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 This proceedings volume contains the invited and a selection of the contributed papers 
of the 8th International Workshop on Sulfur Metabolism in Higher Plants, which was 
held at the Department of Forest and Ecosystem Science, University of Melbourne, 
Water Street, Creswick, Victoria 3363, Australia, from November 22 to 27, 2010. The 
meeting was co-organized by the University of Melbourne (Australia), the University 
of Groningen (The Netherlands), Massey University, Palmerston North (New Zealand), 
the International Plant Nutrition Institute, Horsham (Australia), and CSIRO Plant 
Industry, Canberra (Australia). The content of the volume shows that the under-
standing of sulfur metabolism in plants and the interaction of the environment are 
rapidly progressing. This volume covers various aspects of the regulation of sulfate 
uptake and assimilation in plants, from a cellular to a whole plant level, and addi-
tionally emphasizes interactions with other minerals. Moreover, the signi fi cance of 
sulfur metabolism in biotic and abiotic stress responses, in food security and qual-
ity, and in relation to interactions with global change factors is discussed in detail. 

 We are pleased to dedicate this book to A/Professor Ineke Stulen, Laboratory of 
Plant Physiology, University of Groningen, The Netherlands. She was one of the 
initiators of the Sulfur Workshop series in 1989 and was a member of the Organizing 
Committee of all succeeding workshops. 
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  Abstract   Nitrogen and sulfur are essential for crop growth and quality, because 
both are needed for amino acid and protein synthesis. The organic N/S ratio on a 
molar basis is usually about 20. Plants, therefore, must have mechanisms to coordinate 
sulfur and nitrogen uptake and assimilation so that appropriate proportions of sulfur 
containing and other amino acids are available for protein synthesis. Experiments 
with vegetable crop plants grown at non-limiting nutrient supply showed that the 
uptake rates of nitrate and sulfate by the root are related to the growth rate of the 
plant. Reduced nitrogen and sulfur compounds as glutamine, glutathione and 
 O -acetyl-L-serine, and/or nitrate and sulfate, might act signal molecules in regulation 
of the uptake of nitrate and sulfate. However, there is no evidence for a direct linkage 
between the uptake of nitrate and sulfate.      

   Introduction 

 In general most soils contain suf fi cient sulfur to cover the requirements of plants, 
whereas nitrogen is often limiting for plant growth. Nitrogen in soil is available in 
various forms, but in agriculture mostly nitrate and some ammonium are the main 
forms taken up by the root and used as source for growth (Miller and Chapman 
 2011  ) . Sulfate taken up by the root appears to be the major sulfur source for growth 
(Hawkesford and De Kok  2006 ; Zhao et al .   2008 ; Haneklaus et al .   2007 ; De Kok 
et al .   2011  ) . However, in industrialized areas atmospheric sulfur deposition may 
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contribute to a signi fi cant extent to the sulfur fertilization of plants (De Kok et al .   2007, 
  2009,   2011  ) , whereas nitrogen fertilization by atmospheric nitrogen deposition 
is limited (Wellburn  1990  ) . 

 Nitrate and sulfate need to be reduced prior to their incorporation into various 
essential organic nitrogen and sulfur compounds. The uptake and assimilation of 
sulfur and nitrogen are strongly interrelated, since the major proportion of the reduced 
nitrogen and sulfur in plants is incorporated into amino acids and subsequently into 
proteins (Stulen and De Kok  1993 ; De Kok et al .   2011  ) . The synthesis of cysteine 
from  O -acetylserine and sul fi de is a major reaction in the direct coupling between 
nitrogen and sulfur metabolism in the plant (Brunold  1993  ) . Cysteine plays a key 
role in the synthesis of organic sulfur compounds; it is incorporated into proteins 
and the tripeptide glutathione and it is used as the sulfur compound for the synthesis 
of the essential amino acid methionine (Giovanelli  1990  ) . Proteins contain both 
sulfur and non-sulfur amino acids and for this reason the availability of nitrogen and 
sulfur interacts with the utilization of nitrogen and sulfur for proteins and plant 
growth. Plants maintain their nitrogen and sulfur content in proteins within a certain 
range (Stulen and De Kok  1993  )  and the organic N/S ratio is generally around 20 on 
a molar basis (Stulen and De Kok  1993 ; Haneklaus et al .   2007  ) . Plants, therefore, 
must have mechanisms to coordinate the uptake and reduction of sulfate and nitrate 
so that appropriate proportions of both sulfur containing and other amino acids are 
available for protein synthesis. 

 Nitrogen and sulfur research has mainly been focused on elucidating the 
pathways and characterizing the transporters and enzymes involved in their 
uptake and assimilation and their subsequent incorporation into organic compounds, 
from the molecular to the crop yield level. Although both laboratory and agronomic 
data indicate N/S interactions in metabolism, growth and plant composition, it is 
not known whether a direct mutual regulation as for instance proposed by Reuveny 
et al .   (  1980  )  based on experiments with isolated plant cell model systems growing 
under extreme nutrition conditions (nitrogen and sulfate deprivation), really occurs 
in whole plants in steady state grown under well-controlled nutrient conditions. 
Experiments on the effect of changes in nutrient supply and various environmental 
conditions have been performed from the molecular, biochemical and physiological 
to crop yield level. However, the question to what extent the measured changes in 
parameters as expression of the transporters and enzymes are of physiological 
signi fi cance in a whole plant context is not often addressed. 

 This foreword brie fl y evaluates the physiological mechanisms involved in the 
regulation of nitrogen and sulfur uptake, and the regulatory control of the coordination, 
on a whole plant level, based on results of experiments performed in our research 
group during our long cooperation.  

   Nitrate and Sulfate Uptake in Relation to Plant Growth Rate 

 The uptake of nutrients by the roots is generally adapted/in tune with the plant’s 
need for growth (Hawkesford and De Kok  2006 ; Zhao et al .   2008 ; Haneklaus et al .  
 2007 ; De Kok et al .   2011  ) . For plants in the vegetative phase, grown at non-limiting 
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nutrients, the nutrient  fl ux (N  
fl ux

 ) needed per gram plant biomass produced with 
time can be calculated as follows (Haneklaus et al .   2007 ; Zhao et al .   2008 ; De Kok 
et al .   2011  ) :

     
= ×N N  RGRflux content    

where the N 
  fl ux 

  is expressed as  m mol g −1  plant day −1 , N 
 content 

  is the total nutrient content 
of the plant ( m mol g −1  plant) and RGR is the relative growth rate of the plant during 
the growth period under investigation (g g −1  day −1 ). RGR can be calculated by linear 
regression from the ln transformed weight data (Hunt  1982  )  or by an exponential  fi t 
of the weight data (Poorter  1989  ) . 

 The uptake of nitrate and sulfate by the root are active processes and driven by a 
proton gradient maintained by a proton ATPase, mediated by transporter proteins. 
Distinct nitrate transporter groups have been characterized and plants contain 
inducible (iHATS) and constitutive (cHATS) high af fi nity nitrate transporters and 
constitutive low af fi nity nitrate transporters (LATS) (Touraine  2004 ; Miller and 
Chapman  2011  ) . Likewise, different sulfate transporter proteins are involved in 
the uptake and distribution of sulfate in the plant, which may contain 12–14 different 
transporters classi fi ed in up to  fi ve different groups according to the possible func-
tioning (Hawkesford and De Kok  2006 ; De Kok et al .   2011  ) . 

 In experiments with  Spinacia oleracea  L. and  Plantago major  L. net nitrate 
uptake rate (NNUR) was measured in combination with RGR and plant nitrogen 
content. NNUR can be expressed on a plant weight basis ( m mol g −1  plant day −1 ) or 
a root weight basis ( m mol g −1  root day −1 ). Plants with a relatively low root weight 
ratio (RWR, root weight/plant weight) have a relatively high uptake rate on a root 
weight basis. These experiments showed that the measured NNUR was in accor-
dance with the plant nitrogen  fl ux, and therefore of physiological signi fi cance 
(Ter Steege et al .   1998,   1999 ; Fonseca et al .   1997  ) . There was a linear relationship 
between RGR and measured NNUR, if plants were grown in non-limiting nutrient 
solution under the same environmental conditions and with similar plant nitrogen 
content and root weight ratio (Fig.  1 ). Part of the  Plantago  plants was grown at 
elevated CO 

2,
  which resulted in an increase in RGR at the time of the measurement, 

Fig.  1  shows that NNUR in these species is closely linked to the RGR of the plant. 
Apparently, the NNUR is a well-regulated process, under the control of an internal 
regulating mechanism, which adjusts the NNUR to the nitrogen need of the plant, 
as determined by RGR and total plant nitrogen content (Touraine et al .   1994 ; Ter 
Steege et al .   1998,   1999  ) .  

 There has been a long debate on the role of nitrate in fl ux and ef fl ux in the control 
of NNUR by roots under steady-state conditions. A double labeling design, with 
both  13 N- and  15 N-nitrate, made it possible to study the contribution of both  fl uxes 
to the regulation of NNUR rate in spinach (Ter Steege et al .   1998  ) . These experiments 
showed that nitrate in fl ux and ef fl ux together regulate NNUR by roots, thereby 
providing a  fl exible and sensitive nitrate uptake system (Ter Steege et al .   1998, 
  1999 ; Miller and Chapman  2011 ; Fig.  2 ). It is unclear to what extent ef fl ux of sulfate 
( e.g.  via sulfate selective anion channels) has signi fi cance in the regulation of the net 
sulfate uptake by roots is still an open question (De Kok et al .   2011  ) .   
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  Fig. 1    Relationship between net nitrate uptake rate in  Spinacia oleracea  L. (Data from Ter Steege 
et al .   1998,   1999  )  and  Plantago major  L. (Fonseca et al .   1997  ) , grown in nutrient solution with 
unlimited access to nitrate.  Spinacia  (Δ);  Plantago , grown at an ambient ( ) or elevated (•) atmo-
spheric CO 

2
  concentration of 350 and 700  m l l −1 , respectively       

  Fig. 2    Localization and regulation of processes of uptake, translocation and storage of nitrate 
in plant roots.  I  nitrate in fl ux,  E  nitrate ef fl ux,  T  nitrate translocation,  AA  amino acids,  P  protein 
(Adapted from Ter Steege  1996  )        
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   Regulation of Nitrate Uptake – Comparison with Sulfate Uptake 

 The regulation of activity of the nitrate and sulfate transporters may be controlled 
at a transcriptional, translational and/or post-translational level ( e.g.  activation/
deactivation; Hawkesford and De Kok  2006 ; De Kok et al .   2011  ) . However, the 
expression and activity of the nitrate and sulfate transporters are differently regulated. 
Sulfur-deprived plants are characterized by a high expression and uptake capacity 
of the sulfate transporters (Westerman et al .   2000 ; Buchner et al .   2004 ; Hawkesford 
and De Kok  2006 ; Koralewska et al .   2008,   2009  ) , whereas nitrate-deprived plants, 
show a lag phase in nitrate uptake capacity, related to an induction phase of the 
nitrate transporter proteins (Clarkson  1986  ) . 

 It has been postulated that a shoot-derived signals down-regulate nitrate and sulfate 
uptake by negative feedback control at the level of the nitrate transporter proteins 
(Touraine et al .   1994 ; Ter Steege  1996 ; Ter Steege et al .   1999  )  and sulfate trans-
porter proteins (Hawkesford and De Kok  2006  ) . At present glutamine seems to be 
the most likely signal molecule for the regulation of nitrate in fl ux (Touraine et al .  
 1994  ) . Nitrate ef fl ux might offer a mechanism for rapid reactions to increased 
cytoplasmic root nitrate concentrations, and nitrate itself might act as signal mole-
cule (Ter Steege  1996 ; Hawkesford  2011  ) . The signal transduction pathway involved 
in the regulation of the uptake sulfate uptake it still largely unsolved; it might 
be signaled or mediated by sulfate itself or products of the assimilatory reduction 
pathway ( e.g.  H 

2
 S, cysteine or glutathione; Hawkesford and De Kok  2006 ; De Kok 

et al .   2011  ) . Moreover, the cysteine precursor  O -acetyl-L-serine (OAS) is thought to 
play an important role in the induction of sulfate uptake (Clarkson et al .   1999  ) . 
However, the majority of plant cells, including root cells, have the capacity to both 
reduce and assimilate nitrate and sulfate, presumably facilitating local signaling of 
nitrate and sulfate uptake at a cellular level, which makes it dif fi cult to separate local 
signaling at a local cellular root level from signaling at an integrated tissue  viz.  shoot 
to root level (Hawkesford and De Kok  2006 ; De Kok et al .   2011  ) . Besides, it remains 
obscure to what extent changes concentrations of potential signal compounds and 
expression of the nitrate and sulfate transporters, both determined at the whole organ 
level, provides suf fi cient insight into the actual regulatory control of the sulfate uptake 
at the root cellular level (De Kok et al .   2011  ) . 

 There is apparently no direct linkage between the uptake of nitrate and sulfate 
in roots. Sulfate deprivation of  Brassica  resulted in a decreased growth and nitrate 
uptake rate, whereas the expression and activity if the sulfate transporters rapidly 
increased (Westerman et al .   2000 ; Buchner et al .   2004 ; Yang et al .   2006 ; Koralewska 
et al .   2008,   2009  ) . When sulfate-suf fi cient  Brassica  plants were exposed to atmospheric 
H 

2
 S, both nitrate uptake rate and RGR were unaffected, while the sulfate uptake 

was decreased (Westerman et al .   2000,   2001  ) . Exposure of  Brassica  to atmospheric 
NH 

3
  resulted in a downregulation of the nitrate uptake, whereas the uptake of sulfate 

remained unaffected (Castro et al .   2006  ) . If  Brassica  plants were exposed to elevated 
Cu 2+  concentrations in the root environment, it resulted in both a decrease in plant growth 
and nitrate uptake, however, the sulfate uptake was increased (Shahbaz et al .   2010  ) . 
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The latter was probably due to a direct interference of the Cu with the signal transduction 
pathway involved in the regulation of the expression and activity of the sulfate 
transporters (Shahbaz et al .   2010  ) .  

