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  Pref ace   

 This proceedings volume contains a selection of invited and contributed papers of 
the 9 th  International Workshop on Sulfur Metabolism in Plants, which was hosted by 
Heinz Rennenberg, Albert-Ludwigs-University Freiburg, and was held at Schloss 
Reinach, Freiburg-Munzigen, Germany from April 14–17, 2014. The focus of this 
workshop was on molecular physiology and ecophysiology of sulfur in plants, and 
the content of this volume presents an overview on the current research develop-
ments in this fi eld. 

 We are delighted to dedicate this volume to Prof. Dr. Sara Amâncio, University 
of Lisbon, Portugal and Prof. Dr. Jean-Claude Davidian, SupAgro /INRA, 
Montpellier, France. Both of them have signifi cantly contributed to the understand-
ing of the regulation of uptake and assimilation of sulfur in plants and the success 
of the Plant Sulfur Workshops over more than two decades.  

    Groningen ,  The Netherlands      Luit     J.     De Kok   
    Harpenden ,  Hertfordshire ,  UK      Malcolm     J.     Hawkesford   
    Freiburg ,  Germany      Heinz     Rennenberg   
    Chiba ,  Japan      Kazuki     Saito   
    Braunschweig ,  Germany      Ewald     Schnug       
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      Foreword: The Value of Sulfur for Grapevine       

       Sara     Amâncio    

    Abstract     The response to sulfate defi ciency (−S) and sulfate resupply (+S) was 
analyzed in a cell system of  Vitis vinifera  cv. Touriga Nacional by measuring sulfate 
infl ux and the expression of sulfate transporter transcripts. After 24 h in −S medium, 
cells showed a signifi cant increase in sulfate infl ux rate and the relative expression 
of sulfate transporters confi rmed their strong de-repression in −S conditions. It was 
verifi ed that in  V. vinifera  cell systems and leaves the sulfur-containing antioxidant 
metabolite glutathione (GSH), which participates in antioxidant homeostasis, is 
also a crucial player in the regulation of sulfur metabolism. Antioxidant phenylpro-
panoid compounds, namely fl avonoids and stilbenes, are present in most grapevine 
tissues, accumulating in response to biotic and abiotic stress. Grapevine plantlets 
are a suitable model for studying the interplay between the phenylpropanoid path-
way and nutrient defi ciency. It was verifi ed that  V. vinifera  under sulfur defi ciency 
allocates resources to the phenylpropanoid pathway, probably consecutive to inhibi-
tion of protein synthesis, an eventually advantageous strategy to counteract oxida-
tive stress symptoms evoked by −S conditions.  

        Introduction 

 Plants are able to reduce sulfate (SO 4  2– ) to sulfi de (S 2– ), which is incorporated into 
cysteine; so the greater part of S from SO 4  2–  absorbed by plants is ultimately used 
for protein synthesis. Organic sulfur is also found in the form of glutathione ( GSH  ), 
the thiol-tripeptide that mediates redox reactions by the interchange of 
dithiol-disulfi de. 

 Traditionally grapevine ( Vitis vinifera  L.) received large S inputs from copper 
sulfate and S° applied as fungicides. S° is probably the oldest pesticide unexpect-
edly produced as a component of plant defense system against vascular pathogens 
(Williams et al.  2002 ). In fact, sulfur applied to vine leaves and berries signifi cantly 

        S.   Amâncio      (*) 
  DRAT/LEAF, Instituto Superior de Agronomia ,  Universidade de Lisboa , 
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protected from powdery mildew infection. Treatments against this disease used cop-
per sulfate as Bordeaux mixture or S° (Williams and Cooper  2004 ). S° was then 
identifi ed as the only inorganic phytoalexin recorded to date. 

 Plant defensins are small  peptides   with a characteristic folding pattern stabilized 
by eight cysteines (Thomma et al.  2002 ). Grape genes encoding defensins are dif-
ferentially expressed among cultivars, suggesting distinct patterns of gene expres-
sion between genotypes (Goes da Silva et al.  2005 ). Despite the advantages of 
elemental sulfur due to its target activity against powdery mildew, vineyard fungi-
cides were substituted for chemicals without any sulfur. So grapevine sulfate assim-
ilation and sulfur as biotic stress antagonist are important topics and advances on 
the expression and regulation of  V. vinifera  genes encoding for sulfur transporters 
and assimilating enzymes were obtained.  

