); high Cys concentration in plants overexpressing a SAT isoform insensitive 

to Cys (Wirtz et al., 2003) and higher Cys concentration in Allium tuberosum expressing a 

cytosolic SAT isoform less sensitive to Cys when compared to other species (Urano et al., 

2000). However, some experimental data is difficult to explain by feedback inhibition 

hypothesis. The increased Cys concentration observed in transgenic Arabidopsis plants 

overexpressing sensitive and insensitive SAT isoforms (Wirtz et al., 2003) points out to an 

additional control mechanism of SAT activity, namely the reversible formation of the cysteine 

synthase complex (CSC) proposed by Wirtz et al. (2006) as presented bellow in agreement 

with the role of OAS in the regulation of sulfate metabolism. 

 

3.3. By OAS 

O-acetyl-L-serine (OAS) was proposed to be a positive regulator of sulfur metabolism (Hirai 

et al., 2003; Saito, 2004) supported by previous results observed in bacteria (Kredich, 1992) 

and in experimental data predominantly obtained in plant feeding experiments.  

OAS application to pant cell in sulfur sufficient conditions caused an increase in sulfate 

uptake (Smith et al., 1997; Clarkson et al., 1999), in ATP sulfurylase activity 
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(Neuenschwander et al., 1991; Clarkson et al., 1999), in APS reductase activity 

(Neuenschwander et al., 1991) and in high affinity sulfate transporter mRNA accumulation 

(Neuenschwander et al., 1991; Smith et al., 1997; Hopkins et al., 2005). The effect of OAS 

applied exogenously is observed along with the increase in Cys and GSH content (Smith et 

al., 1997; Clarkson et al., 1999) overriding the repression signal under sulfate sufficient 

conditions (Hawkesford et al., 2006). Although accumulation of OAS is observed under 

sulfate deficiency (Kim et al., 1999), in potato the up-regulation of sulfate transporter mRNA 

and sulfate uptake occurred before OAS accumulation (Hopkins et al., 2005), and the mRNA 

levels of root Arabidopsis AtSultr1;1 and AtSultr1;2 could not be correlated with the OAS 

content (Rouached et al., 2008), besides no correlation was found between expression of 

genes induced by sulfur deficiency and OAS concentration in microarray and metabolite 

networks analysis (Hirai et al., 2003; Hirai et al., 2005). Globally, OAS concentration seems 

to be a consequence of sulfate deficiency, mimicking sulfur deprivation, instead of a partner 

in the signaling pathway, what is consistent with the hypothesis that OAS concentration can 

reflect an imbalance of nitrogen and sulfur nutrition (Hawkesford et al., 2006). 

Nevertheless, OAS plays a central role in the regulation of CSC, which in turn has been 

suggested to be part of the regulatory circuit that adjusts the Cys synthesis to the sulfide 

status in the cell, and consequently to the environmental sulfate conditions (Wirtz et al., 

2006). In sulfur sufficient conditions, the CSC is stabilized by the sulfide/bisulfide presence 

and the low concentration of OAS (Wirtz et al., 2004), because the SAT molecules are part of 

the CSC and the excess free OASTL dimers are actively producing Cys from OAS and 

bisulfide keeping OAS concentration low. When sulfate supply is limited, bisulfide 

concentration decreases and OAS concentration increases, and both contribute for the lack 

of CSC stabilization and the consequent release of SAT (Fig. 4) (Droux et al., 1998; Wirtz et 

al., 2001). Further increase in OAS and decrease in bisulfide, or both, can derepress the 

genes encoding high affinity sulfate transporters and sulfate reduction (Neuenschwander et 

al., 1991; Smith et al., 1997; Clarkson et al., 1999; Wirtz et al., 2001). However, it is 

impossible to distinguish which of the components acts in the up-regulation for sulfate 

transport and reduction, since in the OAS feeding experiments sulfide concentration is 

always reduced and CSC dissociated (Wirtz et al., 2006). 
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Figure 4 – Schematic representation of cysteine synthesis by the complex cysteine synthase 
(CSC, Serine acetyltransferase plus O-acetyl-L-serine-(thiol)-lyase) and O-acetyl-L-
serine(thiol)-lyase (OAS-TL) and the reversible nature of the CSC depending on sulfate 
availability (Wirtz et al., 2006). 
 

 

3.4. Transcriptional, post-transcription and post-translational control 

The accumulation pattern of sulfate transporters mRNA under sulfate conditions suggests a 

generally accepted model in which sulfate uptake capacity is transcriptionally regulated 

(Hawkesford et al., 2006). From the work of Maruyama-Nakashita et al. (2004a) was possible 

to establish that the high affinity sulfate transporter, AtSultr1;1, strong up-regulated in –S 

conditions in epidermis and cortex of Arabidopsis roots, was controlled at transcription level 

in a promoter dependent manner. Furthermore a phosphatase seems to be involved in the 

upstream regulation of the AtSultr1;1 promoter in Arabidopsis under –S conditions 

(Maruyama-Nakashita et al., 2004a).  

The search for potential sulfur responsive elements in the promoter region of inducible sulfur 

genes revealed the cis-acting element named SURE (sulfur-responsive element). SURE is a 

16 bp sequence identified in the promoter region of Arabidopsis AtSultr1;1 that responds 

independently to sulfur conditions, but also to Cys and GSH (Maruyama-Nakashita et al., 
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2005). Other genes containing the SURE sequence in the promoter region were identified by 

in silico promoter analysis, namely AtSultr2;1, AtSultr4;2 and APS reductase APR3, all genes 

reported to be regulated by sulfur deficiency conditions (Hirai et al., 2003; Nikiforova et al., 

2003). 

The transcription factor SLIM1 (sulfur limitation1) was identified as a trans-acting key 

regulator controlling the activation of sulfate transporter AtSultr1;2 mRNA and sulfate uptake 

of Arabidopsis roots under sulfur deficiency. However SLIM1 mRNA and protein were not 

modulated by the changes in sulfur conditions (Maruyama-Nakashita et al., 2006). Several 

transcription factors from the R2R3 MYB family have been identified in microarray analysis to 

be up-regulated by sulfate limitation (Nikiforova et al., 2003). From the seven MYB factors 

(16; 45; 59; 75; 90; 92; 94) up-regulated, only MYB75 and MYB90 (or PAP1 and PAP2), that 

also responded to nitrogen and phosphorus deficiency, were characterized by globally 

enhancing the expression of the flavonoid pathway genes (Lillo et al., 2008), in particularly 

the co-expression with anthocyanin biosynthetic genes, which was found to accumulate in 

response to sulfur deficiency (Nikiforova et al., 2005). 

A post-transcriptional regulation in AtSultr1;1 and AtSultr1;2 is also suggested by the 

accumulation under sulfur deficiency of Sultr1;1 and Sultr1;2 epitope-tagged (micHis) 

proteins when only moderate accumulation of mRNA was observed (Yoshimoto et al., 2007). 

Such additional mechanisms would play a role in increasing sulfate uptake capacity upon 

sulfur deficiency; however the exact elements involved were not identified. 

The STAS (sulfate transporter and anti-sigma factor) protein domain seems to play a key role 

in the post-translation regulation of Sultr1;2. Rouached et al. (2005) proposed to function as 

a domain of protein interaction, as the suggested for Sultr2;1 and Sultr3;5 in Arabidopsis root 

vasculature (Kataoka et al., 2004a) and for Sultr1;1 and Sultr1;2 in Arabidopsis root 

(Rouached et al., 2008).  

 

3.5. miRNA395 

Mature microRNAs (miRNAs) are sequences of 21 nucleotides processed from hairpin pre-

miRNA structure. After incorporation in the RNA-induced silencing complex, miRNA complex 

guides to mRNA molecules with a complementary sequences and causes the down 

regulation of that particular mRNA (Jones-Rhoades et al., 2006). An in silico analysis, 

allowed to identify several sulfate metabolism genes as targets for miRNA395 post-

transcription regulation (Jones-Rhoades et al., 2004), namely the LAST AtSultr2;1 and two 

ATP sulfurylases, ATP-S1 and ATP-S4.  

Recently it was found that miRNAs play a regulatory role in response to sulfate (Kawashima 

et al., 2009) and phosphate (Bari et al., 2006) deficiency. miRNA395 accumulated during 
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sulfur deficiency in leaves and roots of Arabidopsis and its primary target Sultr2;1 also 

accumulated, what is not the typical effect for miRNAs. However this result was explained by 

the different site of accumulation of the miRNA395 and its target, in phloem cells and in the 

xylem parenchyma cells, respectively (Kawashima et al., 2009). 

 

3.6. Hormones 

The plant hormones cytokinins, auxins and jasmonates have been linked to the signaling 

components of the response to sulfur deficiency. Among the hormones tested, the cytokinin 

trans-zeatin increased transcript accumulation of two genes from the sulfur metabolism, APS 

reductase (APR1) and leaf AtSultr2;2 (Ohkama et al., 2002). Conversely, exogenous 

cytokinins decreased sulfate uptake and down-regulated AtSultr1;1 and AtSultr1;2 mRNA in 

sulfur sufficient conditions but not under sulfur deprivation (Maruyama-Nakashita et al., 

2004b). Curiously, the cre1-1 mutant, lacking the cytokinin receptor CRE1/WOL/AHK4 and 

unable to transmit the cytokinin signal, in sulfur deficient and sufficient conditions did not 

down-regulated Sultr1;2 mRNA and sulfate uptake was not down-regulated by cytokinin 

application (Maruyama-Nakashita et al., 2004b). Recently, was observed in Vitis vinifera cell 

culture that sulfur deficiency has a down-regulation effect on the expression of some genes 

involved in the cytokinin signaling cascade (Fernandes et al., 2009). The results from 

Maruyama-Nakashita et al. (2004b) apparently contrast with those from Ohkama et al. 

(2002), showing cytokinins as negative regulators of sulfur metabolism. However it must be 

taken into account that different steps of sulfate metabolism were considered, Ohkama et al. 

(2002) studied LAST and the enzyme APR, whilst Maruyama-Nakashita et al. (2004b) 

observed the effects on HAST in Arabidopsis roots. 

From the results of microarray analysis in Arabidopsis, jasmonate biosynthesis and auxin 

related pathway genes were amongst the strongest responses to sulfur deficiency (Nikiforova 

et al., 2003). Jasmonates may regulate the expression of genes involved in sulfur 

assimilation, such as APR and SAT (Jost et al., 2005), and GSH synthesis (Xiang et al., 

1998), although the level of that regulation in plant is not fully understood. Experiments with 

the auxin reporter reporter (DR5::GUS) permitted to observe that under sulfur deficiency, 

auxin accumulation is suppressed. Dan et al. (2007) proposed that auxins and cytokinins, are 

negative regulators of sulfate metabolism, supporting this conclusion in Arabidopsis 

microarray the genes up-regulated were generally transcriptional repressors of auxins.  
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OBJECTIVES OF THE RESEARCH AND THESIS OUTLINE 

The study of sulfate transport and assimilation and the main regulation effectors in Vitis 

vinifera was the major objective of this PhD thesis, in order to unravel the Vitis primary sulfur 

pathway from root sulfate uptake to cysteine synthesis. Traditionally grapevine received large 

S-inputs from copper sulfate and Sº applied as fungicides, although the role of sulfur 

metabolism in grapevine was never investigated until now (Amâncio et al., 2009b). The 

working objectives were to screen this important crop for S uptake and assimilation and its 

regulation by SO4
2- and S-compounds, at the physiological and molecular level. Also the 

interplay between the primary and secondary metabolism, namely the phenylpropanoid 

pathway was focused in this PhD research considering the vast investment of grapevine in 

secondary compounds, such as anthocyanins and stilbenes, compounds with important roles 

in the resistance of grapevine to biotic and abiotic stresses, and conferring antioxidant 

properties to red wine (Amâncio et al., 2009b). 

The PhD thesis is organized in six chapters. Chapter 1 provides an introduction to sulfate 

uptake, assimilation, and its regulation, presenting relevant and updated scientific 

background of sulfur metabolism in plants. Chapter 2 and 3 concentrates on sulfate 

transporters in grapevine, Chapter 2 dealing with sulfate uptake and high affinity transporters 

in two Vitis species and Chapter 3 giving an overview of sulfate transporters family in 

grapevine, permitted by the release of grapevine genome (Jaillon et al., 2007; Velasco et al., 

2007), highlighting the differences in comparison to other species. Research on the SAT 

gene family in grapevine and their regulation under sulfur deficiency is the main study 

presented in Chapter 4 together with the investigation of the interaction between SAT and 

OAS-TL in the multiproteic complex, which plays a central role in the regulation of sulfate 

metabolism. And to conclude the crosstalk between grapevine and sulfur metabolism, the 

influence of sulfur deficiency in phenylpropanoid pathway is presented in Chapter 5. Finally, 

an integrated discussion of the results obtained and future prospects will be the topic of 

Chapter 6 of this PhD thesis. 
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DEREPRESSED SULFATE TRANSPORTERS ARE STRONGLY AND RAPIDLY REPRESSED
AFTER SULFATE ADDITION TO SULFUR-DEPLETED VITIS CELLS

Sı́lvia Tavares, Cátia Sousa, Luı́sa C. Carvalho, and Sara Amâncio1

Centro de Botânica Aplicada à Agricultura/Departamento de Botânica e Engenharia Biológica, Instituto Superior
de Agronomia, Universidade Técnica de Lisboa, 1349-017 Lisboa, Portugal

A cell system of two Vitis species, Vitis vinifera cv. Touriga Nacional and Vitis rupestris, was chosen to study the
response to sulfate deficiency and sulfate resupply through the analysis of sulfate influx and the expression of
sulfate transporter transcripts. Cell suspensions were grown under two sulfate conditions: S sufficient (þS; 1.5
mM of MgSO4) and S deficient (�S). Both species were equally affected by the S-deficient conditions of the
medium. After 24 h in�S medium, cells of both species showed a significant increase in sulfate influx rate, which
was maintained throughout the culture cycle, reaching a maximum at days 4–5 in �S conditions. The relative
expression of sulfate transporters from V. vinifera and V. rupestris, VvST and VrST, analyzed by real-time PCR,
confirmed a strong derepression of the sulfate transporters in �S conditions. The enhanced influx rates and the
upregulation of VvST and VrST were rapidly reversed by the addition of SO2�

4 to the �S medium. Vitis vinifera
showed a faster response at the protein level measured by the influx rates, while in V. rupestris, the effect was
demonstrated primarily on the relative expression of VrST.

Keywords: derepression, gene expression, repression, sulfate transporter, sulfate uptake, Vitis.

Introduction

Sulfate (SO2�
4 ), the primary sulfur (S) source for plant growth

(Clarkson et al. 1993), is reduced to sulfide (S2�) before assimi-
lation into the key amino acids cysteine and methionine. There-
fore, the majority of sulfate taken up by plants is utilized for
protein synthesis (Leustek and Saito 1999; Leustek et al. 2000).

Crop plants have relied for their sulfur supply on subsidiary
sulfate in fertilizers (Blake-Kalff et al. 2000). However, as the
sources are increasingly purified, S can limit plant growth and
crop productivity. The Bordeaux mixture, a high-S-content fun-
gicide, has been used since the nineteenth century for the con-
trol of downy and powdery mildew in Vitis vinifera (grapevine;
Williams and Cooper 2004). Besides its major effect as fungi-
cide, it is an important source of S. Today, as sulfur fungicides
are substituted for organic compounds, the S supply to vine-
yards is being reduced. Plant species present different mecha-
nisms to cope with changes in sulfate availability; broadly, S
limitation activates sulfate uptake and assimilation (Leustek
and Saito 1999; Hawkesford and Wray 2000; Leustek et al.
2000). However, the fine adjustment of sulfate uptake as an
outcome of sulfate accumulation and assimilation is not fully
understood for most plant species and their development and
environmental conditions.

Sulfate is acquired by plant roots from the soil by a multi-
phase rate mechanism with saturation attained at low con-
centrations and a nonsaturating process operating at high
concentration (Leggett and Epstein 1956; Epstein 1966; Nis-
sen 1971; Clarkson et al. 1993). The soil solution is usually
poor in sulfate, so the acquisition of this anion is strongly de-

pendent on a low-Km uptake system, an active transport that
requires energy in view of the strong electrochemical gradient
through the plasma membrane. Permeases mediate the move-
ment of sulfate between the soil solution (mM range) and the
cytosol of root cells (Yoshimoto et al. 2002). Several sulfate
transporters with specific localizations are responsible for the
initial uptake and the distribution of sulfate throughout the
plant (Yoshimoto et al. 2002, 2003; Kataoka et al. 2004a,
2004b). From a kinetic point of view, two kinds of transporters
are involved in this process: one with a Km on the order of
10 mM, assuring a high-affinity sulfate transport (HAST), and
the other with a much higher Km, resulting in a low-affinity
sulfate transport (LAST).

The first plant gene encoding a sulfate transporter was iso-
lated in the tropical forage legume Stylosanthes hamata and
confirmed by functional complementation in the mutant yeast
Saccharomyces cerevisae (Smith et al. 1995). The Arabidopsis
thaliana genome revealed 14 genes associated with sulfate trans-
porters that can be aligned into five groups based on the pre-
dicted protein sequences (Hawkesford 2003; fig. 1). Group 1
comprises the genes for high-affinity sulfate transport, regulated
by S external conditions and mainly localized to root cells, with
the exception of AtSultr1;3, which is localized to the phloem.
This isoform is probably responsible for the movement of sulfur
in the plant (Yoshimoto et al. 2003). Two genes, AtSultr2;1 and
AtSultr2;2, with low affinity for sulfate and expressed in the
vascular tissue of both root and shoot tissues, fit into group 2
(Takahashi et al. 2000). In roots, AtSultr2;1 is strongly up-
regulated by low sulfur availability. A large and diverse number
of isoforms was assigned to group 3. AtSultr3;5, the only iso-
form characterized to date, was unable to complement the
yeast mutant for the sulfate transporter, although it can con-
tribute to sulfate uptake when coexpressed with AtSultr2;1
(Kataoka et al. 2004a). Sulfate transporters belonging to group
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4 were localized to the tonoplast and may play a role in mobi-
lizing SO2�

4 from the vacuole (Kataoka et al. 2004b). The func-
tions and localization of group 5 transporters are still unknown
(Hawkesford and Kok 2006).

The primary response of numerous plant systems under sulfur
depletion is a clear upregulation (or derepression) of HAST at
the transcription level (Smith et al. 1995, 1997; Takahashi et al.
1997, 2000; Leustek et al. 2000; Shibagaki et al. 2002; Yoshi-

moto et al. 2002). The increase in uptake capacity was also as-
cribed to a rise in the expression of sulfate transporter protein
(Hawkesford and Wray 2000). Conversely, sulfate repletion leads
to the downregulation (or repression) of the transporter tran-
scription (Maruyama-Nakashita et al. 2004). Apparently, the
molecular regulation of sulfur status is highly coordinated, ac-
cording to previous results, at the physiological level (in to-
bacco and maize cells; Hatzfeld et al. 1998; Clarkson et al.

Fig. 1 Phylogenetic analysis of selected plant-sulfate-transporter amino acid sequences. Accession numbers are from the National Center for

Biotechnology Information: Arabidopsis: AtSultr1;1, BAA33932; AtSultr1;2, BAA95484; AtSultr1;3, BAB16410; AtSultr2;1, BAA20085; AtSultr2;2,
BAA12811; AtSultr3;1, BAA21657; AtSultr3;2, BAA20282; AtSultr3;4, BAB21264; AtSultr3;5, BAB55634; AtSultr4;1, BAA23424; AtSultr4;2,

BAB19761; AtSultr5;1, NP_178147; AtSultr5;2, NP_180139; Hordeum vulgare: HvST1, CAA65291; Lycopersicum esculetum: LeSultr1;2, AAK27688;

Medicago truncatula: MtST, ABE80289; Oryza sativa: OsST1;1, AAM14590; OsST2;1, ABF94445; Raphanus sativus: RsST, ABA01552; Stylosanthes
hamata: ShST2, P53392; ShST3, P53393; Triticum aestivum: TaST, CAD55701; Vitis vinifera: VvST, EF155630; hypothetical proteins of V. vinifera with
homology to sulfate transporters: VvHP (1), CAN75170; VvHP (2), CAN61400; VvHP (3), CAO45933; VvHP (4), CAN83977; VvHP (5), CAN77009;

VvHP (6), CAN66052; VvHP (7), CAN84174; VvHP (8), CAN74632; VvHP (9), CAN70402; Vitis rupestris: VrST, EF155629; Zea mays: ZmST1,

AAK35215. Alignments were performed using the T-COFFEE Web service (Notredame et al. 2000), and the resulting unrooted tree was drawn using

TreeView, version 1.6.6 (Page 1996).
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1999) and at the whole-plant level (Clarkson et al. 1993;
Smith et al. 1997).

The response of the sulfate transporters to the sulfur con-
ditions involves several points of regulation. Recent reports
demonstrate that sulfate transporters are transcriptionally reg-
ulated at the promoter level at the sulfur-responsive element
(SURE) cis-factor (Maruyama-Nakashita et al. 2005) or by the
sulfur limitation (SLIM) trans-factor (Maruyama-Nakashita et al.
2006). Recently, a posttranscription regulation of AtSultr1;1 and
AtSultr1;2 was reported in root cells in response to S deficiency,
but the exact elements involved are unknown (Yoshimoto et al.
2007). The sulfate transporter antisigma domain present in the
carboxy-terminal region of all functional sulfate transporters
was associated with the posttranslation regulation of sulfate
transporters (Rouached et al. 2005).

The aim of this study is to correlate the sulfate uptake system
of two Vitis species (V. vinifera and Vitis rupestris) with the ex-
pression of transporter genes. To our knowledge, no recent refer-
ences report studies of SO2�

4 uptake, assimilation, or symptoms
of sulfur deficiency in Vitis species. Cell suspensions were se-
lected as biological material to obtain a genetic homogeneous
experimental system and achieve a straightforward approach for
sulfur manipulation in short periods. Moreover, we took advan-
tage of previous results obtained with maize cells, where the re-
sponse to sulfur deficiency showed characteristics similar to
those seen in intact plants (Clarkson et al. 1999). Physiological
parameters of sulfate uptake by cultured cells of V. vinifera and
V. rupestris grown under full (þS) or depleted (�S) conditions
were measured. Derepression and repression of sulfate influx
were evaluated after depletion and repletion of sulfate in the me-
dium, respectively. Finally, the pattern of expression of genes en-
coding putative high-affinity sulfate transporters was investigated
in cells of both Vitis species under the same conditions.

Material and Methods

Cell Suspension Culture

Cell suspensions of Vitis vinifera cv. Touriga Nacional and
Vitis rupestris were obtained by adapting to liquid culture cal-
lus material maintained in the dark at 25�C, as described in
Jackson et al. (2001). Approximately 4 g callus tissue were
dispersed in 50 mL of liquid medium containing MS basal
salts (Murashige and Skoog 1962) supplemented with 2.5 mM
2,4-D (2,4-dichlorophenoxy-acetic acid), 5 g L�1 PVP-40T, 20
g L�1, sucrose, and 1 mM kinetin. The cultures were grown in
250-mL flasks on a rotary shaker at 100 rpm, in the dark, and
at 25�C; they were subcultured weekly by diluting 25 mL of
culture into 25 mL of new medium.

Two sulfate treatments were applied: full sulfate (þS) and sul-
fate depleted (�S), after two weekly cycles in þS conditions.
Commercial MS (Duchefa Biochemie, Haarlem; 1.5 mM sulfate)
was used forþS experiments; a modified MS medium where sul-
fates were substituted for chlorates was considered�S.

Growth of Cell Suspensions

Maximal specific growth in þS and �S conditions was de-
termined by the variation in fresh mass (Mills and Lee 1996)
until the eighth day. Aliquots of 1.5 mL of culture were taken

every second day, and cells were collected by centrifugation
at 8000 g for 5 min.

Sulfate Uptake

During the culture cycle, the medium of each flask (two
flasks per point) was obtained by filtration every second day.
The sulfate (SO2�

4 ) concentration was quantified by the gravi-
metric method and/or by HPLC–ionic chromatography ac-
cording to sample sulfate concentration (Agroleico, Oeiras;
results are given in mM).

Sulfate Accumulation Inside the Cells

The internal SO2�
4 concentration of V. vinifera and V. ru-

pestris cells was quantified every second day until the sixth
day of the growth cycle. Cells from 50-mL cultures were fil-
tered and washed with bidistilled water. Extracts were pre-
pared by homogenization of the cells in bidistilled water (1 g
10 mL�1) with an Ultra Turrax and incubation at 100�C for
3 min. The slurry was separated from the extract by centrifu-
gation at 30,000 g for 20 min. The supernatant was analyzed
by HPLC ionic chromatography to quantify the SO2�

4 concen-
tration (Agroleico, Oeiras; results are given in mM g�1 of cells).

Sulfate Influx by Radioassay of 35S

Radioassay was performed along Vitis cell growth cycles in
þS or �S medium. Cultures were diluted to one-half with
equivalent fresh medium 24 h before the radioassay. For anal-
ysis of 35SO2�

4 uptake, a stock medium was prepared contain-
ing �S medium plus 1.5 mM MgSO4 and 35SO2�

4 . A volume
of 35SO2�

4 stock medium was added to 5-mL cell samples for
obtaining a labeling of approximately 3.7 kBq 35S mL�1. Cell
samples were exposed for 1 min to 35SO2�

4 , a period that en-
sures the linearity of the uptake (data not shown). The influx
was stopped by dilution with cold nonradioactive þS medium,
and the mixture was immediately filtered. After washing the
filters with 50 mL of the same medium, cells were weighed
(;0.5 g), transferred to vials containing 0.5 mL 2% HCl, and
incubated at 90�C for 5 min. Three milliliters of Ready Safe
scintillation cocktail (Beckman Scientific, Fullerton, CA) was
added to the vials, and radioactivity was measured in a liquid
scintillation counter (Beckman Scientific). Aliquots (100 mL)
of the stock medium received the same treatment and were
measured under the same counter program.

The amount of SO2�
4 (nmol g�1 FW) was calculated by ap-

plying the relation

SO2�
4 inside the cells nmol g�1 FW

� �

¼
concentration of cold SO2�

4 in the medium nmol mL�1
� �

dpm 35SO2�
4 mL�1 of stock medium

3
dpm 35SO2�

4 inside the cells

cells FW gð Þ ;

as previously described for maize cells (Clarkson et al. 1999;
dpm ¼ disintegrations per minute).

To study the repression of the sulfate uptake induced by sul-
fate addition, S-deficient (�S) cells prepared as described for
sulfate influx measurements were resupplied with 1.5 mM
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SO2�
4 at time 0. After 1, 2, and 4 h in contact with SO2�

4 ,
5-mL cell-suspension samples were taken and the radioactivity
measured as described above.

Cloning of Putative Sulfate Transporters from Vitis
vinifera ( VvST) and Vitis rupestris ( VrST)

Total RNA was isolated from grapevine cells with the RNeasy
Plant Mini Kit (Qiagen, Hilden). All RNA samples were treated
with DNaseI (Qiagen, Hilden) according to the protocol and
quantified using absorption of UV light at 260 nm. Reverse tran-
scription was carried out using Superscript II RNase H-reverse
transcriptase priming with oligo-d(T)12–18 (Invitrogen, Carlsbad,
CA) according to the manufacturer’s recommendations. Multiple
sequences of known plant SO2�

4 transporters were retrieved
from the GenBank database (National Center for Biotechnology
Information [NCBI], Bethesda, MD) and aligned using the soft-
ware BioEdit (http://www.mbio.ncsu.edu/BioEdit/page2.html).
Degenerate primers (forward and reverse) were designed to con-
served regions on the alignment. PCR products were sequenced
by a commercial laboratory (Biopremier, Lisbon) and deposited
at GenBank (EF155629, Vitis rupestris sulfate transporter mRNA;
EF155630, Vitis vinifera cv. Touriga Nacional sulfate transporter
mRNA).

Phylogenetic Analysis

The nucleotide sequences, VvST and VrST, were submitted to a
similarity search (BLAST analysis) in NCBI, and the amino acid

sequences were submitted to a similarity search (BLAST analysis)
and a conserved domains search at ExPaSy proteomics server (http://
expasy.org/). A set of sulfate transporters was selected from the
different groups and species for multiple alignments using the
T-COFFEE web service (http://coffee.vital-it.ch/cgi-bin/Tcoffee/
tcoffee-cgi/index.cgi; Notredame et al. 2000). The phylogenetic
tree was constructed using the PHYLIP programs PRODIST
and NEIGHBOR (Felsenstein 2005). The resulting unrooted
tree was drawn using TreeView (Page 1996).

Quantitative Real-Time PCR

RNA from cells of V. vinifera and V. rupestris were isolated,
DNase treated, quantified, and reverse transcribed as described
above. The content of mRNA transcripts of VvST and VrST
were determined by real-time quantitative PCR (RT-PCR) with
amplification primers: for VvST, VvSTF 59-AGT AAA CTA
CAT GGC TGG ATG CAA G-39 and VvSTR 59-AGG CCA
ATC ACA GCA GAT ATA ATG A-39; and for VrST, VrSTF
59-CCT TTT TGG GTT TTC TTC TAT TTG C-39 and VrSTR
59-ACG GGT AAT GTA CAC GAA GAA GGT A-39. Real-
time PCR was performed in 20 mL of reaction mixture com-
posed of cDNA, 0.5 mM gene-specific primers, and master mix
iQ SYBR Green Supermix (Bio-Rad, Hercules, CA), using an
iQ5 RT-PCR (Bio-Rad, Hercules, CA). Reaction conditions for
thermal cycling were as follows: initial polymerase activation,
95�C for 3 min; then 40 cycles of 95�C for 15 s (denaturation),
60�C for 30 s (annealing), and 72�C for 20 s (extension). The

Fig. 2 Growth curves of Vitis vinifera cv. Touriga Nacional (Vv) and Vitis rupestris (Vr) cell cultures in þS and �S growing conditions. Cell

suspensions were grown for 8 d in modified MS medium with (þS) and without (�S) the initial concentration of 1.5 mM MgSO4. Fifty milliliters of

homogeneous cultures, maintained in 250-mL flasks with initial cell density of 2 g FW per flask, were used for growth determinations. Each point

of the growth curves is the mean of the FW of cells collected by centrifugation from seven independent flasks 6SD. (Bars representing SD, when
not drawn, are smaller than the symbol.)
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detection of PCR product was monitored by measuring the fluo-
rescence after each extension step caused by the binding of SYBR
Green 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. Data were analyzed
with iQ5 optical system software (Bio-Rad, Hercules, CA),
which calculates the threshold cycle (CT), and exported into
an MS Excel workbook (Microsoft) for further analysis. Each
reaction was done in triplicate, and corresponding CT values
were determined. The method described by Bovy et al. (2002)
was applied to compare the expression level of VvST and VrST
in �S and þS conditions. First, the CT values were normalized
to the CT value of Act2 (An et al. 1996), 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 ex-
pressed relative to its expression in þS conditions according to
the equation

DDCT �S=þSð Þ ¼ DCT �Sð Þ � DCT þSð Þ:

Finally, the relative expression of VvST and VrST in �S con-
ditions was expressed according to the expression

2 exp DDCT �S=þSð Þ;

where exp¼ exponential.