   Conclusions 

 Plants maintain their nitrogen and sulfur content within a certain range, since both 
are essential for synthesis of proteins. Protein synthesis requires inorganic carbon, 
and reduced nitrogen and sulfur. Co-ordination of the assimilatory reduction pathways 
of nitrate and sulfate is therefore necessary, so that appropriate proportions of 
both sulfur containing and other amino acids are available for protein synthesis. 
This might implicate a mutual regulation of the nitrate and sulfate uptake by the root. 
However, from our studies it is evident that changes in nitrate uptake rate are related 
to changes in growth, and that there is no direct linkage between the uptake of nitrate 
and sulfate.      
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  Abstract   Sulfur remains an important issue on the agenda for crop plant nutrition. 
In addition to avoidance of sulfur de fi ciency, which will impact on yield and 
quality, there are requirements for adequate fertilization of crops for resistance to 
biotic and abiotic stresses. Equally importantly, there are clear consequences for 
ef fi cient nitrogen utilization and there are interactions with micronutrient acquisi-
tion (selenium and molybdenum). Substantial advances have been made at the 
cellular level, dissecting the signal transduction pathways linking cellular nutritional 
status with expression of sulfur regulated genes and pathways. However cellular 
processes need to be placed in the context of whole plant regulation of sulfur uptake 
and assimilation, which encompasses developmental, spatial and environmental 
factors, and which facilitates optimum growth and fecundity (and yield in the case 
of crops) with available sulfur supply. During development, adequate sulfur must 
be acquired for optimum growth, ideally with any excess being sequestered into 
re-mobilizable temporary stores. As the plant develops, ef fi cient utilization of sulfur 
will require organ to organ transfer, and additionally degradation pathways, metabolic 
inter-conversions and multiple trans-membrane and vascular tissue mediated 
transport steps for both inorganic and organic sulfur compounds. For crops, ef fi cient 
transfer of sulfur to harvested sink tissues and its incorporation into protein are 
important agronomic traits. Insuf fi cient sulfur to meet the demand for growth 
results in a number of plant responses, targeted at optimising uptake and use of 
available sulfur. Notable early and speci fi c responses are the up-regulation of transport-
ers and key steps of the assimilatory pathways in sulfur-de fi cient tissues, and the 
allocation of resources to stimulate growth of root tissues compared to the shoots. 

    M.  J.   Hawkesford    (*)
     Plant Science Department ,  Rothamsted Research ,
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These responses involving root proliferation and transporter functionality are 
adaptations to improve pedospheric sulfur acquisition. A long standing question 
has concerned the existence and nature of inter-organ signals of nutrient status. It is 
possible that local sulfur availability, coupled with intrinsic cell speci fi c programmed 
function, is suf fi cient to mediate local gene and pathway expression, in fl uence organ 
responses and effect whole plant sulfur management without inter organ signals. 
Developmental cues will in fl uence organ speci fi c pathways, most clearly demon-
strated in processes of leaf senescence and associated nutrient remobilization. 
Conversely, the recognition of possibly mobile phloem located miRNAs may be 
indicative of long distance regulatory mechanisms. Similarly, root proliferation will 
almost certainly have a hormonal basis.      

   Introduction 

 With respect to whole plant regulation of sulfur uptake and assimilation, the key 
questions to consider include: what regulation occurs, when is this regulation impor-
tant, what signals are involved to initiate/control the regulation, what transduction 
pathways are required, how is cellular regulation integrated at the whole plant 
level and ultimately at the ecosystem level, and  fi nally what are the consequences 
for agriculture? The primary function of regulatory mechanisms is to manage  fl uxes 
of sulfur in response to developmental and environmental cues (Hawkesford 
and De Kok  2006  ) . The goal for the plant is to optimise the use of available sulfur 
to match the demands for growth and development, and for resistance to stress. Under 
limiting conditions this focuses on survival and reproduction. For a crop, management 
of sulfur is essential for both yield and quality (Zhao et al .   1999  ) . 

 There has been substantial progress in the elucidation of signal transduction 
pathways at the cellular and gene level (see the chapter “Molecular and Cellular 
Regulation of Sulfate Transport and Assimilation”, this volume), although the key 
links between metabolism and the transduction pathways remain elusive. Regulation 
at the level of the whole plant is at least the sum of cellular regulation integrated 
throughout the whole plant, and comprises both spatial and temporal components, 
possible inter organ signaling, and a co-ordination with developmental processes.  

   Key Processes 

 Regulated processes extend from  fl ux control in branches of the sulfur assimilatory 
pathways to whole plant distribution of sulfur pools. The uptake of sulfate into 
plant roots has long been known to be regulated (induced during sulfur-de fi ciency, 
repressed at adequate supply), and this has been shown to be due to the direct 
regulation (certainly transcriptional (Smith et al .   1995a,   1997  )  but also possibly 
post transcriptional control (Yoshimoto et al .   2007  )  and post translational control 
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as evidenced by the presence of the STAS (sulfate transporter and anti-sigma 
antagonist) domain (Aravind and Koonin  2000 ; Shibagaki and Grossman  2004 ; 
Rouached et al .   2005  )  of sulfate transporters (STs) at the plasma membrane of root 
cells. The transport of sulfate is catalyzed by members of a transporter family 
(SulP), which for example comprises 14 genes in  Arabidopsis : these may be sub-
divided into  fi ve groups (Hawkesford  2003  ) , with respectively, high and low 
af fi nities, undetermined function, vacuolar ef fl ux transport function and a speci fi c 
involvement in Mo accumulation. Expression of the genes for many of these trans-
porters (particularly Groups 1, 2 and 4) is in fl uenced by sulfur-nutritional status 
and development and the differential expression and activity of the whole family 
will contribute signi fi cantly to distribution, storage and remobilization of sulfate 
and other oxyanion pools (see below). 

 In wheat or barley root tissues, the major Group 1 ST is up-regulated (transcript 
abundance and transporter activity as measured by root uptake capacity) under 
conditions of limiting sulfur and re-repressed upon re-supply (Smith et al .   1997 ; 
Buchner et al .   2010  ) . In  Arabidopsis  and Brassica the situation is complicated by 
the occurrence of two related transporters having differential patterns of expression: 
both are more highly expressed under sulfur-limiting conditions but one (Sultr1;1) 
is highly induced from a situation of little or no expression (hence very many-fold), 
whilst the other (Sultr1;2) shows expression increased around a twofold, with a 
background level comparable to the induced state of Sultr1;1. 

 Substantial regulation of the assimilatory pathway is evident (see Chap. 3, 
Yoshimoto and Saito, this volume   , and Fig.  1 ), facilitating coordination with C and 
N metabolism (and hence growth), and enabling partitioning between primary 
assimilation and sulfur-containing amino acid biosynthesis or to secondary meta-
bolites such as glucosinolates. Substantial allosteric or gene expression regulation of 
ATP sulfurylase, APS reductase (APR) and APS kinase as well as the occurrence of 
compartment-speci fi c isoforms of these enzymes facilitates biochemical partition-
ing of sulfur between different branches of the assimilatory pathway ( e.g.  (Vauclare 
et al .   2002 ; Mugford et al .   2009  ) ).  

 An important coordination with C/N metabolism occurs at the level of cysteine 
biosynthesis, with the cysteine synthase complex (serine acetyltransferase (SAT) and 
 O -acetylserine(thiol)lyase (OASTL)) acting as both a sensor and a regulator (Hell 
et al .   2002  ) , mediated by a reversible association/dissociation of the complex. SAT is 
active when associated with OASTL, but inactive when dissociated. As the dissocia-
tion is promoted by excess OAS, the complex effectively senses both OAS and sulfur 
availability, and self regulates further OAS production accordingly. Thus OAS is a 
signal mediating between substrate availability and  fl ux. OASTL, which is in excess, 
will always catalyze synthesis of cysteine given availability of OAS and sul fi de. 

 The induction/repression of STs and initial steps of the assimilatory pathway was 
assumed initially to be a negative feedback controlling gene expression, mediated 
by downstream products of the assimilatory pathway ( e.g.  cysteine or glutathione, 
see Fig.  1 ). Subsequently a model was proposed in which OAS mediates the up-
regulation of ST gene (and others) expression (also shown on Fig.  1 ). This was 
proposed by analogy with the prokaryotic model, for example the  cysB  mediated 
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regulation in  Salmonella typhimurium  and  Escherichia coli  (Kredich  1993  )  in which 
OAS bound to cysB protein facilitates transcription, whilst sul fi de is inhibitory. 
Evidence to support such a mechanism in plants was initially obtained by OAS 
feeding experiments to young seedlings grown in hydroponics, which showed 
enhanced ST expression in roots, with consequent high levels of reduced sulfur 
compounds (cysteine and glutathione) which might have been expected to mediate 
repression (Smith et al .   1997  ) . A similar induction by OAS was seen in potato, and 

  Fig. 1    Cellular regulation: S metabolism is part of a metabolic web (Modi fi ed from (Hawkesford 
et al .   2006  ) ).  Solid lines  represent metabolite pathways ( dashed  = multiple steps),  dotted lines  
represent possible feedback loops, which may be allosteric or may act via control of gene expression. 
 ST  sulfate transporter,  APR  APS reductase,  OAS O -acetyl serine,  APS  adenosine 5 ¢ -phosphosulfate, 
 PAPS  3 ¢ -phosphoadenosine5 ¢ -phosphosulfate,  OPHS O -phosphohomo-serine,  SAM S -adenosyl 
methionine,  SMM S -methylmethionine,  PCs  phytochelatins       
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furthermore, transgenic over-expression of serine acetyltransferase (SAT), which 
modestly enhanced endogenous root OAS levels, also resulted in induction of a 
high af fi nity ST in roots (Hopkins et al .   2005  ) . However a sulfur-deprivation 
treatment (up to 8 days) eventually leading to a huge OAS accumulation, only 
resulted in a small transitory increase in ST expression, soon after the removal of 
the external sulfur supply and before there was any OAS accumulation. In spite of 
these anomalies, regulation mediated by OAS or thiol compounds remains a viable 
model, but critically is not yet proven in plants. Alternatively sulfate may be a candidate 
as a signal as tissue sulfate contents show an inverse relationship with measured 
speci fi c mRNA pools for STs (Buchner et al .   2010  ) . Another candidate may be sul fi de 
as copper exposure induces ST and APR expression in Chinese cabbage ( Brassica 
pekinensis) , with one explanation being an interference with the induction/repression 
signal transduction pathway, possibly by binding sul fi de (Shahbaz et al .   2010  ) . 

 Combining pedospheric sulfur deprivation experiments with atmospheric supply 
of hydrogen sul fi de indicated, for  Brassica napus  and  Brassica pekinensis , that 
foliar absorbed hydrogen sul fi de is a viable source of sulfur to meet demands for 
growth, however little repression of induced root STs was observed. Shoot to root 
communication was concluded to be inef fi cient (Buchner et al .   2004 ; Koralewska 
et al .   2008  ) . 

 Whereas in barley and wheat there appear to be good correlations between transport 
activity, gene expression and tissue sulfate concentrations (Smith et al .   1997 ; Buchner 
et al .   2010  ) , this is not always the case. Large changes in mRNA abundance are 
often not matched by large changes in transporter capacity. Upon S resupply in 
 Brassica oleracea , expression of BolSultr1;1 (as indicated by mRNA abundance) 
is transiently repressed but then remains high, decreasing only after a number of 
days; transport activity also remains high in spite of tissue sulfate and thiol levels 
being restored to control (sulfur-replete) levels (Koralewska et al .   2009  ) . Although 
it appears that sometimes there is no correlation between activity, gene expression 
and potential regulatory metabolites, all of these studies are severely limited by the 
imprecise spatial resolution of the tissue sampling, usually separating little more 
than shoots and roots. 

 Translating cellular responses up to whole plant responses to sulfur limitation is 
dominated by the concept of demand driven regulation (Lappartient and Touraine 
 1996 ; Lappartient et al .   1999  ) . Demand may be de fi ned at the cellular or whole 
plant level, and will depend on growth rate and ‘extra’ demands imposed by stress 
resistance mechanisms involving sulfur-containing compounds; sulfur nutritional 
status will be the balance of supply and demand (Fig.  2 ). Demand at the cellular 
level modi fi es metabolite levels, which in turn triggers the changes in gene expression, 
and which leads to modi fi ed pathway or transporter activity. As internal pools 
are depleted in cells or organs, a ‘signal’ is effectively propagated, without the need 
for a long distance signaling molecule. Confounding this simplistic model is the 
recent description of a micro RNA (miR395) which has a likely role in ensuring 
turnover of mRNAs for key sulfur pathways genes, including a sulfate transporter 
(2:1) and ATPS; it is possible that this may be phloem-mobile and could facilitate a 
long-distance signal function (Kawashima et al .   2009 ; Liang et al .   2010  ) .   



16 M.J. Hawkesford

   Coordination During Development 

 Sulfate transporter (ST) expression in relation to the management of plant sulfur 
reserves has been examined in detail in  Arabidopsis  (Yoshimoto et al .   2002 ; Kataoka 
et al .   2003,   2004a,   b,   c ; Kataoka and Takahashi  2005  ) ,  Brassica  (Buchner et al .   2004 ; 
Parmar et al .   2007 ; Koralewska et al .   2008,   2009  )  and wheat (Buchner et al .  
 2010 ; Shinmachi et al .   2010  ) . Cell speci fi c expression data has been determined in 
 Arabidopsis  but is limited for the other species, and whilst many similarities exist 
between the different species (allowing straightforward assumptions of functional 
homologues), speci fi c peculiarities are apparent, for example wheat has no close 
homologue of Atsulr1;2. In addition, the simplistic assumption of individual STs 
being expressed in a cell or organ speci fi c manner is inadequate and almost all trans-
porters are expressed in all tissues at some point in development, albeit at quite different 
levels and with differential responses to sulfur-nutrition (Buchner et al .   2010  ) . 