     Sulfate   Uptake and Assimilation 

    Grapevine Sulfate Transporters 

 Plants have evolved mechanisms to regulate sulfate uptake in response to sulfur 
availability. The primary response of numerous plant systems under sulfur depletion 
is an increase in uptake capacity due to the de-repression of sulfate transporter genes 
(Takahashi et al.  2011 ) and a  rise   in the expression of sulfate transporter proteins 
(Hawkesford  2000 ). The regulation by sulfur status at the molecular level is highly 
coordinated with physiological responses, either at the cellular or at whole plant 
level (Clarkson et al.  1999 ). 

  Sulfate    transport   er   sequences from different plant species are organized into fi ve 
groups based on the predicted protein sequences (Hawkesford  2003 ). The grapevine 
genome release (Jaillon et al.  2007 ; Velasco et al.  2007 ) made it  possib  le to identify 
the protein sequences of 13 sulfate transporters assigned to the fi ve sulfate trans-
porter family groups (Tavares and Amâncio, unpublished results). 

 Group 1 comprises the genes for high-affi nity sulfate transport regulated by 
external S conditions. In the  V. vinifera  cv. Pinot noir genome, two sequences were 
assigned to Group 1 and which had been previously amplifi ed from  V. vinifera  cv. 
Touriga Nacional (Tavares et al.  2008 ; Amâncio et al.  2009a ; Tavares  2009 ).  Sulfate   
 uptake   by  V. vinifera  cells was signifi cantly affected after sulfate removal (−S) in a 
time scale similar to that described for maize cells (Clarkson et al.  1999 ). The 
expression of Group 1 transcripts matched the de-repression of sulfate uptake, sug-
gesting a transcriptional regulation of sulfate transport in response to S availability. 
A strong repression of sulfate infl ux as well as transcript abundance was observed 
after sulfate repletion in  V. vinifera  cells (Tavares et al.  2008 ). Thus, the regulation 
of  V. vinifera  Group 1 sulfate transporter by S starvation and S resupply occurs at 
the  mRNA   expression level and also at de novo protein synthesis, as reported for 
  Arabidopsis    (Maruyama-Nakashita et al.  2005 ). 
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 The common characteristic among Group 2 sulfate transporters is a low affi nity 
for sulfate.  V. vinifera  carries two isoforms that fi t into this group, and  VvSultr2 ; 1  
 mRNA   depicted a mild up-regulation visible in cells after 7 days in −S conditions 
(Tavares  2009 , Tavares and Amâncio, unpublished results). A large and diverse 
number of sulfate transporter isoforms have been assigned to Group 3 (Hawkesford 
and De Kok  2006 ). In the  V. vinifera  genome seven sequences were assigned to this 
group and six of them were expressed in cultured cells, in roots and in leaves of 
grapevine plants. After 4 days in −S conditions, one of  V. vinifera  Group 3 tran-
scripts showed a moderate up-regulation (Tavares  2009 ). In   Arabidopsis      thaliana    
sulfate transporters from Group 4 have been associated with sulfate effl ux from the 
vacuole (Kataoka et al.  2004 ). In contrast to   A. thaliana   , only one sulfate transporter 
from Group 4 was identifi ed in the  V. vinifera  genome, which under sulfate defi -
ciency conditions, showed a high up-regulation at the transcription level (Tavares 
and Amâncio, unpublished results).  Sulfate    transport   er   s   from Group 5 were also be 
identifi ed in  V. vinifera  genome. However, in  A. thaliana , Group 5 sulfate transport-
ers do not show some of the characteristic sulfate transporter protein domains 
(Takahashi et al.  2011 ).  