Statistics

For each parameter, two treatments, þS and �S, were per-
formed at least twice, in triplicate. The results were statisti-
cally evaluated by ANOVA, comparing the two treatments
using MS Excel workbook software. Data are presented 6SD.

Results

Cell Growth and Acquisition of SO2�
4 in Vitis

vinifera and Vitis rupestris Cells

The parameters measured in Vitis vinifera and Vitis rupest-
ris cell cultures will be used to describe the effect of the de-
pletion of sulfate and its following repletion into the culture
medium on the derepression versus repression of sulfate up-
take in parallel with the expression of genes encoding the pu-
tative high-affinity sulfate transporters. The �S conditions
affected the accumulation of biomass in both species (fig. 2),
and a significant stress-nutrition effect was observed from day
4 (fig. 2; P < 0:05). The slower biomass accumulation was main-
tained until day 8, when �S cells presented a brownish color,
a typical stress symptom. At day 8, V. rupestris biomass was
40% higher than that of V. vinifera.

The concentration of SO2�
4 in culture medium decreased

along the culture cycle of both cultures, reaching a minimum
at day 8 (fig. 3); sulfate in the medium of V. rupestris cells was

Fig. 3 Variation on the concentration of SO2�
4 in culture medium and inside the cells of Vitis vinifera cv. Touriga Nacional (Vv) and Vitis

rupestris (Vr). Cell suspensions were grown for 8 d in modified MS medium with an initial concentration of 1.5 mM MgSO4. Fifty milliliters of

homogeneous cultures, maintained in 250-mL flasks with initial cell density of 2 g FW per flask, were used for measurements of SO2�
4 concentration

in culture medium and inside the cells. The SO2�
4 concentration was quantified by HPLC or the gravimetric method depending on the SO2�

4

concentration as described in ‘‘Material and Methods’’; each value is the mean of at least two independent repetitions 6SD. (Bars representing SD,
when not drawn, are smaller than the symbol.)
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reduced to 60% as compared with 74% in the medium of
V. vinifera cells (fig. 3). The decrease of SO2�

4 concentration in
the medium was concomitant with its increase inside V. rupestris
cells, while the internal SO2�

4 concentration was maintained
constant in V. vinifera cells (fig. 3).

Sulfate Influx in +S and �S Cells

The removal of S from the culture medium significantly af-
fected SO2�

4 uptake by the cells of both species (fig. 4). At day
1 in �S medium, the cells showed a significant derepression of
SO2�

4 transport; it was sixfold in V. vinifera (13.9 vs. 2.3 nmol
g�1 FW min�1; P < 0:01) and fourfold in V. rupestris (24.1 vs.
6.3 nmol g�1 FW min�1; P < 0:01). At day 3, V. vinifera cells
reached the maximal SO2�

4 uptake rate (68.4 nmol g�1 FW
min�1); this was followed by a rapid decrease at day 4, but the
rate was still significantly higher than the SO2�

4 uptake by þS
cells (fig. 4; P < 0:01). In cells of V. rupestris, SO2�

4 uptake
rates were equivalent at days 3 and 4, (52.1 and 57.8 nmol g�1

FW min�1, respectively). Sulfate uptake rates decreased at the
end of the culture cycle, and at day 7, the lowest values were
obtained for �S cells, although they were significantly higher
than those measured in þS cells (fig. 4; 6.4 vs. 2.1 nmol g�1

FW min�1 in V. vinifera; 10.4 vs. 1.4 nmol g�1 FW min�1 in
V. rupestris; P < 0:01).

SO2�
4 Supply to �S Cells

Vitis vinifera and V. rupestris cells in �S for 4 d were trans-
ferred to 1.5 mM sulfate medium. Samples were taken at time

0 of transfer and after 1, 2, and 4 h of S resupply. At time 0, the
uptake rates were significantly different between �S and þS
(fig. 5; P < 0:01). The magnitude of the differences between
�S and þS cells decreased as a result of the sulfate added to the
culture medium. After transfer to þS, cell suspensions of both
species immediately downregulated sulfate uptake with a some-
what different pattern: 1 h after transfer to þS, sulfate influx of
V. vinifera cells decreased 13-fold, and while V. rupestris cells
exhibited a slower response to sulfate resupply when compared
with the response at time 0, SO2�

4 influx decreased linearly un-
til the second hour and was still significantly higher than in þS
cells even 4 h after transfer of �S cells to þS medium (fig. 5;
P < 0:05).

Expression of Putative Sulfate Transporters

Vitis vinifera and V. rupestris sulfate transporters cDNAs
were cloned by RT-PCR using degenerated primers designed af-
ter alignment of sulfate transporter sequences deposited in pub-
lic databases. Phylogenetic analysis of the cDNAs fragments
from V. vinifera, VvST (GenBank accession no. EF 155630), and
Vitis rupestris, VrST (GenBank accession no. EF 155629),
using the neighbor-joining method (Felsenstein 2005), links
both cDNAs with transporters belonging to group 1, comprised
mainly of high-affinity transporters (fig. 1).

In parallel with SO2�
4 influx, the expression of sulfate trans-

porters was analyzed by RT-PCR. Transcripts were detected
in both species and conditions (�S and þS). After 1 d in�S me-
dium, VvST and VrST relative expression was nine- and fivefold

Fig. 4 Sulfate influx of Vitis vinifera cv. Touriga Nacional (Vv; black and gray bars) and Vitis rupestris (Vr; dark gray and white bars) cells

during growth cycle under full sulfate (þS) and sulfate deprivation (�S) conditions. Cell suspensions grown in �S and þS medium for 1, 3, 4, 5,

and 7 d were used for 35SO2�
4 uptake measurements as described in ‘‘Material and Methods.’’ Each point is the mean of three replicates from

independent cultures 6SD.
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higher, respectively (fig. 6). The highest VvST expression was
attained at day 5 with an increase of more than 20-fold, while
VrST transcripts reached a maximum of 37-fold 1 d before.
The expression of VvST and VrST decreased noticeably after
the referred peak (fig. 6).

The relative expression of VvST and VrST transcripts after
the resupply of SO2�

4 to �S cells was evaluated by RT-PCR as
well. The expression of VvST transcripts decreased linearly
from 32 to 18 during the first hour and to eight in the second
hour of exposure to SO2�

4 (fig. 7). The response of V. rupestris
cells in �S to SO2�

4 addition was even more pronounced: the
relative expression of VrST transcripts decreased from 19 at
time 0 to �3 and �5, respectively, after 1 and 2 h of exposure
to SO2�

4 (fig. 7).

Discussion

In plants, sulfur (S) is generally acquired as sulfate (SO2�
4 ).

In the past, research was mostly oriented to the effects of ex-
cessive sulfur inputs related to environmental pollution. More
recently, due to the control of sulfur emissions and a new gen-
eration of fertilizers, lines of research are moving toward the
effects of S deficiency. Vitis vinifera receives sanitary treat-
ments with fungicides that can contain nonnegligible amounts
of sulfur in their composition. To our knowledge, no studies
are available reporting the response of Vitis to sulfate supply
or deprivation, either at physiological or molecular levels. Vi-

tis cell cultures provided a manageable system for studying
the physiological and molecular response of Vitis to different
sulfate conditions. Cell suspensions offer several advantages,
namely, cell homogeneity, lack of sulfate remobilization, free-
dom from contaminations, and the possibility of a wide range
of nutritional manipulations in short periods (Amâncio et al.
1997).

Unlike maize cells (Clarkson et al. 1999), the growth of Vi-
tis cells was promptly affected by sulfate deprivation (fig. 2).
Growth inhibition may be related with the moderate accumu-
lation of SO2�

4 by Vitis cells, in particular, V. vinifera (fig. 3).
It is worthwhile to recall that maize cell cultures exhausted ex-
ternal SO2�

4 by days 4–5 (Clarkson et al. 1999), while Vitis ru-
pestris and V. vinifera consumed less than 40% and 20%,
respectively, of the sulfate available in the medium.

The genes belonging to the sulfate transporter family show
highly conserved nucleotide sequences. However, based on the
alignment and phylogenetic analysis of sulfate transporters,
nucleotide sequences, and amino acid sequences, the sulfate
transporter family can be divided into five groups (Hawkes-
ford 2003). Here, we report for the first time the cloning of V.
vinifera and V. rupestris putative sulfate transporters, VvST
(EF 155630) and VrST (EF 155629), respectively, and both
sequences cluster at group 1, among the high-affinity sulfate
transporters (fig. 1). Recently, the genome sequencing of a
highly homozygous clone from Vitis vinifera cv. Pinot Noir
was released by a French-Italian consortium (Jaillon et al.
2007), and later a heterozygous clone of cv. Pinot Noir was

Fig. 5 Repression of sulfate influx by sulfate in Vitis vinifera cv. Touriga Nacional (Vv; black and gray bars) and Vitis rupestris (Vr; dark gray
and white bars) cells derepressed by sulfate deprivation (�S). Cells grown in �S medium were transferred to a medium containing 1.5 mM MgSO4

at time 0 of the experiment. The 35SO2�
4 uptake measurements were carried out at time 0 and after 1, 2, and 4 h after adding sulfate, as described

in ‘‘Material and Methods.’’ Each point is the mean of three replicates from independent cultures 6SD.
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also sequenced (Velasco et al. 2007). Based on similarities be-
tween protein sequences, it was possible to identify nine pro-
tein sequences related to the sulfate transporter family (fig. 1),
although no sulfate transporter activity or any other function
has been reported so far for these sequences. Phylogenetic
analysis showed that these sequences can be assigned to three
of the five sulfate transporter family groups. In Arabidopsis
thaliana and Oryza sativa genomes, the same apparent redun-
dancy was observed. In Arabidopsis, the characterization of
different isoforms suggests that the coordinated expression of
different transporters helps plant tissues and organs to re-
spond to environmental sulfur conditions (Takahashi et al.
2000; Yoshimoto et al. 2003; Kataoka et al. 2004a, 2004b).

The upregulation of the sulfate uptake system under S star-
vation has been observed in diverse plant species and tissues
(Hawkesford et al. 1993; Smith et al. 1997; Honda et al.
1998; Lopez et al. 2002; Quaggiotti et al. 2003; Buchner et al.
2004). In cell suspensions, the activation of sulfate uptake is
strongly amplified, as described by Clarkson et al. (1999) for
maize cells, a result confirmed in V. vinifera and V. rupestris
cells. The activation of sulfate influx was observed in �S con-
ditions, which attained a maximum decreasing thereafter (fig.
4). Vitis vinifera cells reached the maximum 24 h before V. ru-
pestris (fig. 4), probably due to higher sensitivity of V. vinifera
sulfate transporter to sulfate in connection with its lower ac-
cumulation in these cells (fig. 3).

During the culture time course, the activation of sulfate
transport decreased in both species at day 7 (fig. 4), probably
due to effects on the overall metabolism of the cells that affect
the sulfate transport response. At the end of culture cycle, the
cells presented the highest level of internal sulfate (fig. 3).

Real-time PCR is increasingly used in plants for studying
the pattern of expression of particular genes in different experi-
mental conditions, allowing the detection of a given target in a
rapid, specific, and sensitive manner when compared to others
techniques (Gachon et al. 2004). Therefore, to ascertain the ef-
fects of �S conditions, RT-PCR was elected to quantify the ex-
pression of VvST and VrST.

As expected, the expression of VvST and VrST was higher
in �S conditions throughout the culture cycle, confirming
their inducibility and their probable role in the upregulation
of sulfate uptake. A similar induction of group 1 sulfate trans-
porters has been reported in different plant species, e.g., Stylo-
santhes hamata (Smith et al. 1995, 1997), maize (Bolchi et al.
1999; Quaggiotti et al. 2003), Lycopersicum esculentum (Ho-
warth et al. 2003), and Arabidopsis (Takahashi et al. 2000;
Vidmar et al. 2000; Shibagaki et al. 2002; Yoshimoto et al.
2002; Maruyama-Nakashita et al. 2004).

The abundance of VrST mRNA matched perfectly the dere-
pression of sulfate uptake capacity—as previously observed, a
parallel between mRNA pool, transport activity, and protein con-
tent (Hawkesford and Wray 2000)—suggesting the transcriptional

Fig. 6 Relative expression of sulfate transporter VvST (black bar) and VrST (gray bar) in Vitis vinifera and Vitis rupestris cells, respectively,

during growth curve under full sulfate (þS) and sulfate deprivation (�S) conditions. Cell suspensions grown in �S and þS medium for 1, 3, 4, 5,

and 7 d were subjected to RNA extraction for SYBR Green real-time PCR analysis as described in ‘‘Material and Methods.’’ Each point is the

mean of three replicates from independent cultures 6SD. RNA levels for VvST and VrST were normalized against the expression of Act2 as
described in ‘‘Material and Methods.’’ The raw CT values for Act2 expression in V. vinifera cells were 18.6 and 18.5 in �S and þS, respectively.

The raw CT values for Act2 expression in V. rupestris were 19.1 and 19.0 in �S and þS, respectively.
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regulation of the sulfate transport in response to S availability.
By using the transcription inhibitor actinomycin D, it was pos-
sible to establish that the Arabidopsis transporter SULTR1;1,
strongly upregulated in �S conditions, was controlled at tran-
scription level in a promoter-dependent manner (Maruyama-
Nakashita et al. 2004). Later, potential SUREs were found in
its promoter region (Maruyama-Nakashita et al. 2005), and
recently, a trans-acting regulator, the transcription factor SLIM1,
was identified as a key regulator controlling the activation of
sulfate transporter genes under �S conditions (Maruyama-
Nakashita et al. 2006). De novo protein synthesis of functional
sulfate transporters was also suggested by the effect of the trans-
lation inhibitor, cycloheximide, on the decreasing of sulfate up-
take capacity in �S conditions (Maruyama-Nakashita et al.
2004).

In �S V. vinifera cells, sulfate uptake and the abundance of
VvST transcripts did not match entirely, considering that the
peaks of sulfate uptake and mRNA content where attained at
days 3 and 5, respectively; similar results were obtained with
other plant species, namely, barley (Smith et al. 1997) and
potato (Hopkins et al. 2005), suggesting the functioning of
different types of regulation. A rapid turnover of the sulfate
transporter protein was observed in early experiments (Clarkson
et al. 1992) and posttranscriptional regulation in SULTR1;1
and SULTR1;2 was also suggested (Yoshimoto et al. 2007).
At posttranslation level, the sulfate transporter and antisigma

factor domain seems to plays a key role, perhaps in the interac-
tion between proteins (Rouached et al. 2005), e.g., the one sug-
gested for the interaction between SULTR2;1 and SULTR3;5 in
Arabidopsis root vasculature (Kataoka et al. 2004a).

A rapid and strong repression of sulfate influx was observed
following the replenishment of sulfate to the culture medium.
Results at influx and gene expression levels after the addition
of sulfate to �S media to Vitis cells were observed in other
species (Smith et al. 1997; Clarkson et al. 1999). In V. vinifera
cells, the influx rate dropped to only 7% of the �S value con-
ditions, while the response of V. rupestris cells to the sulfate
supply was slower. Considering the expression of the tran-
scripts, although decreasing in both Vitis species, they do not
directly reflect the downregulation on the influx rates. Unlike
VvST, the response of VrST expression to þS was faster than
the influx rate. Apparently, V. vinifera showed a faster re-
sponse at the protein level and V. rupestris at the mRNA level.
In Arabidopsis roots, the repression in sulfate uptake after
transfer from �S to þS was associated with downregulation of
the expression of sulfate transporter genes and with de novo
protein synthesis (Maruyama-Nakashita et al. 2004). Our re-
sults confirm the assumption that the regulation of sulfate
transporter expression at the mRNA level and de novo protein
synthesis are implicated in the responses to S starvation and
S resupply, pointing to a common response to extreme changes
in sulfur availability (Maruyama-Nakashita et al. 2004).

Fig. 7 Repression of sulfate transporters VvST and VrST by sulfate in cells derepressed by sulfate deprivation (�S) of Vitis vinifera and Vitis
rupestris, respectively. Cells grown in �S medium were transferred to a medium containing 1.5 mM MgSO4 at time 0 of the experiment. RNA

extraction for SYBR Green real-time PCR analysis was carried out at time 0 and after 1, 2, and 4 h in the presence of sulfate, as described in

‘‘Material and Methods.’’ Each point is the mean of three replicates from independent cultures 6SD. RNA levels for VvST and VrST were

normalized against the expression of Act2 as described in ‘‘Material and Methods.’’ The mean value of CT for Act2 expression was 22:2 6 0:8 in
V. vinifera cells. The mean value of CT for Act2 expression was 18:9 6 0:8 in V. rupestris cells.
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Considering our results as a whole, the molecular and
physiological data obtained with V. vinifera and V. rupestris
cell cultures under �S conditions consistently showed a fast
and dramatic derepression of sulfate transporter genes (VvST
and VrST) and sulfate uptake as well as an evident level of
repression when S was resupplied to the cells. In conclusion,
these data provide for the first time a mechanistic approach
to sulfate transport in Vitis and clearly connect gene expres-
sion to sulfate influx. As the follow-up to the promising results
described here, and taking advantage of the recent sequencing
of the V. vinifera genome, the expression and regulation of sul-

fate transporter genes cloned from V. vinifera roots and leaves
are being investigated.
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Abstract 

Plants assimilate sulfur (S) mostly through the synthesis of cysteine (Cys) from sulfate (SO4
2-

) 

absorbed by the roots from the soil solution. Specialized proteins, anion-type transporters, mediate the 

transfer of sulfate from the soil solution into the cytosol of root cells and throughout the plant. Two 

kinds of transporters mediate the uptake and the distribution of sulfate: high-affinity sulfate transporter 

(HAST) and low-affinity sulfate transporter (LAST). Upon Vitis vinifera genome release it was 

possible to identify 12 sequences belonging to the sulfate transporters family and to confirm their 

division into the five groups previously established for other plant species. In roots and leaves of V. 

vinifera L. cv Touriga Nacional plants mRNA expression of sulfate transporters suggests their 

transcription as mostly constitutive. V. vinifera L. cv Touriga Nacional cell suspensions grown in 

liquid medium with (+S, 1.5 mM SO4
2-

) or without SO4
2-

 (-S) were used as a model system to analyze 

the response of the different sulfate transporters to sulfate conditions. A strong initial up-regulation of 

Group 1 sulfate transporter VvSultr1;1 followed by Group 4 VvSultr4;1 was observed, suggesting a 

primary response at the plasma membrane level increasing sulfate uptake capacity followed by a 

remobilization of sulfate from the vacuole. Glutathione and cysteine were clearly identified as 

negative regulators of VvSultr1;1 and VvSultr4;1 mRNA level while O-acetyl-serine (OAS) was 

confirmed as a positive regulator although only a slight de-repression effect was observed on both 

sulfate transporters transcript level after 4 hours of OAS exposure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations – Cys, cysteine; DPM, disintegrations per minute; FW, fresh weight; GSH, glutathione; 

MSDs, membrane spanning domains; NCBI, national center for biotechnology information; OAS, O-

acetyl-serine; qPCR, real-time PCR;. RT-PCR, reverse transcriptase polymerase chain reaction; S, 

sulfur; +S, sulfur sufficient conditions (1.5 mM SO4
2-

); -S, sulfur deficient conditions (vestigial); SO4
2-

, sulfate.  
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Introduction 

Sulfur is a macronutrient essential to plant growth and development which also plays a crucial role in 

plant response to oxidative stress, heavy metals (Nocito et al. 2002) and biotic stress (Howarth et al. 

2003). Sulfur enters the plant predominantly through the root system that absorbs sulfate from the soil 

solution. The acquisition of sulfate from the soil is mediated by proteins expressed in root epidermis 

which belong to the super-family of anion transporters that use APT for the co-transport of H+ and 

sulfate. Further sulfate distribution throughout the plant is carried out by a network  of transporters 

with different affinities to sulfate which maintain plant sulfate homeostasis (Hawkesford 2003).  

In the last two decades it was possible to identify and characterize several sulfate transporters in 

different plant species, together with the information gathered from the Arabidopsis thaliana genome 

that identified 14 different sulfate transporter genes, allowed the organization of sulfate transporters 

into five groups named Group 1 to Group 5. It was verified that all share certain conserved regions 

(Hawkesford 2003) with the exception of Group 5 elements which show major differences as 

compared to the members of the other groups and were recently characterized as molybdate facilitators 

(Tomatsu et al. 2007).  

A common characteristic to Group 1 elements is their capacity for high affinity transport, a symport 

mechanism observed in all the proteins studied by functional complementation in mutant yeast for 

sulfate transport (Smith et al. 1995). The Arabidopsis thaliana double knockout mutant 

sultr1;1:sultr1;2 for Group 1 sulfate transporters loses its capacity for sulfate uptake demonstrating 

that Sultr1;1 and Sultr1;2 are responsible for root sulfate uptake (Yoshimoto et al. 2007). Previously, 

the single sultr1;2 mutant  had revealed Sultr1;2 as the major contributor (80%) for root sulfate uptake 

(Maruyama-Nakashita et al. 2003). mRNA expression data showed that Sultr1;1 accumulates under 

low-sulfur conditions, whereas Sultr1;2 has a constitutive behavior, then  less responsive to sulfur 

deficient conditions (Yoshimoto et al. 2002). Further, split-root experiments suggest that Sultr1;1 

responds locally to sulfur conditions and confirm the constitutive expression of Sultr1;2 (Rouached et 

al. 2008). The results assembled so far contribute to the generally accepted idea that the referred 

sulfate transporters are not functionally redundant. The third A. thaliana Group 1 sulfate transporter, 

Sultr1;3, was isolated from roots under sulfur starvation. Sultr1;3 fused to GFP protein was detected in 

root phloem, hypocotyls and cotyledons cells and the sultr1;3 mutant shows a decrease in the transport 

of sulfate from source-to-sink, in view of these observations it was proposed that Sultr1;3 is involved 

in sulfate loading to the sieve tube and mediating the re-distribution of sulfur into plant organs 

(Yoshimoto et al. 2003). 

As compared to Group 1, Group 2 sulfate transporters expressed in mutant yeast were characterized as 

low affinity transporters (Hawkesford 2003). Two isoforms identified in A. thaliana, Sultr2;1 and 

Sultr2;2 are expressed in roots and shoots, likewise the Group 2 isoform from Stylosanthes hamata 

SHST3 (Smith et al. 1995; Takahashi et al. 1997). Analysis of promoter gene fusion revealed that 
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Sultr2;1 is localized in xylem parenchyma cells of roots and leaves and in leaf phloem cells, while 

Sultr2;2 is expressed in roots and in leaf vascular bundle sheath (Takahashi et al. 1997; Takahashi et 

al. 2000). In sulfur deficient conditions, Sultr2;1 transcript level increases in roots but decreases in 

leaves, and Sultr2;2 mRNA accumulates in leaves and roots (Takahashi et al. 2000). 

The Group 3 is the most heterogeneous and includes the largest number of sulfate transporters genes. 

A. thaliana has five different group 3 sulfate transporters, Sultr3;1 to Sultr3;5, and this apparent 

redundancy is observed in other species such as Oriza sativa (Hawkesford 2003). This group has been 

characterized as leaves specific (Takahashi et al. 1999). However, by GFP promoter fusion it was 

possible to localize Sultr3;5 to A. thaliana roots, and cross-sections of this organ showed the 

fluorescence in the xylem parenchyma and pericycle region, co-localizing with Sultr2;1. In the 

sultr3;5 mutant the root-to-shoot transport was reduced even under conditions of high Sultr2;1 

expression (sulfur deficiency). Although Sultr3;5 by itself was unable to transport sulfate in yeast, 

when co-expressed with Sultr2;1 yeast sulfate uptake increased by three fold (Kataoka et al. 2004a). 

The results obtained with Sultr3;5 and previously with Sultr2;1, suggest that both transporters play a 

specialized role in the root-to-shoot sulfate transport and consequently in the distribution of sulfate 

absorbed by the roots throughout the plant (Kataoka et al. 2004a; Takahashi et al. 2000). A homologue 

of Sultr3;5 identified in Lotus japonicus proved to be essential for efficient N2 fixation and, unlike its 

A. thaliana counterpart, was able to restore sulfate uptake capacity in the mutant yeast (Krusell et al. 

2005). 

Sulfate transporters from group 4, Sultr4;1 and Sultr4;2, were assigned to the tonoplast in the pericycle 

and xylem parenchyma cells of roots and hypocotyls (Kataoka et al. 2004b). In A. thaliana roots, 

Sultr4;2 mRNA accumulates under sulfur deficiency conversely to the constant expression of Sultr4;1 

mRNA (Kataoka et al. 2004b; Takahashi et al. 1997), although Sultr4;1 mRNA accumulated in leaves 

under sulfate deficiency (Takahashi et al. 1997) and the transcript level of both transporters increased 

in Brassica oleracea roots and leaves (Koralewska et al. 2009). The localization profile and the excess 

of sulfate accumulation in the double mutant sultr4;1:sultr4;2 provide robust evidence that these 

group 4 isoforms are involved in the control of the intracellular distribution of sulfate (Kataoka et al. 

2004b). 

Group 5 sequences show lower homology to the remaining elements of sulfate transporter family but 

the similarities were sufficient to be included for years in this family of anion transporters. The two 

sequences identified in A. thaliana and one in Brassica are shorter than the other sulfate transporters 

and do not contain the highly conserved STAS (sulfate transporter and anti-sigma factor) domain 

(Hawkesford 2003). Recently, Sultr5;2 was identified has a molibdate transporter and localized to the 

mitochondria of A. thaliana (Baxter et al. 2008; Tejada-Jimenez et al. 2007; Tomatsu et al. 2007).  

Plants respond to environmental changes in sulfate concentration by regulating sulfate uptake and 

assimilation to efficiently manage sulfur metabolism and distribution to the different organs 

(Hawkesford 2000). A proposed model to explain the regulation of sulfate uptake includes a positive 
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regulator attributed to O-acetyl-serine (OAS) and a negative one assigned to glutathione (GSH) 

(Hawkesford and Smith 1997). Generally, OAS feeding results in increased sulfate uptake (Clarkson 

et al. 1999; Hopkins et al. 2005; Neuenschwander et al. 1991; Smith et al. 1997). Conversely, 

exogenous GSH application reduces sulfate uptake and sulfate transporters mRNA accumulation 

(Lappartient et al. 1999; Smith et al. 1997; Vidmar et al. 1999). 

Vitis vinifera is an important crop worldwide for the production of table or wine fruit, all very high 

economic value products. In view of V. vinifera economical importance a considerable effort was 

made in genome sequencing projects; as a result, in 2007 two independent groups published the 

genome of this crop specie. First, Jaillon et al. (2007) published the genome of a homozygous V. 

vinifera L. cv Pinot Noir and a few months later Velasco et al. (2007) made available the sequencing 

of a heterozygous V. vinifera L. cv Pinot Noir.  

V. vinifera constitutes an excellent model for woody and perennial plants (Velasco et al. 2007) and it 

is commonly accepted that considerable differences will exist between the annual model plant A. 

thaliana and a perennial plant in what concerns sulfate transport and assimilation (Hawkesford and De 

Kok 2006). From the work of both sequencing groups (Jaillon et al. 2007; Velasco et al. 2007) resulted 

a large number of sequences in public databases and, as the follow up of the work on high affinity 

sulfate transporters in two Vitis species (Tavares et al. 2008), the whole V. vinifera sulfate transporters 

family was identified for the first time. The specific expression profile of different sulfate transporters 

from the canonic groups was studied in cell culture, roots and leaves of V. vinifera L. cv Touriga 

Nacional and correlated with sulfate uptake in different sulfate conditions. The effect of positive 

(OAS) and negative regulators (GSH and cysteine) in mRNA transcript level of several transporters 

was analyzed in V. vinifera cell culture. 

 

Material and Methods 

Plant material 

Cell culture 

Cell suspensions of Vitis vinifera L. cv Touriga Nacional were obtained and maintained as described 

by Tavares et al. (2008). Two sulfate treatments were applied full sulfate (1.5 mM, +S) and sulfate 

depleted (vestigial, -S), after four weekly cycles in +S conditions. Commercial MS (Duchefa 

Biochemie, Haarlem, NL) (1.5 mM sulfate) was used for +S experiments while a modified MS 

medium where sulfates were substituted for chlorates was considered –S. The additional treatments 

were applied to 4 days growth cell in +S and –S, 1.5 mM of sulfate (Mg2SO4), 1 mM of glutathione 

(GSH) and 1 mM of cysteine (Cys) was added to individual flasks containing cell culture in –S 

conditions, 0.5 mM O-acetyl-serine (OAS) was added to +S cells. 
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Potted plants 

Shoots of Vitis vinifera L. cv. Touriga Nacional under in vitro multiplication taken from stock cultures 

were elongated in MS medium supplemented with 20 g L
–1

 sucrose and 1.67 M BAP (6-

benzylaminopurine), for 2 weeks. Rooting was induced by transferring the elongated shoots to MS 

medium supplemented with 2 M NAA (naphthalene-1-acetic acid) for a period of 96 h. After root 

induction, initial shoots with three leaves were transferred to pots with an inert subtract, maintained 

under controlled humidity, and watered with nutrition solution for root development of the plantlets 

during 28 days. After this period the rooted plantlets were transferred to nutrition solution with (+S , 

1.5 mM) and without sulfate (-S, 0 mM) for 15 days. The nutrient solution was renewed every 4 days. 

Plant tissues for RNA extraction were immediately frozen in liquid nitrogen and stored at -80ºC. 

 

Identification of sulfate transporter family in Vitis vinifera genome 

The NCBI database (http://blast.ncbi.nlm.nih.gov/) was searched using the algorithm blastp and as 

query the translated version of VvST (ABM17060.2), the same quest was conducted at ExPaSy 

database (http://www.expasy.ch/tools/blast/), both analyses were conducted in 2007, and renewed in 

July of 2009, as a result sequences with the identification XP_ were only available in 2009.  

An in silico analysis of conserved domains was carried out at NCBI together with the blastp analysis 

(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) as described by Marchler-Bauer et al. (2009). 

The prediction of membrane spanning domains (MSDs) was conducted at the Phobius server 

(http://phobius.sbc.su.se/, Kall et al. (2007)). 

 

Phylogenetic analysis 

Phylogenetic analysis was conducted using for multiple alignments the T-COFFEE web service 

(http://tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi) (Notredame et al. 2000). Phylogenetic 

trees were created using the PHYLIP programs (Felsenstein 2009), PRODIST 

(http://mobyle.pasteur.fr/cgi-bin/portal.py?form=protdist) to compute the distance matrix from protein 

sequences and NEIGHBOR-joining for tree construction (http://mobyle.pasteur.fr/cgi-

bin/portal.py?form=neighbor), and the resulting unrooted trees were drawn using TreeView (Page 

1996). 