 Sulfate is taken up to meet the needs for growth and metabolism throughout 
development, and that which is in excess of current demand is stored in vacuoles; 
generally it is assumed that cytoplasmic sulfate concentrations do not vary greatly. 
The vacuolar sulfate pools represent the tissue sulfate pools that respond to periods 
when demand outstrips supply, for example due to depletion in the pedosphere or 
unavailability caused by limiting water supply. However pre-programmed patterns 

sulfur
nutritional

status

external
availability

stress

Cell responses

Whole plant responses

signals

reserves growth

signals

demandsupply

  Fig. 2    Local or systemic regulation? The sulfur nutritional status will depend on both supply 
(external and internal pools) and demand (from growth and responses to stresses requiring 
S-containing compounds); cell responses involve changes in gene expression and modi fi ed  fl uxes 
through biochemical pathways which have a net impact on whole plant  fl uxes of sulfur, modi fi ed 
biomass partitioning and ultimately development. Whole plant regulation may be viewed as an 
extension of regulatory processes at the single cell or may involve signals between cells distributed 
throughout the plant       
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of senescence also involve nutrient remobilization from senescing to growing tissues 
or storage tissues ( e.g.  seed). Remobilized sulfur may be in inorganic (sulfate) or organic 
(amino acids and their derivatives such as glutathione or  S -methylmethionine) 
form, depending on whether pools are vacuolar or in protein. Movement of sulfate 
is catalysed by expression of members of the sulfate transporter gene family 
(Buchner et al .   2010  ) , and their expression in individual tissues is also in fl uenced 
by the S-nutritional status of that tissue. Overall levels of expression in individual 
tissues under all conditions examined show an exponentially decreasing relationship 
with tissue sulfate concentration. On the other hand, for wheat canopy tissue, 
protein degradation,    whether as part of normal senescence or due to stresses, including 
sulfur-de fi ciency, is dominated by the breakdown of Rubisco and other components 
of the photosynthetic apparatus, with N and sulfur being transported to the 
grain (Gilbert et al .   1997  )  most likely as amino acids. Remobilization of both N and 
sulfur from the canopy to the grain occurs after anthesis, with grain sulfur accumu-
lation being balanced with N accumulation. There is evidence for a small variable 
tolerance of excess of grain tissues with sulfur, as a  fl exibility exists in terms of 
N:sulfur ratio in grain protein (Godfrey et al .   2010  ) . Within these constraints, N and 
sulfur export from the canopy are in fl uenced also by plant N and sulfur nutritional 
status (Howarth et al .   2008  ) . 

 In wheat grain, Group 1 STs are more highly expressed under low sulfur conditions 
re fl ecting the low tissue sulfate concentration, and the high expression will optimise 
sulfate acquisition by the grain. When plants are adequately supplied with sulfur, 
sulfur is remobilized in both organic and inorganic forms, and grain demand is 
determined by N supply to and N status of the grain, hence N nutrition may more 
directly control ST expression (see following discussion for Brassica). Supporting 
this mode of control, grain sulfate concentration (which is comparable to leaf 
concentrations) is only marginally reduced by restricted post anthesis sulfate supply, 
whilst Group 1 ST expression is substantially increased (Buchner et al .   2010  ) . 

 In Brassica, sulfate accumulates in leaves (particularly in older leaves) of 
adequately fertilized plants, and is remobilized if supply is interrupted (slowest 
remobilization in older leaves); patterns of expression of sulfate transporters were 
related to these patterns of remobilization (Parmar et al .   2007  ) . Speci fi cally expression 
of Group 1 (high af fi nity, plasma membrane-type) and Group 4 (vacuolar ef fl ux-type) 
STs are expressed in tissues with decreasing sulfate content (exporting sulfate); 
whether the increased expression is induced by the low tissue sulfate concentration, 
or is the cause of the low sulfate concentration is not clear. In addition, N-status 
impacts on sulfur remobilization patterns and differentially on the expression of the 
two Group 4 STs. Low sulfur and low N conditions result in enhanced senescence 
with the involvement of BnSultr 4;2, whilst low S conditions alone delayed 
senescence, and sulfate remobilization appeared more dependent upon BnSultr4;1 
(Dubousset et al .   2009  ) . 

 In summary, sulfur-remobilization from protein is driven by senescence 
processes and is coupled with N remobilization because of the  fi xed N:S ratio occurring 
within canopy protein. Superimposed upon this is the remobilization of inorganic 
sulfur (in the form of sulfate) which is strongly in fl uenced by supply and demand. 
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Redistribution may occur to developing canopy tissues or to grain, and occurs in 
parallel with enhanced expression of vacuolar ef fl ux transporters (Group 4) and 
Group 1 high af fi nity plasma membrane transporters (likely induced by the low 
sulfur content, but whose functionality is unclear unless expressed in a very cell 
speci fi c manner to facilitate unloading from the leaf).  

   Are Response to Low Sulfur Availability Related 
to Sulfur Use Ef fi ciency? 

 Sulfur use ef fi ciency (SUE) can be de fi ned similarly to nitrogen use ef fi ciency (NUE), 
that is as crop harvestable yield per unit of available sulfur. Furthermore SUE, as 
with NUE, may be subdivided into components describing uptake ef fi ciency (SUpE; 
the fraction of sulfur taken up as a fraction of the total available sulfur) and 
utilization ef fi ciency (SUtE; the amount of harvestable biomass produced per 
unit of sulfur taken up). In addition to these measures, the sulfur harvest index 
(SHI; the fraction of sulfur taken off in the harvested part of crop divided by total 
sulfur taken up by the crop) is an important agronomic trait in that it is indicative of 
protein quality and nutritional value of the crop product (Zhao et al .   1999 ; Fig.  3 ).  

• Senescence
• S-export

SUpE

SUtE
SHI

Roots:
• Architecture
• Proliferation
• Transporter activity

S taken up/
S available

• Canopy establishment
• Photosynthesis

Root:
• Establishment
• Transporter activity

Recycling to
soil

Losses to
atmosphere

Harvest take-off

  Fig. 3    Regulation at the plant and crop level: Sulfur Use Ef fi ciency comprises both an element of 
the ef fi ciency of uptake (SUpE), which is relevant throughout development and will contribute to 
successful canopy development, and sulfur utilization ef fi ciency (SUtE), the amount of harvestable 
biomass produced per unit S taken up (most relevant at the generative stage of development). 
In addition to these measures, SHI, the sulfur harvest index, is a measure of how much sulfur is 
taken off in the harvested material as a ratio of the total taken up; ideally the S taken off is incorporated 
into bene fi cial compounds such as protein       
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 Multi-level responses to sulfur de fi ciency are well documented (Hawkesford 
 2000 ; Nikiforova et al .   2005 ; Hawkesford and De Kok  2006  ) ; the question arises as 
to whether these responses are relevant to SUE in a crop and whether they represent 
legitimate targets for crop improvement. Increased ST expression and root prolif-
eration will enhance capture of sulfate (thus enhanced SUpE), and will be effective 
from an early seedling stage. Tolerating a varying sulfur supply (for example, 
discrete applications of sulfur fertilizer and the subsequent depletion as it is used 
by the plant or possibly leached) requires uptake of excess, storage and effective 
remobilization, optimizing canopy development and generative tissue (seed) formation 
(SUtE). Remobilization ef fi ciency is critical for delivery of sulfur to generative (and 
harvested) tissues such as seed (promoting SHI). SUpE, SUtE and SHI are critical 
components to ensure optimal fertilizer capture and conversion into valuable crop 
biomass, whilst minimizing losses to the environment (Fig.  3 ).  

   S/Se/Mo Imbalances 

 Sulfate transporters are not speci fi c for sulfate; it has long been realized that selenate 
is transported by the same transporters, and suspected that molybdate might behave 
similarly. Selenate resistance was used to isolate sulfate uptake-de fi cient yeast 
mutants (Breton and Surdin-Kerjan  1977 ; Smith et al .   1995b  )  and in  Arabidopsis  
(Shibagaki et al .   2002  ) . Competition between sulfate and selenate uptake is well 
known at the whole plant level (Leggett and Epstein  1956  ) . Recently a member 
of the SulP-sulfate transporter family, Atsultr5;2 (also known as mot1), was shown 
to have a speci fi c role in molybdenum accumulation (Tomatsu et al .   2007 ; Baxter 
et al .   2008  ) . A related gene, Atsultr5;1 (mot2), may also have a speci fi c although 
less pronounced role   . Both of these transporters occur on intracellular membranes 
and are therefore not responsible for primary uptake. It is probable that all members 
of the SulP family, which are able to transport sulfate, may also transport selenate 
and molybdate (Fitzpatrick et al .   2008  )  and will contribute to their uptake and 
distribution. 

 In a wheat  fi eld experiment (Broadbalk at Rothamsted Research, in the U.K.) in 
which control plots were compared to plots which had received no sulfur fertilizer 
over a period from 2001 to 2008, a consistent approximate 10% yield decrease was 
accompanied also by an approximate 10% decrease in grain sulfur, but several-fold 
increases in both grain Se and Mo concentrations (Stroud et al .   2010  ) . A detailed 
analysis of vegetative tissues during development indicated very low sulfate pools 
in plants from the non-sulfur fertilized plots, and substantially increased Mo and Se 
concentrations in all tissues except roots (Shinmachi et al .   2010  ) . Final partitioning 
to the grain indicated that Se was co-remobilized from the canopy with sulfur 
(resulting in a sevenfold increase in concentration in the grain relative to the control), 
whilst Mo was less ef fi ciently remobilized, but still suf fi ciently to result in the 3.7-fold 
higher grain concentration relative to the control. Remarkably, although yield 
and grain sulfur were only slightly reduced in the non-sulfur fertilized plots, the 
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substantial impact on vegetative tissue sulfate pools was a suf fi cient signal of low 
sulfur-nutritional status to result in an induction of gene expression of multiple 
members of the SulP family in many tissues. Critically, high expression of root STs 
in an environment with low sulfate, resulted in a disproportionate uptake of other 
oxyanions (Shinmachi et al.  2010  ) .  

   Prospects Including Targets for Improvement 

 An important driver for plant science research is crop genetic improvement; ensuring 
a secure and sustainable food supply is the grand challenge for agriculture today. 
Whilst major issues are climate change and water availability, production in most 
agricultural systems is dependent upon adequate and balanced fertilizer application. 
Fertilizer production and use has signi fi cant costs to agricultural production and has 
a substantial environmental footprint. Optimizing inputs and fertilizer use are key 
targets for crop improvement, and both agronomic management and crop genetic 
improvement will have contributions to this trait. In this chapter, several components 
of whole plant sulfur regulation have been discussed and directly point to target 
areas for genetic improvement (Fig.  4 ). They are not mutually exclusive, and it is 
likely that stacking of traits will prove useful. In addition appropriate agronomy in 
terms of form, amount and timing of sulfur fertilizer application will be essential to 
maximize bene fi t. In no case can crops be grown without sulfur, but optimizing 
sulfur take-off from ecosystems to avoid wasteful losses due to, for example, leaching 
and run off are essential. In addition, appropriate partitioning of sulfur into harvested 
materials in a bene fi cial form is a legitimate target for improvement. As indicated, 
the accumulation of sulfate and its analogues is signi fi cantly affected by the relative 
abundances of the oxyanions; this is critical, as whilst a minimal level of Se is 
required for a healthy diet, excess intake is toxic (Hawkesford and Zhao  2007  ) .  

 In the past, the fortuitous provision of sulfur from atmospheric pollutants has 
obviated the need to add sulfur fertilizers or seek sulfur-ef fi cient genotypes. Currently 
the cost of sulfur fertilizers is not restrictive for commercial intensive farming, 
and generally the low applications required have a small environmental footprint 
and little potential to cause ecological damage. However as a general concept, there 
is a need to produce germplasm that will grow in low input conditions, and also that 
will be healthy and nutritious when grown in a range of agricultural environments. 
In truth, apart from when pedospheric sulfur is in high abundance, uptake is 
extremely ef fi cient and plants are able to accumulate reserves in the form of either 
canopy protein or vacuolar sulfate. Furthermore, there is plenty of evidence for 
recycling of these reserves. Optimizing selectivity for anions will not be simple, but 
there are precedents for modi fi ed transporter substrate selectivity (Rogers et al .  
 2000  ) . Attempts have been made to engineer high sulfur content of seed (Molvig 
et al .   1997 ; Tabe and Higgins  1998  ) , but an overall increase in grain sulfur (and thus 
SHI) has been hindered by an apparent inability to deliver suf fi cient extra sulfur to 
the grain tissues. Such dif fi culties may require targeted expression of transporters 
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for sulfur-containing compounds such as  S -methylmethionine (Tan et al .   2010  ) . 
Opportunities exist to examine partitioning to seed tissues, interactions with nitro-
gen metabolism and the synthesis of speci fi c storage proteins. Selection for high 
SHI should be straightforward but has never been pursued; this could be achieved in 
existing germplasm screening programmes.      
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  Abstract   Sulfur is an essential macronutrient for plants with important roles in 
biological structure and function. Although it has long been known that sulfate 
uptake, assimilation and metabolism are highly controlled by sulfur availability, the 
detailed mechanism of regulation has only recently begun to be elucidated. In this 
review, we highlight recent advances in our understanding of the molecular and 
cellular basis of plant response to sulfur limitation.      

   Introduction 

 Sulfur is a macronutrient essential for plant growth and survival. It is found in the 
amino acids cysteine and methionine, in sulfur-containing cofactors such as biotin, 
thiamine and coenzyme A, and in a variety of secondary metabolites such as 
glucosinolates in Cruciferae plants and  S -alk(en)yl cysteine sulfoxides in  Allium  
species. Although sulfur is found as both oxidized and reduced forms in nature, 
sulfate divalent anion, which is the most oxidized form of sulfur, is the major form 
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of sulfur that plants utilize for the synthesis of various sulfur-containing organic 
compounds. It is taken up from the soil solution by the function of sulfate transporters 
bound in the plasma membrane of the root cells. Sulfate incorporated in the root 
cells is transported to the aerial parts of plants through vasculature, and enters the 
metabolic processes of assimilatory sulfate reduction followed by the synthesis of 
cysteine. It is well established that the expression of genes encoding sulfate trans-
porters and enzymes for sulfur assimilation is coordinately controlled mainly at the 
transcriptional level in response to changes in the sulfur status (Leustek et al .   2000 ; 
Saito  2004  ) . Throughout the last decade, great advances have been made in our 
understanding of how plants adapt to sulfur limitation at the molecular levels; mul-
tiple key regulatory components that contribute to metabolic regulations in response 
to sulfur limitation have been discovered, and the importance of protein-protein 
interaction among sulfur assimilatory proteins in controlling sulfur homeostasis has 
been demonstrated. Here we will summarize current progress toward understanding 
the molecular mechanisms of plant response to sulfur limitation, especially focusing 
on regulatory components involved in the control of sulfate uptake, assimilation and 
metabolism.  