    Grapevine Sulfur Assimilation: Genes and Enzymes 

 There is a high homology of  V. vinifera   ATP    sulfurylase  1 (VvATPS1) to AtATPS4, 
AtATPS3 and AtATPS1 and to isoforms from   Brassica     spp ,  Camelia sinensis  and 
  Solanum tuberosum    and of VvATPS2 to  Populus  ATPS and AtATP-S2. The nucleo-
tide sequences of  V. vinifera VvAPTS1  and  VvAPTS2 , reproduce the homology 
depicted at the amino acid level (Amâncio et al.  2009b ). A partial sequence of  V. 
vinifera  genes encoding for adenosine phosphosulfate reductase (APSR) 
(EU275236) was cloned and deposited at  Gene   Bank (Amâncio et al.  2009b ), 
Following grapevine genome sequencing (Jaillon et al.  2007 ; Velasco et al.  2007 ), 
the genes classifi ed as putative isoforms of sulfate assimilation enzymes were con-
fi rmed. VvAPSR amino acid sequence confi rms the main features of the plant type 
APSR structure: a C-terminal redox active TRX domain, a  GSH  -dependent TRX 
with glutaredoxin function, and an N-terminal reductase domain (Bick and Leustek 
 1998 ). The sole isoform of  V. vinifera  sulfi te reductase, as in   A. thaliana   , contains 
two main domains: an iron-sulfur (4Fe-4S) cluster and siroheme domain and the 
ferredoxin – binding domain (Amâncio et al.  2009b ). 

  Serine   acetyltransferases (SERAT) are proteins containing hexapeptide repeats 
characteristic of transferase enzymes whose secondary structure formed by these 
repeats is involved in the interaction of SERAT with   O -acetylserine (thiol)lyase 
( O ASTL)   (Takahashi et al.  2011 ). Four  V. vinifera  SERAT sequences were identi-
fi ed in the grapevine genome (Tavares et al.  2015 ), and eight isoforms of  V. vinifera  
  O ASTL   with the highly conserved pyridoxal-phosphate cofactor domain were 
obtained by homology analysis (Amâncio et al.  2009b ). This compares to similar 
numbers in the   A. thaliana    genome: SERAT (5) (Kawashima et al.  2005 ) and 
 O ASTL (9) (Watanabe et al.  2008 ). VvSERAT2;1 localized to the chloroplast of 

Foreword: The Value of Sulfur for Grapevine
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 V. vinifera  cells is the fi rst plant SERAT identifi ed so far that depicts a full serine 
acetyltransferase activity and does not interact with OASTL (Tavares et al.  2015 ). 

 A reverse correlation between sulfate availability and the expression of genes 
coding for sulfate assimilation enzymes is well documented for model plants and 
some other species. In grapevine cells under sulfate depletion, the expression of 
genes for sulfate metabolism enzymes showed that the relative abundance of 
 VvATPS1  and particularly  VvAPSR , is up-regulated (Amâncio et al.  2009b ), con-
fi rming the crucial role of APSR in sensing sulfur conditions and regulating the 
sulfate metabolism pathway. As in other species, the up-regulation of the above 
transcripts is signifi cantly amplifi ed in cell systems when compared with whole 
plant analysis (Amâncio et al.  2009a ). Conversely to  Arabidopsis  , the  VvSERAT 2;1 
transcript level was signifi cantly de-repressed in cells after 5 days under sulfate 
defi ciency conditions (Fig.  1 ). This late up-regulation seems more related to a long- 
term S-defi ciency response (Tavares et al.  2015 ).

       Regulation of Sulfate Assimilation 

 In many species sulfur uptake and assimilation are highly regulated processes. 
Control of gene expression limits excess uptake and activity of the assimilatory 
pathway. Reduced S-compounds, namely  GSH  , exert a negative regulatory effect 
while   O -acetylserine ( O AS)  , the carbon/nitrogen skeleton for cysteine, exerts a posi-
tive effect. Analysis of the transcript expression of  VvATPS1  and  VvAPSR  in  V. vinif-
era  cells as a response to sulfate defi ciency, sulfate re-supply, GSH, cysteine or  OAS   
addition (Fig.  1 ) confi rmed that SO 4  2− , cysteine and GSH are strong negative regula-
tors of  APSR . In cells growing in +S medium the effect of  O AS was responsible for 
four and threefold de-repression, respectively, of  VvAPSR  and  VvATPS  expression. 
Interestingly, the up-regulation of  VvATPS  is of the same order of magnitude as that 
of ATPS activity in maize cells treated with  O AS (Clarkson et al.  1999 ).   

  Fig. 1    Relative expression analyzed by RT- qPCR of  VvATPS1 ,  VvAPSR  in  V. vinifera  S-depleted 
cells transferred to +S (1.5 mM) or receiving 1 mM  GSH   or 1 mM cysteine for 24 h; and in +S cells 
supplemented with 0.5 mM  OAS  . The relative expression of  VvSERAT2 ; 1  in S-depleted cells is 
also shown (Tavares et al. unpublished results)       
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    Crosstalk Between Sulfur and the Antioxidant System 
in Grapevine 

  GSH   as the major non-protein reduced sulfur compound plays important roles, from 
ROS processing to hampering protein denaturation, by assuring the reduction of 
Cys-thiol groups. In grapevine, the changes in GSH content upon abiotic stress are 
genotype-dependent. In fact, in cv. Touriga Nacional under environmental condi-
tions that evoke oxidative stress, the GSH pool is suffi cient to maintain the cell 
redox state, while in cv. Trincadeira the GSH pool is replenished de novo in a slower 
and eventually less effi cient response (Carvalho et al  2015a ,  b ). 