 

Primer design and management of nucleotide and deduced amino acid sequences 

Primers were designed using Clone Manager 6 (Scientific and Educational Software, Durham, USA). 

The sequence data derived from PCR products were routinely managed using the Clone Manager 6 

http://blast.ncbi.nlm.nih.gov/
http://www.expasy.ch/tools/blast/
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://phobius.sbc.su.se/
http://tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi
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and Align Plus 4 package. Multiple sequence alignments were performed using multi-way scoring 

matrix and similarity significance value cut-off of 60%. 

 

RNA isolation and reverse transcriptase-PCR (RT-PCR) 

RNA from roots and leaves of V. vinifera plants was extracted according to the method described by 

Reid et al. (2006). RNA from cell culture was isolated using the RNeasy® Plant Mini Kit (Qiagen, 

Hilden, Germany) following the manufacturer’s instructions. RNA samples were treated with RNase 

free DNaseI (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)20 (Invitrogen, Carlsbad, CA) according to the 

manufacturer's recommendations. PCR was carried out using Platinum® Taq DNA Polymerase 

(Invitrogen, Carlsbad, CA) and specific primers (Appendix S1). 

 

Transcript quantitation by real-time PCR (qPCR) 

1 g of RNA was transcribed into first strand cDNA using the Superscript III RNase H-reverse 

transcriptase with an oligod(T)20 primer. Real-time PCR was performed in 20 μL of reaction mixture 

composed of cDNA, 0.5 μM gene-specific primers (Appendix S1) 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 ºC, 3 min; then 40 cycles at 95 ºC 15 s, 60 ºC 30 s, 72 ºC 20 s. 

Results of a serial dilution of cDNA prepared from cell cultures in +S and –S conditions, were used to 

draw a standard curve to calculate amplification efficiency for all primers used. Each reaction was 

performed in triplicate, and the specificity of amplification products was confirmed by the melting 

curve and gel electrophoresis analysis. Relative abundance of transcripts was calculated and 

normalized with respect to Act2 mRNA (An et al. 1996) according to the method of Livak and 

Schmittgen (2001). The results were expressed relative to +S conditions. 

 

Sulfate influx by radioassay of 
35

S 

The sulfate influx method was optimized to V. vinifera plants. The 10 and 30 min of labeling time was 

experiment, 30 min demonstrated to be more reliable and reproducible. Plants under +S and –S 

conditions were transferred to 0.5 L vessels containing nutrient solution with 1.5 mM of SO4
2-

and 3.7 

10
4 

Bq mL
-1

 of 
35

S for 30 min. Then plants were removed, roots immersed in ice-cold nonradioactive 

medium, and dry in filter paper. Plants were excised into roots, stem and leaves. The samples were 

weighted separately and submerged in 500 L of 10% HCl for 1 h in scintillation vials. The 

incorporated radioactivity was measured after the addition of the 2 mL of Ready Safe scintillation 
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cocktail (Beckman, Scientific Fullerton, CA) in a scintillation counter (Beckman, Scientific Fullerton, 

CA). SO4
2-

 taken up by the roots (nmol min
-1

 g
-1

 FW) was calculated by applying the relation:  

[concentration of cold SO4
2-

 in the medium (nmol ml
-1

) / [DPM 
35

SO4
2- 

ml
-1 

of stock medium] X DPM 

35
SO4

2-
 inside the cells / cells FW (g), as previously described for Vitis (Tavares et al. 2008) and maize 

cells (Clarkson et al. 1999). 

 

Statistical analysis 

The results for sulfate influx assay were statistically evaluated by Student’s t-test using MS Excel 

workbook (Microsoft Inc.) software. Data are presented +standard deviation (SD). Each experiment 

consisted of two sulfate conditions and four replicates, and was performed twice. The sulfate effect 

was tested at P< 0.05 and P< 0.01. 

 

Results 

Identification of sulfate transporters in Vitis vinifera genome 

Twenty three unnamed hypothetical protein sequences were identified as putative sulfate transporters 

of V. vinifera using the translated version of VvST (ABM17060.2) as query in public databases NCBI 

and Expasy (Appendix S2). The sequences resulted from both Vitis sequencing projects (Jaillon et al. 

2007; Velasco et al. 2007) what implied a cautious analysis to detect eventual overlapping 

information.  

A first draft of a phylogenetic tree including all protein sequences indentified in the NCBI and Expasy 

permitted to distinguish into the five groups traditionally described for the sulfate transporter family 

(Appendix S2). A more detailed description of the groups is undertaken in the next paragraphs. 

Group 1 

Besides the previous identified sulfate transporters from Vitis vinifera L. cv Touriga Nacional 

(ABM17060.2) and Vitis rupestris L. (ABM17059.2) three sequences could be assigned to Group 1 

(Appendix S2 and S3); XP_002285810.1, XP_002268923.1 and CAN75170.1. The alignment of the 5 

sequences showed a high conservation in amino acid sequences. The comparison between each two 

sequences (Table 1) confirmed a high homology in this group, with a percentage around 90%, with the 

exception of XP_002268923 which, when compared with each of the other sequences, showed 75 to 

79% homology.  

All the sequences have conserved domains characteristics of sulfate transporters, the sulfate permease 

and related transporters (SUL1, MFS superfamily, Inorganic ion transport) and sulfate transporter and 

anti-sigma factor antagonist (STAS) (Table 2). We identified 10 predicted MSDs in the sequences 

ABM17060.2, ABM17059.2 XP_002285810.1 and CAN75170.1, and 12 in XP_002268923. 
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Group 2 

Group 2 contains three V. vinifera sequences, XP_002277065.1, XP_002284234.1 and CAN66052.1. 

Although XP_002277065.1 and XP_002284234.1 form a cluster they only share 70% of homology 

and CAN66052.1 only shares 59%. This last sequence has some distinct features: a higher number of 

amino acids when compared with the other Group 2 V. vinifera sequences but also with all the sulfate 

transporters in databases; conversely the number of MSDs was only 9 (Table 2). The conserved 

domains SUL1 and STAS were present in the three sequences. 

Group 3 

The highest number of sequences was allocated to Group 3. Alignment and phylogenetic analysis of 

the 15 sequences addressed to Group 3 and the A. thaliana five isoforms revealed that some V. vinifera 

sequences are identical (e.g. XP_002284768.1 and CAN70927.1) or extremely homologous with a 

percentage above 90% (e.g. XP_002280105.1 and XP_002273604.1) (Table 2). Three distinct sub-

groups could be identified, A, B and C (Fig. 1). Further sequence alignment inside each sub-group 

showed three different clusters in sub-group A, three in sub-group B and two in sub-group C (Fig. 1). 

The number of predicted MSDs varied without any consistent trend: in sub-group A CAN70402.1 has 

7 MSDs although XP_0022780105.1 has 13, and only the sequences of sub-group C have the same 

canonic MSDs number. 

Group 4 

Two sequences identified in databases could be assigned to Group 4, XP_002282491.1 and 

CAO41585.1. These two sequences share more than 90% amino acid homology and are admitted as 

the same sequence (Table 2). 

Group 5 

To search for Group 5 sequences we applied a different strategy. When V. vinifera sulfate transporter 

is used as query no sequences assigned to Group 5 were identified, so we used A. thaliana sequences 

belonging to Group 5 as queries. As a result, XP_002285217.1 and CAO43136.1 could be assigned to 

V. vinifera Group 5. 

 

Sulfate uptake in Vitis vinifera plants under sulfur deficient conditions 

Potted V. vinifera plants receiving sulfur deficient (-S) nutrient solution for 15 days and subjected to 

35
S radioassay showed a sulfate influx that was the double when compared to roots receiving sulfur 

sufficient (+S, 1.5 mM) nutrient solution (Fig. 2A). The accumulation of 
35

S in the stem was similar in 

+S and –S plants as it was the mobilization to younger leaves, unlike the mobilization to older leaves 

which showed three times more 
35

S accumulation in –S plants (Fig. 2B).  
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Detection of sulfate transporters mRNA in V. vinifera plant tissues  

The presence of mRNA transcripts was tested by RT-PCR in roots and leaves for the 12 sequences 

tested considering its homology bellow 80%.  The sequences were renamed for easier association to 

their respective group and using the same notation of A. thaliana sulfate transporters. The majority of 

the sequences could be detected in roots and leaves of V. vinifera potted plants, with three exceptions: 

VvSultr3;1 only detected in mature leaves, VvSultr3;4 transcript detected in roots and mature leaves 

but not in young leaves, and VvSultr3;5B mRNA not identified in roots, leaves or cell culture (Table 

2). 

 

Effect of sulfur conditions on the transcript levels of putative sulfate transporters 

After one day in –S conditions VvSultr1;1 showed an 4.9x increase in the mRNA transcript level, 

followed by VvSultr4;1 that presented a mRNA accumulation of 2.8x, while the others putative sulfate 

transporters did not respond to the sulfate deficient medium (-S, 
-
Fig. 3). Three days later the up-

regulation of VvSultr1;1 and VvSultr4;1 mRNA increased by 22.2x and 11.3x, respectively. 

Considering the others sulfate transporters only VvSultr1;2 showed an increase in the transcripts level 

of 3.3x. After 7 days in -S medium the accumulation of mRNA VvSultr1;1 diminished to 12.4x, 

contrary mRNA transcript level from VvSultr4;1 further increased to 21.9x. At this time point some of 

the others sulfate transporters presented a slight increase in mRNA level, e.g. VvSultr1;2, VvSultr2;1, 

VvSultr3;1 and VvSultr3;5A (Fig. 3). 

In roots of V. vinifera plants receiving nutrient solution deficient in sulfate VvSultr1;1 mRNA showed 

an increase of 3.2x, and VvSultr4;1 of 2.5x while the mRNA levels of Group 2 and Group 3 sulfate 

transporters did not respond to –S status (Fig. 4, Group 3 not represented). In mature leaves of V. 

vinifera plants under –S conditions, VvSultr1;1 and VvSultr4;1, but also VvSultr2;1 and VvSultr2;2, 

showed a slight increase in mRNA accumulation, 3.2x, 2.5x, 2x and 2.7x, respectively (Fig. 4).  

 

Regulation by sulfate, GSH, Cys and OAS 

VvSultr1;1 and VvSultr4;1 mRNA profile in response to the addition of sulfate (1.5 mM), GSH (1 

mM) and Cys (1 mM) to cell cultures subjected to –S medium for 4 days showed that after 4 hours in 

contact with these compounds their up-regulation was completely reverted (Fig. 5). The mRNA down-

regulation was similar for both genes, although slightly more pronounced for VvSultr1;1 in response to 

the addition of sulfate and Cys. Generally, after 24 hours the negative effect was accentuated (Fig. 5). 

By contrast the addition of OAS (0.5 mM) to cells in sulfate sufficient medium led to an up-regulation 

of VvSultr1;1 and VvSultr4;1 mRNA after 4 hours exposure, 4.5x and 3.9x respectively, which was 

almost reverted after 24 hour exposure to OAS (Fig. 6). 
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Discussion 

Sulfate is an essential macronutrient to the survival and normal development of plants (Leustek 2002). 

A sulfate transporter network, as described for nitrate transporters, is responsible for the uptake and 

distribution of sulfate all over the plant (Buchner et al. 2004b). In the past decade, the annual plant A. 

thaliana has been used as a model to study the sulfate transporters family (Hawkesford and De Kok 

2006). Vitis vinifera genome data resulting from two sequencing projects (Jaillon et al. 2007; Velasco 

et al. 2007) permitted to investigate the sulfate transporters family in a perennial and fruit production 

species, aiming to describe the similarities and differences to the more studied species A. thaliana.  

 

V. vinifera sulfate transporters family 

Plant sulfate transporters family comprises proteins sharing high homology divided into five groups 

(Hawkesford 2003). The sequences identified in V. vinifera genome are in agreement with the general 

pattern observed on others species, namely A. thaliana (Fig.7). Most grapevine sequences, except the 

Group 5 ones, share the two major conserved domains in plant sulfate transporters, SUL1 and the C 

terminal region STAS. Moreover it was possible to predict variable number of membrane domains, 

from 9 to 12, in the range of other sulfate transporters previously described (Hawkesford 2003). 

The in silico analysis of V. vinifera genome exhibits three isoforms belonging to Group 1.From the 

alignment of all sequences identified, including those previously described in Tavares et al. (2008), 

and the percentage of amino acid homology (Table 1), we suggest that in V. vinifera Group 1 only two 

distinct sulfate transporters are present (Fig. 7), unlike A. thaliana where three sulfate transporters 

were described (Yoshimoto et al. 2002; Yoshimoto et al. 2003) but in agreement with S. lycopersicum 

(Howarth et al. 2003). To AtSultr1;3, the third A. thaliana isoform from Group 1, has been assigned a 

role in the transport of sulfate from source to sink and a root phloem localization (Yoshimoto et al. 

2003). In V. vinifera a Group 1 transporter specialized in root phloem unloading seems to be absent. 

Two hypothesis can be drawn; other Group 1 transporter could have a double function including the 

one proposed for AtSultr1;3, as speculated for barley HvSutlr1;1 (Rae and Smith 2002), or a 

transporter from a different group could be responsible for the root unloading.  For instance 

VvSultr2;2 could be a good candidate if its expression and localization matched the AtSultr2;2 

transporter (Takahashi et al. 2000). From the three Vitis sequences identified in Group 2, the NCBI 

accession CAN66052 showed a high homology with the sulfate transporters of this group but a higher 

number of predicted amino acids. After a careful insight into the sequence we suggest that a stop 

codon was ignored considering that the sequence is almost identical to XP_002284234.1 except for the 

C-terminal extension that does not resemble any sulfate transporter from V. vinifera or any other plant 

species. So, Group 2 comprises two sulfate transporters (Fig. 7), usually characterized as low affinity 

transporters, confirming the general profile observed in plant species studied so far, e.g. A. thaliana 

and Brassica oleracea (Hawkesford 2003).  
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The putative Group 3 sulfate transporters from V. vinifera confirm the high number of sequences 

allocated to this group (Fig. 1), since a total of 15 sequences could be identified in V. vinifera genome. 

Apparently, some sequences do not represent different isoforms considering the high homology 

between them, but resulted from the redundancy from the two sequencing projects using, respectively, 

an homozygous and a heterozygous clone (Jaillon et al. 2007; Velasco et al. 2007). However in view 

of the sequence alignment (data not shown) and the RT-PCR analysis conducted, seven isoforms from 

Group 3 can be assumed in V. vinifera, as compared with the five isoforms identified in A. thaliana 

(Hawkesford 2003). The phylogenetic analysis of V. vinifera and A. thaliana sequences permitted a 

clear separation into three subgroups (Fig. 1 and 7), as previously proposed for the model specie 

(Hawkesford 2003). 

In A. thaliana Group 4 was related to vacuolar sulfate transporters and two isoforms were identified 

(Kataoka et al. 2004b). Conversely, in V. vinifera we identified an unique isoform that clearly belongs 

to Group 4. In Group 5 two sequences, as is the case in A. thaliana, were identified in V. vinifera 

genome, confirming the previously described characteristics, shorter sequences and the absence of the 

conserved STAS domain (Hawkesford 2003), proven to be essential for sulfate transport (Rouached et 

al. 2005). Not surprisingly, the Group 5 A. thaliana isoforms did not evidence sulfate transport activity 

and recently were characterized as molybdate transporters (Tejada-Jimenez et al. 2007; Tomatsu et al. 

2007). Consequently we focused our study on the four groups actually related to sulfate transport. 

 

Constitutive expression of sulfate transporters in V. vinifera plant tissues 

V. vinifera putative sulfate transporters could be detected in the majority of the plant tissues with rare 

exceptions (Table 2). From Group 1, VvSutr1;1 and VvSultr1;2 were detected in the roots and leaves, 

the last with stronger expression in full sulfate conditions. In A. thaliana and B. napus Group 1 sulfate 

transporters are tightly connected with root sulfate uptake (Yoshimoto et al. 2007), although also 

expressed in leaves (Buchner et al. 2004b). Group 2 VvSultr2;1 and VvSultr2;2 were also expressed in 

leaves and roots, as reported for A. thaliana (Takahashi et al. 2000), although in Brassica only 

Sultr2;1 was expressed in leaves and roots and Buchner et al. (2004a) only reports Sultr2;2 expressed 

in roots. Takahashi et al. (2000) working with AtSultr3;1, AtSultr3;2 and AtSultr3;3 designed Group 3 

sulfate transporters as leaf specific. In V. vinifera the majority of the sequences addressed to group 3 

were expressed in both leaves and roots, with the exception of VvSutr3;2 and VvSutr3;5B, the first 

only detected in mature leaves and the second not detected in the roots, leaves or cell culture. 

VvSutr3;2 could have a specific leaf localization although we have not tested fruit or seed tissues 

seeing that an homologue of AtSultr3;3 was strongly expressed in developing embryos of Cicer 

arientinum (Tabe et al. 2003). Recently and supporting this hypothesis the mRNA profiling of grape 

berry tissues showed that VvSultr3;3 and VvSultr3;5B were preferentially expressed in the seed and 

VvSultr3;4A in the berry pulp (Grimplet et al. 2007). The unique Group 4 sequence, VvSultr4;1, was 
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detected in the different tissues, as in other tested  species (Hawkesford et al. 2003; Kataoka et al. 

2004b; Koralewska et al. 2009; Takahashi et al. 2000) an anticipated observation considering its role 

in sulfate unloading from the cell vacuole (Kataoka et al. 2004b). 

 

High up-regulation of VvSultr1;1 and VvSultr4;1 under sulfur deficiency 

V. vinifera cell cultures were used to screen the response of the mRNA level of the putative sulfate 

transporters to sulfur deficiency in a simple model, previously used to investigate the effect of sulfate 

deprivation on sulfate uptake and VvSutr1;1 transcription (Tavares et al. 2008). An up-regulation of 

VvSutr1;1 was observed after 24h of sulfate deficiency (-S) accompanied by a mild up-regulation of 

VvSultr4;1 that unlike the transcript level of VvSultr1;1, did not decrease at the end of the cell culture 

cycle (Fig. 3). The primary response to sulfate deficiency was the increase in plasmalema VvSultr1;1 

transcript accumulation in correlation with an increase in sulfate uptake capacity as previously verified 

(Tavares et al. 2008), and with the remobilization of sulfate accumulated in the vacuole. The 

accumulation of excess sulfate in the vacuole maintains the sulfate concentration in the cytosol and 

plastids closely regulated, avoids eventual toxic effects of sulfate (Kaiser et al. 1989) and constitute an 

internal sulfur reserve (Martinoia et al. 2000). In fact, the up-regulation of Group 4 transcript level 

when sulfur supply becomes limited has been reported in several species (Kataoka et al. 2004b; 

Koralewska et al. 2009). 

 

Induction of sulfate transporters transcription upon sulfate deficiency 

In the Vitis cell system and conversely to the results obtained in A. thaliana, only a slight up-

regulation of VvSultr1;2 was observed after 4 days in –S conditions (Fig. 3), although AtSultr1;2 

mRNA was not specifically responsive to sulfur deficiency even accumulating at high levels in full 

sulfate conditions (Rouached et al. 2008; Yoshimoto et al. 2002). Rouached et al. (2008) analyzing the 

transcript level of AtSultr1;1 and AtSultr1;2 under different carbon, nitrogen and sulfur conditions 

observed that the mRNA transcript level of the former was better correlated with sulfur conditions 

than the latter, which was essentially affected by the general metabolic activity. In V. vinifera cells its 

homologue was affected in 4-5 days –S deficient cells probably due to a reflection of the sulfur 

conditions on the overall metabolic activity. None of the Group 2 Vitis cells sulfate transporters 

showed changes in mRNA accumulation after four days under sulfur deficiency, in accordance with 

the non responsive behavior obtained for SHST3 mRNA from Stylosanthes hamata (Smith et al. 1995). 

However, by the end of the cell culture cycle a mild mRNA accumulation of VvSultr2;1 was observed 

while in A. thaliana both isoforms showed substantial up-regulation in roots and AtSultr2;1 was down-

regulated in leaves under sulfur deficiency conditions (Takahashi et al. 2000). 

The effect of –S conditions in a more complex model system, potted V. vinifera plants, resulted in an 

increase in root sulfate uptake (Fig. 2A) that correlated with a 3 times increase in VvSultr1;1 transcript 
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level and smaller induction in VvSultr4;1 (Fig. 4), results in agreement with others obtained in 

different species (Buchner et al. 2004a; Hawkesford et al. 1993; Hopkins et al. 2005; Howarth et al. 

2003; Koralewska et al. 2009; Rouached et al. 2008; Smith et al. 1997; Takahashi et al. 1997; 

Takahashi et al. 2000; Tavares et al. 2008; Vidmar et al. 1999; Yoshimoto et al. 2002). From the 
35

S 

feedings experiments we could also confirm that young leaves are the primary sink for sulfate (Fig. 

2B), which are not dependent upon sulfur status but developmentally programmed, a mechanism that 

favors young leaves approaching full expansion (Adiputra and Anderson 1992; Sunarpi and Anderson 

1996a). V. vinifera mature leaves showed a significant increase in 
35

S accumulation under –S 

conditions (Fig. 2B) and small increases in VvSultr1;1 and VvSultr4;1 mRNA level (Fig. 4). 

Considering that fully expanded leaves are known to be responsible for redistribution of sulfate to 

younger leaves (Adiputra and Anderson 1992; Sunarpi and Anderson 1996b) a higher demand for 

sulfate would be expected to happen in response to sulfur deficiency, and also an unloading of sulfate 

accumulated in the vacuole. 

 

GSH and Cys are strong negative regulators of VvSultr1;1 and VvSultr4;1 mRNA level 

To further elucidate the regulation of sulfate transporters we exposed V. vinifera cell cultures to 

negative regulators (GSH and Cys) and a positive regulator (OAS). VvSultr1;1 and VvSutr4;1 mRNA 

responded to the feeding experiment, while the transcript level of the other putative sulfate 

transporters was not affected. A strong down-regulation was observed in mRNA accumulation of both 

putative transporters by the presence of GSH and Cys in the same order of magnitude as the response 

to sulfur re-supply to the medium (Fig. 5), as previously observed by other authors for the high affinity 

sulfate transporter (Hawkesford and Smith 1997; Lappartient et al. 1999; Smith et al. 1997; Vidmar et 

al. 1999). Interestingly the cis element SURE (sulfur-responsive element) localized to the promoter 

region of AtSultr1;1, demonstrated to be involved in the early response to –S conditions  also 

responded negatively to GSH and Cys. Additionally the promoter region of AtSultr4;2 also contained 

the presence of SURE core sequence. Conversely the SURE element did not respond to OAS 

(Maruyama-Nakashita et al. 2005). VvSultr1;1 and VvSultr4;1 mRNA of cells under +S conditions 

showed a mild increase after 4h in the presence of OAS, that was no longer evident after 24h (Fig. 6), 

probably because OAS inevitably leads to GSH and Cys production (Wirtz and Hell 2006). Although 

OAS induced AtSultr1;1 transcription (Maruyama-Nakashita et al. 2004; Smith et al. 1997), recently 

no correlation was observed between the internal concentration of OAS and the accumulation of 

AtSultr1;1 and AtSultr1;2 mRNA (Rouached et al. 2008) while Hopkins et al. (2005) working with 

potato plants under sulfur starvation observed an increase in the StS1 protein and mRNA before the 

increase in OAS level. In conclusion, further studies are needed for a better understanding of the 

specific role of OAS in the induction of sulfate transporters uptake and transcript level. 
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The identification of the V. vinifera sulfate transporter family permitted the recognition of trends 

similar to other species, probably common and universal features conserved along plant evolution, but 

also some distinct aspects. Our results allowed enlightening of the response to sulfur deficiency of the 

two highly responsive sulfate transporters involved in V. vinifera sulfate uptake and remobilization 

and their primary regulation by negative and positive regulators. 
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Table 1. Percentage amino acids homology (%) between the putative sequences identified in Vitis 

vinifera genome assigned to the Group 1 sulfate transporter family. 

NCBI Accession Nº ABM17060.2 ABM17059.2 XP_002285810.1 CAN75170.1 XP_002268923.1 

ABM17060.2 100 91 94 87 75 

ABM17059.2 90 100 96 90 79 

XP_002285810.1   100 93 75 

CAN75170.1    100 75 

XP_002268923.1     100 
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Table 2. Distribution of Vitis vinifera putative sulfate transporters in the five canonic groups, 

predicted amino acids number, presence (Y) or absence (N) of the conserved domains SUL1 and 

STAS, predicted  membrane domais (MSD), and presence of mRNA transcripts in different tissues. 

NCBI Accession 

Number 

Nº 

amino 

acids 

Conserved 

domains MSD Sequence Name Tissue Expression 

SUL1 STAS 

Group 1       

ABM17060.2 655 Y Y 10 VvSultr1;1 Root, Leaf 

ABM17059.2 658 Y Y 10   

XP_002285810 658 Y Y 10   

CAN75170 646 Y Y 10   

XP_002268923 665 Y Y 12 VvSultr1;2 Root, Leaf 

Group 2        

XP_002277065 676 Y Y 11 VvSultr2;1 Root, Leaf 

XP_002284234 652 Y Y 11 VvSultr2;2 Root, Leaf 

CAN66052 887 Y Y 9   

Group 3       

CAN70402 533 Y Y 7   

XP_0022780105 652 Y Y 12 VvSultr3;1 Root, Leaf 

CAN61401 654 Y Y 10 VvSultr3;2 Mature leaf 

CAN77009 646 Y Y 9 VvSultr3;3 Root, Leaf 

CAN70927 664 Y Y 13 VvSultr3;4A Root, Leaf 

CAN83977 646 Y Y 10 VvSultr3;4B Root, Mature leaf 

XP_002281258 637 Y Y 11 VvSultr3;5A Root, Leaf 

CAN74632 635 Y Y 11 VvSultr3;5B Not detected 

Group 4       

XP_002282491 681 Y Y 12 VvSultr4;1 Root, Leaf 

Group 5       

XP_002285217 431 Y N 8 VvSultr5;1 Not tested 

CAO43136 427 Y N 9 VvSultr5;2 Not tested 
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Fig. 1. Phylogenetic analysis of identified putative Vitis vinifera and Arabidopsis thaliana sulfate 

transporter amino acid sequences belonging to Group 3 distributed into three sub-groups (A, B and C). 

Accession numbers from NCBI: Arabidopsis: AtSultr3;1, BAA21657; AtSultr3;2, BAA20282; 

AtSultr3;4, BAB21264; AtSultr3;5, BAB55634; Vitis vinifera: the accession numbers are represented 

in the phylogenetic tree. 

 

Fig. 2. Effect of sulfate conditions on root-uptake (A) and distribution of sulfate to stem, young and 

mature leaves (B) of Vitis vinifera cv Touriga Nacional potted plants grown under sulfate deficiency (-

S) and full sulfate (1.5 mM; +S) for 15 days. Error bars represent + SD; n=4. Columns showing the 

same letter are not significantly different (P<0.01). FW, fresh weight. 

 

Fig. 3. Effect of sulfate deficient medium on putative sulfate transporters transcript level along the 

growth cycle of Vitis vinifera cv Touriga Nacional cell culture. 

Cells suspensions grown in –S  or +S (1.5 mM) medium, samples taken after 1, 4 and 7 days of 

growth. RNA levels were normalized against the expression of Act2 RNA as described in Methods. 

The raw Ct values for Act2 expression in Vitis vinifera cells were for 1 day growth 18.3 and 19.1, for 4 

days 18.1 and 17.8, and for 7 days, 19.6 and 19.1, under –S and +S conditions, respectively. Error bars 

represent + SD; n=3. 

 

Fig. 4. Effect of sulfate deficient nutrient solution on putative sulfate transporters transcript level in 

roots and mature leaves of Vitis vinifera cv Touriga Nacional potted plants. 

Potted plants grown in –S  or +S (1.5 mM) nutrient solution, samples taken after 15 days of growth. 

RNA levels were normalized against the expression of Act2 RNA as described in Methods. The raw Ct 

values for Act2 expression in Vitis vinifera roots were 18.9 under –S and 18.2 under +S conditions, 

and in Vitis vinifera mature leaves were 23.7 under –S and 24.1 under +S conditions. Error bars 

represent + SD; n=3. 

 

Fig. 5. Relative expression of putative sulfate transporters VvSultr1;1 and VvSultr4;1 analyzed by real-

time PCR in –S of Vitis vinifera cv Touriga Nacional cell culture and treated with Sulfate (1.5 mM), 

GSH (1mM) and Cys (1mM), after 4 and 24 hours of exposure. 

To cells suspensions grown in –S  for 4 days, sulfate (1.5 mM), GSH (1mM) and Cys (1mM) was 

added. Samples were collected after 4 and 24 hours after exposure. RNA levels were normalized 

against the expression of Act2 RNA as described in Methods. Error bars represent + SD; n=3. 

 

Fig. 6. Effect of OAS (0.5 mM) supplemented to cell culture of Vitis vinifera cv Touriga Nacional in 

sulfate sufficient conditions on the relative expression of putative sulfate transporters VvSultr1;1 and 

VvSultr4;1 analyzed by real-time PCR. 
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To cells suspensions grown in +S (1.5 mM) for 4 days OAS (0.5 mM) was added. Samples were 

collected after 4 and 24 hours after exposure. RNA levels were normalized against the expression of 

Act2 RNA as described in Methods. Error bars represent + SD; n=3. 

 

Fig. 7. Phylogenetic analysis of selected plant-sulfate-transporter amino acid sequences. Accession 

numbers are from the NCBI: Aegilops speltoides: As1, CAD55695; Arabidopsis thaliana: At1;1, 

BAA33932; At1;2, BAA95484; At1;3, BAB16410; At2;1, BAA20085; At2;2, BAA12811; At3;1, 

BAA21657; At3;2, BAA20282; At3;4, BAB21264; At3;5, BAB55634; At4;1, BAA23424; At4;2, 

BAB19761; Brassica napus: Bn1;1, CAC94920, Bn1;2, CAC39420, Bn4;1, CAC94921; Hordeum 

vulgare: Hv1;1, CAA65291; Medicago truncatula: Mtru, ABE80289; Oryza sativa: OsST2;1, 

ABF94445; Raphanus sativus: Rsat, ABA01552; Solanum lycopersicum: Sl, AAK62820; Sl2, 

AAK27688; Solanum tuberosum: St1, AAG41419; Stylosanthes hamata: Sh1, CAA57710; Sh2, 

P53392; Sh3, P53393; Triticum aestivum: Ta1, CAD55701;Vitis vinifera: Vv1;1, ABM17060, Vv1;2, 

XP_002268923, Vv2;1, XP_002277065, Vv2;2, XP_002284234, Vv3;1, XP_0022780105, Vv3;2, 

CAN61401, Vv3;3, CAN77009, Vv3;4A, CAN70927, Vv3;4B, CAN83977, Vv3;5A, XP_002281258, 

Vv3;5B, CAN74632, Vv4;1, XP_002282491; Zea mays: ZmST1, AAK35215. Alignments were 

performed using the T-COFFEE Web service (Notredame et al. 2000), and the resulting unrooted tree 

was drawn using TreeView, version 1.6.6 (Page 1996). 
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Figure 1 
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Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 

73 

Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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SUPPORTING INFORMATION 

S2. Sequences identified as Vitis vinifera putative sulfate transporters, protein and mRNA sequence 

and E value related to the protein sequence ABM17060.2 from Vitis vinifera cv Touriga Nacional 

previously identified. 