   Transcription Factors 

 To date, several transcription factors have been reported as the regulator of sulfur 
assimilatory pathway. SLIM1 was identi fi ed as a central transcription factor for 
the regulation of sulfur limitation-responsive genes in  Arabidopsis  by the forward 
genetic approach (Maruyama-Nakashita et al .   2006  ) . The transgenic  Arabidopsis  
expressing GFP under the control of promoter of high-af fi nity sulfate transporter 
 SULTR1;2  signi fi cantly accumulated GFP during sulfur starvation. Using this 
transgenic plant as a parental line, ethyl methanesulfonate-mutagenized M2 seeds 
were generated, and the M2 plants showing reduced levels of GFP under low sulfur 
condition were screened. A family of allelic mutants was identi fi ed and named 
 slim1  after their  s ulfur  lim itation responseless phenotypes.  SLIM1  encoded the 
ETHYLENE-INSENSITIVE3-LIKE3 (EIL3), a putative EIL family transcription 
factor whose function in ethylene response has not been veri fi ed. Transcriptome 
analysis revealed that SLIM1 regulates the expression of a set of genes involved 
in primary and secondary sulfur metabolism. In response to sulfur limitation, 
SLIM1 activates sulfate assimilation and represses the synthesis of glucosinolates. 
These observations suggested that the physiological function of SLIM1 is to glob-
ally control the upstream signaling cascades of sulfur metabolism. Contrary to the 
function of SLIM1 for the response to sulfur limitation, the mRNA levels of 
 SLIM1  itself were not altered by sulfur de fi cit (Maruyama-Nakashita et al .   2006  ) . 
It is suggested that a posttranscriptional mechanism is required for the control of 
function of SLIM1. 

 R2R3-MYB transcription factors, MYB28, MYB29, MYB34, MYB51, MYB76 
and MYB122 are also involved in the regulation of sulfur metabolism in  Arabidopsis . 
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They were discovered either by identi fi cation of the mutant showing altered levels 
of glucosinolates (Celenza et al .   2005 ; Gigolashvili et al .   2007a  ) , by screening for 
the  trans -activation potential toward glucosinolate biosynthetic genes (Gigolashvili 
et al .   2007b  ) , or by omics-based approach (Hirai et al .   2007  ) . While SLIM1 nega-
tively regulates both aliphatic and indolic glucosinolate biosynthesis, each MYB 
positively controls only either aliphatic or indolic pathways. MYB28, MYB29 and 
MYB76 positively regulate aliphatic glucosinolate synthesis whereas MYB34, 
MYB51 and MYB122 exclusively activate the synthesis of indolic glucosinolates 
(Celenza et al .   2005 ; Hirai et al .   2007 ; Gigolashvili et al .   2007a,   b,   2008  ) . More 
recently, it has been found that these MYBs also activate the expression of ATP 
sulfurylase, APS kinase, APS reductase and sul fi te reductase, enhancing the production 
of PAPS and reduced sulfur that are required for the synthesis of glucosinolate 
(Yatusevich et al .   2010  ) . Intriguingly, the expression of MYB34 was negatively 
regulated by SLIM1 but the other MYBs were not (Maruyama-Nakashita et al .  
 2006  ) , suggesting the presence of both SLIM1-dependent and independent mecha-
nisms for regulating the synthesis of glucosinolate.  

    Cis -Acting Elements 

 A  cis -acting element for the sulfur response was identi fi ed in the promoter of 
 SULTR1;1 , a gene encoding high-af fi nity sulfate transporter in  Arabidopsis , by 
deletion and element-addition analyses (Maruyama-Nakashita et al .   2005  ) . This 16-bp 
DNA sequence from −2,777 to −2,762 of  SULTR1;1  promoter was suf fi cient and 
necessary for the response to sulfur limitation, and was named SURE after sulfur-
responsive element. The base substitution analysis indicated that the core sequence 
of SURE is GGAGACA. The SURE core sequences and its complementary sequences 
were found in the upstream regions of a number of sulfur limitation-responsive 
genes including sulfate transporter genes  SULTR2;1  and  SULTR4;2  and APS 
reductase gene  APR3 , suggesting the key role of this conserved  cis -acting element 
in response to sulfur de fi cit. Although the transcription factor which can bind to the 
SURE sequence has not been identi fi ed yet, the fact that the SURE core sequence 
includes the auxin response factor (ARF) binding sequence (GAGACA) suggests 
the potential involvement of ARF-type transcription factor in the transcriptional 
activation of SURE-containing genes. 

 Another  cis -acting element for the sulfur response was identi fi ed in the promoter 
region of  UP9C , a tobacco gene, which is strongly induced by sulfur limitation 
(Wawrzyńska et al .   2010  ) . A search for sequence motifs conserved in the promoter 
regions of  UP9C  and its  Arabidopsis  homologue genes identi fi ed the 20-nt palin-
dromic DNA sequence (AGATACATTGAACCTGGACA). This motif, termed the 
UPE-box, was found also in the promoters of several genes up-regulated by sulfur 
de fi ciency, including APS reductase genes  APR1  and  APR3 . The presence of  tebs  
element, a target sequence of NtEIL1/TEIL transcription factor, in the UPE-box 
strongly suggests the possibility that a member of EIL-family transcription factor 
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binds to the UPE-box. Indeed, NtEIL2 and its  Arabidopsis  homologue SLIM1 were 
able to interact with UPE-box in the yeast one-hybrid system. Moreover, NtEIL2 
and SLIM1 could  trans -activate the  UP9C  promoter when ectopically expressed in 
 Nicotiana benthamiana . It is notable that NtEIL2 could activate the  UP9C  promoter 
only under sulfur-de fi cient conditions, whereas SLIM1 was able to activate the 
 UP9C  promoter irrespective of sulfur conditions.  

   microRNA 

 MicroRNAs (miRNAs) are a class of small noncoding RNA molecules that post-
transcriptionally regulate the stability of transcripts of their target genes by means 
of complementary base pair interactions. Among the plant miRNAs identi fi ed to 
date, miR395 in  Arabidopsis  was revealed to be involved in the regulation of sulfate 
transport and assimilation. Computational analysis identi fi ed the presence of miR395 
which is complementary to mRNAs of three isoforms of ATP sulfurylase  ATPS1 , 
 ATPS3  and  ATPS4 , and low-af fi nity sulfate transporter  SULTR2;1  which facilitates 
inter-organ transport of sulfate (Jones-Rhoades and Bartel  2004 ; Bonnet et al .   2004  ) . 
The miR395-guided cleavage of target genes was con fi rmed by rapid ampli fi cation 
of cDNA ends (Jones-Rhoades and Bartel  2004 ; Kawashima et al .   2009  ) , and by the 
analysis of the levels of target transcripts in transgenic plants overexpressing 
miR395 (Liang et al .   2010  ) . It is worth noting that  ATPS1 ,  ATPS4  and  SULTR2;1  
were targets of miR395 in both leaves and roots, whereas  ATPS3  was cleaved only 
in the leaves (Kawashima et al .   2009  ) . 

 The expression of miR395 was strongly induced with low sulfur in a SLIM1-
dependent manner (Kawashima et al .   2009  ) . As expected from this,  ATPS4  tran-
script was signi fi cantly reduced by sulfur de fi cit. However, the mRNA levels of 
 ATPS1 ,  ATPS3  and  SULTR2;1  were not regulated in the expected manners by sulfur 
starvation (Kawashima et al .   2009,   2011  ) . During sulfur starvation,  ATPS1  transcript 
levels were not signi fi cantly affected,  ATPS3  mRNA levels were elevated, and 
 SULTR2;1  mRNA levels were reduced in leaves but were elevated in roots. These 
inconsistencies can be explained by the presence of miR395-independent regulatory 
pathway(s) for the control of the expression of miR395 target genes, and/or by the 
difference of the spatial expression pattern between miR395 and its target transcripts. 
In the case of  ATPS1 , its transcription was enhanced by SLIM1 during sulfur de fi cit, 
in parallel with the accumulation of miR395. Consequently, the steady-state levels 
of  ATPS1  mRNA and thus the total ATP sulfurylase activity in plants were not 
altered by sulfate limitation. The opposing actions of SLIM1 and miR395 on the 
expression of  ATPS1  may be necessary for optimizing the rate of sulfur assimilation 
in response to the  fl uctuation of sulfur conditions. This is supported by the recent 
analysis comparing sulfur-limitation response among wild-type plants, miR395-
overexpressing plants, transgenic plants in which miR395 activity was reduced, and 
 slim1  mutant (Kawashima et al .   2011  ) . In the case of  SULTR2;1 , its transcript levels 
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were attenuated in leaves of sulfur-starved plants, which can be explained at least 
partially by miR395 accumulation. By contrast, the levels of  SULTR2;1  mRNA 
were markedly elevated in roots under sulfur-limited conditions. This upregulation 
was observed also for  slim1  mutant, indicating the presence of SLIM1-independent 
pathway for the regulation of  SULTR2;1  expression (Kawashima et al .   2009  ) . 
Interestingly, in roots, miR395 predominantly expressed in the companion cells of 
the phloem whereas  SULTR2;1  expressed mainly in the xylem parenchyma cells 
(Kawashima et al .   2009 ; Takahashi et al .   2000  ) . Most recently, it was revealed that 
miR395 overexpressing plants showed enhanced rate of sulfate translocation from 
roots to shoots under normal sulfate conditions, as in the case of sulfur-starved wild-
type plants (Kawashima et al .   2011  ) . It seems that, during sulfate starvation, miR395 
functions to cleave  SULTR2;1  mRNA expressing at a low level in the phloem to 
strictly restrict  SULTR2;1  expression in the xylem parenchyma cells of roots, for the 
ef fi cient transport of sulfate from roots to shoots through the xylem. 

 The fact that miR395 expresses in the phloem companion cells suggests that 
miR395 can act as potential signaling molecule that can move between organs 
through the phloem. In sulfur-starved  Brassica napus , miR395 was more drastically 
accumulated in phloem sap than in leaf, stem and root (Buhtz et al .   2008  ) , suggest-
ing that miR395 synthesized in the phloem companion cells was moved into the 
adjacent sieve tube via plasmodesmata. However, the involvement of miR395 in 
long-distance systemic information transfer via sieve tube remains unknown and 
awaits further study.  

   Protein-Protein Interaction 

 The synthesis of cysteine is carried out by a two-step pathway, catalyzed by serine 
acetyltransferase (SAT) and  O -acetylserine (thiol)lyase (OASTL). In the  fi rst 
step, SAT transfers an acetyl-moiety from acetyl coenzyme A to serine to form 
 O -acetylserine (OAS). Subsequently, OASTL exchanges the activated acetyl group 
with sul fi de by a  b -replacement reaction to produce cysteine. It is well established 
that OASTL and SAT physically interact to form a bi-enzyme complex known as 
cysteine synthase complex (CSC). The physiological function of the CSC is not 
metabolic channeling, but to sense cellular sulfur status and to adjust the rate of 
cysteine synthesis. The stability of CSC is reciprocally regulated by sul fi de and 
OAS. When intracellular sulfur levels are high, sul fi de that is produced by assimila-
tory sulfate reduction stabilizes the CSC. In the CSC, SAT is highly active whereas 
OASTL is almost inactive. By contrast, OAS which is accumulated during sulfur 
starvation, promotes dissociation of CSC, resulting in the formation of less-active 
SAT and active OASTL. Since OASTL is present in much larger quantities than 
SAT in the plant cells, OAS synthesized by SAT in the CSC is released from the 
CSC and is subsequently converted to cysteine by the action of surrounding free 
OASTL (Hell and Hillebrand  2001 ; Wirtz and Hell  2006  ) . 
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 Recently, the structural basis of protein-protein interactions between SAT and 
OASTL were probed by multiple approaches. Crystal structure analysis revealed 
that the C-terminus of SAT binds to the active site of OASTL and blocks access to 
the catalytic center of the enzyme (Francois et al .   2006  ) . This model elegantly 
explains the mechanism by which association with SAT downregulates OASTL 
activity, and the reason for the dissociating effect of OAS on the CSC. SAT is pres-
ent as a dimer of two trimers (Wirtz et al .   2010  ) , and thus contains six C-terminal 
tails that would be the potential binding sites for OASTL dimer. However, recent 
computational modeling and biophysical studies indicated that the CSC most likely 
consists of one SAT dimer of trimer and only two OASTL dimers (Feldman-Salit 
et al .   2009 ; Wirtz et al .   2010  ) . In this model, two SAT trimers associate to form the 
core of the CSC, and each SAT trimer interacts with one OASTL dimer. It is also 
demonstrated that association of OASTL dimer downregulates feedback sensitivity 
of SAT to cysteine (Wirtz et al .   2010  ) . 

 In addition to direct interaction with SAT, cytosolic form of OASTL has recently 
been found to bind at the C-terminal cytoplasmic domain named STAS ( s ulfate 
 t ransporter and  a nti- s igma factor antagonist) of plasma membrane-bound high-
af fi nity sulfate transporter SULTR1;2, by yeast two-hybrid screening (Shibagaki 
and Grossman  2010  ) .  In vitro  binding assay showed that the interaction between 
SULTR1;2 STAS domain and OASTL was dependent on OAS. The cysteine 
synthase activity of OASTL was enhanced by co-incubation with STAS domain 
of SULTR1;2. By contrast, OASTL downregulated the sulfate uptake activity of 
SULTR1;2. This inhibition effect was less prominent under low-sulfate conditions 
than under high-sulfate conditions. It is suggested that, under low-sulfate conditions, 
the conformation of SULTR1;2 may change not to interact with OASTL despite 
high OAS concentration, allowing high sulfate transport activity. The physiological 
role of the complex consisting of SULTR1;2 and OASTL would be to optimize the 
rate of sulfate uptake to the ability of the root cells to reduce sulfate to sul fi de, 
mainly under sulfate-replete conditions. The molecular mechanism by which the 
association between SULTR1;2 and OASTL modulates their activity awaits further 
investigation.  