 Phenylpropanoids are phytocompounds not essential for plant survival, thus 
classifi ed as plant secondary compounds. Grapevine bears a large variety of phenyl-
propanoid compounds, namely resveratrol (a stilbene) and anthocyanins (a fl avo-
noid), which derive from two branches of the phenylpropanoid pathway. The 
synthesis of chalcone, the precursor of fl avonoid compounds, depends on chalcone 
synthase (CHS), while stilbenes, such as resveratrol are produced by stilbene syn-
thase (StSy), enzymes that defi ne the fi rst branching point of the phenypropanoid 
pathway. Besides the nutriceutical activity of anthocyanin and resveratrol, antho-
cyanins, present in all  V. vinifera  tissues, behave as powerful antioxidants while 
resveratrol acts as an antioxidant as well as phytoalexin. The anthocyanin pool 
increases upon abiotic and biotic stress (Winkel-Shirley  2002 ).  Sulfur    defi ciency   
can bring about the accumulation of anthocyanins (Nikiforova et al.  2003 ). As 
reported in Tavares et al. ( 2013 ),  V. vinifera  cv. Touriga Nacional plantlets grown in 
−S conditions for 4 weeks signifi cantly accumulated anthocyanins when compared 
to +S plantlets. In the same experimental system, the  trans -resveratrol stilbene lev-
els were raised by 1.5 and 2.5-fold in −S conditions after 2 and 4 weeks, respec-
tively. In −S  V. vinifera  cv. Touriga Nacional cell cultures the  trans -resveratrol 
glucoside increased by sevenfold as compared to +S cells after 4 days, a value that 
was maintained until the seventh day in −S cells.  CHS  and  StSy  transcription levels 
in −S plantlets increased 8.0 and 6.1 times, respectively, after 2 weeks, matching the 
increase in anthocyanins and stilbenes measured in equivalent plantlets. These 
results could be explained by a metabolic detour to secondary metabolism, namely 
to the phenylpropanoid pathway, as the outcome of an impairment in protein syn-
thesis and the competition for phenylalanine.  

    Concluding Remarks 

 Very little research on sulfur uptake and assimilation has been reported for grape-
vine. The collaboration with Ineke Stulen and David Clarkson allowed me to 
approach sulfur uptake and assimilation and the interaction with nitrogen metabo-
lism in maize leaves, roots,  callus  and cell suspensions. Encouraged by the results 
and by the successful collaborations with my European partners, together with the 
high socio-economic and cultural value of grapevine, it became a priority to open a 
line of research on sulfur in  V. vinifera  metabolism, the coordination between sulfur 
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primary metabolism and secondary metabolic pathways and the fi ne tuning of 
genomic regulation of the sulfur metabolic pathway. Successful collaborations with 
Jean-Claude Davidian on grapevine sulfate transporters, with Rüediger Hell and 
Markus Wirtz on the characterization of the SERAT gene family, have extended our 
perception of sulfur in grapevine.     
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      Partitioning of Sulfur Between Primary 
and Secondary Metabolism       

       Stanislav     Kopriva    

    Abstract     Sulfur is an essential nutrient for all organisms. Plants are able to take up 
inorganic sulfate and assimilate it into a range of bioorganic molecules, either after 
reduction to sulfi de, or activation to 3′-phosphoadenosine 5′-phosphosulfate. While 
the regulation of the reductive part of sulfate assimilation and the synthesis of cys-
teine has been studied extensively in the past three decades, much less attention has 
been paid to the control of synthesis of sulfated compounds. Only recently have the 
genes and enzymes activating sulfate and transferring it onto suitable acceptors 
been investigated in detail with the emphasis on understanding the control of parti-
tioning of sulfur between the two branches of sulfate assimilation. These investiga-
tions brought a range of interesting new fi ndings, such as a common regulatory 
network of sulfate assimilation and glucosinolate synthesis, and identifi ed new 
components of the pathway, e.g. PAPS transporter or the 2′(3′),5′-diphospho-
adenosine phosphatase. Here the new fi ndings are reviewed and put into context of 
primary and secondary sulfur metabolism.  