S3. Phylogenetic analysis of identified putative Vitis vinifera and Arabidopsis thaliana sulfate 

transporter amino acid sequences and distribution into five groups. Accession numbers from NCBI: 

Arabidopsis: AtSultr1;1, BAA33932; AtSultr1;2, BAA95484; AtSultr1;3, BAB16410; AtSultr2;1, 

BAA20085; AtSultr2;2, BAA12811; AtSultr3;1, BAA21657; AtSultr3;2, BAA20282; AtSultr3;4, 

BAB21264; AtSultr3;5, BAB55634; AtSultr4;1, BAA23424; AtSultr4;2, BAB19761; AtSultr5;1, 

NP_178147; AtSultr5;2; Vitis vinifera: the accession numbers are represented in the phylogenetic tree. 

 

S1. Primer sequences used for quantitative real-time polymerase chain reaction 

Sequence Name GenBank accession Primer (5’ – 3’) 

VvSultr1;1 EF155630 Fw CCTTTTTGGGTTTTCTTCTATTTGC 

  Rv ACGGGTAATGTACACGAAGAAGGTA’ 

VvSultr1;2 XM_002268887.1 Fw GATTGGAACTATGTTGCAGGATGTG 

  Rv CCGACAATAGCAGCATGAGATAAGA 

VvSultr2;1 XM_002277029.1 Fw GCCATTGCTCCTCTAGTGTCTGTTA 

  Rv TGGACCAGTGAACTGTAGCTGATGA 

VvSultr2;2 XM_002284198 Fw TCCTCAGAGCATCGGATATGCAACT 

  Rv GAATCATCGAAGACAGCAGCAAGGA 

VvSultr3;1 XM_002280069 Fw AGACACGGTGTCCAAGTGATTGGAA 

  Rv GCCAATGCGATGATGCCAATAATGA 

VvSultr3;2 AM461070 Fw TGATATACGCCATGTTCGGAAGCTC 

  Rv GGCAGTGAAGACTGCCTGAAGATAA 

VvSultr3;3 AM463144 Fw AGCATTGACGCTTCAATCAACTTCG 

  Rv ATTATACAACTCGCCTGACAGGTCT 

VvSultr3;4A AM483892 Fw ATTGCGGTTGGAGTATCAGTATTCA 

  Rv AAGGAACCTTCATTGCTTCTCTGTA 

VvSultr3;4B AM483830 Fw CAGCAAGGTTGACTAGCTTGAAGAG 

  Rv CAGACCATCTGGCAATTCACCAATC 

VvSultr3;5A AM489037 Fw GGAGGAGTTACCTCCATAGACATGA 

  Rv GGAAGATGGCTTCCTGACCTATGAT 

VvSultr3;5B AM460664 Fw AATGGCCAATGTAGTGATGGCACTC 

  Rv AGTCCAAGCATGGCTACGGTGATAA 

VvSultr4;1 XM_002282455.1 Fw CATCTGATGAACTATACACGGAACT 

  Rv GATAAGGCAATCACAATTGCTGAAG 
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S2. Sequences identified as Vitis vinifera putative sulfate transporters.  

Protein identification Identical Sequences mRNA identification E value in NCBI 

XP_002285810.1  CAO61754.1 XM_002285774 0 

CAN75170.1  AM477477 0 

XP_002268923.1 CAO43456.1 XM_002268887 0 

XP_002280105.1 CAO22568.1 XM_002280069 0 

XP_002279213.1 CAO71217.1 XM_002279177 0 

CAN61401.1  AM461070 0 

XP_002283184.1 CAO71216.1 XM_002283148 0 

XP_002273604.1 CAO22566.1 XM_002273568 0 

XP_002277065.1 CAO71820.1 XM_002277029 0 

XP_002284234.1 CAO61755.1 XM_002284198 0 

CAN70927.1 CAO45933.1 AM483892 0 

XP_002284768.1 CAO45933.1 XM_002284732 0 

XP_002283184.1 CAO71216.1 XM_002283148 0 

XP_002280766.1  XM_002280730 1e-179 

XP_002281235.1 CAO65548.1 XM_002281199 2e-177 

CAN83977.1  AM483830 2e-164 

CAN77009.1  AM463144 1e-163 

XP_002281248.1 CAO65549.1 XM_002281212 1e-153 

XP_002281258.1 CAO65550.1 XM_002281222 9e-153 

CAN66052.1  AM472702 2e-150 

CAN84174.1  AM489037 4e-140 

CAN74632.1  AM460664 2e-134 

XP_002282491.1 CAO41585.1 XM_002282455 3e-98 
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S3. Phylogenetic analysis of identified putative Vitis vinifera and Arabidopsis thaliana sulfate 

transporter amino acid sequences and distribution into five groups.  
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VvSAT2;2 a unique isoform from the serine acetyltransferase enzyme family in Vitis 
vinifera 
Sílvia Tavares1, Markus Wirtz2, Jochen Bogs2; Rüdiger Hell2, Sara Amâncio1 

1CBAA/DBEB, Instituto Superior de Agronomia, UTL, Lisbon, Portugal 

2Heidelberg Institute for Plant Sciences, University of Heidelberg, Germany 

 

ABSTRACT 

Plants assimilate sulfur mostly through the formation of cysteine following sulfate absorption 

by roots and assimilatory reduction. O-acetylserine (OAS) and sulphide are substrates for 

cysteine synthesis, which is catalyzed by the enzyme O-acetylserine(thiol)lyase (OAS-TL). 

OAS production from serine is catalyzed by serine acetyltransferase (SAT). Both enzymes 

form the cysteine synthase complex, a protein multiplex which regulates cysteine synthesis 

and senses sulfate supply and demand. Partial sequences of Vitis vinifera gene VvSAT 

(EU275238) were cloned using degenerate primers and deposited at GenBank. After the 

release of Vitis vinifera genome it was possible to identify sequences with high homology to 

VvSAT. Thirteen SAT sequences could be identified that fell into five seemingly distinct 

groups. Vitis vinifera L. cv Touriga Nacional cell suspensions culture grown in liquid medium 

(+S, 1.5 mM sulphate) or without sulphate (-S) were used to characterize and analyze 

VvSAT gene expression. Up-regulation of VvSAT2;2 after 5 days in –S conditions was 

observed and a mild up-regulation of VvSAT2;1 after 7 days in –S conditions. Expression of 

SAT-GFP fusion proteins in Vitis protoplasts revealed subcellular localizations of VvSAT 

proteins. VvSAT1;1 and VvSAT3;2 were cytosol located, VvSAT2;1 could be localized in 

both the cytosol and the mitochondria, and VvSAT2;2 suggested an unexpected nuclear 

localization. Recombinant and purified VvSAT1;1 showed strong interaction with OAS-TL3 

from A. thaliana forming a heterologous cysteine synthase complex. However, recombinant 

VvSAT2;2 protein was found to be unable to interact with OAS-TL. 

 

Key-words: Vitis vinifera, O-acetylserine(thiol)lyase, serine acetyltransferase, subcellular 

localization; sulfate, sulfur deficiency. 
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INTRODUCTION 

Plants synthesize cysteine (Cys) by incorporating inorganic reduced sulfur into organic 

molecules which contribute to protein synthesis. Cys is one of the twenty protein amino 

acids, is the precursor of methionine, the sulfur containing essential amino acid, and the 

main constituent of glutathione (GSH), the most versatile tripeptide in plant cells which 

assures several crucial roles as the supply of electrons in the first step of sulfate reduction 

(Bick et al., 1998), cell redox control, detoxification of oxygen radicals and xenobiotics 

(Beinert, 2000; Hell et al., 2002; Saito, 2004).  

In plants, after the reduction of sulfate to sulfide in the plastids, Cys is synthesized from free 

sulfide and O-acetyl-serine (OAS). The enzyme serine acetyltransferase (SAT; EC 2.2.1.30) 

catalyzes the formation of OAS from L-serine and acetyl-coenzyme A assuring the link 

between sulfur and nitrogen metabolism (Hell et al., 2002). Further condensation of OAS and 

sulfide produces cysteine, a thiol -substituted alanine, by the action of O-acetylserine (thiol) 

lyase (OAS-TL, cysteine synthase, EC 2.5.1.47) classified within the -substituted alanine 

synthase family, justifying the gene acronym Bsas (Watanabe et al., 2008a). The hetero-

oligomeric complex formed by SAT and OAS-TL named cysteine synthase complex (CSC), 

is constituted by three SAT monomers that form a trimer and two trimers constitute the 

quaternary structure of a dimer, known as ‘dimer of trimers’ (Hindson et al., 2000), OAS-TL 

forms stable homodimers, and is assumed that two dimmers bind to SAT (Wirtz et al., 2006). 

However, the complex does not produce Cys and seems not to function in substrate 

channeling (Wirtz et al., 2006). Mature plant SAT proteins consist of two main domains, the 

N-terminus involved in SAT/SAT interaction, while the C-terminus is responsible for the 

catalysis and the interaction with OAS-TL (Bogdanova et al., 1997). From the work 

developed by different groups over the past years, it has been proved that SAT is activated 

when bound to OAS-TL while OAS-TL is inactive in the complex and free OAS-TL is 

responsible for Cys synthesis (Droux et al., 1998; Berkowitz et al., 2002; Wirtz et al., 2004). 

Cys biosynthesis occurs in the cytosol, plastids and mitochondria. The presence and activity 

of SAT and OAS-TL have been demonstrated in the three intracellular compartments in 

different plant species (Brunold et al., 1982; Lunn et al., 1990; Ruffet et al., 1994; Hesse et 

al., 1999; Howarth et al., 2003; Kawashima et al., 2005), although the enzyme activities and 

ratios differ between the compartments (Ruffet et al., 1994; Droux et al., 1998; Hell et al., 

2002; Heeg et al., 2008). Generally, Cys synthesis is limited by OAS availability, then by SAT 

activity considering the common excess of free OAS-TL protein (Ruffet et al., 1994; 

Blaszczyk et al., 1999; Wirtz et al., 2004; Wirtz et al., 2007). These biochemical data were 

confirmed in transgenic plants overproducing SAT and OAS-TL (Sirko et al., 2004). SAT 

overexpression increased Cys and GSH levels, although varying between subcellular 
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compartments (Blaszczyk et al., 1999); by contrast, overexpression of OAS-TL in the cytosol 

or in the plastids led to minor increases in Cys and GSH concentration. 

SAT and OAS-TL, Serat and Bsas, are multigene families and 5 and 9 genes were identified 

for SAT-like and OAS-TL-like proteins in Arabidopsis thaliana, respectively. Based on the 

sequence homology SAT genes can be divided into three groups; AtSerat1;1 (group 1), 

AtSerat2;1; AtSerat2;2 (group 2) and AtSerat3;1; AtSerat3;2 (group 3) (Kawashima et al., 

2005). In A. thaliana SAT isoforms are distributed in the cytosol, AtSerat1;1, AtSerat3;1 and 

AtSerat3;2, in the chloroplast, AtSerat2;1, and in the mitochondria, AtSerat2;2 (Noji et al., 

1998; Kawashima et al., 2005). A high degree of amino acid sequences conservation was 

observed, even between the sequences assigned to different groups. Serat2;1 and Serat2;2, 

with different subcellular localization, were generated by a gene duplication event, and 

Serat3;1 and Serat3;2 also resulted from segmental duplication in Arabidopsis genome; only 

Serat1;1 represents an independent locus (Hell et al., 2002; Kawashima et al., 2005; 

Watanabe et al., 2008b). The same group distribution was observed for other plant species, 

Oryza sativa, Populus trichocarpa, Sorghum bicolor and Vitis vinifera, although with a 

variable number of sequences between species. The presence of isoforms in all groups was 

also observed in the species Physcomitrella patens and Selaginella moellendorffii, pointing 

out to different roles associated to each protein (Watanabe et al., 2008b). By applying a 

reverse genetics approach in A. thaliana it was possible to verify that the five isoforms are 

functionally redundant, since all quadruple T-DNA mutants survived, and only the quintuple 

mutant lacking all Serat genes was embryo lethal (Watanabe et al., 2008b). However, the 

mutants with functional isoforms of group 3 or Serat2;1 showed dwarfism. Based on gene 

transcription level and the kinetic properties of recombinant proteins it was possible to 

conclude that the isoforms Serat1;1, Serat2;1 and Serat2;2 play the central role in OAS 

formation, and that Serat3;1 and Serat3;2 are minor isoforms with low transcription level and 

low affinity to the substrates (Kawashima et al., 2005; Wirtz et al., 2006; Watanabe et al., 

2008b). The results of Haas et al. (2008) by using artificial microRNA suppressing the 

Serat2;2 expression indicated that the mitochondria is the most important compartment for 

OAS synthesis.  

Although OAS-TL genes are not easily divided into groups due to the high variation between 

the 9 sequences (Wirtz et al., 2004), a five group distribution was proposed for A. thaliana by 

Watanabe et al. (2008a); Bsas1;1, Bsas1;2 (proved to be a pseusogene) (group 1); Bsas2;1, 

Bsas2;2 (group 2), Bsas3;1 (group 3), Bsas4;1, Bsas4;2, Bsas4;3 (group 4) and Bsas5;1 

(group 5). Again with single T-DNA mutants for all the Bsas genes it was possible to 

conclude that Bsas1;1, Bsas2;1 and Bsas2;2 play major roles in Cys synthesis while Bsas3;1 

catalyses the formation of the non-proteinogenic amino acid -cyano-alanine involved in the 

detoxification of cyanide (Watanabe et al., 2008a).  
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In A. thaliana a limited role is attributed to transcriptional regulation of Serat or Bsas genes. 

Little or no response to sulfur conditions or development stages was observed with the 

exception of Serat3;2 transcript level that increased in roots and shoots after 12 hours 

exposition to sulfur deficiency (Kawashima et al., 2005). Conversely, it was reported that 

OAS-TLA1 expression and activity increased substantially in plants under cadmium and salt 

stress (Dominguez-Solis et al., 2001), Serat3;2 transcript level also responding to cadmium 

stress in the shoots (Kawashima et al., 2005). Considering the reduced transcriptional 

regulation, two biochemical models were proposed for the regulation of Cys synthesis based 

on SAT activity; one focused on the allosteric feedback inhibition by Cys levels (Noji et al., 

1998; Wirtz et al., 2003; Kawashima et al., 2005; Wirtz et al., 2006) and a second one 

centered on the reversibility of the CSC formation regulated by sulfide and OAS, which 

determines the activation of SAT and the inactivation of OAS-TL (Kredich, 1992; Droux et al., 

1998; Wirtz et al., 2006; Wirtz et al., 2007). 

The release of Vitis vinifera genome by two independent groups (Velasco et al., 2007; Jaillon 

et al., 2007) opened the possibility to study with some detail and for the first time in V. 

vinifera, a perennial plant, the serine acetyltransferase family. The first approach was to 

search for sequences with high homology to known serine acetyltransferase in V. vinifera 

genome. Serine acetyltransferase family presented some major differences as compared to 

the annual A. thaliana. Due to the distinct response of the transcript level in V. vinifera cell 

cultures under sulfur deficiency suggesting a specific subcellular localization, a software 

probability calculation and localization of GFP fusion proteins was conducted. Finally, the 

interaction between recombinant SAT from V. vinifera with the A. thaliana OAS-TL enzymes 

was investigated to understand the implications of the different characteristics of V. vinifera 

SAT. 

 

MATERIAL AND METHODS 

Cell Suspension Culture 

Cell suspensions of Vitis vinifera cv Touriga Nacional were obtained by adapting to liquid 

culture callus material maintained in the dark at 25ºC, as described in Jackson et al. (2001). 

Circa 4 g callus tissue were dispersed in 50 mL of liquid medium containing MS (Murashige 

et al., 1962) basal salts supplemented with 2.5 μM 2,4-D (2,4-dichlorophenoxy-acetic acid), 5 

g L-1 polyvinylpyrrolidone -40T, 20 g L-1, sucrose and 1 μM kinetin. The cultures growing in 

250 mL flasks on a rotary shaker at 100 rpm, in the dark, at 25 ºC were subcultured weekly 

by diluting 25 mL culture into 25 mL of new medium.  

Two sulfate treatments were applied: full sulfate (+S, 1.5 mM SO4
2-) and sulfate depleted (-S, 

50 M SO4
2), after two weekly cycles in +S conditions. Commercial MS (Duchefa Biochemie, 
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Haarlem, NL) was used for +S experiments while a modified MS medium where sulfates 

were substituted for chlorates was considered –S. 

 

General Cloning 

Standard molecular biology technologies, such as growth of bacteria, plasmid isolation, PCR 

product purification, and PCR were performed as described by Sambrook et al. (1989) 

according to good laboratory practices standards.  

 

Cloning of Serine Acetyltransferase (VvSAT) Fragment 

Total RNA was isolated from Vitis vinifera cv Touriga Nacional cells culture with the RNeasy 

Plant MiniKit (Qiagen, Hilden, Germany). All RNA samples were treated with DNaseI10 

(Qiagen, Hilden, Germany) according with the protocol and quantified using absorption of 

U.V. light at 260 nm. Reverse transcription was carried out using Superscript III RNase H-

reverse transcriptase (Invitrogen, Carlsbad, CA) priming with oligod(T)20 according to the 

manufacturer's recommendations. 

VvSAT was cloned by RT-PCR using degenerate primers designed to conserved regions of 

serine acetyltransferase genes previously available in NCBI public database (forward: 5’-

ATCCACCCWGCAGCHARAATTGG-3’ and reverse: 5’-CMCCAAYCAACCTWGCYGGATT-

3’). All amplification products were cloned into pMOSBlue (GE Healthcare Europe GmbH) 

and sequenced from both ends (STAB Vida, Oeiras, Portugal), using vector-specific primers. 

 

Identification of Serine Acetyltransferase Family in Vitis vinifera Genome 

The NCBI database (http://blast.ncbi.nlm.nih.gov/) was searched using the algorithm blastp 

and as query the translated version of VvSAT (ABY86367.1), the same quest was conducted 

at ExPaSy database (http://www.expasy.ch/tools/blast/), both analyses were conducted in 

2007, and renewed in September of 2009, as a result sequences with the identification XP_ 

were only available in 2009.  

In silico analysis of conserved domains was carried out at NCBI together with the blastp 

analysis (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) as described by Marchler-

Bauer et al. (2009). At ExPaSy, PROSITE was used to scan the sequences for conserved 

motifs (http://www.expasy.ch/tools/scanprosite/). 

 

Primer Design and Management of Nucleotide and Deduced Amino Acid Sequences 

Primers were designed using Clone Manager 6 (Scientific and Educational Software, 

Durham, USA). The sequence data derived from PCR products were routinely managed 

http://blast.ncbi.nlm.nih.gov/
http://www.expasy.ch/tools/blast/
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
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using the Clone Manager 6 and Align Plus 4 package. Multiple sequence alignments were 

performed using multi-way scoring matrix and similarity significance value cut-off of 60%. 

 

Phylogenetic Analysis 

Phylogenetic analysis was conducted using for multiple alignments the T-COFFEE web 

service (http://tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi) (Notredame et al., 

2000). Phylogenetic trees were created using the PHYLIP programs (Felsenstein, 2009), 

PRODIST (http://mobyle.pasteur.fr/cgi-bin/portal.py?form=protdist) to compute the distance 

matrix from protein sequences and NEIGHBOR-joining for tree construction 

(http://mobyle.pasteur.fr/cgi-bin/portal.py?form=neighbor), and the resulting unrooted trees 

were drawn using TreeView (Page, 1996). 

 

Prediction of subcellular localization 

We conducted an analysis in specialized software for two subcellular compartments, the 

chloroplast, ChloroP_v1.1 (Emanuelsson et al., 1999) and PCLR_v0.9 (Schein et al., 2001), 

and the mitochondria, MitoProt_v2 (Claros et al., 1996) and Mitopred (Guda et al., 2004). 

Afterwards software that discriminate between the different compartments including the 

secretory pathway was used; iPSort (Bannai et al., 2002), MultiLoc (Hoglund et al., 2006), 

SLP-Local (Matsuda et al., 2005), TargetP_v1 (Emanuelsson et al., 2000) and WoLF-PSort 

(Horton et al., 2006). 

 

Subcellular Localization by Fusion Protein with GFP 

The following sequences were selected for GFP localization: CAO65381.1 (mRNA, 

gi|157342669), CAO45098.1 (mRNA, CU459283), CAO63942.1 (mRNA, CU460170) and 

CAO23278.1 (mRNA, CU459547). All constructs for transient transformation were cloned 

into the vector pFF19 (Timmermans et al., 1990) for expression under the control of an 

enhanced 35S promoter. The complete ORF of each sequence was PCR amplified with 

specific forward primers incorporating the BamHI restriction site and the reverse primers 

adding the SalI restriction site (Table 1). After being sub-cloned into the pMOSBlue plasmid 

the different sequences were cloned into the BamHI/SalI sites of pFF19-GFP. The GUS gene 

of the original plasmid was replaced by EGFP (kindly provided by A. Watcher, Heidelberg, 

Institute for Plant Sciences, Germany). All constructions were sequenced from both ends 

(STAB Vida, Oeiras, Portugal), using vector-specific primers. 

The plasmid pFF19-GFP, without any fusion protein was used as a control for localization of 

GFP in the cytosol. The transit peptide (first 52 amino acids) of the A. thaliana SHMT 

http://tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi
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(At5g26789) was fused to GFP and used as a control for mitochondrial localization. For 

plastidic localization the transit peptide sequence (first 36 amino acids) from ribulose-1,5-

bisphosphate carboxylase small subunit polypeptide of Pisum sativum fused to RFP was 

used, in the pFF19 the EGFP was replaced by RFP (constructs provided by A. Watcher, 

Heidelberg, Institute for Plant Sciences, Germany). 

For transient expression the plasmids were used for V. vinifera protoplast electroporation. V. 

vinifera cell cultures were used for protoplast isolation. Cell cultures were incubated 

overnight in the dark in TEX Buffer with the following composition: B5 salts; 2.5 mM 2-(N-

morpholino)ethanesulfonic acid (MES); 5.1 mM CaCl2 2H2O; 3.1 mM; 0.4 M sucrose; pH7 

with KOH; 0.2% Macerozyme R10; 0.4% Cellulase R10. The protoplasts were then 

centrifuged in 50 mL tubes for 15 min at 80 g and room temperature in a swing-out rotor. 

Living protoplasts moved to the surface of the solution, whereas cell debris formed a pellet 

which was removed together with the underlying medium by inserting a long Pasteur pipette 

connected to a peristaltic pump. By pumping the medium and the pellet, the living protoplasts 

reached the bottom of the tube and 25 mL of electroporation buffer (0.4 M Sucrose; 10 mM 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, HEPES; 80 mM KCl; 5 mM CaCl2; pH 

7.2 with KOH) were added. Protoplasts were centrifuged again for 15 min at 80 g and room 

temperature, the procedure was performed twice. Afterwards the protoplasts were 

resupended in 1 volume of electroporation buffer. 500 L of protoplasts were pipetted gently 

into a 1 mL plastic cuvette and 1 to 10 g of plasmid dissolved in 100 L of electroporation 

buffer were added and mixed gently. The protoplasts were incubated for 5 minutes and 

electroporated under the following conditions; 910 F and 130 V. The electroporated cells 

were incubated for 30 minutes afterwards removed from the cuvette to Petri dishes, the 

cuvette was rinsed twice with 1 mL of TEX Buffer and the obtained cell suspension was 

incubated in the dark for 24 to 48 hours. 

GFP and RFP localization was visualized by confocal laser scanning microscopy (Zeiss 

LSM510 META system, GFP: excitation at 488 nm and emission at 510-525 nm; RFP: 

excitation at 568 nm and emission at 590 nm). All images were edited with Adobe Photoshop 

5.5. 

 

Transcript Quantification by real-time PCR (qPCR) 

Total RNA was extracted from cell cultures of V. vinifera, DNase treated and quantified as 

described above. 1 g of RNA was transcribed into first strand cDNA using the Superscript III 

RNase H-reverse transcriptase with an oligo-d(T)20 primer.  
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Real-time PCR was performed in 20 μL of reaction mixture composed of cDNA, 0.5 μM 

gene-specific primers (Table 1) 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 ºC, 3 min; then 40 cycles at 95 ºC 15 s, 62 ºC 30 s, 72 ºC 20 s. A 

serial dilution of cDNA, derived from cell culture under +S and –S conditions, was used as 

standard curve to calculate amplification efficiency for all primers used. Each reaction was 

performed in triplicates, and specificity of amplification products was confirmed by melting 

curve and gel electrophoresis analysis. Relative abundance of transcripts was calculated and 

normalized with respect to Act2 mRNA (An et al., 1996) according to the method of Livak et 

al. (2001). The results were expressed relative to +S conditions. 

 

3’ -RACE Analysis of VvSAT2;2 Transcripts 

The 3’ -region of VvSAT2;2 transcripts were cloned by the RML-RACE technique using the 

FirstChoice® RLM (RNA ligase-mediated)-RACE Kit (Ambion) for amplification of full-length 

cDNAs. Starting from cell culture total RNA isolated as described above, all steps were 

performed according to the manufacturer’s protocol. For VvSAT2;2, one specific primer was 

designed to perform PCR (Table 1), together with the primer supplied by the RACE kit. All 

amplification products were cloned into the pMOSBlue (GE Healthcare Europe GmbH) and 

sequenced from both ends (STAB Vida, Oeiras, Portugal), using vector-specific primers.  

 

Co-purification of VvSAT1;1 and VvSAT2;2 with OAS-TL3 from Arabidopsis thaliana 

VvSAT1;1 and VvSAT2;2 cDNAs were cloned into the pET28a vector (Novagen, Darmstadt) 

for expression of recombinant protein in fusion with an N-terminal His-tag. A truncated 

version of the sequences, including the stop codon, was PCR amplified with specific forward 

primers incorporating the BamHI restriction site and the reverse primers adding the XhoI 

restriction site (Table 1). After being sub-cloned in pMOSBlue plasmid the truncated version 

of VvSAT1;1 and VvSAT2;2 were cloned into the BamHI/XhoI sites of pET28a. 

After expression of VvSAT1;1, VvSAT2;2 and OAS-TL3 recombinant proteins in Eschericia 

coli, crude proteins were isolated in extraction and binding buffer (10 mM Tris-HCl pH 8, 0.25 

M sodium chloride, 20 mM Imidazole, 1 mM PMSF) for purification and immobilization on a 

nickel-loaded His-Trap column as described by the manufacturer (Invitrogen, Carlsbad, CA). 

The immobilized VvSATs were washed with 10 mL of washing buffer (50 mM Tris-HCl pH 8, 

0.25 M sodium chloride, 80 mM Imidazole), and potential contamination with bacterial OAS-

TL (CysK) was removed with 10 mL of elution buffer (50 mM Tris-HCl pH 8, 0.25 M sodium 

chloride, 80 mM Imidazole, 10 mM OAS). Elution of bacterial OAS-TL was the result of 

dissociation of the heterologous cysteine synthase complex (CSC) by OAS. For that reason, 
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OAS was removed from the column by washing with 10 mL of washing buffer prior to binding 

of A. thaliana OAS-TL3, which circulated over the column for 2 hours in order to bind OAS-

TL3 to VvSATs. After washing with 10 mL of washing buffer, non interacting OAS-TL3 with 

VvSATs was eluted from the column with elution buffer (50 mM Tris-HCl pH 8, 0.25 M 

sodium chloride, 80 mM Imidazole, 10 mM OAS), and VvSATs was eluted from the column 

with elution buffer (50 mM Tris-HCl pH 8, 0.25 M sodium chloride, 400 mM Imidazole). 500 

L fractions of the elution were collected. Protein was determined by the method used by 

Bradford (1976) using a commercial kit (Bio-Rad), against a standard curve prepared with 

bovine serum albumin. 

 

Table 1 – Primer sequences (for further details see Experimental procedures). Note that 
primers used for cloning reporter gene constructs and expression of recombinant proteins 
contained restriction sites (in bold). 

Sequence 
Name 

Accession 
Number* 

Primer (5’ – 3’) 

Reporter Gene Constructs 
VvSAT1;1 gi|157342669 Fw GGATCCATGCCTGCTGGAGAACTTCGG 
  Rv GTCGACGATGATATAATCTGACCACTC 
VvSAT2;1 CU459283 Fw GGATCCATGGCTGCTTGTATTGACAC 
  Rv GTCGACAATAACATAATCAGACCACTC 
VvSAT2;2 CU460170 Fw GGATCCATGGCAGCTTGTATCCACAAC 
  Rv GTCGACGGATTTAAGGCCAACCAATC 
VvSAT3;2 CU459547 Fw GGATCCATGGAGTATCGAATGGAGAAG 
  Rv GTCGACGATGTGGATGAAATGATTTTG 

Real-time PCR 
VvSAT1;1 gi|157342669 Fw TCGCGAGTTACCTCTACTCAACGAT 
  Rv TCACGCATATGATTGGCGCGTAGAT 
VvSAT2;1 CU459283 Fw GCATAAGCTACGTGCAGTGTCT 
  Rv ATCATCTCCAATCACCGCTGTC 
VvSAT2;2 CU460170 Fw TGCAGATCATCAATGCCAGATA 
  Rv TTCAGCCACAGAACATCATCTT 
VvSAT3;2 CU459547 Fw GGGAGATGTTTCGCTTGAAAT 
  Rv ATACTGGCATACAAGAAGCTAC 

3’ -RACE analysis 
VvSAT2;2  Fw TGCAGATCATCAATGCCAGATA 

Expression of recombinant proteins 
VvSAT1;1  Fw TCAAGGATCCTGGCTTTGGACTCAGATCA 
  Rv TCGGCTCGAGTCAGATGATATAATCTGACC 
VvSAT2;2  Fw ATCGGATCCGATGTTCTGTGGCTGAAG 
  Rv CGTCTCGAGTTAGGATTTAAGGCCAACCA 
*Accession number from NCBI database. 
 