   Conclusions and Future Perspectives 

 The past decade has brought major advances in our knowledge of the ways that 
plants respond and acclimate to sulfur starvation. The SLIM1 and MYB transcription 
factors and miR395 have been identi fi ed, and the importance of their interplay in the 
regulation of sulfate transport and assimilation has been revealed. Also, physical 
interaction of OASTL with SAT and SULTR1;2 have emerged as essential mechanism 
both for sensing cellular sulfur status and for optimizing the rate of sulfate assimila-
tion. It seems that plants have evolved a highly complex network of structural and 
functional interactions among multiple regulatory components to maintain sulfur 
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homeostasis. The current model for the molecular regulation of sulfate transport and 
assimilation in plants is depicted in Fig.  1 .  

 Despite advances in the identi fi cation of key regulatory factors for the response 
to sulfur limitation, little is currently known about how plants perceive sulfur level and 
transmit signals both locally and systemically, and how this links to transcriptional 
machinery. Plasma membrane-bound sensory proteins and SNRK2 serine/threonine 
kinases for the signal transduction may be involved in the sensory and signaling 
systems in plants, as in the case of the unicellular green alga  Chlamydomonas 
reinhardtii  (Davies et al .   1996,   1999 ; Gonzalez-Ballester et al .   2008  ) . Interestingly, 
 Arabidopsis  mutants lacking one of ten  SNRK2  genes was not able to induce sulfur-
inducible  SULTR2;2  mRNA and showed increased accumulation of OAS during 
sulfur starvation (Kimura et al .   2006  ) . In addition, although SLIM1 has been 
identi fi ed as a central transcription factor, the molecular mechanism of action of 
SLIM1 and the downstream components in the regulatory cascade of SLIM1 have 
not been fully elucidated yet. Discoveries on the targets of posttranslational 
modi fi cation and the regulatory mechanism controlling their modi fi cation process 
in response to sulfur limitation are the areas also needing further investigation. 
The recent advancement in multi-omics study and genome-wide association study 
will greatly accelerate the discovery of additional members involved in the regula-
tory networks.      

  Fig. 1    Schematic representation for the regulatory pathways involved in sulfur de fi ciency response 
in plants       
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  Abstract   The amino acid composition of seeds is frequently sub-optimal for human 
and animal nutrition. We have attempted to modify the quantities of stored sulfur 
amino acids in seeds using three complementary strategies. Firstly, a transgene 
encoding a naturally sulfur amino acid-rich sun fl ower seed albumin (SSA), was 
expressed under control of a seed-speci fi c promoter in narrow leaf lupin, chickpea, 
and  fi eld pea. In all cases, this strategy was successful in signi fi cantly increasing 
total sulfur amino acid concentrations of the mature seeds compared to non-transgenic 
controls. However, the abundance of some endogenous sulfur-rich seed proteins 
decreased in the transgenic seeds, indicating that the new storage sink competed to 
some extent with endogenous proteins for a limiting supply of sulfur amino acids in 
developing seeds. High levels of several enzymes of the sulfur amino acid biosynthetic 
pathway were detected in developing lupin and chickpea seeds, supporting the view 
that developing legume seeds are active in sulfur amino acid biosynthesis. A second 
strategy, of increasing sulfur supply to the plants, had limited success in further 
increasing seed sulfur amino acid content. A third strategy was used in an attempt 
to supplement the sulfur amino acid content of narrow leaf lupin seeds. A gene 
encoding a cysteine feedback-insensitive, plant serine acetyltransferase (SAT) was 
expressed under the control of a strong, seed-speci fi c promoter in transgenic lupins. 
Transgenic developing seeds had greatly increased SAT activity, and some of the 
highest  in planta  concentrations of free cysteine yet reported. However, the free 
methionine concentrations of the developing seeds were unchanged by SAT over-
expression, and the mature seeds contained no more total (protein-bound) sulfur 
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amino acids than non-transgenic controls. The results con fi rmed the activity of the 
cysteine biosynthetic pathway in developing lupin seeds, but indicated that biosyn-
thesis of cysteine was not limiting for accumulation of free methionine in developing 
seeds, or for accumulation of sulfur-rich seed storage proteins in mature seeds.      

   Introduction 

 The pathways of sulfur assimilation and sulfur amino acid biosynthesis in plants are 
now well understood, although many questions remain regarding regulation of the 
pathway and its compartmentation, both within cells, and within the plant. A number 
of excellent reviews describe current knowledge of plant sulfur metabolism drawing 
from work in model systems, and increasingly, from crop plants (for example Saito 
 2004 ; Hawkesford and De Kok  2006  and references therein). 

 Seeds represent the terminal site of storage of nutrients assimilated by annual 
crop plants throughout their life cycle. Furthermore, seeds constitute an essential 
part of the diets of humans and animals, in many cases providing the bulk of daily 
nutritional intake. Nitrogen is stored in seeds primarily in the form of storage proteins, 
whose amino acid composition is frequently sub-optimal for human and animal 
nutrition (Shewry  2007  ) . Two types of seeds are particularly important as food and 
feed, namely the cereals and grain legumes or pulses. The nutritionally limiting 
amino acid in cereal protein is generally lysine, while in grain legumes; it is the 
sulfur-containing amino acid, methionine (Tabe and Higgins  1998 ; Shewry  2007  ) . 

 Here we review our work aimed at increasing storage of the sulfur amino acids, 
methionine and cysteine, in seeds of grain legumes. We manipulated plant sulfur 
nutrition, as well as transforming grain legumes with seed-expressed genes encoding 
either a sulfur-rich seed storage protein, or an enzyme of the cysteine biosynthetic 
pathway. Plants containing each transgene alone were crossed to combine the two 
modi fi cations. Analysis of seeds of wild type and the transgenic grain legumes have 
contributed to our understanding of sulfur amino acid metabolism in these impor-
tant crops.  

   Sulfur Metabolism in Developing Seeds of Grain Legumes 

 Sulfur is available to plants mainly as sulfate in the soil solution. It is taken up by 
roots through high af fi nity transporters whose expression is induced by sulfur 
de fi ciency (Buchner et al.  2004  ) . Once in the plant, sulfate is moved between organs 
and between sub-cellular compartments largely via low af fi nity transporters, whose 
expression is generally less sensitive to sulfate concentration. Sulfate reduction 
occurs in the plastid; however, sulfur amino acid biosynthesis occurs in multiple 
sub-cellular compartments. It was recently demonstrated that exchange of pathway 
intermediates between sub-cellular compartments is involved in the ef fi cient synthesis 
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of cysteine, the  fi rst stable, reduced sulfur compound in the cell (Haas et al.  2008 ; 
Heeg et al.  2008 ; Krueger et al.  2009  ) . Methionine is derived from cysteine and 
  O  -phosphohomoserine, a product of the aspartate amino acid pathway, via three 
further steps (Ravanel et al.  2004,   1998  ) . 

 Developing seeds are supplied with water and nutrients via the vasculature of 
the parent plant. Water and nutrients delivered by the vasculature to the developing 
pod pass to the maternal seed coat of the seed, and from there, are delivered to the 
seed apoplastic  fl uid in which the embryo and endosperm develop. In grain legumes, 
the endosperm is a transient tissue, which disappears before the main phase of storage 
product accumulation, while the cotyledons of the embryo constitute the storage 
organs of the seeds. The embryo takes up nutrients such as sugars, amino acids, and 
inorganic ions via transporters in specialized transfer cells on its surface (Zhang 
et al.  2007  ) . 

 Sulfur is reported to be transported in the plant vasculature in the reduced forms 
of glutathione (Herschbach and Rennenberg  2001 ; Kuzuhara et al.  2000  )  and 
 S -methylmethionine (Bourgis et al.  1999  ) . On the other hand, sulfate supplied exog-
enously to mature leaves of poplar was translocated to developing leaves in the form 
of sulfate (Hartmann et al.  2000  ) . We determined that in the grain legume, narrow 
leaf lupin ( Lupinus angustifolius ), sulfur was delivered via the phloem to developing 
pods predominantly in the oxidized form of sulfate (Fig.  1 ; Tabe and Droux  2001  ) . 
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  Fig. 1    Schematic diagram of sulfur pools in developing legume seeds. The boxed text represents 
processes in the vegetative parts of the plant. The  circle  represents a developing legume seed 
consisting of an embryo within a maternal seed coat ( shaded ), which is connected to the vasculature 
of the parent plant via the funiculus. The large,  horizontal arrow  represents the sulfur composition 
of the phloem feeding the developing seeds. The sizes of the different sulfur pools are indicated by 
the sizes of the fonts (see also text).   S  sulfur,  SO  
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Furthermore, isolated developing embryos of chickpea ( Cicer arietinum ) were able 
to take up sulfate  in vitro  in a saturable, pH-dependent manner (Tabe et al.  2003  ) . 
Reverse transcriptase-PCR was used to demonstrate expression in developing chick-
pea embryos of transcripts with strong similarity to sulfate transporters from plant 
model systems (Fig.  2 ; Tabe et al.  2003  ) . A sequence predicting a protein fragment 
of 220 amino acids with 84% amino acid identity to  Arabidopsis  AtSultr3-3 
(At1g23090) was expressed at readily detectable levels in chickpea embryos (Fig.  2 ).   

 Large pools of oxidized sulfur were present in embryos of both lupin and chickpea 
during the process of seed maturation, when seed storage proteins accumulate (Figs.  1  
and  3 ; Tabe and Droux  2001  ) . At 20 days after anthesis (DAA), which corresponds to 
the beginning of the rapid phase of seed storage protein accumulation, approximately 
half the total sulfur pool present in chickpea developing embryos was in the oxidized 
form (Fig.  3 ). Most of the reduced sulfur would have been in the form of protein, 
therefore sulfate pools would have exceeded those of non-protein sulfur amino acids. 
For example, the concentrations of sulfate varied from 22.6 to 12  m mol g −1  dry weight 
(DW), while those of glutathione varied from 7.3 to 2.1  m mol g −1  DW in embryos at 
20 and 40 DAA, respectively. Between 20 and 40 DAA, concentrations and total pool 
sizes of reduced sulfur increased with the accumulation of seed storage proteins. 

  Fig. 2    Expression of putative sulfate transporters in organs of chickpea. Partial cDNAs encoding 
sequences with strong similarity (up to 84% identity at the amino acid level) to  Arabidopsis thaliana  
sulfate transporter genes were isolated from chickpea using PCR with primers designed to conserved 
regions of plant sulfate transporters (Tabe et al.  2003  ) . Primers speci fi c to the chickpea sulfate 
transporter sequences were used in RT-PCR (30 cycles) to measure abundance of these transcripts 
in total RNA isolated from chickpea organs (listed along top of  fi gure). Pod, testa and embryo were 
at mid-maturation, or approximately 25 days after anthesis. PCR products were resolved on 
agarose gels, transferred to nylon membranes and probed with  32 P-labelled probes consisting of the 
sequenced PCR products listed at  left  of the  fi gure       
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Oxidized sulfur concentrations gradually declined in the developing embryos, but 
this decrease was offset by the increase in mass of the embryos, resulting in a slight 
accumulation of sulfate throughout maturation (Fig.  3 ).  

 The presence of large pools of oxidized sulfur in chickpea and lupin developing 
embryos was contemporaneous with high activities of the two enzymes of the 
cysteine synthase complex, serine acetyltransferase (SAT) and   O  -acetylserine (thiol) 
lyase ( O AS-TL). SAT and  O AS-TL activities were present in developing embryos 
in amounts comparable to those present in photosynthetic source leaves of the two 
grain legumes (Table  1 ; Tabe and Droux  2001  ) . In addition, we demonstrated that 
isolated, developing chickpea and lupin embryos could incorporate into protein, 
labeled sulfur supplied as sulfate (Fig.  4 ; Tabe and Droux  2001  ) . These complemen-
tary strands of evidence, along with published reports from soybean (Sexton and 
Shibles  1999 ; Chronis and Krishnan  2003 ; Phartiyal et al.  2008  ) , support the 
suggestion that developing embryos of grain legumes are able to perform ef fi cient 
reductive assimilation of sulfur, and synthesis of sulfur amino acids, for incorpora-
tion into seed storage proteins.    
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  Fig. 3    Sulfur pools in developing embyros of chickpea. Oxidized and reduced sulfur levels were 
measured using X-ray  fl uorescence Spectrometry (XRFS, Pinkerton et al.  1989  )  in pools of 
approximately 30 powdered, freeze-dried chickpea embryos harvested at 20, 30 and 40 days after 
anthesis. ( a ): Sulfur concentration; ( b ): Sulfur amount per embryo.  DAA  days after anthesis       

   Table 1    Activities of enzymes of sulfur amino acid biosynthesis in chickpea organs. Serine 
acetyltransferase (SAT) and   O  -acetylserine (thiol) lyase ( O AS-TL) activities were assayed in 
extracts from photosynthetic source leaves and developing embryos. Each value is the mean 
(+/− SD) of four assays on a total of two different extracts from the same pool of fresh tissue from 
 fi ve leaves or mid-maturation embryos   

 Organs 
 SAT (nmol cysteine min −1  mg −1  
protein) 

  O AS-TL (nmol cysteine min −1  mg −1  
protein) 

 Leaves  6.9 ± 0.5  298 ± 51 
 Developing embryos  22.7 ± 0.9  415 ± 52 
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   Manipulating Storage of Sulfur Amino Acids by Transgenic 
Expression of a Sulfur-Rich Protein in Seeds 

 We have attempted to modify the quantities of stored sulfur amino acids in seeds 
using three complementary strategies. These were: (1) increasing the storage 
sink for sulfur amino acids in the seed, (2) increasing sulfur supply to plants, and 
(3) increasing the production of sulfur amino acids in the developing seed. 