        Introduction 

  Sulfur   is an essential nutrient for all living organisms, but only plants, algae, fungi 
and some bacteria can use the major source of inorganic sulfur, sulfate, to meet 
their demands (Kopriva  2006 ; Takahashi et al.  2011 ). Except a few minor variations, 
the pathway of sulfate assimilation is conserved in all these organisms (Fig.  1 ; 
Patron et al.  2008 ).  Sulfate   is taken up into the cells by sulfate transporters and 
 activated by adenylation catalyzed by  ATP    sulfurylase   to adenosine 5′-phosphosul-
fate (APS). In plants, algae, and most bacteria APS is reduced to sulfi te by APS 
reductase, whereas in fungi, cyanobacteria, and some proteobacteria a second 
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 activation step, phosphorylation of APS to 3′-phosphoadenosine 5′-phosphosulfate 
(PAPS), is necessary before the reduction to sulfi te by PAPS reductase (Kopriva and 
Koprivova  2004 ).  Sulfi te   is then reduced to sulfi de by sulfi te reductase and sulfi de is 
incorporated into amino acid precursors to form cysteine, or homocysteine in the 
yeast and fungi (Takahashi et al.  2011 ). However, not all sulfur-containing metabo-
lites are dependent on reduced sulfur, synthesis of a number of organic sulfo-com-
pounds requires PAPS as a donor of activated sulfate or even partially reduced sulfur 
donors, such as sulfi te for the synthesis of sulfolipids (Sanda et al.  2001 ). Since the 
majority of compounds containing sulfo- group are secondary metabolites, the 
reductive assimilation is often referred to as primary assimilation, whereas the 
branch leading to synthesis of sulfated products is called secondary assimilation 
(Kopriva et al.  2012 ). The two pathways of sulfate assimilation in plants are resolved 
and the genes have been identifi ed in many species (Kopriva et al.  2009 ; Hell et al. 
 2002 ; Leustek et al.  2000 ; Ravilious and Jez  2012b ; Takahashi et al.  2011 ). Sulfate 
assimilation is highly regulated both by sulfur demand and availability, probably 
because of the high reactivity and toxicity of the pathway intermediates. The focus 
of plant sulfur research has long been on the primary pathway and primarily the key 
enzyme, APS reductase, and secondary assimilation has been investigated in detail 
only relatively recently (Aubry et al.  2014 ; Kopriva et al.  2012 ; Mugford et al.  2009 ; 
Takahashi et al.  2011 ). Here, the efforts to characterize plant secondary sulfate 
assimilation and the regulation of sulfur partitioning between the primary and sec-
ondary pathways will be summarized.

  Fig. 1    Scheme of primary ( A ) and secondary ( B ) sulfate metabolism       
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       APS Kinase, a Forgotten Enzyme 

 APS  kinase is   an essential enzyme for sulfate reduction in yeast and the PAPS 
reducing bacteria but in plants, which reduce APS directly, this enzyme is part of 
the secondary pathway. In plants, therefore, its signifi cance was not considered as 
highly important, as the best known metabolites requiring sulfation, glucosino-
lates, are secondary products limited to   Brassicaceae    and not essential for plant 
survival (Halkier and Gershenzon  2006 ). This is in contrast with humans and ani-
mals, where defects in the production of PAPS result in serious developmental 
alterations and death (Dejima et al.  2006 ; Kurima et al.  1998 ). APS  kinase   has been 
identifi ed in plants and shown to be well conserved in sequence to the proteins 
from other organisms (Jain and Leustek  1994 ; Lee and Leustek  1998 ; Mugford 
et al.  2009 ; Ravilious et al.  2012 ; Patron et al.  2008 ). Two isoforms have been ini-
tially described in  Arabidopsis  , but the genome sequence revealed  that   APS kinase 
is encoded by a small gene family of four members in this species (Jain and Leustek 
 1994 ; Lee and Leustek  1998 ; Mugford et al.  2009 ). Three of these isoforms contain 
a transit peptide, and one, APK3, appears to be cytosolic as the encoded protein is 
very similar in size to the bacterial enzymes. Indeed, this localization has been 
confi rmed using  GFP   fusions, showing APK1, APK2, and APK4 were localized to 
the plastids, whereas APK3 is indeed cytosolic (Mugford et al.  2009 ). All four 
isoforms have been expressed in   E. coli    and the recombinant proteins shown to 
 possess   APS kinase activity. Only minor differences between the kinetic parame-
ters of the individual isoforms have been observed, as well as in the transcript 
accumulation patterns, pointing to a possible functional redundancy (Mugford 
et al.  2009 ). However, at the transcript level  APK1  and  APK2  seem to be more 
highly expressed than  APK3  and  APK4 . 