Immunoblot analysis 

Elution fraction were separated according to Laemmli (1970) by discontinuous SDS-PAGE in 

Mini-Protean II cells (Bio-Rad) and stained with Coomassie brilliant blue R. Immunological 
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detection of proteins was performed as described by Ferreira et al. (1996). The dilution of 

purified primary antibodies was 1:10,000 for AtSAT3 and 1:10,000 for AtOAS-TL3. 

 

RESULTS 

Cloning of Serine Acetyltransferase Fragments 

Degenerate primers designed to known plant serine acetyltransferase nucleotide sequences 

deposited in NCBI database were used to clone serine acetyltransferase cDNA fragment 

from V. vinifera RNA. The clones obtained were sequenced and a 316 bp sequence was 

named VvSAT, and deposited at NCBI database with the identification number EU275238.1. 

The sequence translation at ExPaSy showed in 5’-3’ frame 2 an open reading frame of 105 

amino acids with high homology to serine acetytransferase proteins from plant species in the 

region between amino acid 200 and 300. 

 

Identification of Serine Acetyltransferase Family in Vitis vinifera Genome 

Thirteen unnamed hypothetical protein sequences were identified as putative serine 

acetyltransferase of V. vinifera using the translated version of VvSAT (ABY86367.1) as query 

in public databases NCBI (Annex I, S1) and ExPaSy. 

An initial phylogenetic analysis between the identified V. vinifera sequences and the A. 

thaliana isoforms using the T-Coffee service permitted the distinction into the three groups 

already proposed for the serine acetyltransferase family (Annex I, S2) and showed that some 

sequences were extremely homologous suggesting that not all are distinct isoforms. A 

detailed alignment analysis was then conducted to distinguish the actually different isoforms 

within each group.  

In group 1 three sequences shared more than 90% homology, and only XP_002282550.1 

had an extra N-terminal length of 16 amino acids (Annex I, S3). Also three sequences 

grouped together in group 2, XP_002264933.1, CAO45098.1 and CAN73952.1, and shared 

the majority of the amino acids; with the differences resulting essentially from gaps and 

XP_002264933.1 has extra 38 amino acids in the N-terminal (Annex I, S4). Two other 

sequences were identified in group 2, XP_002270544.1 and CAO63942.1, a 96% homology 

was found in the amino acid sequence of the two sequences, with the exception of an 11 

amino acid sequence in XP_002270544.1 that corresponded to a gap in CAO63942.1 

(Annex, C4.5). In group 2 the distance between the two branches of V. vinifera was higher 

than the distance observed in the two branches of A. thaliana (Annex I, S2). 

Group 3 was constituted by four sequences sharing high amino acid homology, and the 

differences were mostly located in the N-terminal and C-terminal regions (Annex I, S6). As 
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XP_002269722.1 lacks a methionine in the beginning it was considered an incomplete 

sequence.  

A comparison between V. vinifera and A. thaliana amino acid sequences revealed that the 

most conserved region is located between the amino acid positions 40 and 214, and again 

for sequences from group 1 and 2, with the exception of XP_002270544.1, in the last part of 

the C-terminal (Fig. 1). 

 

 Areas of significant similarity (in windows 5 bases in length)

CAO67069.1
XP_002263435.1

31_At
32_At
XP_002282550.1

11_At
XP_002264933.1
CAO45098.1

21_At
22_At
XP_002270544.1

 
Figure 1. Schematic view of the alignment between Vitis vinifera putative serine 
acetyltransferase protein sequences and the Arabidopsis thaliana proteins in public data 
bases using the multi-way protein alignment in clone manager software. V. vinifera 
identification refers to accession number in NCBI; Arabidopsis thaliana, 11 At, AtSerat1;1, 
NP_200487; 21 At, AtSerat2;1, NP_175988; 22 At, AtSerat2;2, NP_187918; AtSerat3;1, 
NP_565421; AtSerat3;2, NP_195289. Significant similarities between sequences 
represented above in blue are higher than 80%.  
 

Identification of Conserved Domains 

All V. vinifera sequences showed the two main conserved domains depicted by s<erine 

acetyltransferase proteins; Serine acetyltransferase N-terminal domain conserved in plants 

and bacteria and the C-terminal left-handed beta-helix (LbH) subdomain with 5 turns, each 

containing a hexapeptide repeat motif characteristic of the acyltransferase superfamily as 

predicted in NCBI blastp (Marchler-Bauer et al., 2009). When Prosite (ExPaSy) software was 

applied the hexapeptide-repeat containing-transferases signature was also predicted for all 

the V. vinifera putative protein sequences (Table 2).  

Group 3 sequences from V. vinifera and A. thaliana revealed an extension in the C-terminus, 

when compared to group 1 and 2 sequences, while XP_002270544.1 showed a shorter C-

terminal sequence (Fig. 1). 

 

Software Prediction of Subcellular Localization 

An in silico analysis was performed to predict the subcellular localization of the different 

sequences identified as V. vinifera serine acetyltransferase. Group 1 sequences did not 
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localize to the chloroplast or the mitochondria. In group 2, both chloroplast and mitochondria 

localization programs assigned XP_002264933.1 to both compartments while 

XP_002270544.1 was localized to the chloroplast by the compartment specific program 

PCLR_v0.9, and to the mitochondria by mitochondria specific program MitoProt_v2. Group 3 

sequences were not localized to any of the sub-cellular compartments (Table 3). 

 

Table 2 – Prediction of Vitis vinifera putative serine acetytransferase amino acid number and 
localization of the following conserved domains, serine acetyltransferase N-terminal domain 
(SATase-N), C-terminal left-handed beta-helix subdomain (LbH_SAT) and hexapeptide-
repeat containing-transferases (HpT). 

Accession 

Number* 

Nº 

amino 

acid 

Conserved domains 
Sequence 

Identification 
SATase-N1 LbH_SAT1 HpT2 

Group 1      

XP_002282550.1 306 40-144 171-231 233-261  

CAO65381.1 290 24-128 155-255 217-245 VvSAT1;1 

Group 2      

XP_002264933.1 377 111-215 242-342 304-332  

CAO45098.1 244 52-156 169-269 231-259 VvSAT2;1 

XP_002270544.1 285 67-171 177-277 239-267 VvSAT2;2 

Group 3      

CAO67069.1 261 1-96 123-223 185-213 VvSAT3;1 

XP_002263435.1 323 54-158 185-285 247-275  

CAO23278.1 307    VvSAT3;2 

*Accession number from NCBI database. 
1
Marchler-Bauer et al. (2009); 

2 
http://www.expasy.org/tools/scanprosite/. 

 

In generic software programs that discriminate between different subcellular compartments, 

including the secretory pathway, a cytosolic localization was predicted for XP_002282550.1 

(group 1) by four of the five programs while iPSort predicted its mitochondrial localization. 

For XP_002264933.1 (group 2), with the exception of WoLF-PSort, a mitochondrial 

localization was predicted, unlike CAO45098.1 (group 2) predicted to be a cytosolic protein 

by all the programs. Group 2 XP_002270544.1 was localized to the chloroplast while iPSort 

was the only software that predicted a cytosolic localization. For group 3 sequences their 

localization varied with the programs used, e.g. for both sequences WoLF-PSort predicted a 

cytoskeleton localization while SLP-local and Target-P programs targeted CAO67069.1 to 

the secretory pathway (Table 4). 
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Table 3 – Prediction of sub-cellular localization of the Vitis vinifera putative serine 
acetytransferase by specific software for the localization in chloroplasts or in mitochondria. 

Accession 

Number* 

Sub-cellular localization prediction 

Chloroplastic Mitochondrial 

ChloroP_v1.11 PCLR_v0.92 MitoProt_v23 Mitopred4 

Group 1     
XP_002282550.1 - - - - 
CAO65381.1 - - - - 

Group 2     
XP_002264933.1 Y Y Y Y 
CAO45098.1 - - - - 
XP_002270544.1 - Y Y - 

Group 3     
CAO67069.1 - - - - 
XP_002263435.1 - - - - 
*Accession number from NCBI database. – not predicted; Y-predicted for the compartment tested.

 

1
http://www.cbs.dtu.dk/services/ChloroP/;  

2
http://andrewschein.com/pclr/; 

3
http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html;  

4
http://bioapps.rit.albany.edu/MITOPRED/. 

 

Table 4 – Prediction of sub-cellular localization of the Vitis vinifera putative serine 
acetytransferase in chloroplast (Chl), cytosol (Cyt), cytoskeleton (Cysk), mitochondria (M) 
and secretory patway (S). 

Accession Number* Sub-cellular localization prediction  

 iPSort1 MultiLoc2 SLP-Local3 TargetP_v1
4 

WoLF-PSort5 

Group 1      
XP_002282550.1 M Cyt Cyt Cyt Cyt 
CAO65381.1 Cyt Cyt Cyt Cyt Cyt 

Group 2      
XP_002264933.1 M M M M Chl 
CAO45098.1 Cyt Cyt Chl Cyt Cyt 
XP_002270544.1 Cyt Chl Chl Chl Chl 

Group 3      
CAO67069.1 Cyt M S S Cysk 
XP_002263435.1 Cyt Cyt Cyt Cyt Cysk 
*Accession number from NCBI database.

 

1
http://hc.ims.u-tokyo.ac.jp/iPSORT/;  

2
http://www-bs.informatik.uni-tuebingen.de/Services/MultiLoc/index_html;  

3
 http://sunflower.kuicr.kyoto-u.ac.jp/~smatsuda/slplocal.html;  

4
 http://www.cbs.dtu.dk/services/TargetP/;  

5
http://aramemnon.botanik.uni-koeln.de/ref_view.ep?mode=1&MethodID=2230&online=1. 

 

Subcellular Localization 

The subcellular localization was determined in V. vinifera protoplasts using translational 

recombinant complete amino acid sequences for CAO45098.1 (VvSAT1;1), CAO45098.1 

(VvSAT2;1), XP_002270544.1 (VvSAT2;2) and CAO23278.1 (VvSAT3;2) fused to green 

fluorescent protein (GFP). As positive controls we used the plasmid without any fusion 

http://sunflower.kuicr.kyoto-u.ac.jp/~smatsuda/slplocal.html
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protein (pFF19-GFP, Fig. 2A) for localization in the cytosol, the transit peptide of Arabidopsis 

Ser hydroxymethyl transferase for mitochondria localization (SHMT-GFP, Fig. 2B) and the 

transit peptide of pea Rubisco small subunit fused with red fluorescent protein (RFP) for co-

localization in the plastids (Fig. 2C-H).  

 

Figure 2. Sub-cellular localization of GFP fused to the N-terminal sequences of Vitis vinifera 
cv Touriga Nacional SAT proteins. Electroporation of V. vinifera protoplasts was carried out 
in cell cultures. The expression and localization of GFP was observed after 24 and 48 h 
incubation by confocal laser scanning microscopy (right); the left panel refers to contrast 
phase observation of protoplasts. A, Plasmid pFF19-GFP used as a control for localization in 
cytosol; B, SHMT-GFP carrying transit peptide of Ser hydroxymethyl transferase (SHMT) 
from Arabidopsis as a control for mitochondria targeting; C-H, RBCS-RFP carrying transit 
peptide of the pea ribulose-1,5-biphosphate carboxylase (RBCS) small sub-unit as a control 
for chloroplast localization; C, VvSAT3;2-GFP; D, VvSAT1;1-GFP; E, F, VvSAT2;1-GFP; 
G,H, VvSAT2;2-GFP. 
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Results from the protoplast transformation indicated a clear cytosolic localization for 

VvSAT1;1 (Fig. 2D) and VvSAT3;2 (Fig. 2C), while the localization of VvSAT2;1 was not so 

clear considering that in some protoplasts a cytosolic localization was suggested (e.g. Fig. 

2F). However, in a few protoplasts transformed with VvSAT2;1-GFP we could observe more 

intense fluorescent points that did not co-localize with the chloroplast RFP signal, and 

showed some similarity with the mitochondrial localization (comparing Fig. 2B with Fig. 2E). 

The protoplasts transformed with VvSAT2;2-GFP showed a strong fluorescence signal 

concentrated in circular structures never co-localized with the plastids signal (Rubisco-RFP 

signal), suggesting a nuclear localization (Fig. 2G,H). 

 

Expression of VvSAT genes in different sulfate conditions 

The mRNA level of the VvSAT genes was examined by real-time quantitative PCR. The - Ct 

value expresses the mRNA abundance of the VvSAT genes relative to the average mRNA 

abundance of the Actin2 used as housekeeping gene under the same conditions. The – CT 

values obtained in V. vinifera cell culture under standard sulfate conditions (+S) indicate that 

during the 7 days growth cycle VvSAT2;1 was always the predominant transcript, followed by 

VvSAT1;1 and VvSAT2;2 (Table 5). Conversely a low expression of VvSAT3;2 was 

observed, as confirmed by agarose electrophoresis analysis (data not shown). 

 

Table 5 – Accumulation of VvSAT mRNA in full sulfate conditions (+S, SO4
2- concentration of 

1.5 mM) after 1, 4 and 7 days growth cycle of Vitis vinifera cv Touriga Nacional cell culture. 

Sequence 
Identification 

- Ct1 

1d 4d 7d 

VvSAT1;1 -5.4±0.12 -5.4±0.13 -5.1±0.12 

VvSAT2;1 -4.3±0.06 -4.5±0.05 -4.9±0.03 

VvSAT2;2 -5.7±0.22 -6.9±0.08 -5.9±0.23 

VvSAT3;2 -8.6±0.31 -8.5±0.17 -8.1±0.10 

1
The - Ct value expresses the mRNA abundance of the 

gene of interest relative to the average mRNA abundance of 
the Act2 level evaluated for the same treatment 

 

To evaluate the mRNA transcript level of VvSAT genes in sulfur deficiency conditions (-S) 

relative to the control treatment, full sulfate conditions (+S) we applied the formula 2- Ct 

developed by Livak et al. (2001). During the first four days the transcript level of VvSAT 

genes was the same in both conditions but at the fifth day in –S conditions VvSAT2;2 mRNA 

showed a 15x up-regulation, even higher two days after while VvSAT2;1 presented  a slight 
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up-regulation of 4x. The other two genes studied did not respond to the sulfur deficiency 

conditions (Fig. 3). 
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Figure 3. Effect of sulfate deficient medium on putative serine acetyltransferase transcript 
level along the growth cycle of Vitis vinifera cv Touriga Nacional cell culture. 

Cells suspensions grown in –S (50 M SO4
2-) or +S (1.5 mM SO4

2-) medium, samples taken 
after 1, 4, 5 and 7 days of growth. RNA levels were normalized against the expression of 
Act2 RNA as described in Methods. The raw Ct values for Act2 expression in Vitis vinifera 
cells were for 1 day growth 18.3 and 19.1, for 4 days 18.1 and 17.8, for 5 days 18.9 and 
18.2, and for 7 days, 19.6 and 19.1, under –S and +S conditions. Error bars represent + SD; 
n=3. 
 

Interaction between VvSAT1;1, VvSAT2;2 and OAS-TL3 from Arabidopsis thaliana 

VvSAT2;2 amino acid sequence showed distinct characteristics from all the other plant SAT 

proteins described up to now, namely a shorter C-terminal sequence. To confirm the 

structure of the C-terminal of VvSAT2;2 a 910 bp fragment was cloned by 3’ RACE-PCR and 

sequenced, confirming its homology to XM_002270508.1 except the sequence between 520 

and 583 bp, not predicted by the Vitis sequencing project (Jaillon et al., 2007). When an 

ExPaSy translation prediction was done, only the 5’3’ frame 2 contained an open reading 

frame (Fig. 4) The database sequence aligned with VvSAT2;2 revealed an high homology, 

and confirmed the first stop position (Fig. 5), indicating that VvSAT2;2 lacks the C-terminal 

characteristic of plant group 1 and 2 SAT. 

 

 

 

http://www.ncbi.nlm.nih.gov/nucleotide/225467529
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5'3' Frame 1 
X V X W X L P X Met Q T Q F P K S F F Met R P H Stop A G S P A S R Stop R R Stop C S V A E D Q R A S S 
Met Stop Y G A R A H L V Q V L L F F N T T A Stop F T R K R L V E S A S G Stop T Q Q Y R S S Q K H P H G 
G F R R S V G R G Stop G G Q E S H Stop S Stop P Q S C E R A R P C L H K L C A L L L E L Q R L S G Met 
P S S Stop G G S Stop A V V T R Q D C D G S A D P K P G I R G L R G G Y P S W G Q A G T W G S T G S C 
H R N C H R R D G G D R R Q C H N L A Stop C D T G W H R E G E W G Q A P Stop G W Stop W G F D R C 
R D Stop S L G Q H Stop G W Stop Stop G Stop D W S R V S G F K R S A Y R D Y Stop C W E P S Stop I G 
W P Stop I L N T K P Stop C Stop R Q V G R I K S L S F S I D Y I T V L Y Stop I L G C C Stop Y L Stop S P F  

 
5'3' Frame 2 
X F X X X C Q X C K P S F Q N L F S C D P I K R V R L Q A D K E D D V L W L K I R E Q A L C D Met E Q E P 
I L S K Y Y C S S I L Q H D S L E S A L S N Q L A A K L S N T D L P R S T L Met E V F A G V L A E D E E V R 
R A I R A D L K A V K E R D P A C I S Y A H C F L N F K G F L A C Q A H R V A H K L W S Q G R I V Met A L L 

I Q S R V S E V F A V D I H P G A K L G H G V V L D H A T G I V I G E T A V I G D N V T I L H N V T L G G T G 
K V N G D R H P K V G D G V L I G A G T K V L G S I R V G D R A K I G A G S V V L K E V P T E T T S V G N 
P A R L V G L K S Stop T L N L N V K G K L D G Stop S P Stop V S A L I I S L Y C I E S S A V V S T Y K A L F  

 
5'3' Frame 3 

G X Met X F A X N A N P V S K I F F H A T P L S G F A C K P I K K Met Met F C G Stop R S E S K L Y V I W S 

K S P S C P S T I V L Q Y Y S Met I H Stop K A P C R I S Stop R L N S A I Q I F P E A P S W R F S Q E C W Q 

R Met R R S G E P L E L T S K L Stop K S E T L P A Stop A Met R I A S Stop T S K A F W H A K L I G W L I S 

C G H K A G L Stop W L C Stop S K A G Y P R S S R W I S I L G P S W D Met G Stop Y W I Met P P E L S S E 

R R R Stop Stop E T Met S Q S C I Met Stop H W V A Q G R Stop Met G T G T L R L V Met G F Stop Stop V 

Q G L K S W A A L G L V I G L R L E Q G Q W F Stop K K C L Q R L L V L G T Q L D W L A L N P K H Stop T L 

Met L K A S W T D K V L E F Q H Stop L Y H C I V L N P R L L L V L I K P F F 

Figure 4. Translation performed in ExPaSy in the 5’ 3’ direction of the sequence obtained in 
3’ RACE-PCR analysis of CAO63942.1. 

 

 

 
Figure 5. Alignment of the sequence resulting from 3’ RACE-PCR analysis of CAO63942.1, 
with the original sequence and XP_002270544.1. 

VvSAT1;1 and VvSAT2;2 isolated by affinity His tag allowed homogeneous purification. Gel 

analysis and immunoblotting with antibody to At SAT3 from Arabidopsis thaliana confirmed 

http://www.expasy.ch/cgi-bin/dna_sequences?/work/expasy/tmp/http/seqdna.24121,1
http://www.expasy.ch/cgi-bin/dna_sequences?/work/expasy/tmp/http/seqdna.24121,2
http://www.expasy.ch/cgi-bin/dna_sequences?/work/expasy/tmp/http/seqdna.24121,3
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the identity of VvSAT1;1 and VvSAT2;2 in crude extract and purified bands (Fig. 6, A1 and 8, 

B1).  

 

 
Figure 6. Interaction of VvSAT1;1 and VvSAT2;2 with At OAS-TL3 after expression in E. coli 
and purified using a His-Trap column in Ni affinity column.  
(A) SDS-PAGE gel stained with Coomassie blue. 1, E. coli crude proteins after expression of VvSAT1;1 protein; 
2, E. coli crude proteins after expression of At OAS-TL3 protein; 3, flow through after the contact with the column 
of 1 and 2 crude extracts; 4-5, washing steps with extraction buffer containing 10 mM OAS and 80 mM imidazole; 
6-7, elution with extraction buffer containing 400 mM imidazole; 8, E. coli crude proteins after expression of 
VvSAT2;2 protein; 9, E. coli crude proteins after expression of AtOAS-TL3 protein; 10, flow through after the 

contact with the column of 1 and 2 crude extracts; 11-12, washing steps with extraction buffer containing 10 mM 
OAS and 80 mM imidazole; 13-14, elution with extraction buffer containing 400 mM imidazole.  
(B) Immunoblots of SDS-PAGE gels of crude proteins from recombinant E. coli and fractions of Ni affinity column 
using serum against At SAT3 (left panel) and OAS-TL3 proteins (right panel). 1, E. coli crude proteins after 
expression of VvSAT (VvSAT1;1 top panel, VvSAT2;2 down panel) protein; 2, E. coli crude proteins after 
expression of At OAS-TL3 protein; 3, elution with extraction buffer containing 400 mM imidazole; 4, washing steps 
with extraction buffer containing 10 mM OAS and 80 mM imidazole. 
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The interaction between VvSAT and OAS-TL3 was studied based on the co-purification of 

VvSAT and OAS-TL3 from A. thaliana, also by His tag. As the procedure is based on the 

sequential elution of the protein from the affinity column with 10 mM O-acetylserine (OAS) 

and 80 mM imidazole or exclusively 400 mM imidazole, the interaction between VvSAT and 

OAS-TL occurs if both proteins will be seen in the elution fraction of 400 mM imidazole, 

otherwise OAS-TL will elute in 10 mM OAS and 80 mM of imidazole fraction and VvSAT in 

the fraction of 400 mM imidazole. VvSAT1;1 and OAS-TL3 could be seen in the 400 mM 

imidazole fraction by SDS-PAGE gel analysis (Fig. 6, A6 and 7) and confirmed by 

immunoblotting with a specific antibody to OAS-TL3 (Fig. 6, B3). However faint bands in the 

OAS plus 80 mM imidazole fractions were observed by immunoblotting analysis (Fig. 6, B4). 

Considering the interaction between VvSAT2;2 and OAS-TL3, a OAS-TL3 band was 

detected in the fractions related to elution with OAS and 80 mM imidazole (Fig. 6, A11 and 

12), but also faint bands were observed in the 400 mM imidazole fractions together with 

VvSAT2;2 (Fig. 6, A13 and 14), which were confirmed in the immunoblot with OAS-TL3 

antibody (Fig. 6, B3), although stronger bands were present in the fractions eluted with OAS 

plus 80 mM imidazole (Fig. 6, B4). 

 

DISCUSSION 

Vitis vinifera genome sequencing projects (Velasco et al., 2007; Jaillon et al., 2007) allowed 

the identification of putative serine acetyltransferase (VvSAT) genes and matching protein 

sequences. A bioinformatics analysis of the conserved domains and subcellular localization 

of the identified sequences showed that all putative V. vinifera serine acetyltransferase 

amino acid sequences shared the characteristic conserved domains of this protein family, 

and the distribution into three different groups matched previous phylogenetic results (Fig. 7), 

eventually with the exception of Zea mays isoform II and Oriza sativa isoform II which seem 

to establish a distinct fourth group. Focusing Vitis SATs, VvSAT2;2 presents a distinct 

feature neither observed in A. thaliana, nor in all the others plant SAT available in public 

databases; a considerably shorter C-terminal sequence (Fig. 1). The C-terminal of plant SAT 

has a crucial role in the protein functionality as revealed by site-directed mutation of 

mitochondrial A. thaliana SAT (Wirtz et al., 2001) and by the two-hybrid analysis (Bogdanova 

et al., 1997). Apparently, the C-terminal of SAT proteins displays transferase activity and 

assures the interaction with OAS-TL (Bogdanova et al., 1997; Wirtz et al., 2006; Wirtz et al., 

2007). Although having a shorter C-terminal VvSAT2;2 still maintains the typical 

acyltransferase domain with hexapeptides repeats of -sheets arranged in left-handed 

parallel -helix (Vaara, 1992) as predicted in NCBI analysis (Marchler-Bauer et al., 2009) and 

PROSITE scan in ExPaSy. 



Chapter 4 

102 
 

 

Figure 7. Phylogenetic tree of amino acid sequences of SAT-like protein from different plant 
species. Accession numbers from NCBI: Allium cepa, AAF19000.1; Allium tuberosum, BAA93050.1; 
Arabidopsis thaliana: AtSerat1;1, NP_20048; AtSerat2;1, NP_175988; AtSerat2;2, NP_187918; 
AtSerat3;1, NP_565421; AtSerat3;2, NP_195289; Citrullus lanatus, BAA12843.1; Glycine max, 
AAL66292.1; Nicotiana tabacum: SAT1, Q8H0P7, SAT4, Q8H0P6, SAT7, Q8H0P5; Oryza sativa: a, 

NP_001048879.1, b, AAN05506.1, c, AAN05506.1, II, ABF94351.1; Spinacia oleracea, BAA13634.1; 

Thlaspi goesingense: chloroplast, AAT38562.1, cytosolic, AAT38563.1, mitochondrial, AAT38561.1; 
hypothetical proteins of Vitis vinifera with homology to serine acetyltransferase proteins: VvSAT1;1, 
CAO65381.1, VvSAT2;1, CAO45098.1, VvSAT2;2, XP_002270544.1, VvSAT3;1, CAO67069.1, 
VvSAT3;2, CAO23278.1; Zea mays: I, AAN76864.1, II, AAN76865.1, III, AAN76863.1. Alignments 
were performed using the TCOFFEE web service (Notredame et al. 2000) and the resulting unrooted 
tree was drawn using TreeView version 1.6.6 (Page, 1996). 

 

Frequently the correlation between the SAT group and the subcellular localization can be 

established, although far from perfect (Kawashima et al., 2005). Cysteine synthesis is 

reported to occur in all subcellular compartments (Wirtz et al., 2006; Haas et al., 2008; 

Watanabe et al., 2008a; Watanabe et al., 2008b), thus SAT isoforms may be present and 

functional in each compartment (Kawashima et al., 2005; Watanabe et al., 2008b). Group 1 

isoforms are generally cytosolic (Noji et al., 1998; Chronis et al., 2004; Freeman et al., 2004; 

Kawashima et al., 2005); group 2 are localized to the organelles (Ruffet et al., 1994; Noji et 

al., 1998; Freeman et al., 2004) and the group 3 isoforms from A. thaliana were also 
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localized to the cytosol (Kawashima et al., 2005). The prediction conducted with different 

computer programs showed a cytosolic localization for VvSAT1;1, which was confirmed with 

GFP fusion protein directed by the complete sequence of VvSAT1;1 (Fig. 2D). VvSAT2;1 

localization was also predicted to the cytosol, and partially confirmed in transformed 

protoplasts with the complete sequence of VvSAT2;1 fused to GFP protein (Fig. 2F), 

although distinct patterns were observed in some of the protoplasts transformed with this 

protein (Fig. 2E). Recently, a distinct sequence, XP_002264933.1, was released, highly 

homologous to VvSAT2;1 except for an extra N-terminal 38 amino acid sequence, which 

changed the subcellular targeting prediction to a mitochondrial localization (Table 3 and 4). 

To clarify the position of the first methionine, the surrounding area of the first ATG of both 

sequences was analyzed and, surprisingly, the sequence named VvSAT2;1 was the only 

having the plant consensus sequence for selection of the start codon as defined by (Lutcke 

et al., 1987). XP_002264933.1 needs further analysis to ascertain whether from this 

sequence two proteins with distinct compartment localization can be produced as suggested 

for SAT-p isoform (Noji et al., 1998). In this scenario VvSAT2;1 could be predominant 

considering the surrounding area of the ATG codon; alternatively XP_002264933.1 could be 

the functional protein sequence. VvSAT2;2 was targeted to the chloroplast in the majority of 

the in silico analysis, although low probability values were obtained (data not shown). V. 

vinifera protoplasts transformed with the GFP constructs with the complete sequence of 

VvSAT2;2 exhibited a circular structure pointing to a putative nuclear localization. However, 

considering that SAT proteins were never localized to the nucleus (Hell et al., 2002; Noji et 

al., 2006), the hypothesis of being an artifact has to be considered, mainly because GFP 

overexpression can originate artifacts (Kohler, 1998). The prediction of VvSAT3;1 localization 

was divergent in function of the computer programs, SAT while for VvSAT3;2 almost all of 

the programs predicted a cytosolic localization, that was confirmed by the GFP analysis.  

In what concerns transcription, the highest level was observed for VvSAT2;1, followed 

closely by VvSAT1;1 and VvSAT2;2; VvSAT3;1 and VvSAT3;2 were clearly minor in the 

mRNA pool. In A. thaliana the mitochondrial SAT was responsible for around 80% of SAT 

activity in the cell (Ruffet et al., 1994; Droux, 2003) and played the predominant role in 

cellular formation of OAS as confirmed with T-DNA mutants and microRNA silencing (Haas 

et al., 2008; Watanabe et al., 2008b). It is then tempting to speculate, considering the 

prediction for subcellular localization and the mRNA level, that VvSAT2;1 could be the Vitis 

vinifera mitochondrial SAT isoform. Kawashima et al. (2005) reported that group 1 and 2 

contribute for most of the SAT mRNA, especially during vegetative development of A. 

thaliana; group 3 isoforms showed low gene expression and low substrate affinity, leading to 

the hypothesis that the production of OAS is only a side activity to those proteins 

(Kawashima et al., 2005; Wirtz et al., 2006), although these proteins still produced the 
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necessary OAS for plant growth and development in quadruple mutants for SAT proteins 

(Watanabe et al., 2008b).  

Sulfur deficiency conditions (-S) lead to gene expression up-regulation, strong for VvSAT2;2, 

and mild for VvSAT2;1, in contrast the transcript levels of VvSAT1;1 and VvSAT3;2 were 

maintained constant (Fig. 3). Northern bolt hybridization previously showed that leaf and root 

SAT mRNA level was semi-constitutive (Hell et al., 2002) but under –S conditions root and 

leaf AtSerat2;1 (named SAT1) was up-regulated contrary to constant mRNA levels of 

AtSerat1;1 (named SAT52) and AtSerat2;2 (named SAT-A) (Takahashi et al., 1997) In a 

different study (Bogdanova et al., 1995) observed in mRNA from the whole Arabidopsis plant 

under sulfur deficiency that AtSerat2;2 (named SAT1-6) transcript level increased by 1.5 to 

2-fold. In a microarray analysis (Nikiforova et al., 2003) disclosed AtSerat2;2 (named Sat-1) 

as one of the sulfur pathway genes up-regulated under sulfur deficiency. Recently, 

Kawashima et al. (2005) showed by real-time PCR analysis the sulfur deficiency induction of 

AtSerat3;2 expression in roots and leaves, and of AtSerat3;1 expression in roots after long-

term sulfur deficiency, while the mRNA level of group 1 and 2 transcripts remained constant. 