 Initially, we created an increased storage sink for sulfur amino acids in seeds by 
expressing an additional sulfur-rich protein in developing embryos of grain legumes. 
A transgene encoding a naturally sulfur-amino-acid-rich sun fl ower seed albumin 
(SSA) was expressed under control of a seed-speci fi c promoter in narrow leaf lupin 
and chickpea (Molvig et al.  1997 ; Chiaiese et al.  2004  ) . In both cases, this strategy 
was successful in signi fi cantly increasing total sulfur amino acid concentrations of 
the mature seeds, compared to non-transgenic controls. In the case of lupins, trans-
genic events expressing SSA at levels estimated to represent around 4% of total 
seed protein had 100% more total seed methionine than non-transgenic controls. 
Similar results were achieved with transgenic chickpeas expressing SSA (Chiaiese 
et al.  2004  ) . The transgenic SSA lupins were demonstrated to have increased nutri-
tive value for chickens (Ravindran et al.  2002  )  and for ruminant (White et al.  2001  ) , 
and non-ruminant animals (Molvig et al.  1997  ) . However, further increases in total 
seed sulfur amino acids were needed in order to meet the full dietary requirements 
of animals for these essential nutrients. 

 Although the added SSA protein contained 8% cysteine residues as well as 16% 
methionine residues, total seed cysteine was not increased in either transgenic SSA 
lupins or chickpeas. In both cases, transgenic SSA seeds had reduced amounts of 

158

116
97

66

36
42

55

6.5

26

14

35SO4
2- 35S-Met  Fig. 4    Assimilation of 

 35  S-sulfate by developing 
chickpea embryos. Isolated 
mid-maturation chickpea 
embryos were incubated with 
[ 35  S] sulfate (track 1) or [ 35  S] 
methionine (track 2) for 4 h. 
Total proteins were extracted 
and fractionated on SDS-
PAGE, and proteins 
containing  35  S were 
visualized by  fl uorography. 
Molecular marker sizes (kDa) 
are shown at  right        

 



41Manipulating the Sulfur Composition of Seeds

some endogenous cysteine-rich seed proteins, indicating that the new storage sink 
competed to some extent with endogenous proteins for an apparently limiting supply 
of sulfur amino acids. The concentrations of oxidized sulfur in the mature, transgenic 
SSA seeds were also less than in controls, suggesting that some inorganic seed sulfur 
was converted to additional sulfur amino acids in the SSA transgenic seeds. 

 In summary, comparison of wild type lupins and chickpeas with their transgenic 
counterparts expressing high levels of the introduced SSA protein suggested that the 
capacity of these developing grain legume seeds to supply sulfur amino acids for 
storage in protein could be increased by approximately 20–30%. This extra sulfur 
amino acid was stored exclusively in the form of methionine. Coupled with the 
 fi ndings detailed in the previous section, these results indicated that the transgenic, 
developing SSA seeds were able to synthesize more sulfur amino acids in response 
to the added demand, but that this capacity ultimately became limiting for sulfur-
rich storage protein accumulation. In no case did expression of SSA increase the 
total amount of sulfur (reduced plus oxidized) that accumulated in the mature trans-
genic seeds.  

   Manipulating Sulfur Supply to Grain Legume Plants 

 High levels of sulfur nutrition were supplied to plants as a second strategy aimed at 
increasing storage of sulfur amino acids in seeds. Sulfur mineral nutrition of wild 
type and transgenic SSA lupins was varied in two different ways. Lupins were 
grown either in sand culture with controlled mineral nutrition, or in potting soil to 
which a supplement of solid calcium sulfate was added (Tabe and Droux  2002  ) . 
In both cases, the sulfate supplement was added at the beginning of the reproductive 
growth phase. Supplementing lupin plants with sulfate increased the storage of total 
sulfur in mature seeds, but the extra stored sulfur was mostly in the oxidized form 
of sulfate. Lupins grown in the high sulfur nutrient (containing 3 mM MgSO 

4
 ) had 

higher concentrations of reduced sulfur in their mature seeds (14.6  m mol g −1  DW, or 
25% more) than lupins grown with 0.3 mM sulfate. The increase in the oxidized 
sulfur fraction was 39.4  m mol g −1  DW, or 300% more in the high sulfur conditions. 
The plants grown in soil with a sulfate supplement produced mature seeds with 
concentrations of reduced sulfur (70.6  m mol g −1  DW) similar to those of the seeds 
grown in the high sulfur nutrient (73.4  m mol g −1  DW). Seeds grown in both these 
high sulfur conditions contained large concentrations of oxidized sulfur (48.8  m mol g −1  
DW in soil-grown, 52.2  m mol g −1  DW in nutrient-grown). For comparison, mature 
seeds of lupins grown in normal  fi eld conditions contained 73.4  m mol g −1  DW 
reduced sulfur and 26.6  m mol g −1  DW oxidized sulfur. Supplementing transgenic 
lupins expressing SSA with high sulfate had similar results (Tabe and Droux  2002  ) . 
Interestingly, similar effects were observed when lupin plants were supplemented 
with reduced sulfur in the form of 3 mM methionine during reproductive growth. 
Supplementation with methionine increased total seed sulfur, via a 53% increase in 
seed oxidized sulfur concentration, with only a 6% increase in seed reduced sulfur 
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concentration (Popelka, unpublished). Further investigation will be required to 
determine whether the additional sulfur was transported to the developing lupin 
pods in reduced or oxidized form. 

 Manipulation of plant sulfur mineral nutrition also affected the sulfur content of 
chickpea seeds. Growth of the plants in nutrient with 2 mM sulfate produced mature 
seeds with 34% more total sulfur than chickpeas grown in nutrient with 0.2 mM 
sulfate (Chiaiese et al.  2004  ) . This corresponded to an increase of 11% in reduced 
sulfur concentration, and an increase in oxidized sulfur concentration from unde-
tectable levels in seeds grown in the lower sulfur conditions, to 22  m mol g −1  DW in 
those grown in high sulfate. The effect of sulfur mineral nutrition depended strongly 
on plant nitrogen nutrition. Mature seeds of plants grown with high sulfur and low 
nitrogen had very high concentrations of oxidized sulfur in their seeds (55  m mol g −1  
DW). As was the case with lupins, transgenic chickpeas expressing the sulfur-rich 
SSA had more reduced sulfur but approximately the same total seed sulfur as non-
transgenic chickpeas grown in the same nutritional conditions. Supplementing SSA 
transgenic chickpeas with sulfate had similar effects to those described above for 
the wild type chickpeas. Thus, total seed sulfur concentrations could be increased 
by growing the chickpea plants in nutrient with high sulfur, but this increase was 
almost all in the oxidized sulfur fraction (Chiaiese et al.  2004  ) . In contrast to the 
situation with lupins, supplementing chickpea plants with 3 mM methionine during 
reproductive growth increased the reduced and oxidized sulfur fractions in the seeds 
by similar amounts (approximately 40–50%, Popelka, unpublished). This suggested 
that chickpeas had some capacity to deliver the extra methionine applied to the soil, 
from the roots to the developing seeds in the reduced form. We would expect that 
the additional reduced sulfur in the mature seeds was in the form of protein; how-
ever, further analysis will be required to determine this.  

   Manipulating Supply of Sulfur Amino Acids by Transgenic 
Expression of SAT in Seeds 

 Pools of free methionine, and in some cases, free cysteine and glutathione were lower 
in developing transgenic lupin seeds expressing SSA than in non-transgenic controls 
(Tabe and Droux  2002 ; Tabe et al.  2010  ) . This apparent depletion of sulfur amino 
acids during seed development, by the added demand from SSA biosynthesis, was not 
ameliorated by increasing the supply of sulfate to plants (Tabe, unpublished). Since 
our previous studies indicated that developing lupin seeds were competent to synthe-
size sulfur amino acids, we developed a third strategy aimed at increasing the supply 
of sulfur amino acids available for storage protein synthesis during seed maturation. 

 SAT, a component of the cysteine synthase complex is reported to be a key, limiting 
enzyme of sulfur amino acid biosynthesis (Sirko et al.  2004  ) . We targeted trans-
genic over-expression of SAT to developing lupin embryos by transfer of a gene 
encoding a cysteine feedback-insensitive,  Arabidopsis  SAT (AtSAT1 or AtSerat 2;1), 
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expressed under the control of a strong, seed-speci fi c promoter. Mid-maturation 
embryos of SAT transgenic lupins had greatly increased SAT activity, strongly 
increased concentrations of   O  -acetylserine, the immediate product of SAT, and 
some of the highest  in planta  concentrations of free cysteine yet reported (Tabe 
et al.  2010  ) . Glutathione concentrations were also increased in the SAT transgenic 
mid-maturation embryos; however, their free methionine concentrations were 
unchanged relative to non-transgenic controls. Mature SAT transgenic seeds had 
approximately double the concentrations of glutathione, but no more protein-bound 
sulfur amino acids, than non-transgenic controls. Free cysteine was not increased in 
the mature seeds, indicating that the free cysteine that accumulated in developing 
embryos was metabolized by the end of seed maturation. Because the protein-bound 
fraction is by far the largest pool of sulfur amino acids in mature seeds, the net effect 
was no signi fi cant increase in total sulfur amino acids in the mature SAT transgenic 
seeds. The results con fi rmed the activity of the cysteine biosynthetic pathway in 
developing lupin embryos, and indicated that SAT activity, rather than sulfur 
reduction, was limiting for free cysteine accumulation in these organs. However, it 
was clear that while biosynthesis of cysteine limited glutathione accumulation, 
it was not limiting for accumulation of free methionine in the developing seeds, or 
for accumulation of sulfur-rich seed storage proteins in the mature seeds. 

 The two strategies of expressing SSA and SAT in developing seeds were 
combined by crossing transgenic lupins with high expression of each individual 
transgene. Analysis of segregating F 

2
  progeny seed, from F 

1
  plants con fi rmed by 

PCR to contain both transgenes, showed that over-expression of SAT was unable to 
prevent the depletion of free methionine seen in developing lupin embryos express-
ing SSA. Similarly, pooled mature F 

2
  seeds contained no more total sulfur amino 

acids than seed from a control cross between the SSA transgenic parent and a plant 
lacking SAT over-expression. 

 In summary, more sulfur amino acids could be “pulled” into seed protein by 
transgenic expression of SSA, but “pushing” through the pathway of sulfur amino 
acid biosynthesis by SAT over-expression in developing seeds could not add to the 
gain achieved by SSA alone. Our analysis of SAT- and SSA-expressing transgenic 
lupins showed that SAT over-expression in developing lupin embryos could indeed 
greatly increase the availability of free cysteine. However this extra cysteine was not 
incorporated into seed protein. Judging from the lowered concentrations of free 
methionine in developing lupin seeds expressing SSA, with or without SAT over-
expression, free methionine was limiting for accumulation of the methionine- and 
cysteine-rich SSA in both cases. Free methionine is reported to be a regulator of the 
expression of sulfur-rich seed storage proteins in soybean (Holowach et al.  1986 ; 
Hirai et al.  2002  ) . Our  fi nding that levels of mRNA for the endogenous, cysteine-
rich conglutin-delta were decreased in SSA transgenic seeds (Tabe and Droux  2002  )  
indicates that free methionine may also regulate expression of lupin seed storage 
proteins that contain cysteine but no methionine. Future work aimed at increasing 
sulfur amino acid content of grain legume seeds will focus on modi fi cation of 
limiting enzymes in the pathway of methionine biosynthesis.      
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  Abstract   Leaf discs from sulfur-suf fi cient and sulfate-deprived Chinese cabbage 
plants were incubated at various levels of sulfate (ranging from 0 to 40 mM) for 
24 h in the light. Sultr4;1 was the sole constitutively expressed sulfate transporter 
present in sulfur-suf fi cient leaf discs and its expression was enhanced upon incuba-
tion at  £ 8 mM and decreased at higher sulfate concentrations. Leaf discs from 
sulfate-deprived plants were characterized by a high expression of Sultr1;2, Sultr4;1, 
Sultr4;2 and APS reductase. The high expression was down-regulated upon incuba-
tion of the leaf discs at >2 mM sulfate, whereas at 20–30 mM their expression was 
quite similar to that of sulfur-suf fi cient leaf discs. In both sulfur-suf fi cient and sulfur-
deprived leaf discs there was an accumulation of sulfate upon incubation nearly 
linear with the sulfate concentration. The thiol content of leaf discs was slightly 
enhanced upon incubation at high sulfate concentrations. Evidently, the expression 
of the sulfate transporters and APS reductase were strictly controlled by the  in situ  
sulfate concentration in the leaf tissue possibly via an interaction with the sulfate 
reduction in the chloroplasts. It is suggested that H 

2
 S might function as endogenous 

gaseous transmitter in cross-talk between the sulfate reduction pathway in the 
chloroplasts and the transcription of sulfate transporters/sulfate reducing enzymes 
in the nucleus.      

 Distinct sulfate transporters are involved in the uptake and distribution of sulfate in 
plants, which expression and activity are regulated by the sulfur status of the plant 
(Hawkesford and De Kok  2006  ) . For instance, the Group 1 transporters are high 
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af fi nity sulfate transporters responsible for primary sulfate uptake by the roots, but 
in  Brassica  they are also expressed in the leaf tissue upon prolonged sulfate deprivation 
(Buchner et al.  2004 ; Hawkesford and De Kok  2006 ; Koralewska et al.  2007,   2008, 
  2009 ; Stuiver et al.  2009  ) . The Group 4 sulfate transporters are localized in the 
tonoplast and function in the vacuolar unloading of sulfate and their expression is 
highly up-regulated in both root and shoot upon sulfate deprivation (   Buchner et al. 
 2004 ; Hawkesford and De Kok  2006 ; Koralewska et al.  2007,   2008,   2009 ; Stuiver 
et al.  2009  ) . It has been assumed that the regulation of expression (transcriptional 
level) and/or activity (translational and/or post-translational level) of the sulfate 
transporters might be signaled or mediated by sulfate itself or by products of the 
assimilatory sulfate reduction pathway ( viz.  glutathione; Hawkesford and De Kok 
 2006  ) . The expression and activity of APS reductase, the key regulating enzyme in 
the sulfate reduction pathway, is controlled by the plant sulfur status, with reduced 
sulfur compounds,  viz.  cysteine, glutathione as possible regulatory compounds 
(Westerman et al.  2001 ; Durenkamp et al.  2007 ; North and Kopriva  2007  ) . However, 
in  Brassica  there was no clear relation between the overall tissue levels of sulfate 
and thiols and the activity of the sulfate transporters in the root (Buchner et al.  2004 ; 
Koralewska et al.  2007,   2008,   2009 ; Shahbaz et al.  2010  ) . In the current study the 
regulation of expression of the Group 1 and 4 transporters and APS reductase was 
studied in leaf tissue of Chinese cabbage. 