 To dissect the biological function of the  individual   APS kinase isoforms,  T-DNA   
lines disrupting the corresponding genes have been analyzed. Not surprisingly, the 
single mutants lacking one isoform did not show any phenotypes, at least at stan-
dard conditions (Mugford et al.  2009 ). Therefore, the mutants were crossed to 
obtain multiple knock-outs. Among the six possible combinations of double 
mutants, one pair, disrupted in  APK1  and  APK2 , showed a clear semi-dwarf pheno-
type (Mugford et al.  2009 ). To check whether the morphological phenotype is 
accompanied by disturbance in the secondary sulfur metabolites, glucosinolates as 
the best known sulfated metabolites, were analyzed and showed a remarkable reduc-
tion of around 85 % in the content of all individual glucosinolates. Accumulation of 
other sulfated metabolites, sulfo-jasmonic acid and phytosulfokines, was also 
reduced in the  apk1 apk2  mutants (Mugford et al.  2009 ). These experiments showed 
the importance of the donor of active sulfate for plant performance and so further 
crossing was carried out to test  whether   APS kinase is an essential enzyme in 
 Arabidopsis  . This question has already been answered at the stage of triple mutants 
(Mugford et al.  2010 ), because one combination,  apk1 apk3 apk4 , could not been 
obtained. This shows clearly that APS kinase is essential for Arabidopsis viability, 

Partitioning of Sulfur Between Primary and Secondary Metabolism



14

although the exact nature of the essential metabolites is not known. It cannot be the 
glucosinolates, as mutants in transcription factors controlling the pathway of gluco-
sinolate synthesis, devoid of the metabolites, are viable (Frerigmann and Gigolashvili 
 2014 ; Sonderby et al.  2007 ). Phytosulfokines are also  an   unlikely candidate as the 
mutant in tyrosyl protein sulfotransferase, a single copy gene catalyzing the sulfa-
tion of phytosulfokines and other small peptides, is also viable (Komori et al.  2009 ). 
Recent analysis of the sulfur metabolome revealed a large number of unknown com-
pounds containing sulfur (Glaser et al.  2014 ), among which the essential metabolite 
might be found in future. The analysis of the triple mutants revealed that loss of 
APK3 or APK4 in the  apk1 apk2  background further strengthens the dwarf pheno-
type. On the other hand, mutants with APK1 as the sole isoform  of   APS kinase are 
not distinguishable from WT plants showing that this is the major APS kinase iso-
form in Arabidopsis (Mugford et al.  2010 ). The structure of APK1 has been deter-
mined and the reaction mechanism, including the sequence of substrate binding 
(fi rst  ATP   and second APS) has been solved (Ravilious and Jez  2012a ; Ravilious 
et al.  2012 ). The analysis of APK1 structure revealed a novel redox regulation of 
plant APS kinase, in which the enzyme is activated in reduced environment 
(Ravilious et al.  2012 ).  