Concluding, except for the latter results, the genes mostly up-regulated by sulfur deficiency 

were AtSerat2;1 and AtSerat2;2, as was the case for -S V. vinifera cells.  

Under sulfur deficiency the amount of glutathione (GSH) decreases significantly, the low 

levels of GSH being compensated by the activation of the glutathione oxidation/reduction 

cycle (Nikiforova et al., 2003). A SAT protein from Glycine max, GmSerat2;1, localized in the 

cytoplasm and plastids responded to the H2O2 exposure through activation of GmSAT2;1 

suggesting a role in supporting the production of GSH to scavenge excess reactive oxygen 

species (Liu et al., 2006), what implicates an increased demand for cysteine synthesis. 

Reinforcing these results, the relative abundance of APR3 (adenosine phosphosulfate 

reductase) and AtSerat2;1 transcripts was correlated with marker transcripts for H2O2 

signaling (Queval et al., 2009). Interestingly a strong expression of AtSAT2;1 was observed 

in leaf trichomes, detoxifying specialized cells in which GSH synthesis is amplified 

(Gutierrez-Alcala et al., 2000). Taken together these data support the role of cysteine 

synthesis in induced oxidant conditions leading to the up-regulation of glutathione synthesis, 

and suggest the chloroplast as an important contributor to cysteine production under stress 

circumstances (Liu et al., 2006; Queval et al., 2009), although under non-stressful conditions 

this compartment is a minor provider of OAS to the cell (Ruffet et al., 1994; Wirtz et al., 2006; 

Watanabe et al., 2008b; Krueger et al., 2009).  

The carboxyl-terminal domain of SAT proteins is of special importance due to its 

bifunctionality, in the protein-protein interaction with OAS-TL and in the transferase activity 

(Bogdanova et al., 1997; Wirtz et al., 2001). As referred above the considerable shorter C-

terminal sequence of VvSAT2;2 (~ 30 amino acid) raised the question of whether VvSAT2;2 



Chapter 4 

105 
 

could interact with OAS-TL. VvSAT1;1 and VvSAT2;2 identity as SAT proteins was 

confirmed by immunobloting with antibody to the AtSAT3 (Fig. 6B-1). The co-purification of 

VvSAT1;1 and VvSAT2;2 proteins with OAS-TL3 from A. thaliana indicated that VvSAT1;1 

clearly interacts with OAS-TL3 to form the cysteine complex synthase (Fig. 6A, B) while, from 

the results obtained in the co-purification of VvSAT2;2 and OAS-TL3, if an interaction occurs, 

it is certainly weaker than that observed for VvSAT1;1. It is not to exclude that the overload 

of the column and the washing steps were not sufficient to elute all the OAS-TL3 present.  

Considering different biochemical acquired knowledge, namely that free SAT rapidly looses 

activity (Droux et al., 1998), that for in vitro cysteine production SAT needs to be in excess of 

OAS-TL (Ruffet et al., 1994), that the affinity for serine and acetyl-coezyme A of free SAT is 

considerably lower (higher Km) than in association with OAS-TL (Droux et al., 1998; Noji et 

al., 1998; Wirtz et al., 2001), that the complex formation between SAT and OAS-TL is 

necessary for optimized cysteine production (Wirtz et al., 2006), the question is: what is the 

meaning of the absence of VvSAT2;2 interaction with OAS-TL? May be that VvSAT2;2 is 

inactive, what needs to be investigated by functional complementation, but why does the 

level of transcripts increase so drastically in sulfur deficiency? This boost in VvSAT2;2 mRNA 

could be due to the lower activity of the protein considering the absence of interaction with 

OAS-TL. As the mRNA level of OAS-TL in V. vinifera cell culture, in the same conditions of 

sulfur deficiency, remained constant (Amâncio et al., 2009), apparently the regulation of 

cysteine synthesis could be dependent on VvSAT in conditions of high demand for GSH and, 

consequently, for cysteine. 

The whole set of results allow to conclude that 1) putative SAT family in V. vinifera has some 

distinct characteristics, although the general distribution into three groups and the presence 

of conserved domains was verified; 2) Specific compartment localization  prediction for 

VvSAT proteins, confirmed canonic localization of VvSAT1;1 and VvSAT3;2 and partially of 

VvSAT2;1 and VvSAT2;2 ; 3) expression profiles indicate a stress-linked management of 

cysteine synthesis and related compounds, as GSH; 4) the distinct nature of VvSAT2;2 C-

terminal needs further confirmation and significance analysis. 
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ABSTRACT 12 

Grapevine (Vitis vinifera L.) is rich in phenylpropanoids, namely flavonoids and stilbenes, 13 

which are present in most tissues, described as antioxidants and known to accumulate in 14 

response to nutrient stress. Grapevine is an excellent model for studying the interplay 15 

between the phenylpropanoid pathway and nutrient stress. Here we report the response to 16 

sulfur deficiency (-S) in chlorophyll (plantlets) and non-chlorophyll (cell culture) tissues of 17 

flavonoids and stilbenes biosynthetic pathways. Anthocyanins and trans-resveratrol in 18 

plantlets and trans-resveratrol glucoside in cell culture accumulated in response to sulfur 19 

deficiency, while a significant decrease in chlorophyll was observed in –S plantlets. The up-20 

regulation of chalcone synthase gene and the downstream flavonoid biosynthesis genes 21 

dihydroflavonol reductase and anthocyanidin synthase matched the accumulation of 22 

anthocyanins in –S V. vinifera plantlets. One gene for glutathione S-transferase was also up-23 

regulated in –S plantlets. The mRNA level of stilbene synthase gene correlated tightly with 24 

the increase in trans-resveratrol and trans-resveratrol glucoside in –S plantlets and cell 25 
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culture, respectively. Our results show that Vitis vinifera under sulfur deficiency devoted 26 

resources to the phenylpropanoid pathway, probably in order to cope with oxidative stress 27 

observed in –S conditions considering the decrease in chlorophyll in plantlets and the up-28 

regulation of a laccase gene in cell cultures. 29 

 30 

Key-words: Vitis vinifera; anthocyanins; chalcone synthase; stilbenes; stilbene synthase; 31 

sulfur deficiency. 32 

 33 
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INTRODUCTION 53 

The phenylpropanoid biosynthetic pathway is widely spread in plant species conferring 54 

adaptive advantages to diverse ecosystems. Phenylpropanoids are phytochemicals not 55 

essential for plant survival, thus classified as plant secondary compounds. Vitis vinifera L. 56 

(grapevine) has a large variety of phenylpropanoid compounds, including polyphenols 57 

(flavonoids and stilbenes), which assume several roles in the plant´s life cycle. Flavonoids 58 

are present in all Vitis vinifera tissues and, including anthocyanin, have been described as 59 

powerful antioxidants, namely protecting against UV photo-oxidative leaf damage, 60 

functioning like seed dispersers and pollinator’s recruiters (Winkel-Shirley 2002). Stilbenes, 61 

resveratrol and their derivatives, like viniferin and glycosylated forms, were classified as 62 

phytoalexins due to their capacity to restrain fungal growth contributing to enhance plant 63 

resistance to biotic stress (Adrian et al. 1997). Furthermore, abiotic stress factors, such as 64 

aluminum (Adrian et al. 1996), ozone exposure (Schubert et al. 1997), UV-light (Adrian et al. 65 

2000; Pan, Wang & Li 2009) and mineral nitrogen depletion (Bavaresco et al. 2001) also 66 

induce stilbene synthesis in grapevine. 67 

Polyphenols present in grapes and wine have been recognized as beneficial to human 68 

health, as result of their powerful in vitro antioxidant properties. Resveratrol and its glucoside 69 

were associated with reduction in coronary heart disease mortality and arteriosclerosis, 70 

inhibition of lipoprotein oxidation (Manna, Mukhopadhyay & Aggarwal 2000) and cancer 71 

chemopreventive effect (Jang et al. 1997).  72 

The wine colour is directly affected by the anthocyanins content and composition (Castellarin 73 

& Di Gaspero 2007) while other polyphenols play a part in the wine sensory properties 74 

contributing to the overall quality and characteristics of red grapes and wine (Cosme, 75 

Ricardo-Da-Silva & Laureano 2009). 76 

Phenylpropanoids are phenyalanine-derived compounds. Deamination of phenylalanine by 77 

the action of phenylalanine ammonia lyase (PAL) produces cinnamic acid, the precursor of 78 

all phenylpropanoids. Flavonoids and stilbenes are derived from the activation of cinnamic 79 
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acid with acetyl-CoA, giving rise to p-coumaroyl-CoA, which undergoes cyclization and 80 

aromatization reactions, namely the sequential condensation of one p-coumaroyl-CoA with 81 

three malonyl-CoA molecules (Noel, Austin & Bomati 2005). Chalcone is produced by the 82 

action of chalcone synthase (CHS) and is the precursor of all the flavonoids compounds, 83 

while stilbene synthase (STS) is responsible for the production of stilbenes, such as 84 

resveratrol. The distinct nature of flavonoids (C15) and stilbenes (C14) lays solely in the 85 

decarboxilation step suffered by the second, since both enzymes use de same substrate 86 

(Noel et al. 2005) and it has been established that STS evolved from CHS by gene 87 

duplication (Tropf et al. 1994). The latter is ubiquitous contrary to STS which is restricted to a 88 

limited number of plant species (Tropf et al. 1994). In grapevine STS belongs to a large gene 89 

family, contrary CHS is represented by a small family of three or four members (Sparvoli et 90 

al. 1994; Velasco et al. 2007). The downstream flavonoid biosynthetic pathway includes 91 

single-copy genes like flavonoid 3-hydroxylase (F3’H), dihydroflavonol reductase (DFR), 92 

anthocyanidin synthase (ANS or leucoanthocyanidin dioxygenase, LDOX), anthocyanidin 93 

reductase (ANR), and UDP-glucose:flavonoid 3-O-glucosyltransferase (UFGT), and large 94 

gene families like flavonoid 3’,5’- hydroxylase (F3’,5’H) (Sparvoli et al. 1994; Velasco et al. 95 

2007).  96 

F3’H and F3’,5’H produce dihydroquercetin and dihydromyricetin, respectively, the 97 

intermediates for anthocyanins but also for flavanonols, leucoanthocyanidins, catechins and 98 

tannins biosynthesis in different development stages of grapevine berries (Castellarin et al. 99 

2006). DFR catalyses the reduction of dihydroflavonols to leucoanthocyanidins, which are 100 

intermediates for the anthocyanins pathway and/or proanthocyanidins (condensed tannins), 101 

a side pathway (Dooner, Robbins & Jorgensen 1991; Sparvoli et al. 1994; Boss, Davies & 102 

Robinson 1996). The colourless leucoanthocyanidins are converted to the colour pigments 103 

anthocyanidins by ANS, it was been proposed that ANS has different substrate affinities, and 104 

is capable of interacting in both anthocyanins and proanthocyanins biosynthetic pathways 105 

(Turnbull et al. 2004). UFGT is the first enzyme completely committed to anthocyanins 106 
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biosynthesis and catalyses the first glycosylation step that seems to be important in their 107 

stabilization (Do, Cormier & Nicolas 1995).  108 

In grapevine berries, the anthocyanins content showed a strong correlation with the 109 

cumulative UFGT mRNA (Boss et al. 1996) and its regulatory elements VvMybA (Ford, Boss 110 

& Hoj 1998; Kobayashi et al. 2002), however anthocyanins composition was also influenced 111 

by the regulation of F3’H, F3’,5’H and the level of mRNA O-methyltransferase (Castellarin et 112 

al. 2007). Anthocyanins methylation conducted by O-methyltransferase leads to colour 113 

stabilization before their accumulation in the vacuole (Castellarin et al. 2006) and greatly 114 

affects anthocyanins properties in wine and anti-oxidative power (Castellarin et al. 2007).  115 

Glutathione S-transferases (GSTs) were characterized in relation to the detoxification of 116 

xenobiotics (Marrs et al. 1995) and their ability for intracellular shuttling (Conn et al. 2008). 117 

Several studies with maize mutants and functional complementation demonstrated that 118 

GSTs are involved in the anthocyanins and proanthocyanidins accumulation (Kitamura, 119 

Shikazono & Tanaka 2004), particularly in the transport of anthocyanins to the vacuole (Conn 120 

et al. 2008). Moreover GSTs and UFGT mRNA level showed similar patterns during 121 

grapevine ripening (Castellarin et al. 2007). 122 

Abiotic as well as biotic stress have been linked to the accumulation of polyphenols and 123 

anthocyanins increase is considered as a wide stress response (Winkel-Shirley 2002; 124 

Chalker-Scott & Scott 2004). Nutrient stress, such as nitrogen (Do & Cormier 1991), 125 

phosphorus (Stewart et al. 2001) and sulfur (Nikiforova et al. 2003), can bring about the 126 

accumulation of anthocyanins and other polyphenols, although different classes of 127 

compounds seem to respond differently to environmental variation (Muzika 1993). However 128 

plants present many similarities in the response to different abiotic stresses, at the 129 

physiological as well at the morphological level, suggesting some kind of cross-resistance in 130 

response to abiotic stress (Muzika 1993; Chalker-Scott 1999). 131 

The classical explanation to the increase of secondary compounds in nutrient stress is the 132 

carbon/nutrient balance hypothesis (Bryant, Chapin & Klein 1983; Muzika 1993). Accordingly 133 
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plant growth occurs at the expense of carbon-based secondary metabolites so phenolic 134 

compounds are a source of C, H and O. During the past decades, strong experimental 135 

evidence has been gathered that support the hypothesis that by decreasing N, P or S 136 

availability the demand for basic carbon compounds is reduced and the parallel accumulation 137 

of secondary metabolites is increased.  138 

Grapevine is an excellent model for studying the interplay between phenolic compound and 139 

nutrient stress, considering its major investment in the polyphenol pathway, and the 140 

presence of stilbenes which are an important class of compounds but sparsely distributed 141 

throughout the plant kingdom (Velasco et al. 2007). Here we report for the first time the 142 

response to sulfur deficiency in chlorophyll and non-chlorophyll tissues of flavonoids and 143 

stilbenes biosynthetic pathways. For that purpose, we analyzed the accumulation of phenolic 144 

compounds in different sulfur conditions, with special attention to anthocyanins and 145 

resveratrol and its derivatives. Finally, the cross talk between the mRNA expression of the 146 

main biosynthetic enzymes and the accumulation of the correspondent metabolites is 147 

examined under changing sulfur conditions.  148 

 149 

MATERIAL AND METHODS 150 

Plant materials and culture media 151 

In vitro shoots (plantlets) of Vitis vinifera L. cv Touriga Nacional were under in vitro 152 

multiplication and sub-cultured every 4 weeks into Murashige and Skoog (MS; Murashige & 153 

Skoog (1962)) medium supplemented with 30 g L–1 sucrose, 0.5 M 1-naphthaleneacetic 154 

acid (NAA) and 5.0 M benzylaminopurine (BAP), pH 5.8, 2 g L–1 gelrite (Neves, Sa & 155 

Amancio 1998). 156 

Cell suspensions of Vitis vinifera L. cv Touriga Nacional were obtained by adapting to liquid 157 

culture callus material maintained in the dark at 25 ºC, as described in Jackson et al. (2001). 158 

Circa 4 g callus tissue were dispersed in 50 mL of liquid medium containing MS basal salts 159 

supplemented with 2.5 µM 2,4-dichlorophenoxy-acetic acid (2,4-D), 5 g L-1 160 

http://en.wikipedia.org/wiki/1-Naphthaleneacetic_acid
http://en.wikipedia.org/wiki/1-Naphthaleneacetic_acid
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polyvinylpyrrolidone-40T, 20 g L-1 sucrose and 1 µM kinetin. The cultures growing in 250 mL 161 

flasks on a rotary shaker at 100 rpm, under light, at 25 ºC were subcultured weekly by 162 

diluting 25 mL culture into 25 mL of new medium. 163 

Two sulfate treatments were applied full sulfate (1.5 mM, +S) and sulfate depleted (50 M, -164 

S), after four weekly cycles in +S conditions. Commercial MS (Duchefa Biochemie, Haarlem, 165 

NL) (1.5 mM sulfate) was used for +S experiments while a modified MS medium where 166 

sulfates were substituted for chlorates was considered –S. 167 

 168 

Total phenolic content 169 

Soluble phenolic compounds were isolated from cells and plantlets by extraction into 170 

methanol acidified with 0.1% (v/v) HCl. Samples from cell culture were collected 1, 4 and 7 171 

days after the onset of sulfur stress and plantlets after 2 and 4 weeks growth. All samples 172 

were frozen in liquid nitrogen, lyophilized in 50 mL plastic test tubes and pulverized under 173 

liquid nitrogen. Ground tissue ranging from 40-60 mg was added of 3 mL extraction solution, 174 

gently shaken for 2 hour at room temperature. The methanol extract was diluted 10:1 with 175 

water and absorbance was assayed at 280 nm, with (+)-catechin as standard, in a Shimadzu 176 

UV-265 spectrophotometer (Japan).  177 

The reaction between formaldehyde and m-diphenols or p-diphenols, often named Stiasny 178 

reaction, occurs under acidic conditions, producing a precipitate following the formation of a 179 

methylene bridge between the A-rings of two or more molecules (Scalbert 1992). Thus, the 180 

Stiasny reaction allowed a first separation within the total phenolic compounds. After the 181 

determination of total phenolic content in the plant extract as described above, 2.5 mL of 182 

20% (v/v) HCl and 1.75 mL formaldehyde were added to 2.5 mL of plant extract. The 183 

reaction was incubated overnight at room temperature; the un-precipitated phenols were 184 

estimated at 280 nm. The precipitate contained flavonoids, proanthocyanidins and stilbenes, 185 

while in solution stayed the monophenols and o-diphenols fraction. 186 

 187 
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Anthocyanin quantification 188 

The assay of anthocyanin content was carried out in plantlets grown for 2 and 4 weeks in +S 189 

and –S medium, as well as in cell cultures sampled at 1, 4 and 7 days in the same sulfur 190 

conditions. 191 

Samples were frozen in liquid nitrogen, lyophilized in 50 mL plastic test tubes and pulverized 192 

under liquid nitrogen. Anthocyanin content from each sample was quantified based in the 193 

procedure developed by Bariola, MacIntosh & Green (1999). Ground tissue was gently 194 

shaken in 1.5 mL of 1% (v/v) HCl/methanol for 2 h at room temperature. Subsequently, 1.2 195 

mL chloroform was added to the mixture and vortexed vigorously, prior to the addition of 3 196 

mL of deionized water. The mixture was vortexed again and centrifuged for 3 min at 6000 g. 197 

The supernatant was removed and the absorbance of a 1 mL aliquot was measured at 530 198 

nm and 657 nm in a Shimadzu UV-265 spectrophotometer (Japan). The latter absorbance 199 

values were obtained to compensate for the absorbance of chlorophyll. The difference 200 

between A530 and A657 was used as a measure of anthocyanin content. Values were 201 

normalized to the dry weight of each sample. 202 

 203 

HPLC analysis of stilbenes compounds 204 

The reversed-phase HPLC analytical separation was performed according to the method of 205 

Pussa et al. (2006) and Martin et al. (2009), with the modifications specified below, using a 206 

Waters 1525 binary pump linked to a Waters 2996 photodiode array detector (PDA). The 207 

HPLC equipment was coupled with a Waters Symmetry C18 column with a guard column 208 

filled with the same type of sorbent in a gradient mode of 0.1% (v/v) formic acid (solvent A) 209 

and acetonitrile (solvent B) at a flow rate of 0.5 mL min-1 at 35 °C. Elution was started with a 210 

linear gradient of B from 10 to 30% by 20 min and then to 90% by 60 min. Elution terminated 211 

isocratically with 100% B for 10 min to wash the column. The sample injection volume was 212 

50 μL. The PDA detector was set at an interval of 220–600 nm. The eluate optical density 213 

was monitored at the maximum absorbance wavelength for each peak ( max). These were for 214 
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305 nm for trans-resveratrol, 320 nm for trans-resveratrol glucoside and 323 nm for -215 

viniferin. 216 

Quantification of individual peaks was achieved by comparison to the sample internal 217 

standard pterostilbene. Identification of the chromatographic peaks was performed by 218 

comparison to known standards: trans-resveratrol, trans-resveratrol glucoside and 219 

pterostilbene obtained from Sigma-Aldrich. Identification of -viniferin was by comparison 220 

with the results of Pussa et al. (2006) and Martin et al. (2009). 221 

 222 

RNA isolation and reverse transcriptase-PCR 223 

RNA from V. vinifera plantlets was extracted according to the method described by (Reid et 224 

al. 2006). RNA from cell culture was isolated using the RNeasy® Plant Mini Kit (Qiagen, 225 

Hilden, Germany) following the manufacturer’s instructions. RNA samples were treated with 226 

RNase free DNaseI (Qiagen, Hilden, Germany) according to the manufacturer protocol and 227 

quantified using absorption of U.V. light at 260 nm. Reverse transcription was carried out 228 

using superscript III Rnase H- reverse transcriptase priming with oligo-d(T)20 (Invitrogen, 229 

Carlsbad, CA) according to the manufacturer's recommendations.  230 

 231 

Quantitative real-time RT-PCR (qPCR) 232 

Complementary DNA (cDNA) was synthesized from 1 g total RNA after DNaseI treatment. 233 

Specific primers to the genes studied are indicated in Table S1 (supplementary data). 234 

Quantitative real-time PCRs were performed in 20 µL of reaction mixture composed of cDNA, 235 

0.5 µM gene-specific primers and master mix iQ SYBR Green Supermix (Bio-Rad, Hercules, 236 

CA) using an iQ5 Real Time PCR (Bio-Rad, Hercules, CA). Reactions conditions for thermal 237 

cycling were: 95 ºC, 3 min; then 40 cycles at 95 ºC 15 s, 60 ºC 30 s, 72 ºC 20 s, each run 238 

was completed with a melting curve analysis. Data were analyzed with the iQ5 optical 239 

system software (Bio-Rad, Hercules, CA) and exported into a MS Excel workbook (Microsoft 240 

Inc.) for further analysis. Transcript levels were normalized to Act2 transcript levels, a 241 
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housekeeping gene found to be expressed at constant level in the conditions tested (An et al. 242 

1996). The method described by Livak & Schmittgen (2001) was applied to compare the 243 

transcript levels in –S and +S conditions.  244 

 245 

Statistical analysis 246 

For each parameter, S treatment and control were performed at least twice in triplicate. The 247 

results were statistically evaluated by variance analysis (ANOVA) using MS Excel workbook 248 

(Microsoft Inc.) software. Data are presented ± standard deviation (SD). Two-way anova was 249 

conducted with least significance difference (LSD) statistic when sulfate level or time of 250 

growth had significant effects. Each experiment consisted of two sulfate conditions and two 251 

and three growth points for plantlets and cell culture, respectively. The data were sampled 252 

and sulfate and time effects were tested at P< 0.05 and P< 0.01.  253 

 254 

RESULTS 255 

The effect of sulfate deficiency on flavonoid and stilbene contents and on the expression of 256 

the correspondent biosynthetic pathways genes in grapevine (Vitis vinifera L.) chlorophyll 257 

and non-chlorophyll tissues was analysed in two experimental models: cell cultures and in 258 

vitro plantlets.  259 

 260 

Physiological responses to sulfur deficiency 261 

The measurement of physiological parameters is a valuable mean to assess the effect of 262 

imposed conditions on the functioning of biological experimental systems. Low sulfate (-S) 263 

availability significantly reduced the growth of Vitis vinifera plantlets. The –S medium affected 264 

severely total biomass and had a pronounced effect on plantlet branching and, consequently, 265 

in leaf number. The branch and leaf number was respectively 75% and 80% higher in +S 266 

plantlets at the 2nd week (Table 1) and such tendency was confirmed after 4 weeks growth, 267 
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when +S plantlets showed an average of 2.45 shoots, contrary to the majority of –S plantlets 268 

which maintained but the initial branch. 269 

As a symptom of good physiological shape, the total chlorophyll content of +S shoots did not 270 

change during the 4 weeks of multiplication treatment (Table 1) while the –S conditions 271 

significantly affected the total chlorophyll content of the shoots. At the 4th week, –S shoots 272 

showed the lowest chlorophyll content resulting in visible symptoms of chlorosis. The 273 

chlorophyll a/b ratio was similar in both conditions studied with a slight tendency for 274 

decreasing during the second half of the growth period. 275 

(Insert Table 1) 276 

Comparing the biomass of +S to –S cell cultures along the growth cycle, increasing values 277 

were obtained on the first measurement events in both conditions. Only after five days in 278 

culture V. vinifera cells on +S medium showed a statistically higher fresh weight than -S cells 279 

(4.8 vs 4 g) and such a tendency was emphasized after 7 days culture, when the -S cells 280 

fresh weight equaled the initial fresh weight, 3 g, while +S cells attained the highest value of 281 

5.8 g (Table 1). V. vinifera cells growing in –S during a 7 days cycle showed increasing 282 

browning as compared to cells growing in +S conditions. 283 

 284 

Total phenolic compounds 285 

An increase in the content of total phenolic compounds was observed in response to sulfur 286 

deficiency in both experimental systems. Total phenolic content was higher in –S in plantlets 287 

after two weeks, although not statistically significant and even though declining towards the 288 

4th week in both conditions, the highest value was obtained in –S conditions (Table 2). Cells 289 

grown in liquid culture presented lower phenolic contents as compared to plantlets, which, 290 

along the growth cycle, were maintained in +S cells but increased under –S conditions (Table 291 

2). 292 

Phenolic compounds in methanol-acid extracts can be fractionated by formaldehyde 293 

precipitation. In Table 2 we show that the precipitated fraction corresponds to the main input 294 
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to the total phenolic content in both experimental systems and conditions, monophenols and 295 

o-diphenols stay in the soluble fraction and represents a smaller fraction of total phenols, 296 

contributing in lesser extend to the response to –S conditions. 297 

(Insert Table 2) 298 

 299 

Anthocyanin accumulation in V. vinifera plantlets 300 

Sulfate deficiency caused an increase in anthocyanin accumulation in V. vinifera plantlets. 301 

Two weeks treatment without sulfate led to a moderate and not statistically different raise in 302 

anthocyanins content of –S plantlets. The highest value was obtained in plantlets subjected 303 

to sulfate deficiency for four weeks (P<0.01). At two and four weeks growth the control 304 

plantlets maintained anthocyanin content (Fig. 1).  305 

Cell cultures grown under light exposition did not show any accumulation of anthocyanins in 306 

both sulfate conditions, at least as measured by the applied photometric technique (data not 307 

shown). 308 

(Insert Figure 1) 309 

 310 

Stilbene production 311 

In methanol extracts obtained from V. vinifera plantlets growing in +S or –S conditions and 312 

analyzed by HPLC, we could detect and quantify the stilbene compounds trans-resveratrol, 313 

trans-resveratrol glucoside and the oxidized form, -viniferin. Trans-resveratrol, the 314 

predominant stilbene measured in both treatments, with ca 0.50 g mg-1 DW in +S plantlets, 315 

raised significantly in –S conditions to 1.29 and 0.87 g mg-1 DW, respectively at the 2nd and 316 

4th week. Therefore trans-resveratrol showed the greatest response to sulfate deficiency: a 317 

1.7 to 2.5 fold increase. -viniferin exhibited a moderate increase under –S conditions, 318 

although significantly different (P<0.05), and the trans-resveratrol glucoside amount was 319 

almost constant under the two sulfate conditions (Fig. 2). 320 
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The HPLC analysis of extracts from cell cultures only allowed the detection of trans-321 

resveratrol glucoside. The non-glucoside trans-resveratrol could be detected in very small 322 

amounts, 0.04 and 0.06 g mg-1 DW, 4 and 7 days in –S conditions, respectively. -viniferin 323 

was absent in +S and –S cells, or below the limits of our HPLC analysis. In +S conditions, 324 

the amount of trans-resveratrol glucoside was maintained constant during the growth cycle 325 

and similar to the amount in –S cells collected at day one (+S, 0.10; –S, 0.11 g mg-1 DW). 326 

However after four days in –S, cells revealed a 7 fold boost in the amount of trans-resveratrol 327 

glucoside detected, which was maintained at the 7th day in –S medium (Fig. 2).  328 

(Insert Figure 2) 329 

 330 

Sulfur deficiency effects on the expression of genes involved in the phenypropanoid 331 

pathway 332 

Chalcone synthase and stilbene synthase are the two branching enzymes on the 333 

phenypropanoid biosynthetic pathway. The transcription level of chalcone synthase (CHS) 334 

and stilbene synthase (STS) genes increased, respectively, 8.0 and 6.1 times in plantlets of 335 

V. vinifera under –S conditions after 2 and 4 weeks growth (Fig.3). Other genes of the 336 

penylpropanoid pathway also responded to the nutrient deficiency, such as dihydroflavonol 337 

reductase (DFR) and anthocyanidin synthase (ANS), the first moderately, by increasing 3.8, 338 

and the second at the same level of CSH and STS (Fig. 3). Flavonoid 3’,5’- hydroxylase 339 

(F3’,5’H) and UDP-glucose:flavonoid 3-O-glucosyltransferase (UFGT) did not seem to 340 

respond to the –S conditions. 341 

Glutathione S-transferase (GST) has been address as responsible for the transport and 342 

accumulation of phenylpropanoid compounds into the vacuole, under sulfur limitation 343 

conditions GST gene was up-regulated by 6.5 times in V. vinifera plantlets (Fig. 3).  344 

(Insert Figure 3) 345 

 346 
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In cell culture CHS and STS mRNA reacted strongly in opposite directions to sulfate 347 

deficiency (Fig. 4). After one day in –S medium, the transcription level of CHS did not change 348 

and that of STS was slightly up-regulated (4 fold increase). However after four days the 349 

tendency for a down-regulation of CHS and up-regulation of STS transcripts was 350 

accentuated and after seven days in –S conditions, CHS reached ca 60 fold repression and 351 

STS a 100 fold increase (Fig. 4).  352 

(Insert Figure 4) 353 

Several genes acting down-stream to CHS were also slightly down-regulated in –S 354 

conditions, such as ANS, or did not respond to the deficiency conditions in cell culture, e.g. 355 

GST (data not shown). Although we could not quantify anthocyanins we could detect mRNA 356 

of the genes addressed to the biosynthesis of these flavonoids, such as ANS and UFGT.  357 

The transcription level of a laccase-type gene was also studied, considering its role on the 358 

oxidation of phenolic compounds. In V. vinifera plantlets laccase-type mRNA accumulation 359 

was not altered due to the sulfate deficiency conditions. In contrast, in cell culture laccase-360 

type transcript was dramatically increased even earlier than the response in observed in 361 

STS. In fact, the increase in the transcript levels of the laccase-type was evident earlier than 362 

that recorded for the STS gene. After 4 days, a 70-fold increase was observed in laccase 363 

gene expression. This trend continued to the end of the cell growth cycle, at which time the 364 

up-regulation of the laccase gene was similar to the one observed for STS gene (Fig. 4). 365 