 Chinese cabbage (    Brassica pekinensis  (Lour.) Rupr. cv. Kasumi F1 (Nickerson 
Zwaan, Made, The Netherlands)) was germinated in vermiculite and 10 day-old 
seedlings were grown on a 25% Hoagland nutrient solution (pH 5.9) containing 
0.5 mM sulfate in 30 l containers (20 sets of plants per container, 2 plants per set) in 
a climate-controlled room for 11 days. Day and night temperatures were 21°C and 
17°C, respectively, relative humidity was 60–70% and the photoperiod was 14 h 
at a photon  fl uence rate of 300 ± 30  m mol m −2  s −1  (within the 400–700 nm range) at 
plant height, supplied by PhilipsMaster 58 W/83 and 84  fl uorescent tubes in a ratio 
of 1:1. Then plants were transferred to fresh 25% Hoagland solution at 0 (sulfur-
deprived; all sulfate salts were replaced by chloride salts) or 0.5 mM sulfate 
(sulfur-suf fi cient) and grown for 4 days. Leaf discs (15 mm diameter) were punched 
out of the third and fourth leaf (between the largest veins) and incubated upside 
down with various levels of Na 

2
 SO 

4
  (ranging from 0 to 40 mM; in tap water) in 

closed petri dishes (15 discs per 25 ml) in a climate-controlled room at 20°C and 
continuous light (light intensity 300 ± 20  m mol m −2  s −1 ) for 24 h. For anion determi-
nation leaf discs were rinsed in ice-cold demi water (for 3 × 20 s) on a sieve, blotted 
dry between  fi lter paper, weighed and frozen in liquid N 

2
 . Frozen leaf discs were 

homogenized in demi water (5 leaf discs in 5 ml), the homogenate was  fi ltered 
through one layer of Miracloth, incubated at 100°C in a boiling water bath for 
10 min and the  fi ltrate was centrifuged at 30,000 g for 15 min (0°C). Anions were 
separated by HPLC as described by Shahbaz et al.  (  2010  ) . For analysis of the water-
soluble non-protein thiols, fresh leaf discs (5 leaf discs in 5 ml) were homogenized 
in an extraction medium containing 80 mM sulfosalicylic acid, 1 mM EDTA and 
0.15% (w/v) ascorbic acid, with an Ultra Turrax at 0°C. The homogenate was  fi ltered 
through one layer of Miracloth and the  fi ltrate was centrifuged at 30,000 g for 
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15 min (0°C). Total water-soluble non-protein thiol content was determined as 
described by Shahbaz et al.  (  2010  ) . Total RNA isolation from leaf discs and Northern 
analysis of the sulfate transporters and APS reductase transcripts were performed as 
described by Shahbaz et al.  (  2010  ) . 

 Sultr4;1 was the sole constitutively expressed sulfate transporter in leaf discs 
from sulfur-suf fi cient Chinese cabbage plants (“sulfur-suf fi cient leaf discs”), 
whereas APS reductase was hardly expressed (Fig.  1 ). A 24 h incubation of sulfur-
suf fi cient leaf discs at  £ 8 mM sulfate resulted in strongly enhanced expression of 
Sultr4;1 and APS reductase (Fig.  1 ). Moreover, there was a slight decrease in the 
sulfate content of the leaf discs as compared with the initial sulfate content (t = 0; 
Fig.  2 ). Evidently, the regulation of expression of the sulfate transporters and that of 
APS reductase in leaf tissue was strictly triggered/controlled by the endogenous 
(likely cytoplasmic) sulfate concentration. Apparently, if the overall sulfate concen-
tration in the leaf discs decreased to values lower than 8 mM, which was the initial 
sulfate concentration in the leaf tissue, it resulted in an initiation of the up-regulation 
of expression of the sulfate transporters and APS reductase. However, incubation of 
leaf discs at  ³ 10 mM sulfate resulted in a decreased expression of Sultr4;1, accom-
panied with an increase of the sulfate content, nearly linear with concentration 
(Fig.  2 ). At 40 mM sulfate there was a threefold increase in the sulfate content of the 
leaf discs. Incubation of the leaf discs at high sulfate concentrations also resulted in 
a slightly enhanced water-soluble non-protein thiol content (up to 1.5-fold; Fig.  2 ).   

 Leaf discs from sulfate-deprived Chinese cabbage (“sulfur-deprived leaf discs”) 
were characterized by a strongly enhanced mRNA abundance of Sultr4;1 and APS 
reductase, a highly induced expression of both Sultr1;2 and Sultr4;2 (Fig.  1 ) and a 
low sulfate and thiol content (Fig.  2 ). The expression of Sultr1;2, Sultr4;1, Sultr4;2 
and APS reductase were further up-regulated upon a 24 h incubation at 0 mM sulfate. 
The expression of the sulfate transporters and that of APS reductase were down-
regulated upon incubation at >2 mM sulfate, whereas at 20–30 mM their expression 
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  Fig. 1    Impact of Na 
2
 SO 

4
  on the mRNA abundance of sulfate transporters (Sultr) and APS 

reductase (APR; Northern-blot analysis) in leaf discs from sulfur-suf fi cient (+S) and sulfate-
deprived Chinese cabbage (−S). Leaf discs were incubated at various Na 

2
 SO 

4
  concentrations for 

24 h in  light  (I, the initial (t = 0) mRNA abundance)       
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was quite similar to that of sulfur-suf fi cient leaf discs (Fig.  2 ). There was no direct 
relation between changes in expression of the sulfate transporters and APS reductase, 
and changes in thiol content of the leaf tissue upon sulfate incubation. The thiol 
content of the sulfur-deprived leaf discs was increased upon sulfate incubation and 
already at  ³ 5 mM its content was quite similar to that of sulfur-suf fi cient leaf 
discs (Fig.  2 ). There was an increase in sulfate content of the leaf discs upon sulfate 
incubation nearly linear with concentration. Despite the differences between sulfur-
suf fi cient and sulfur-deprived leaf discs in the initial sulfate content, there was a 
rather similar accumulation of sulfate in the leaf discs upon incubation at various 
sulfate concentrations (Fig.  2 ). Noticeably, the observed down-regulation of expres-
sion of the sulfate transporters and APS reductase in sulfur-deprived leaf discs upon 
incubation at 20–30 mM sulfate coincidenced with an overall leaf disc sulfate 
concentration of approximately 8 mM, which appears to be quite characteristic for 
Chinese cabbage leaf tissue at this plant age (see chapter “Regulation of the 
Uptake of Sulfate by Chinese Cabbage ( Brassica pekinensis ) at Various Sulfate 
Concentrations in the Root Environment”, this volume). 

  Fig. 2    Impact of Na 
2
 SO 

4
  on the content of water-soluble non-protein thiols and sulfate in leaf 

discs from sulfur-suf fi cient (+S) and sulfate-deprived Chinese cabbage (−S). Leaf discs were 
incubated at various Na 

2
 SO 

4
  concentrations for 24 h in light. Data on thiol content represent the 

mean of 2 ( a ) and 1 ( b ) experiments with 3 measurements on 15 leaf discs in each. Data on sulfate 
content ( c ,  d ) represent the mean of 3 experiments with 3 measurements on 15 leaf discs in each 
(± SD). Fresh weight of the leaf discs was 72 ± 3 and 70 ± 3 mg at t = 0, and 89 ± 2 and 81 ± 2 at 
t = 24 for sulfate-deprived and sulfate-suf fi cient leaf discs, respectively. The initial (t = 0) sulfate 
levels of the leaf discs are shown by  arrows        
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 From the present study it was evident that in leaf tissue of Chinese cabbage the 
overall  in situ  leaf tissue sulfate rather than the thiol concentration was of great 
signi fi cance in the regulation of expression of the sulfate transporters and APS 
reductase. The expression of Sultr1;2, Sultr4;1, and APS reductase might be 
controlled by the  in situ  cytosolic sulfate concentration in direct interaction with the 
sulfate reduction in the chloroplasts. The af fi nity of ATP sulfurylase for sulfate 
appears to be rather low (K 

m
  for sulfate ranges from 0.5 to 3 mM) and the  in situ  

sulfate concentration in the chloroplast at the ATP sulfurylase site may play a 
signi fi cant role in the rate of sulfate reduction (Stulen and De Kok  1993  ) . 

 From human and animal physiology it has become evident that in addition to 
nitric oxide (NO) and carbon monoxide (CO), H 

2
 S might function as an endogenous 

gaseous transmitter where it may target K 
ATP

  channel proteins and the cAMP-
dependent protein kinase pathway (Wang  2002 ; Mancardi et al.  2009  ) . In prokaryotes 
it has been shown that sul fi de is involved in transcriptional regulation of the 
cys-operon, for genes involved in sulfur uptake and assimilation (Kredich  1993  ) . 
Similarly, H 

2
 S might function in plants as the  fi rst product of the sulfate reduction 

pathway, as an endogenous gaseous transmitter in the cross-talk between the sulfate 
reduction pathway in the chloroplasts/plastids and the transcription of sulfate trans-
porters/sulfate reducing enzymes in the nucleus. Evidently, plants grown under normal 
conditions emit minute levels of H 

2
 S, which emission has been presumed to be a 

regulatory step in the homeostasis of the sulfur pools in plants (Rennenberg  1984 ; 
Schröder  1993 ; Bloem et al.  2007  ) . At the cellular pH, H 

2
 S is largely undissociated 

and in this form it may easily pass through the membranes (De Kok et al.  2007  ) . 
At a whole plant level, is has been shown that H 

2
 S exposure may diminish the activ-

ity of sulfate reduction in the shoot by a down-regulation of the expression and 
activity of APS reductase, the key-regulating enzyme in the sulfate reduction 
pathway, and it may result in a down-regulation of the expression of sulfate trans-
porters in the shoot (Westerman et al.  2000,   2001 ; Buchner et al.  2004 ; Durenkamp 
et al.  2007 ; Koralewska et al.  2008  ) .     
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  Abstract   Cyanobacteria are representative photoautotrophic organisms that are 
capable of regulating metabolic pathways under varying light and nutritional conditions. 
We investigated this metabolic regulation under sulfur starvation with a focus on 
amino acid metabolism. Gas chromatography–mass spectrometry (GC-MS) was 
used to quantify amino acid contents. The results revealed sulfur deprivation-
induced temporal changes in the amount of free amino acids in  Synechocystis  sp. 
PCC 6803. This is the  fi rst study to report altered metabolite levels in response to 
sulfur starvation in cyanobacteria.      

 Sulfur is a macronutrient that is incorporated into proteins and other vital com-
pounds such as vitamins and co-factors. In the unicellular cyanobacterium 
 Synechocystis  sp. PCC 6803, sulfur metabolism is associated with photosynthesis, 
respiration, and the redox-sensing systems. Despite the importance of sulfur 
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metabolism, its regulation in  Synechocystis  has not yet been studied. It has been 
reported that the expression levels of various genes change under sulfur starvation 
conditions in  Synechocystis  (Zhang et al.  2008  ) . However, it is currently unknown 
whether sulfur starvation also induces changes in metabolite levels. The majority of 
the absorbed sulfate is incorporated into sulfur-containing amino acids such as 
cysteine and methionine. Intracellular amino acid levels are controlled by multiple 
mechanisms, including allosteric effects of amino acids on enzyme activity and/or 
metabolite-mediated repression of transcription. In this study, we determined the 
intracellular amounts of amino acids to estimate the extent to which sulfur deprivation 
affects amino acid metabolism. 

  Synechocystis  was grown under normal growth conditions at 30°C in BG11 
medium (0.3 mM MgSO 

4
 , supplemented with 20 mM HEPES-KOH, pH 7.8 (Rippka 

 1988  )  with bubbling CO 
2
  (1% v/v)) under continuous illumination by white  fl uorescent 

lamps (30–40  m mol m –2  s –1 ). For medium change, cells at an OD 
730

  of 1.0–1.5 grown 
in BG11 medium were harvested by  fi ltration and resuspended in fresh BG11 medium 
or in sulfur-free BG11-S medium, in which MgSO 

4
  is replaced by 0.3 mM MgCl 

2
 . 

Cells were grown under the same growth conditions following the medium change 
until collection of cells at various time points (1, 3, 6, 12, 24, 48, and 72 h) by  fi ltration 
and freezing in liquid nitrogen. The 0 h samples were collected before the medium 
change. The frozen pellet was preserved at −80°C until extraction. One milliliter of 
60% methanol/H 

2
 O (v/v) and 1 g of zirconia beads were added to the frozen pellet at 

4°C, followed by vortexing twice for 30 s with a 1 min interval. This mixture was 
centrifuged at 10,000 rpm for 5 min, and the extract was collected as the supernatant. 
The beads were washed with 500  m l of 60% (v/v) methanol/H 

2
 O, and the washed 

extract was collected by centrifugation at 15,000 rpm for 5 min. The supernatant was 
added to the  fi rst extract, and the combined extracts were dried and stored until further 
use. Dried extracts were dissolved in 60% (v/v) methanol/H 

2
 O containing 2 nmol of 

norvaline as an internal standard and derivatised using the EZ:faast kit (Phenomenex, 
California). Gas chromatography–mass spectrometry (GC-MS) was performed using 
the QP2010 Plus GC-MS (Shimadzu, Kyoto) equipped with a ZB-AAA column 
(Phenomenex, California). The analytical conditions were as follows: carrier gas, He 
(1.17 ml/min); ionization voltage: 70 kV; injector temperature: 280°C; and oven pro-
gram, 110°C (1 min hold), increased at 20°C min −1  to 300°C (2 min hold). Analyses 
were carried out in the Selected Ion Monitoring mode. Each peak was identi fi ed as the 
retention time in the selected ion chromatogram and quanti fi ed. Quanti fi ed data were 
normalized to the fresh weight of the frozen pellet. 