    Regulation of Primary and Secondary  Sulfur      Metabolism 

 As already mentioned, the reduced availability of PAPS in  apk1 apk2  mutants and 
two of the triple mutants resulted in a strong decrease in the sulfated secondary 
compounds, glucosinolates.  Glucosinolates   are a group of compounds important for 
plant pathogen defense but are also responsible for smell and taste of crucifers and 
with health protecting properties (Halkier and Gershenzon  2006 ; Sonderby et al. 
 2010 ). They are derived from the amino acids methionine and tryptophan or phenyl-
alanine in a complex pathway, with sulfation of desulfo-precursors by sulfotransfer-
ase being the last step (Underhill et al.  1973 ). These precursors, which are almost 
undetectable in wild type plants, accumulate to very high levels in the  apk1 apk2  
plants. This accumulation is several times higher than would account for unused 
substrates of  the   sulfotransferase (Mugford et al.  2009 ), pointing to an active pro-
cess through increased synthesis rate. Indeed, the transcripts of genes involved in 
glucosinolate synthesis are coordinately induced in  apk1 apk2  plants (Mugford 
et al.  2009 ). This is true not only for the metabolic genes but also for genes encoding 
six MYB transcription factors controlling glucosinolate synthesis,  MYB28 ,  MYB29 , 
and  MYB76  regulating the methionine-derived aliphatic glucosinolates and  MYB51 , 
 MYB34 , and  MYB122  of the indolic glucosinolate network (Gigolashvili et al.  2007 , 
 2008 ; Sonderby et al.  2007 ). Given the importance of PAPS for glucosinolate syn-
thesis this up-regulation posed the question of whether the genes involved in PAPS 
synthesis are also part of the regulatory network of these MYB factors. Indeed, 
transactivation assays, in which the individual MYB factors were co-expressed with 
constructs containing ß-glucurodinase under the control of the investigated 
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promoters, showed that  APK1 ,  APK2 , and to some extent also  APK3 , are under the 
control of the MYB factors as well as  ATPS1  and  ATPS3  isoforms of  ATP    sulfury-
lase   (Yatusevich et al.  2010 ). Interestingly, the genes for APS reductase and sulfi te 
reductase of primary assimilation are also under the control of the MYB factors. 
The results of transactivation assays were corroborated by results of expression 
analysis of plants over-expressing the MYB factors. Thus, both primary and sec-
ondary sulfate assimilation is part of the same regulatory network controlled by the 
six “glucosinolate” MYB factors (Yatusevich et al.  2010 ). While the increased 
expression of MYB factors induced transcript levels for sulfate assimilation genes, 
it was not affected in mutants of the MYBs, showing that they do not contribute 
much to the constitutive regulation of sulfur metabolism. 

 The genes of primary and secondary sulfur metabolism, however, share other 
mechanisms of regulation. Both groups respond to sulfate defi ciency where primary 
assimilation is up-regulated and the glucosinolate biosynthesis genes down- 
regulated (Hirai et al.  2005 ). For most of the genes in both pathways this regulation 
is controlled by  SULFATE LIMITATION1  ( SLIM1 ) (Maruyama-Nakashita et al. 
 2006 ). When  Arabidopsis   plants are adapted to darkness for 36 h, sulfate assimila-
tion and glutathione synthesis are very signifi cantly reduced, but are rapidly induced 
by light (Kopriva et al.  1999 ). It has recently be shown that, for many genes, the 
early response to light is controlled by  LONG HYPOCOTYL5  ( HY5 ) transcription 
factor (Huseby et al.  2013 ; Lee et al.  2011 ). Interestingly, primary and secondary 
sulfate assimilation and glucosinolate synthesis are preferentially expressed in a 
coordinated manner in bundle sheath cells of Arabidopsis (Aubry et al.  2014 ). Thus 
the pathways have to be precisely controlled to ascertain that sulfur is partitioned to 
the right metabolites according to the immediate demand. The redox regulation  of 
  APS kinase (Ravilious et al.  2012 ), which is complementary to regulation of APS 
reductase (Bick et al.  2001 ), might represent such a mechanism.  

    Partitioning of  Sulfur   

 In the  apk1 apk2  plants the synthesis of PAPS was reduced, therefore we hypothe-
sized that the fl ux through the primary assimilation might be increased. Indeed, the 
 apk1 apk2  plants accumulated several-fold higher glutathione than wild type con-
trols (Mugford et al.  2009 ). The fl ux through primary assimilation has been higher, 
probably through up-regulation of APS reductase (Mugford et al.  2009 ,  2011 ). On 
the other hand, over-expression  of   APS kinase in plastids or cytosol did not affect 
glucosinolate synthesis, but surprisingly, slightly increased the fl ux through primary 
assimilation. APS kinase is thus the next enzyme regulating fl ux through primary 
sulfate assimilation after APR2, ATPS1 and sulfi te reductase (Koprivova et al.  2013 ; 
Vauclare et al.  2002 ; Khan et al.  2010 ). APS reductase, particularly the APR2 iso-
form, was traditionally considered key for the control of the fl ux, based on several 
levels of evidence: a control fl ux analysis, a QTL analysis of sulfate content, and an 
analysis of natural variation in foliar sulfur (Loudet et al.  2007 ; Vauclare et al. 
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