 366 

DISCUSSION 367 

Slow down of growth and metabolic activity of Vitis vinifera plantlets and cell cultures 368 

under sulfur deficiency  369 

Sulfur deficiency significantly reduced overall growth of V. vinifera plantlets, specialy obvious 370 

in the number of new shoots (branching), and cell culture biomass accumulation (Table 1). 371 

Reduced biomass was also observed in Arabidopsis thaliana seedlings under induced sulfur 372 
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starvation conditions (Nikiforova et al. 2003; Nikiforova et al. 2005) and in grapevine cell 373 

culture (Tavares et al. 2008). This general retardation of metabolic activity was also evident 374 

by the significant decrease in chlorophyll content under –S conditions in V. vinifera plantlets 375 

(Table 1). Several plant species responded to sulfur deficiency by lowering chlorophyll 376 

content, such as spinach (Warrilow & Hawkesford 1998), oilseed rape (Blake-Kalff et al. 377 

1998), sugar beet (Thomas et al. 2000) and Arabidopsis (Nikiforova et al. 2003; Nikiforova et 378 

al. 2005) and is assumed a loss of photosynthetic capacity (Hirai et al. 2003). The metabolic 379 

profiling of A. thaliana sulfur deficiency showed that the concentration in metabolites of 380 

chlorophyll pathway was the second most affected group after those involved in sulfur 381 

assimilation. The parallel decrease of the sulfur metabolite S-adenosylmethionine (SAM) is 382 

point out as key responsible given its involvement in the latter steps of chlorophyll 383 

biosynthesis (Nikiforova et al. 2005). 384 

 385 

High accumulation of phenolic compounds under sulfur deficiency: moderate impact 386 

on anthocyanin content and major response of stlibene levels 387 

According to the carbon-nutrient balance hypothesis, carbon rich secondary metabolites 388 

accumulate when other nutrients, namely nitrogen, are present at low levels (Bryant et al. 389 

1983). Phenylpropanoids are secondary carbon-rich metabolites which accumulate under 390 

low nitrogen fertilization of Abies grandis (Muzika 1993) or low nitrate availability in tobacco 391 

plants (Fritz et al. 2006). A similar trend was observed in sulfur deficient A. thaliana 392 

(Nikiforova et al. 2005) and in grapevine plantlets and cell cultures where a significant 393 

increase in total phenolic content was measured in response to sulfur deficiency (Table 2). 394 

Flavonoids, flavonoid-derived (e.g. condensed tannins) and stilbenes were the main phenolic 395 

compounds raising after sulfur limitation, as confirmed by formaldehyde precipitation, while 396 

the smaller, non-precipitated fraction did not change in response to sulfur. Two groups of 397 

compounds in the precipitated fraction were elected for a closer attention on the effect of 398 

sulfur deficiency, anthocyanins and stilbenes. 399 
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After two and four weeks from the onset of sulfate deficiency, plantlets of V. vinifera showed 400 

a significantly increase in the anthocyanins content (Fig. 1), which was comparable to the 401 

results described previously in A. thaliana (Nikiforova et al. 2005). Anthocyanin accumulation 402 

is considered a common response to stress conditions (Chalker-Scott et al. 2004), including 403 

nutrient stress such as nitrogen in grapevine cell culture, e.g. (Do & Cormier 1991) and 404 

phosphorus in Arabidopsis and tomato (Trull et al. 1997; Stewart et al. 2001). Other induction 405 

factors of anthocyanin accumulation comprise growth regulators, such as jasmonates 406 

(Belhadj et al. 2008) in V. vinifera cell culture. Microarray analysis in A. thaliana seedlings 407 

grown under sulfur depletion showed an increase in the level of transcripts implicated in 408 

auxin and jasmonic acid biosynthesis (Nikiforova et al. 2003; Hirai et al. 2003), linking auxin 409 

and jasmonate pathways to anthocyanins response under sulfur deficiency. 410 

Chalker-Scott (1999) suggests that anthocyanins have different protective effects: absorbing 411 

high radiation wavelengths, scavenging reactive oxygen species and acting as osmotic 412 

adjusters. The first seems to be of especially importance in sulfur depletion conditions, 413 

considering that the decline in chlorophyll and the even stronger decrease in sulfolipids 414 

associated with the impairment of light absorbance and of photosynthetic capacity observed 415 

in A. thaliana (Nikiforova et al. 2003; Nikiforova et al. 2005), points to metabolic conditions 416 

where even low light intensities can be sensed as light stress.  417 

Conversely to flavonoids which are ubiquitous in plants, stilbenes are specific to certain plant 418 

families including the Vitaceae. Under sulfur deficiency, trans-resveratrol and -viniferin 419 

increased moderately in V. vinifera plantlets whereas in cell cultures trans-resveratrol 420 

glucoside was predominant and increased dramatically in response to sulfur deficiency (Fig. 421 

2). Trans-resveratrol glucoside can be regarded as the storage form of trans-resveratrol. It 422 

can accumulate in the vacuole, thus protecting the resveratrol molecule from peroxidation, 423 

which leads to the formation of viniferin, which could be potentially toxic to the cell (Pezet et 424 

al. 2004). 425 
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Previous reports in grapevine show that stilbenes rapidly accumulate in response to 426 

aluminium (Adrian et al. 1996), fungal infection (Adrian et al. 1997), ozone exposure 427 

(Schubert et al. 1997), jasmonates and cyclodextrin (Belhadj et al. 2008; Lijavetzky et al. 428 

2008) and UV radiation (Pan et al. 2009). Recent work by Fornara et al. (2008) localizes 429 

stilbene synthase (STS), the first enzyme dedicated to the production of stilbenes, to the cell 430 

walls of berry skin tissues and Pan et al. (2009) observed an increased of STS in primary 431 

and secondary cell walls in UV treated cells, consistent with an optimized function in the 432 

biosynthesis of protective compounds and UV scavengers.  433 

 434 

Interplay between CHS and STS under sulfur deficiency 435 

Stilbene and flavonoid syntheses share the same precursor and have a common origin in the 436 

general phenylpropanoid metabolism, with a branch point at stilbene synthase (STS) and 437 

chalcone synthase (CHS) level, respectively, the first enzyme responsible for the initial step 438 

of stilbenes pathway and the second for the pathway giving raise to flavonoid production. In 439 

V. vinifera plantlets transcript levels enconding both enzymes were well correlated with the 440 

increase in anthocyanins and stilbenes under –S conditions (Figs. 2 and 3). Up-regulation of 441 

CHS, DFR and ANS was observed in response to nitrogen (Scheible et al. 2004) and 442 

phosphorus (Muller et al. 2007) deficiency in A. thaliana; the first gene also responded to UV 443 

and blue light (Jenkins et al. 2001) reinforcing the claim of flavonoids, in particularly 444 

anthocyanins, as UV absorbents. 445 

In grapevine berry, the accumulation of anthocyanins was strongly correlated with the 446 

transcription of UFGT and F3’5’H genes (Castellarin et al. 2007), which was not verified 447 

under sulfate deficiency conditions where a better correlation was obtained between the 448 

transcripts of CHS and ANS and anthocyanins accumulation, probably due to different 449 

transcription regulation. In Arabidopsis, several MYB transcription factors associated with the 450 

regulation of the flavonoid biosynthesis pathway were up-regulated under sulfur deficiency, 451 

as depicted in microarray analysis (Nikiforova et al. 2003). MYB75 and MYB90 (or PAP1 and 452 
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PAP2) which responded to sulfur, nitrogen and phosphorus deficiency, were characterized 453 

by globally enhancing the expression of the flavonoid pathway genes (Lillo, Lea & Ruoff 454 

2008). These transcription factors have CHS, DFR and GST as target genes (Stracke et al. 455 

2007), some of the genes that responded to sulfur deficiency in V. vinifera plantlets (Fig. 3). 456 

In V. vinifera plantlets glutathione S-tranferase (GST) transcripts increase in response to –S 457 

conditions, particularly evident after two weeks growth and is comparable to microarray 458 

results reported for A. thaliana (Nikiforova et al. 2003). GST proteins have been shown to 459 

bind flavonoids in vitro (Conn et al. 2008) and mediate the conjugation between 460 

anthocyanins and glutathione in maize (Marrs et al. 1995) leading to the protective storage of 461 

these pigments into plant vacuoles. 462 

In cell culture the striking increase in STS transcription under –S conditions along the growth 463 

cycle was well correlated with the accumulation of the stilbene trans-resveratrol and specialy 464 

with its glucoside derivative (Figs. 2 and 4). Although anthocyanins accumulation was not 465 

detected, all genes related to the flavonoid pathway were present in the mRNA pool in full 466 

and deficient conditions (data not shown), with the CSH transcript progressively repressed 467 

under –S conditions (Fig. 4). Fischer, Budde & Hain (1997) demonstrated for the first time 468 

the interaction between the two metabolic pathways by transforming tobacco seedlings with 469 

an STS gene: resveratrol accumulated while the flowers changed color and male sterility was 470 

observed. The authors speculate that the presence of STS created a competition for 471 

metabolites common to the two branches of phenylpropanoid biosynthesis pathway, a 472 

feature also observed during V. vinifera berry maturation, when anthocyanins accumulation 473 

coexists with a decrease in resveratrol production and repression of STS gene (Jeandet, 474 

Bessis, & Gautheron 1991). Also, a different sub-cellular localization was observed for CSH 475 

and STS proteins in grapevine berries. The former was localized in the cytoplasm, whilst the 476 

latter was localized in the cell walls, what could coordinate a differentially metabolite 477 

deposition within the cell (Fornara et al. 2008). 478 
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The brown color depicted by cell culture after 4-7 days under sulfur deficiency could be due 479 

to oxidation of polyphenolic compounds and laccases can be good candidates for that 480 

reaction since they are polyphenol oxidases that catalyze the oxidation of o- and p-diphenols 481 

compounds resulting in the formation of quinones (Guyot, Vercauteren & Cheynier 1996). In 482 

fact, in parallel with the increase in STS transcription in –S conditions, an earlier event is the 483 

expression boost of a grapevine sequence with high homology to plant laccases (Fig. 4). A 484 

direct link between oxidative polymerization of flavonoids and laccase activity was obtained 485 

with the Arabidopsis tt10 mutant with a seed coat uncolored phenotype (Pourcel et al. 2005). 486 

The involvement of plant laccases in the oxidation and polymerization of many and different 487 

phenolic compounds suggests their function in phenolic polymerization (Pourcel et al. 2005). 488 

Taking into consideration the function and localization of laccases in cell walls (together with 489 

STS), we can speculate that in the grapevine cell cultures tested in the present study, the 490 

high amounts of resveratrol (which are p-diphenols) were prone to laccase oxidation. 491 

Previosly, the reaction between a laccase-like enzyme and pterostlibene has been 492 

suggested for the interaction of grapevine with Botrytis cinerea (Breuil et al. 1999). 493 

Taking the whole of results reported in the present work we can conclude that different 494 

phenylpropanoid metabolism responses in V. vinifera photosynthetic and non-photosynthetic 495 

tissues point out to distinct strategies of phenolic metabolite accumulation in response to 496 

sulfur deficiency. Further research is needed to identify the molecular regulation of the main 497 

phenylpropanoid pathways discussed so far. 498 
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Table 1. The effect of sulfate availability on physiological parameters  of Vitis vinifera 730 

plantlets and biomass of cell culture 731 

Treatment +S -S 

Plantlets 0 2wk 4wk 0 2wk 4wk 

Fresh weight (g) 0.11c 0.18b 0.25a 0.11c 0.09c 0.09c 

Branch number 1c 1.75b 2.45a 1c 1.03c 1.16c 

Leaf number 3c 7.00b 12.31a 3c 3.85c 5.17b 

Total chl (mg cm
-2

) 0.02a 0.018a 0.018a 0.02a 0.015b 0.011c 

Chl a/Chl b 3 3.09 2.58 3 2.99 2.78 

Cell Culture 0 1d 3d 4d 5d 7d 0 1d 3d 4d 5d 7d 

Fresh weight (g) 2.9 2.2 3.1 3.8 4.8 5.8a 2.8 2.5 3.4 4.1 4 3b 

Values shown are for plantlets grown in semi-solid medium with low sulfur (50 M; -S) and high sulfur 732 

(1.5 mM; +S) for 2 and 4 weeks after transplanting and for cell from liquid culture grown for 7 days in 733 

the same sulfur conditions. 734 

Each value is the mean of 3 to 15 replicates of two independent experiments. Different letters 735 

correspond to significant differences (P<0.05). DW, dry weight. 736 
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Table 2. The effect of sulfur on total phenolic content and phenolic compounds differentially 748 

precipitated with formaldehyde in Vitis vinifera plantlets and cell culture 749 

 Total Phenols  

( g (+)-catechin mg
-1

 DW) 

Precipitated with 

formaldehyde 

 ( g (+)-catechin mg
-1

 DW) 

Non-precipitated with 

formaldehyde   

( g (+)-catechin mg
-1

 DW) 

Treatment +S -S +S -S +S -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 M; -S) and high sulfur 750 

(1.5 mM; +S) for 2 and 4 weeks after transplanting and for cells from liquid culture grown for 7 days in 751 

the same sulfur conditions. 752 

Each value is the mean of 3-4 replicates. Different letters correspond to significant differences 753 

(P<0.05). DW, dry weight. 754 
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Figure 1. The effect of sulfate on accumulation of anthocyanins in Vitis vinifera plantlets 766 

grown with low sulfur (50 M; -S) and high sulfur (1.5 mM; +S) in semi-solid medium for 2 767 

and 4 weeks after transplanting. Error bars represent ± SD; n=4. Columns topped by the 768 

same letter are not significantly different (P<0.05) as determined by LSD. DW, dry weight. 769 

 770 

Figure 2. The effect of sulfate on the accumulation of the stilbenes, trans-resveratrol, trans-771 

resveratrol glucoside and -viniferin in Vitis vinifera plantlets and cells culture. Samples were 772 

taken from Vitis vinifera plantlets grown for 2 and 4 weeks and cell culture grown for 1, 4 and 773 

7 days in full sulfate (1.5 mM, +S) or sulfate deficient (50 M; -S) semi-solid medium and 774 

liquid medium, respectively. Columns topped by the same letter are not significantly different 775 

(P<0.05 in plantlets and P<0.01 in cell culture) as determined by LSD; n=6. Note variation in 776 

scale of y-axis and x-axis. DW, dry weight 777 

 778 

Figure 3. Expression of phenylpropanoid biosynthetic pathway genes altered by sulfate 779 

deficiency (50 M, -S) in plantlets of Vitis vinifera grown for 2 and 4 weeks in semi-solid 780 

medium. Full sulfate condition (1.5 mM) was considered +S. 781 

CHS, chalcone synthase; F3’5’H, flavonoid 3’,5’-hydroxylase; DFR, dihydroflavonol 782 

reductase; ANS, anthocyanidin synthase; UFGT, UDP-glucose:flavonoid 3-O-783 

glucosyltransferase; GST, glutathione S-transferase; STS, stilbene synthase. RNA levels 784 

were normalized against the expression of Act2 RNA as described in Methods. The raw Ct 785 

values for Act2 expression in Vitis vinifera plantlets for 2 weeks growth were 23.6 and 23.0 786 

and for 4 weeks growth 20.6 and 21.1 in –S and +S, respectively. Error bars represent ± SD; 787 

n=3. 788 

 789 

Figure 4. Effect of sulfate on two key genes from the phenylpropanoid biosynthetic pathway, 790 

chalcone synthase (CHS) and stilbene synthase (STS), and a laccase-type in cell culture of 791 

Vitis vinifera along the growth cycle. 792 
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Cells suspensions grown in –S (50 M) or +S (1.5 mM) medium, samples taken after 1, 4 793 

and 7 days of growth. RNA levels were normalized against the expression of Act2 RNA as 794 

described in Methods. The raw Ct values for Act2 expression in Vitis vinifera cells were for 1 795 

day growth 18.9 and 19.3, for 4 days 19.1 and 19.7, and for 7 days, 19.8 and 19.2, under –S 796 

and +S conditions, respectively. Error bars represent ± SD; n=3. 797 
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SUPPLEMENTARY DATA 926 

Table S1. Primer sequences used for quantitative real-time polymerase chain reaction 927 
Gene 

symbol 
GenBank 
accession 

Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) Amplicon 
size (bp) 

CHS AF020709 CCGACGAAGTTCACACTGATTCAAG GATAGTCAGCCTGGTAGACACAGTT 143 
F3’5’H DQ786631 CATCAAGCGTAATCGAGTGGTCTCT CCTTGCATATGGCTTGTAGGTATGG 156 
DFR X75964 TCATCACTATCATACCGACTCTTGT CCTGCCGTATAATTGAATAATGAGC 123 
ANS EU156063.1 CAACAATGCTAGTGGACAGCTTGAG TGGAACGTAGTCGCTTGGTGTCTTA 112 
UFGT XM_002276999.1 CCTCATGCAGTCTTCTCCTTCTTCA CACCGTCGGAGATATCATAGGACTT 112 
GST AF501625.1 GCGGACTACATAGACAAGAAGCTC TTCACCACCGAAGTAAGGCTTCTC 150 
STS X76892.1 GACCACTGTGTCTACCAGTCTGATT GCAGTGATAATCTCTTGGCGTATGT 218 
laccase  AGAAGTATCCAGCACGTTTACGAGT CCCCTGTTCTGGTGTCAATAAAGTA 108 

Primers designed using Clone manager 6 software. 928 
CHS = chalcone synthase, F3’5’H = flavonoid 3’,5’-hydroxylase, DFR = dihydroflavonol reductase, 929 
ANS = anthocyanidin synthase, UFGT = UDP-glucose:flavonoid 3-O-glucosyltransferase, GST = 930 
glutathione S-transferases, STS = stilbene synthase, laccase = laccase-type.  931 
 932 

 933 
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GENERAL DISCUSSION 

The major goals of the present thesis focusing sulfate uptake and assimilation in grapevine 

were i) to identify the genes involved in sulfate uptake and metabolism, ii) to uncover the 

effects of sulfur deficiency and of different known regulators on the sulfate pathway, iii) to 

understand the integration of sulfur and secondary metabolism through the interplay between 

sulfur metabolism and phenylpropanoid pathway. 

 

1. Identification of genes involved in sulfur metabolism in Vitis vinifera genome 

The absence of Vitis vinifera sequences in public databases required, in the first part of the 

project, a classical approach by cloning the genes responsible for sulfate uptake and 

assimilation through the design of degenerated primers to conserved regions present in 

genes of interest already identified in other plant species. All proteins responsible for sulfate 

uptake and assimilation show many conserved regions, as it would be expected for proteins 

from primary metabolism (Hawkesford et al., 2006). Their role in the regulation and 

maintenance of sulfur homeostasis was the principal scope behind the choice of key genes. 

Considering sulfate transporters it was possible to identify and clone two sulfate transporters, 

one from V. vinifera (EF155630, Annex II-1) and other from the close species V. rupestris 

(EF155629, Annex II-2) (Tavares et al., 2008; Tavares et al., 2009); secondly the attention 

focus on adenosine 5'-phosphosulfate reductase and it was possible to identify a putative 

VvAPR (EU275236, Annex II-3); finally the two enzymes that form the cysteine synthase 

complex were chosen and one sequence from each enzyme was cloned, serine 

acetyltransferase (SAT, EU275238, Annex II-4) and O-acetyl-L-serine-(thiol)lyase (OAS-TL, 

EU275237, Annex II-5). However, after the release of V. vinifera genome sequencing by two 

independent groups (Jaillon et al., 2007; Velasco et al., 2007) numerous sequences of V. 

vinfera became available, assisting the identification of all members of sulfate metabolism 

pathway. By using the previously cloned V. vinifera sequences for sulfate transporter, APR, 

SAT and OAS-TL as queries we could identify several sequences related to each enzyme. 

For full identification of the sulfate assimilation pathway an effort was also made in identifying 

the respective genes for ATP sulfurylase (ATP-S) and sulfite reductase (SIR) (Amâncio et al., 

2009a). With the exception of the enzyme responsible for sulfite reduction, SIR, most 

proteins involved in sulfur uptake and assimilation belong to multi-gene families, as observed 

in Arabidopsis thaliana and Oriza sativa genomes, (Hawkesford 2006). V. vinifera genome 

confirmed large families for sulfate transporters and OAS-TL genes, medium size family for 

SAT and an unigene for SIR (Amâncio et al., 2009a). Unlike the four genes identified in A. 

thaliana (Matthewman et al., 2009) two isoforms were identified for ATP-S but only ATP-S1 

could be detected in the tested grapevine tissues (Amâncio et al., 2009a). Surprisingly only 



Chapter 6 

150 
 

one sequence was identified for APR highly homologous to the previously cloned, conversely 

to the three different genes identified in A. thaliana (Kopriva et al., 2004). In Table 1 are listed 

the sequences identified in this project, the respective identification numbers, the mRNA 

expression tissues and the response to sulfur deficiency. 

 

 

Table 1 – Summary of the identified sequences of sulfate metabolism, presence of mRNA 
transcripts in roots and leaves, and the up-regulation of the respective transcripts under 
sulfur deficiency. 

 Protein* mRNA* Tissue Expression -S responsive 

Sulfate transporters (Sultr) 

VvSultr1;1 ABM17060.2 EF155630 Leaves, Roots Y 

VrSultr1;1 ABM17059.2 EF155629 Leaves, Roots Y 

VvSultr1;2 XP_002268923 XM_002268887 Leaves, Roots N 

VvSultr2;1 XP_002277065 XM_002277029 Leaves, Roots N 

VvSultr2;2 XP_002284234 XM_002284198 Leaves, Roots N 

VvSultr3;1 XP_0022780105 XM_002280069 Mature leaves N 

VvSultr3;2 CAN61401 AM461070 Leaves, Roots N 

VvSultr3;3 CAN77009 AM463144 Leaves, Roots N 

VvSultr3;4A CAN70927 AM483892 Mature Leaves, Root N 

VvSultr3;4B CAN83977 AM483830 Leaves, Roots N 

VvSultr3;5A XP_002281258 XM_002281222 Leaves, Roots N 

VvSultr3;5B CAN74632 AM460664 Nd N 

VvSultr4;1 XP_002282491 XM_002282455 Leaves, Roots Y 

VvSultr5;1 XP_002285217 XM_002285181 - - 

VvSultr5;2 CAO43136  - - 

ATP sulfurylase (ATP-S) 

VvATP-S1 CAN67181 AM436736 Leaves, Roots Y 

VvATP-S2 CAN84072 AM485990 Nd - 

Adenosine phosphosulfate reductase (APR) 

VvAPR XP_002269739  XM_002269703 Leaves, Roots Y 

Sulfite reductase (SIR) 

VvSIR CAN79174 AM466679 Leaves, Roots N 

Serine acetyltransferase (SAT) 

VvSAT1;1 CAO65381 gi|157342669 Leaves, Roots N 

VvSAT2;1 CAO45098 CU459283 Leaves, Roots N 

VvSAT2;2 XP_002270544 XM_002270508 Leaves, Roots Y 

VvSAT3;1 CAO67069 CU460420 Leaves, Roots - 

VvSAT3;2 CAO23278 CU459547 Leaves, Roots N 

O-acetyl–Lserine(thiol)-lyase (OAS-TL) 

VvOASTL2 CAO42994 CU459271 Leaves, Roots N 
VvOASTL4 CAN76754 AM455579 Leaves, Roots N 
VvOASTL6 CAN75607 AM425401 Leaves, Roots N 
VvOASTL7 XP_002275688 XM_002275652 Leaves, Roots N 
VvOASTL12 CAN73180 AM486492 Leaves, Roots N 

 

http://www.ncbi.nlm.nih.gov/nuccore/225442780
http://www.ncbi.nlm.nih.gov/nucleotide/225467529
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The sulfate transporters and SAT families were studied in more detail due their major roles in 

sulfur metabolism but also to the detected distinctive features, although results for the others 

genes were obtained (Amâncio et al., 2009a; Amâncio et al., 2009b) and can contribute to 

the present general discussion. 

The two sulfate transporters identified in V. vinifera L. cv Touriga Nacional and V. rupestris 

shared high homology in the predicted amino acid sequences (94%) and were appointed to 

Group 1 characterized as high affinity sulfate transporters (Hawkesford, 2003) and both were 

highly responsive to sulfur deficiency conditions. After the release of V. vinifera genome 

(Jaillon et al., 2007; Velasco et al., 2007) it was possible to identify and describe the sulfate 

transporters family for the first time in a perennial species. In grapevine the sulfate 

transporters family shows the general pattern observed in A. thaliana and Oriza sativa 

(Hawkesford, 2003; Buchner et al., 2004) with the sequences distributed into the five canonic 

groups. Interesting differences were observed inside the groups, particularly in Group 1 and 

Group 3, the first exhibiting two putative sulfate transporters and the second seven, 

conversely to the three and five sequences respectively observed in A. thaliana. Group 3 is 

rather enigmatic due the large number of isoforms and the lack information about their role. 

For many years these isoforms were considered leaf specific (Takahashi et al., 1999) 

although the mRNA of the different Group 3 sequences could be detected in roots and 

leaves of V. vinifera and also in fruit and seed tissues of the same species (Grimplet et al., 

2007). Apparently the high number of sulfate transporters sequences observed in V. vinifera 

Group 3 supports the proposed separation into three sub-groups (Hawkesford, 2003). The 

number of Group 3 sequences suggests functional redundancy although it is odd that such 

an investment does not accomplish any role in plant survival. Only two sequences were 

characterized so far, one from A. thaliana, Sultr3;5 involved in the root to shoot sulfate 

transport (Kataoka et al., 2004) the other engaged in nitrogen fixation of Lotus japonicus root 

nodules (Krusell et al., 2005). These specific roles suggest specialized tasks for particular 

conditions. So, the high number of V. vinifera sequences as compared to A. thaliana can be 

attributed to the versatile roles accomplished in this perennial and more complex plant.  

The V. vinifera SAT family confirmed the distribution into three distinct groups already 

proposed for A. thaliana (Watanabe et al., 2008). Also different subcellular localizations were 

predicted for V. vinifera SAT sequences corroborating data from A. thaliana and the 

existence of SAT proteins in several subcellular compartments (Noji et al., 1998; Kawashima 

et al., 2005). The in silico subcellular prediction for V. vinifera SAT was confirmed for 

VvSAT1;1 and VvSAT3;2, both cytosolic as localized by GFP fusion proteins; for VvSAT2;1 

the majority of the algorithms indicated a cytosolic target, although cytosolic and 

mitochondrial localization were observed. Finally VvSAT2;2 showed a surprising nuclear 

GFP signal when the prediction was predominately for a plastidic localization. All the GFP-
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SAT gene sequences cloned in pFF19 plasmid were obtained from NCBI and ExPaSy 

databases although new sequences correlated with SAT family were deposited in 2009 at 

NCBI. One of the new sequences, XP_002264933.1, presented high homology to VvSAT2;1 

except for a N-terminal extension that changed the predictions for mitochondrial localization. 

Since the transit peptide is usually located at the N-terminal it is not to exclude that by 

cloning this new sequence a clear mitochondrial localization will be obtained. On the other 

hand, an analysis of the area surrounding the first ATG of both sequences, VvSAT2;1 and 

XP_002264933.1, only the first showed the consensus sequence for first ATG selection 

identified in plants. A different hypothesis can then be raised, the two sequences could result 

from multiple transcription initiation as suggested for GSH1 and GSH2 (Wachter et al., 2005). 

To elucidate this hypothesis a 5´RACE analysis of the XP_002264933.1 to obtain the region 

around both ATG, and the application of inverse PCR could clarify the 5’-flanking genomic 

region. VvSAT2;2 revealed a shorter C-terminal sequence not observed in plant SATs. The 

C-terminal from SAT proteins is essential for both the catalytic activity and interaction with 

OAS-TL, which is proved to be essential for SAT activity. When VvSAT2;1 and VvSAT1;1 

were independently co-purified with A. thaliana OAS-TL3, a clear interaction between 

VvSAT1;1 and AtOAS-TL3 was observed, conversely to VvSAT2;1 that seemed to interact 

weakly with AtOAS-TL3 or even not at all, if consider that the protein extracts were loaded in 

excess on the columns or the washings were not strong enough to free all unbound OAS-

TL3. As the bibliography does not report plant SATs activity without interaction with OAS-TL, 

these results, if confirmed, can point to a distinct characteristic of a plant SAT.  

As a whole, the V. vinifera sulfate metabolism families generally confirm previous 

observations in other species, multi-genes families for sulfate transporters, SAT and OAS-

TL; ATP sulfurylase, APS reductase and sulfite reductase are represented by only one 

sequence. The singularities of V. vinifera lay inside each family, with some differences 

already pointed out in sulfate transporters and SATs and in APS reductase and ATP 

sulfurylase. 

 

2. Understanding sulfur deficiency in Vitis vinifera 

V. vinifera cell cultures were elected to study sulfur deficiency by different approaches. Cell 

cultures permit an easy and straightforward approach, offering numerous advantages, such 

as uncomplicated nutritional manipulations, lack of sulfate remobilization that, in concert with 

cell homogeneity and freedom from contaminations makes it possible to correlate directly 

different results (Amâncio et al., 1997). Also advantageous was the previous experience 

obtained with maize cell cultures by our research team (Clarkson et al., 1999). The authors 
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observed the characteristic response to sulfur deficiency, significantly magnified when 

compared to the response of intact plants. 

The experimental system was based on a seven days growth cycle of V. vinifera cell 

cultures. Along the growth cycle a clear effect of sulfate deficiency on biomass accumulation 

was observed and, at the end of the growth cycle, visual symptoms of sulfur deficiency (-S) 

could be observed (Fig. 1).  

 

A 

 

B  

 
Figure 1 – Vitis vinifera cell cultures under full sulfur conditions (+S, 1.5 mM SO4

2-) and sufur 
deficiency conditions (-S, vestigial SO4

2-) after 7 days (A), and the resulting biomass after 
flask filtration (B).  
 

After 24 hour, the first detectable reaction to –S conditions was an increase in sulfate influx , 

measured by 35radioassay, that correlated well with an increase in the high affinity sulfate 

transporter VvSultr1;1 transcript level (Fig. 2) while VvSultr1;2, also a high affinity sulfate 

transporter, remained constant. Shortly after an increase in VvSutr4;1 mRNA level was 

observed (Fig. 2), related with the remobilization of sulfate reserves contained in the vacuole. 

It is well  known that a derepression of sulfate transporters occurs in –S conditions, because 

plants under sufficient sulfate conditions repress the high affinity sulfate to avoid superfluous 

ATP spending  and toxic sulfite accumulation. The up-regulation of the enzymes involved in 

sulfate activation and reduction, ATP-S and APR, were also early responses to sulfur 

deficiency. Latter in the growth cell cycle, when biomass decrease is observed along with 

visible symptoms typical of cell oxidation (Fig. 1), an up-regulation of VvSAT2;2 was 

detected. A summary of the effects of sulfur deficiency on days 1 and 7 of cell growth cycle is 

represented in Fig. 2. 

With Sulfate (1.5 mM SO4
2-, +S) Without Sulfate (0.05 mM SO4

2-, -S) 

-S                  +S 
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Figure 2 – Schematic representation of Vitis vinifera cell in liquid culture after 1 and 7 days 
growth under sulfur deficiency (vestigial sulfate concentration) compared to cell under sulfur 
sufficient conditions (sulfate, 1.5 mM concentration). In red are represented the observed 
changes.  
 

Glutathione, sulfate and cysteine confirmed their role as negative regulators of sulfate 

transporters, VvSultr1;1 and VvSultr4;1, VvATP-S and VvAPR (Amâncio et al., 2009a) 

transcript level under -S conditions, completely reverting the up-regulation effect of sulfur 

deficiency in these genes. A transcription regulation can be pointed out considering that A. 

thaliana sulfate transporters and APR share the cis sulfur responsive element (SURE) in 

their promoter region (Maruyama-Nakashita et al., 2005) and  that this region also responds 

negatively to GSH and Cys. Upon the addition of O-acetyl-L-serine to culture cells under 

sulfate sufficient conditions a mild positive effect was observed in VvSultr1;1 and VvSultr4;1 

and VvATP-S1 gene expression, an effect that stresses the doubts about the role of OAS as 

a regulator of sulfate metabolism. 

A crosstalk between secondary metabolism and nitrogen and phosphate deficiency is well 

documented, but little is known about the effect of sulfur deficiency on secondary 

metabolism, with the exception of glucosinolates, the typical sulfur secondary compounds of 
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A. thaliana. V. vinifera was considered an excellent model to study the effect of sulfur 

metabolism on the phenylpropanoid pathway. Phenylpropanoids are non-sulfur containing 

secondary compounds described as changing in response to nutrient deficiency. The 

increase in phenolic compounds observed in grapevine model systems was not attributed to 

a change in anthocyanins content, even when culture cells were grown under the light to 

match the light requirement for the synthesis of these pigments. The focus was on stilbenes, 

typical grapevine phenylpropanoids which are found in a restricted number of species. Trans-

resveratrol-glucoside was predominant and increased drastically in response to sulfur 

deficiency (Fig. 2) together with the increase in stilbene synthase (STS) transcript level from 

the 4th day of growth (Fig. 2, results at the 7th day). Concomitantly with the increase in STS 

transcript level a decrease in the chalcone synthase (CHS) gene expression was observed, 

suggesting an interaction between both metabolic pathways (Fig. 3). This interesting 

outcome is in accordance with the results of Fischer et al. (1997) that overexpressing a STS 

gene interfered with the anthocyanins pathway and the with interaction verified during grape 

berry maturation when anthocyanins accumulate and resveratrol concentration decreases 

(Jeandet et al., 1991). In the same order of magnitude as the STS gene, an increase in a 

laccase gene expression was also observed (Fig. 2). The brown colour depicted by cell 

culture after 4-7 days under sulfur deficiency indicates an oxidation pattern in response to the 

lack of sulfur, suggesting the hypothesis that laccase could be responsible for the oxidation 

of resveratrol to quinones, previously advanced to explain the reaction between a laccase-

like enzyme and pterostlibene when grapevine is attacked by Botrytis cinerea (Breuil et al., 

1999). The high oxidation conditions usually determines high requirements in glutathione 

synthesis, consequently an increased demand for cysteine synthesis which could explain the 

observed rise of VvSAT2;2 transcript level. If VvSAT2;2 is localized to the plastid as 

predicted by the majority of the in silico analysis, and assuming that the nuclear localization 

is a artifact, our results confirm those by other authors (Liu et al., 2006; Queval et al., 2009) 

indicating the plastids as an important contributor to cysteine production under stress 

circumstances, justified by the localization of the first enzyme for GSH synthesis (GSH1) to 

the plastids (Wachter et al., 2005) and consequently the up-regulation of SAT activity in the 

plastids would first enhance GSH production (Wirtz et al., 2007). 

As cell cultures were not suitable to measure anthocyanins, the relationship between these 

phenolic compounds and sulfur deficiency was studied in in vitro V. vinifera plantlets. After 4 

weeks under –S conditions an increase in anthocyanins content was observed well 

correlated with an up-regulation in the transcript level of CHS, dihydroflavonol reductase 

(DFR) and anthocyanidin synthase (ANS), but also with glutathione S-transferase (GST), this  

latter coding for a protein connected with the conjugation between anthocyanins and 

glutathione and their transport to the vacuole (Marrs et al., 1995).  
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In V. vinifera plantlets the stilbene content also responded to the stress condition. The 

increase in three detected compounds, trans-resveratrol, trans-resveratrol glucoside and 

viniferin, parallel to an up-regulation of STS as observed in V. vinifera under nitrogen 

deficiency (Bavaresco et al., 2001). Conversely to cell cultures, V. vinifera plantlets invested 

in both pathways of phenylpropanoid biosynthesis (Fig. 3), probably because light is the 

determinant factor. Anthocyanins can have a protective role in absorbing high wavelength 

radiation and scavenging reactive oxygen species (Chalker-Scott, 1999), mostly when 

chlorophyll is declining as observed in V. vinifera plantlets and when there is a general 

decrease in sulfolipids content as described in A. thaliana (Nikiforova et al., 2005). On the 

other hand stilbenes have a protective role as scavengers of ROS that result from UV stress 

(Pan et al., 2009), and also from nutrient deficiency. 

 

FUTURE PERSPECTIVES 

The work presented in this thesis is the first attempt to address sulfate metabolism in V. 

vinifera. By gathering information from different angles and approaches opens many 

questions and suggests several further experiments. Hence, considering the large number of 

Group 3 sulfate transporters sequences and their most constitutive expression pattern it 

would be compelling to focus on their role in plant development. Further, mRNA expression 

should be analyzed in tissues not used in this study, such as fruit and seed tissues. As GSH 

and Cys were confirmed as negative regulators, and OAS as a weak positive regulator of the 

sulfate transporters VvSultr1;1 and VvSultr4;1, the role of OAS deserves further investigation 

to distinguish if it is a messenger or a product of sulfur deficiency. Besides the regulation at  

transcription level other forms of regulation may occur, namely through miRNAs In our cell 

system miRNA395 was absent when analyzed by Northern Blot reinforcing the proposed role 

as a signal circulating in the phloem (Kawashima et al., 2009). 

VvSAT2;2 revealed as an intriguing protein since all plant SATs are active when interacting 

with OAS-TL. As VvSAT2;2 interaction with OAS-TL was rather weak, a size-exclusion 

chromatography should be performed on the fractions of the first affinity purification for a 

better discrimination of the proteins. A confirmation of VvSAT2;2 localization is also needed, 

this time using the N-terminal, supposed to be the transit peptide. The heterologous 

expression of VvSAT2;2 in a mutant bacteria for SAT activity should confirm its functionality 

although the high up-regulation of VvSAT2;2 suggests that it is not a pseudo-gene.  

As for grapevine berries our phenylpropanoid pathway results indicate that both genes are 

transcribed but a strong down regulation of CHS occurs in parallel with a strong up-regulation 

of STS, thus CHS and STS can interact to regulate which phenolic compounds are 

produced. Cell cultures under sulfur deficiency were confirmed as a suitable experimental 
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system to investigate that interaction. Also the proposed laccase activity could be studied 

using the same model.  

 

 

Figure 3 – Effect of sulfur deficiency on the phenylpropanoid pathway, particularly in 
anthocyanins and stilbenes, in cell cultures and plantlets of Vitis vinifera. 
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Finally, considering the role of stilbene compounds as phytoalexins and their increase in 

sulfur deficient conditions, this point deserves further attention for an eventual manipulation 

of sulfur metabolism in connection with the production of such secondary compounds.  
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ANNEX I - SUPPLEMENTARY DATA CHAPTER 4 

S1. Sequences identified as Vitis vinifera putative serine acetyltransferase, protein and 
mRNA sequence and E value related to the protein sequence ABY86367.1 from Vitis vinifera 
cv Touriga Nacional previously identified. 

Protein identification mRNA identification E value in NCBI 

ABY86367.1 EU275238.1 4e-53 

XP_002269722.1 XM_002269686 3e-47 

CAO67069.1 CU460420 3e-47 

XP_002263435.1 XM_002263399 5e-47 

CAO23278.1 CU459547 5e-47 

XP_002264933.1 XM_002264897 7e-31 

CAN62211.1 AM486825 8e-30 

CAO65381.1 gi|157342669 9e-30 

XP_002282550.1 XM_002282514 9e-30 

CAN73952.1 AM441360 6e-29 

CAO45098.1 CU459283 2e-26 

CAO63942.1 CU460170 3e-25 

XP_002270544.1 XM_002270508.1 4e-25 
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S2. Phylogenetic analysis of identified putative Vitis vinifera and Arabidopsis thaliana serine 
acetyltransferase amino acid sequences and distribution into three groups. Accession 
numbers from NCBI: Arabidopsis: AtSerat1;1, NP_200487; AtSerat2;1, NP_175988; 
AtSerat2;2, NP_187918; AtSerat3;1, NP_565421; AtSerat3;2, NP_195289; Vitis vinifera: the 
accession numbers are represented in the phylogenetic tree. 

 

 

 



Annex 

165 
 

S3. Alignment of Group 1 SAT 

 

S4. Alignment of Group 2.1 SAT 
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S5. Alignment of Group 2.2 SAT 

 

 

S6. Alignment of Group 3 SAT  
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ANNEX II - SUPPLEMENTARY DATA CHAPTER 6 

1) LOCUS       EF155630                2440 bp    mRNA    linear   PLN 22-JAN-2008 
DEFINITION  Vitis vinifera sulfate transporter mRNA, complete cds. 
ACCESSION   EF155630 
VERSION     EF155630.2  GI:165975393 
SOURCE      Vitis vinifera 
ORGANISM  Vitis vinifera 
            Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
            Spermatophyta; Magnoliophyta; eudicotyledons; core eudicotyledons; 
            Vitales; Vitaceae; Vitis. 
REFERENCE   1  (bases 1 to 2440) 
AUTHORS   Tavares,S., Sousa,C. and Amancio,S. 
                    Direct Submission 
                    Submitted (03-DEC-2006) Dep. Botanica e Engenharia Biologica, Instituto 
Superior de Agronomia, Tapada da Ajuda, Lisboa 1349-017, Portugal 
REFERENCE   3  (bases 1 to 2440) 
AUTHORS   Tavares,S., Sousa,C. and Amancio,S. 
                    Direct Submission 
                    Submitted (22-JAN-2008) Dep. Botanica e Engenharia Biologica, Instituto 
Superior de Agronomia, Tapada da Ajuda, Lisboa 1349-017, Portugal 
REMARK    Sequence update by submitter 
COMMENT On Jan 22, 2008 this sequence version replaced gi:119960409. 
FEATURES             Location/Qualifiers 
     source          1..2440 
                     /organism="Vitis vinifera" 
                     /mol_type="mRNA" 
                     /cultivar="Touriga Nacional" 
                     /db_xref="taxon:29760" 
     CDS             214..2181 
                     /codon_start=1 
                     /product="sulfate transporter" 
                     /protein_id="ABM17060.2" 
                     /db_xref="GI:165975394" 
                     
/translation="MGPHSTDEVPEAKEDIRSLSSSHRHTPNLPYMHKVGVPPKQNLF 
KEFKTTVKETFFADDPLRSFKDQSKSRKFILGIQAIFPILEWGRSYNLTKFRGDLIAGLTIASLC
IPQDIGYAKLASLEPQYGLYSSFVPPLIYAFMGSSRDIAIGPVAVVSLLLGSLLRAEIDPTENPA
EYLRLAFTATFFAGITQATLGFFRLGFLIDFLSHAAIVGFMGGAAITIALQQLKGFLGIKNFTKE
TDIISVIHSVWASVHHGWNWQTIVIGATFLGFLLFAKYIGKKNKKFFWVPAIAPLISVILSTFFV
YITRADKKGVQIVKHIDKGINPSSASQIYFSGVYLLKGFKIGVVAGLIALTEAVAIGRTFASMKD
YQLDGNKEMVALGAMNIVGSMTSCYVATGSFSRSAVNYMAGCKTAVSNIVMSCVVFLTLEF
ITPLFKYTPNAILASIIISAVIGLIDYDAAILIWKIDKFDFVACMGASLCGFNLLNWSLIAVAISFAR
SSXSYKARTAILGKLPRTLFTGTSNNIQRQLKIPGLLIVRIDSAIYFSNSNYVKERILRWLTDEE
EHLKKANLPRVQFLIVEMSPVTDIDTSGIHALEELHRSLLKRDVKLVLANPGQVVIDKLHASKF
ADDIGEDKIFLTVGDAVVTCSPKLAEEV" 
 
ORIGIN       
        1 gaagcggggcgaccatttctagctatcattgtatcctccactatcaatggctttcgtgaa 
   61 aagcgtttcgaggcattcaggacttatataaggaagaactccaccttcctttcatgctca 

  121 agaagggtcggcactttctaagcctcgaatcatccaaccctcctttcccaagcctcgttt 

  181 gattctgctggggttcagtagtccttgtctgcaatggggccccattcaactgatgaggtg 
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  241 ccagaagcgaaagaggacattcgtagcctgtcatcctcacacagacatacgccgaacttg 

  301 ccgtacatgcacaaggtgggagttccccctaagcaaaatctcttcaaggaattcaaaacc 

  361 acagtgaaggagacgttctttgcagatgatcctcttcgctctttcaaggatcaatctaaa 

  421 tctcggaagttcattctaggcatccaggctattttccccattcttgaatgggggagaagc 

  481 tacaacctaactaagtttagaggggatctcattgctggactcaccattgcaagtctctgc 

  541 attcctcaggatatcgggtatgcaaaacttgcatctttggaacctcagtatgggctatac 

  601 tccagcttcgttcctccactgatttatgccttcatgggcagttcaagagacatagccata 

  661 gggccagttgctgtggtgtctctcttactaggaagtctgcttcgggcagagattgatccc 

  721 acagaaaatccagcagagtatctgcggcttgcattcacagctacattttttgctgggatc 

  781 acacaagccacacttggattttttagattaggtttcttgatcgatttcttatcccacgct 

  841 gccattgttggttttatgggtggagctgcgattacaatagccctccaacagcttaaaggt 

  901 tttcttggcatcaagaatttcacaaaggaaactgatattatttctgtaatacattcagta 

  961 tgggcctcagttcatcacgggtggaactggcagactatagtcattggggctacctttttg 

 1021 ggttttcttctatttgctaagtacattggaaagaagaacaagaaatttttctgggtacct 

 1081 gcaattgctccattgatatcagttattctgtctaccttcttcgtgtacattacccgtgca 

 1141 gataagaaaggtgttcaaattgtgaaacacatagataaaggaatcaatccttcatctgca 

 1201 agtcaaatatatttcagtggtgtttatctcctaaaaggatttaaaattggtgttgtggct 

 1261 ggtttgatagcattgacggaagccgtggcaattggcagaacatttgcttccatgaaggac 

 1321 tatcaactggatggaaacaaagaaatggtggccctaggagcaatgaatattgttggttca 

 1381 atgacttcttgctatgtggcaacaggttccttctctcgttcagcagtaaactacatggct 

 1441 ggatgcaagactgcagtctctaacattgtgatgtcctgtgttgtattcctaaccctggaa 

 1501 ttcatcacacctcttttcaaatacaccccaaatgccattcttgcttccatcattatatct 

 1561 gctgtgattggcctaattgactacgatgcagcaattctgatatggaagattgataaattt 

 1621 gattttgttgcttgcatgggagcctctttgtgtggttttaatctgttgaattggtctctt 

 1681 attgcggttgccatatcctttgccagatcctcctanagttacaaggccaggactgcaatt 

 1741 cttgggaagctccctaggacactgtttacaggaacatccaacaatatccagaggcaactt 

 1801 aaaattccaggcttgttaattgtgaggattgattctgcaatctacttttccaattctaac 

 1861 tacgtcaaggaaaggatactgagatggttgactgatgaggaagaacacttgaaaaaagcc 

 1921 aacctaccaagagttcaatttttgattgttgagatgtcccctgtaactgacatagacacc 

 1981 agtggcatccatgcattggaagagttacacaggagtctcctaaagagagatgtcaaactg 

 2041 gttctggcaaatcctgggcaagtggttatcgacaagcttcatgcatccaagttcgcagat 

 2101 gatatcggcgaggacaagatctttctcacggttggagatgctgtcgtaacctgctctccc 

 2161 aagttggcagaggaagtttaaggtgttccaaaagcagaaacaaaaaagaaaagaatagaa 

 2221 aaataatgcaatgtgggtgagagagagagagaaatgagattggcatctgtaaatagtgtt 

 2281 gaagtgaagaaagagggagctcagggtctgatccatggtgggtggggtcaccatacaggt 

 2341 ggttgagtgcgtggatggtccccctcttttttcctcgtctttctttccatcattttccct 

 2401 ttaagcataaaaaatgaagaagaaagaaactgttatttcc 

 
2) LOCUS       EF155629                2179 bp    mRNA    linear   PLN 22-JAN-2008 
DEFINITION  Vitis rupestris sulfate transporter mRNA, complete cds. 
ACCESSION   EF155629 
VERSION     EF155629.2  GI:165975391 
KEYWORDS    . 
SOURCE      Vitis rupestris 
ORGANISM  Vitis rupestris 
            Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
            Spermatophyta; Magnoliophyta; eudicotyledons; core eudicotyledons; 
            Vitales; Vitaceae; Vitis. 
REFERENCE   1  (bases 1 to 2179) 
AUTHORS   Tavares,S., Sousa,C. and Amancio,S. 
TITLE     Sulfate acquisition, uptake and repression in Vitis cells 
REFERENCE   2  (bases 1 to 2179) 
AUTHORS   Tavares,S., Sousa,C. and Amancio,S. 
                    Direct Submission 
                    Submitted (03-DEC-2006)  
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                    Dep. Botanica e Engenharia Biologica, Instituto Superior de Agronomia, Tapada 
da Ajuda, Lisboa 1349-017, Portugal 
AUTHORS   Tavares,S., Sousa,C. and Amancio,S. 
                    Direct Submission 
                    Submitted (22-JAN-2008) Botanica e Engenharia Biologica, Instituto Superior de 
Agronomia, Tapada da Ajuda, Lisboa 1349-017, Portugal 
REMARK    Sequence update by submitter 
COMMENT On Jan 22, 2008 this sequence version replaced gi:119960407. 
FEATURES             Location/Qualifiers 
     source          1..2179 
                     /organism="Vitis rupestris" 
                     /mol_type="mRNA" 
                     /db_xref="taxon:103352" 
     CDS             97..2073 
                     /codon_start=1 
                     /product="sulfate transporter" 
                     /protein_id="ABM17059.2" 
                     /db_xref="GI:165975392" 
                     
/translation="MGPHSTDEVPEAKEDIRSLSSSHRHTTNLPYMHKVGVPPKQNLFKEFKTTVK
ETFFADDPLRSFKDQSKSRKFILGIQAIFPILEWGRSYNLTKFRGDLIAGLTIASLCIPQDIGYA
KLASLEPQYGLYSSFVPPLIYAFMGSSRDIAIGPVAVVSLLLGSLLRAEIDPTENPAEYLRLAF
TATFFAGITQATLGIFRLGFLIDFLSHAAIVGFMGGAAFTIALQQLKGFLGIKNFTKETDIISVMH
SVWGSVHHGWNWQTIVIGATFLGFLLFAKYIGKKNKKFFWVPAIAPLISVVLSTFFVYITRAD
KKGVQIVKHIDKGINPSSASQIYFSGVYLLKGFKIGVVAGMIALTEAVAIGRTFASMKDYQLDG
NKEMVALGAISIVGSMTSLLMWQQVPLSSAVNYMAGCRTAVSNIVMSCVVFLTLEFITPLFK
YTPNAILASIIISAVIGLIDYDAAILIWKIDKFDFVACMGAFFGVVFKSVEIGLLIAVAISFAKILLQV
TRPRTAILGKLPRTTVYRNIQQYPEATKIPGLLIVRIDSAIYFSNSNYVKERILRWLTDEEEHLK
EANLPRVQFLIVEMSPVTDIDTSGIHALEELHRSLLKRDVKLVLANPGQVVVDKLHASKFADD
IGEDKIFLTVGDAVVTCSPKLAEEV" 
ORIGIN 
        1 tcaagaagggtcggcactttctaagcctcgaatcatccaaccctcctttcccaagcctcg 
  61 tttgattctgccggggttcagtagtccttgtctgcgatggggccccattcaactgatgag 

 121 gtgccagaagcgaaagaggacattcgtagcctgtcatcctcacacagacatacgacgaac 

 181 ttgccgtacatgcacaaggtgggagttccccctaagcaaaatctcttcaaggaattcaaa 

241 accacagtgaaggagacgttctttgcagatgatcctcttcgctctttcaaggatcaatct 

301 aaatctcggaagttcatcctaggcatccaggctattttccccattcttgaatgggggaga 

361 agctacaatctaactaagtttagaggggatctcattgctggactcaccattgcaagtctc 

421 tgcattcctcaggatatcgggtatgcaaaacttgcatctttggaacctcagtatgggcta 

481 tactccagcttcgttcctccactgatttatgccttcatgggcagttcaagagacatagcc 

541 atagggccagttgctgtggtgtctctcttactaggaagtctgcttcgggcagagattgat 

601 cccacagaaaatccagcagagtatctgcggcttgcattcacagctacattttttgctggg 

661 atcacacaagccacacttggaatttttagattaggcttcttgatcgatttcttatcccac 

721 gctgccattgttggttttatgggtggagctgcgtttacaatagccctccaacagcttaaa 

781 ggttttcttggcatcaagaatttcacaaaggaaactgatattatttctgtaatgcattcc 

841 gtatggggctcagttcatcatgggtggaactggcagactatagtcattggggctaccttt 

901 ttgggttttcttctatttgctaagtacattggaaagaagaacaagaaatttttctgggta 

961 cctgcaattgctccattgatatcagttgttctgtctaccttcttcgtgtacattacccgt 

1021 gcagataagaaaggtgttcaaattgtgaaacacatagataaaggaatcaatccttcatct 

1081 gcaagtcaaatatatttcagtggtgtttatctcctaaaaggatttaaaattggtgttgtg 

1141 gctggtatgatagcattgacggaagccgtggcgattggcagaacatttgcttccatgaag 

1201 gactatcaactggatggaaacaaagaaatggtggccctaggagcaatcagtattgttggt 

1261 tcaatgacatccttgctaatgtggcaacaggttcctctctcgtcagcagtaaactacatg 

1321 gccggatgcaggactgcagtctctaacattgtgatgtcctgtgttgtattcctaaccctg 

1381 gaattcatcacacctcttttcaaatacaccccaaatgccattcttgcttccatcattata 
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1441 tctgctgtgattggcctaattgactacgatgcagcaattctgatatggaagattgataaa 

1501 tttgattttgttgcttgcatgggagccttctttggtgtggtttttaaatctgttgagatt 

1561 ggtctcttaatcgcggttgccatatcctttgccaagatcctcctacaagttacaaggcca 

1621 aggactgcaattcttgggaagctccctaggacaactgtgtacaggaacatccaacaatat 

1681 ccagaggcaactaaaattccaggcttgttaattgtgaggattgattctgcaatctacttc 

1741 tccaattctaactacgtcaaggaaaggatactgagatggttgactgatgaggaagaacac 

1801 ttgaaagaagccaacctaccaagagtccaatttttgattgttgagatgtcccctgtaact 

1861 gacatagacaccagtggcatccatgcattggaagagttacacaggagtctcctgaagaga 

1921 gatgtcaaactggttctggcaaatcctgggcaagtggttgtcgacaagcttcatgcatcc 

1981 aagttcgcagatgatatcggcgaggacaagatctttctcacggttggagatgctgtcgta 

2041 acctgctctcccaagttggcagaggaagtttaagccctaaggtgttccaaaagcagaaac 

2101 aaaagaagaaaagaaaagaaaaataaggcaatgtgggtgagagagagaaatgagattggc 

2161 atctgtaaatagtgttgaa 

 
3) LOCUS       EU275236                 495 bp    mRNA    linear   PLN 04-FEB-2008 
DEFINITION  Vitis vinifera adenosine 5'-phosphosulfate reductase mRNA, partial 
            cds. 
ACCESSION   EU275236 
VERSION     EU275236.1  GI:166237315 
SOURCE      Vitis vinifera 
 ORGANISM  Vitis vinifera 
            Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
            Spermatophyta; Magnoliophyta; eudicotyledons; core eudicotyledons; 
            Vitales; Vitaceae; Vitis. 
REFERENCE   1  (bases 1 to 495) 
AUTHORS   Tavares,S. and Amancio,S. 
                    Direct Submission 
                    Submitted (12-NOV-2007) Dep. Botanica e Engenharia Biologica, Instituto 
Superior de Agronomia, Tapada da Ajuda, Lisboa 1349-017, Portugal 
FEATURES             Location/Qualifiers 
     source          1..495 
                     /organism="Vitis vinifera" 
                     /mol_type="mRNA" 
                     /cultivar="Touriga Nacional" 
                     /db_xref="taxon:29760" 
     CDS             <1..>495 
                     /codon_start=3 
                     /product="adenosine 5'-phosphosulfate reductase" 
                     /protein_id="ABY86365.1" 
                     /db_xref="GI:166237316" 
/translation="IPETYAFFDTVEKHYGIHIEYVFPDSVEVQALVRNKGLFSFYEGHQECCRIRK
VRPLRKALKGLRAWITGQRKDQSPGTRAEIPVVQVDPTFEGMDSGVGSLVKWNPVANVDS
MDIWNFLRAMNVPVNSLHSQGYVSIGCEPCTRPVLPGQHEREGRWWWEDS" 
 
ORIGIN       
        1 cgatcccggagacatatgcgttttttgacaccgtggagaagcactatggaattcatatcg 
   61 agtatgtgtttccagattctgttgaggtgcaggcactggtgaggaacaagggattgttct 

  121 ctttctatgaagatggtcaccaagaatgctgcagaatacgtaaggtgaggcctcttagga 

  181 aggctcttaagggtcttcgagcctggatcactggccagaggaaggatcaatctccaggca 

  241 ccagagctgaaattccggttgtccaagtggatcctacatttgaagggatggatagtggag 

  301 ttggcagcctagtgaagtggaacccagtggcaaatgtggacagcatggacatttggaact 

  361 tcctccgggccatgaatgtgcctgttaacagtttgcactcacaaggatatgtatcaattg 

  421 ggtgtgagccatgcactcggccagttttgcccggccaacatgagagggaaggcaggtggt 

  481 ggtgggaagattcca 
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4) LOCUS       EU275238                 316 bp    mRNA    linear   PLN 04-FEB-2008 
DEFINITION  Vitis vinifera serine acetyltransferase mRNA, partial cds. 
ACCESSION   EU275238 
VERSION     EU275238.1  GI:166237319 
SOURCE      Vitis vinifera 
ORGANISM  Vitis vinifera 
            Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
            Spermatophyta; Magnoliophyta; eudicotyledons; core eudicotyledons; 
            Vitales; Vitaceae; Vitis. 
REFERENCE   1  (bases 1 to 316) 
AUTHORS   Tavares,S. and Amancio,S. 
                    Direct Submission 
                    Submitted (12-NOV-2007) Dep. Botanica e Engenharia Biologica, Instituto 
            Superior de Agronomia, Tapada da Ajuda, Lisboa 1349-017, Portugal 
FEATURES             Location/Qualifiers 
     source          1..316 
                     /organism="Vitis vinifera" 
                     /mol_type="mRNA" 
                     /cultivar="Touriga Nacional" 
                     /db_xref="taxon:29760" 
     CDS             <1..>316 
                     /codon_start=2 
                     /product="serine acetyltransferase" 
                     /protein_id="ABY86367.1" 
                     /db_xref="GI:166237320" 
/translation="IHPAAKIGEEILLDHATGVVIGETAVVGNRVSLMQGVTLGGSGKEIGDRHPKV
AQGALIGASATILGNIKIGEGAMMAAGSLVLKDVPPHSMVAGIRQGWLGIHM" 
 
ORIGIN       
     1 gatccacccagcagctaaaattggagaggaaatacttctggatcatgcaacaggcgttgt 

    61 tataggtgaaactgctgttgtaggaaatagagtttcattaatgcagggagtaactttagg 

   121 aggaagtggaaaagaaatcggtgatcgtcatccaaaagttgctcaaggtgccctaattgg 

   181 agctagtgcaactatacttgggaatataaaaataggtgaaggtgccatgatggctgctgg 

   241 ttcccttgtattaaaagatgttccacctcatagcatggtggcaggaatccggcaaggttg 

   301 gttggggatccatatg 

 
5) LOCUS       EU275237                 248 bp    mRNA    linear   PLN 04-FEB-2008 
DEFINITION  Vitis vinifera O-acetylserine(thiol)-lyase mRNA, partial cds. 
ACCESSION   EU275237 
VERSION     EU275237.1  GI:166237317 
SOURCE      Vitis vinifera 
ORGANISM  Vitis vinifera 
            Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
            Spermatophyta; Magnoliophyta; eudicotyledons; core eudicotyledons; 
            Vitales; Vitaceae; Vitis. 
REFERENCE   1  (bases 1 to 248) 
AUTHORS   Tavares,S. and Amancio,S. 
                    Direct Submission 
                    Submitted (12-NOV-2007) Dep. Botanica e Engenharia Biologica, Instituto 
Superior de Agronomia, Tapada da Ajuda, Lisboa 1349-017, Portugal 
FEATURES             Location/Qualifiers 
     source          1..248 
                     /organism="Vitis vinifera" 
                     /mol_type="mRNA" 
                     /cultivar="Touriga Nacional" 
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                     /db_xref="taxon:29760" 
     CDS             <1..>248 
                     /codon_start=1 
                     /product="O-acetylserine(thiol)-lyase" 
                     /protein_id="ABY86366.1" 
                     /db_xref="GI:166237318" 
/translation="DQLIGKTPMVYLNNIVKGSVANIAAKLEIMEPCCSVKDRIGYSMIADAEQRGAI
TPGKSTLVEPTSGNTGIGLAFIAASNPY" 
ORIGIN       
      1 gatcagcttattgggaaaacaccaatggtgtacctgaataatattgtaaaggggtccgtt 

     61 gcaaacattgctgccaagctggagatcatggagccatgttgcagtgtcaaggacaggatc 

    121 ggttacagtatgatagctgatgctgaacagagaggagctataacacctggaaagagtact 

    181 ctggtggaacctacaagtggaaacacgggcattggtctcgcatttatagctgcttcaaat 

    241 ccatatga 
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