 Figure 1 shows the  fl uctuation of 17 proteinogenic amino acids as well as the 
non-proteinogenic amino acid ornithine and the tripeptide glutathione (Fig. 1a and 
b) and cluster analysis of these temporal changes (Fig. 1c) under sulfur starvation 
conditions. The cysteine content was below the detection limit in this study. The 
amino acid pool in  Synechocystis  was dramatically altered by the change to sulfur-free 
medium. Surprisingly, the levels of 10 of the 19 amino acids analysed (alanine, 
glycine, valine, leucine, isoleucine, aspartate, threonine, serine, lysine, and tyrosine) 
increased during the 72 h following the initiation of sulfur deprivation (Fig. 1a). The 
levels of these amino acids, with the exception of isoleucine, lysine, and tyrosine, 
were at a maximum at 48 h after the medium change, whereas the isoleucine level 
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  Fig. 1    ( a  and  b )Temporal changes in amino acid contents during S deprivation.  Open square : 
changed to BG11 medium;   fi lled circle : changed to BG11-S medium.  Vertical axis : amount of 
amino acid (pmol mg −1  FW);  horizontal axis : time after medium change (h). The average and 
standard error (n = 3) are shown. ( a ) 0–72 h, ( b ) 0–12 h. ( c ) Cluster analysis of temporal changes 
in amino acid contents during S deprivation. Hierarchical clustering was performed by complete 
linkage algorithm           
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Fig. 1 (continued)



57Response of Amino Acid Metabolism to Sulfur Starvation…

was at a maximum after 24 h. Lysine and tyrosine levels increased almost continuously 
during the 72 h following the initiation of sulfur deprivation, although the early 
responses differed; the tyrosine level remained unaltered during the  fi rst 24 h, whereas 
lysine increased linearly during this period. It is notable that serine levels showed an 
immediate increase within 3 h (Fig. 1b). The overall increase in the levels of these 10 
amino acids presumably resulted from upregulation of  de novo  biosynthesis and/or 
protein degradation as well as downregulation of consumption for synthesis of other 
biomolecules including proteins. Especially serine and aspartate seemed to be accu-
mulated for decreased use for cysteine, methionine and GSH. However, the genes 
encoding the biosynthetic enzymes of these amino acids were not signi fi cantly upreg-
ulated in a similar experiment (Zhang et al.  2008 ; see discussion in the next para-
graph). On the other hand, the amounts of the sulfur-containing amino acid and 
tripeptide, methionine and glutathione, decreased. Interestingly, glutamate level also 
declined, although this amino acid contains no sulfur. Because the biosynthesis of 
glutamate requires nitrate and reducing power, the availability of reducing power may 
regulate nitrogen assimilation. The microarray data in a previous study (Zhang et al. 
 2008  )  suggests that genes related to the photosystems, which supply reducing power, 
and the gene encoding glutamate ammonia ligase, an enzyme that assimilates nitrogen, 
were downregulated under sulfur starvation conditions. Downregulation of these 
genes might result in a loss of both the reducing power and the enzymatic activity to 
synthesize glutamate in our study. The amounts of the amino acids tryptophan, pheny-
lalanine, glutamine, ornithine, proline, and asparagine did not change signi fi cantly. 

 To estimate protein biosynthesis and degradation, we quanti fi ed total protein of 
 Synechocystis  with Bradford assay (Fig.  2 ). Protein content of  Synechocystis  under 
sulfur starvation decreased about 30  m g mg −1  FW at 72 h after the medium change. 
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It suggests that protein biosynthesis was downregulated and/or protein degradation 
was upregulated. We suppose that 30  m g mg −1  FW of protein is suf fi cient to provide 
several pmols mg −1  FW of amino acids. So, to some extent, increase of certain 
amino acids were explained with protein degradation.   

 As mentioned above, the increase in amino acid contents under sulfur starvation 
could not be explained simply by changes in the transcript levels of genes involved 
in amino acid biosynthesis.  Synechocystis  might be unable to synthesize cysteine 
under conditions of sulfur deprivation owing to the shortage of sulfate supply. This 
might result in an immediate increase in serine, a precursor of cysteine, and in a 
decrease in methionine and glutathione, which are synthesized from cysteine. It 
might also result in decrease in  S- adenosylmethionine, which is synthesized from 
methionine. The decrease in  S- adenosylmethionine levels presumably enhanced 
aspartate kinase activity, which mediates the  fi rst step in lysine, threonine, and 
isoleucine  de novo  biosynthesis, via feedback inhibition by  S- adenosylmethionine 
(Rognes et al.  1980  ) . Consequently, the synthesis of lysine and isoleucine might be 
enhanced, leading to an accumulation of these amino acids. Sulfur deprivation 
might therefore result in an increased biosynthesis of amino acids in the aspartate 
family mediated by a regulation at the enzymatic level. This discussion is supported 
by clustering analysis. Serine, isoleucine, threonine and lysine were nearly clus-
tered (Fig. 1c). 

 In addition to the metabolic regulation of  de novo  amino acid biosynthesis, 
protein synthesis and degradation might also affect amino acid pools. Actually, our 
result showed that certain amino acids increased and the total protein in  Synechocystis  
decreased (Figs. 1 and 2). Under nutrient starvation conditions, cyanobacteria 
degrade phycobiliproteins, which are light-harvesting proteins involved in photo-
synthesis (Lau et al.  1977 ;    Collier and Grossman  1992  ) . We found that the immediate 
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  Fig. 2    Protein degradation under S deprivation. Amount of total protein was quanti fi ed with 
Bradford assay.  Open square : changed to BG11 medium;   fi lled circle : changed to BG11-S medium. 
 Vertical axis : amount of total protein ( m g mg −1  FW);  horizontal axis : time after medium change 
(h). The average and standard error (n = 3) are shown       
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increase of certain amino acids under nitrogen starvation was abolished in a 
loss-of-function mutant of the  nblA  genes that trigger degradation of phycobiliprotein 
(our unpublished data). Furthermore,  Synechocystis  upregulates the  nblA  genes 
under sulfur starvation conditions (Zhang et al.  2008  ) . Then we hypothesize that the 
increase in the amino acid contents under sulfur starvation conditions was caused by 
both a regulation of the metabolic  fl ow and  nblA -dependent phycobiliprotein 
degradation. 

 In this study, we report changes in the amino acid contents in response to sulfur 
deprivation in  Synechocystis  sp. PCC 6803 using GC-MS. Sulfur starvation tran-
siently increased the levels of most amino acids, even that of the sulfur-containing 
amino acid methionine (Fig. 1b), and the levels of some amino acids increased 
continuously for up to 72 h after the initiation of sulfur deprivation. Because these 
responses resulted from a combination of complex factors such as gene expression 
and enzyme activity levels, the speci fi c responses have to be analysed using 
gene-de fi cient mutants and/or metabolic inhibitors to understand the molecular 
mechanisms underlying the metabolic responses to nutritional stress.     
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  Abstract   If Chinese cabbage was grown hydroponically at various sulfate concen-
trations ranging from 5 to 100  m M in the root environment, it was able to maintain its 
growth even at 5 and 10  m M, concentrations close to the Km of the Group 1 high 
af fi nity sulfate transporters. The sulfate uptake capacity of the roots was up-regulated 
at  £ 25  m M sulfate, however, the expression of Sultr1;2, the primary sulfate transporter 
abundant in the root of Chinese cabbage, was hardly affected. There was no clear 
relation between the overall tissue levels of sulfate and thiols and the expression and 
activity of the sulfate transporters in root tissue upon variation in sulfate supply.      

  Brassica  species are characterized by their high growth rate and sulfur demand and 
their seedlings may require an overall sulfate uptake of up to 40  m mol g −1  fresh 
weight root day −1  in order to maintain their growth (Koralewska et al.  2007,   2008, 
  2009a,   b ; Shahbaz et al.  2010  ) . The uptake, transport and distribution of sulfate in 
the plant are mediated by different sulfate transporter transmembrane proteins. 
 Brassica  species contain 12–14 different sulfate transporter genes and the sulfate 
transporter family has been classi fi ed in up to  fi ve different groups according to 
their cellular and subcellular expression and possible functioning (Hawkesford 
 2003,   2007,   2008 ; Buchner et al.  2004 ;    Parmar et al.  2007 ; Hawkesford and De Kok 
 2006  ) . In Brassica, the Group 1 sulfate transporters Sultr1;2 appeared to be respon-
sible for the primary uptake of sulfate by the root, whereas Sultr1,1 was only 
expressed upon sulfate deprivation (Koralewska    et al.  2007,   2008,   2009a,   b ; Shahbaz 

    A.   Koralewska      •     F.  S.   Posthumus   •     C.  E.  E.   Stuiver     •     I.   Stulen   •     L.  J.   De   Kok (*)    
   Laboratory of Plant Physiology ,  University of Groningen ,   P.O. Box 11103 , 
 9700 CC   Groningen ,  The Netherlands    
e-mail:  l.j.de.kok@rug.nl  

  M.   Shahbaz  
Institute of Agricultural Sciences, University of the Punjab, Lahore 54590, Pakistan 

      Regulation of the Uptake of Sulfate by Chinese 
Cabbage ( Brassica pekinensis ) at Various Sulfate 
Concentrations in the Root Environment       

      Aleksandra   Koralewska      ,    Freek   S.   Posthumus   ,    C.   Elisabeth   E.   Stuiver   , 
   Muhammad   Shahbaz   ,    Ineke   Stulen   , and    Luit   J.   De   Kok         



62 A. Koralewska et al.

et al.  2010  ) . In the current paper the impact of concentration of sulfate in the root 
environment on plant growth and sulfate uptake is further evaluated in a case study 
with Chinese cabbage. 

 Ten day-old seedlings of Chinese cabbage (    Brassica pekinensis  (Lour.) Rupr. cv. 
Kasumi F1 (Nickerson Zwaan, Made, The Netherlands)) were grown on a 25% 
Hoagland solution at various sulfate concentrations, varying from 5 to 100  m M for 
up to 13 days in a climate-controlled greenhouse (see for experimental details 
Koralewska et al.  2007  ) . Measurement of biomass production, sulfate, nitrate and 
thiol content, sulfate uptake capacity, and extraction of mRNA and determination of 
the expression of sulfate transporters were carried out as described previously 
(Koralewska et al.  2007  ) . 

 Similar to previous observations with curly kale ( Brassica oleracea ; Koralewska 
et al.  2007  ) , the uptake of sulfate by Chinese cabbage was controlled by the sulfur 
demand for growth and modulated by the external sulfate concentration. If Chinese 
cabbage was grown at various sulfate concentrations ranging from 5 to 100  m M, 
plants were able to maintain their biomass production and growth rate (on average 
0.34 g g −1  FW plant day −1 ) even at 5 or 10  m M (Tables  1  and  2 ). The latter sulfate 
concentrations are close to the Km value of the Group 1 high af fi nity sulfate trans-
porters (Hawkesford and De Kok  2006 ; Koralewska et al.  2007 ; Hawkesford  2008  ) . 
The sulfate uptake capacity of the root was increased at  £ 25  m M up to 2.5-fold 
at 5  m M sulfate (Table  1 ). The mRNA abundance of Sultr1;2, the constitutively 

      Table 1    Impact of external sulfate concentration (5, 10, 25 and 100  m M) on biomass production, 
sulfate and thiol content, and sulfate uptake capacity in Chinese cabbage. Seedlings were grown on 
a 25% Hoagland nutrient solution at various sulfate concentrations for 4 days. Data on biomass 
production (g FW) and shoot to root ratio (S/R) represent the mean of 2 experiments with 12 mea-
surements with 3 plants in each (±SD). On average plant growth rate was 0.34 g g −1  FW day −1 . 
Sulfate content ( m mol g −1  FW) represents the mean of two experiments with two to three measure-
ments with six plants in each (±SD). Thiol content ( m mol g −1  FW) represents the mean of three 
measurements with six plants in each (±SD). Sulfate uptake capacity ( m mol g −1  FW root h −1 ) was 
measured at 25 and 500  m M sulfate and represents the mean of three measurements with three 
plants in each (±SD). Different letters indicate signi fi cant differences between treatments (p  £  0.01, 
Student’s  t -test)   

 Sulfate ( m M)  5  10  25  100 

  Biomass production  
 Shoot  0.150 ± 0.018a  0.154 ± 0.022a  0.159 ± 0.023a  0.161 ± 0.017a 
 Root  0.030 ± 0.005a  0.029 ± 0.004a  0.027 ± 0.004a  0.029 ± 0.004a 
 S/R  5.0 ± 0.6a  5.5 ± 0.7a  5.9 ± 0.6a  5.6 ± 0.6a 
  Sulfate content  
 Shoot  13.8 ± 2.9a  13.3 ± 3.3a  14.3 ± 3.3a  13.0 ± 3.1a 
 Root   6.4 ± 0.5a   6.8 ± 0.4a   8.2 ± 0.6b   8.2 ± 0.2b 
  Thiol content  
 Shoot  0.49 ± 0.03a  0.50 ± 0.04a  0.50 ± 0.03a  0.49 ± 0.03a 
 Root  0.37 ± 0.02a  0.43 ± 0.04ab  0.43 ± 0.02b  0.39 ± 0.09ab 
  Sulfate uptake 

capacity  
 3.96 ± 0.41c  3.34 ± 0.33c  2.14 ± 0.30b  1.59 ± 0.13a 
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   Table 2    Impact of external sulfate concentration (10 and 100  m M) on shoot and root biomass 
production and sulfate uptake capacity during growth of Chinese cabbage. Seedlings were grown 
on a 25% Hoagland nutrient solution at various sulfate concentrations for 7, 10 and 13 days. 
Data on biomass production (g FW), shoot to root ratio (S/R) and plant growth rate (g g −1  FW 
day −1 ) represent the mean of 7–11 measurements with three plants in each (±SD). On average plant 
growth rate was 0.35 g g −1  FW day −1 . Sulfate uptake capacity ( m mol g −1  FW root h −1 ) was measured 
at 500  m M sulfate and represents the mean of three measurements with three plants in each (± SD). 
Different letters indicate signi fi cant differences between treatments (p  £  0.01, Student’s  t -test)   

 Sulfate ( m M)  7 days  10 days  13 days 

  Biomass production  
 Shoot  10  0.41 ± 0.07a  1.34 ± 0.22a  4.06 ± 0.54a 

 100  0.45 ± 0.05a  1.59 ± 0.20a  5.03 ± 0.41b 
 Root  10  0.08 ± 0.02a  0.24 ± 0.06a  0.69 ± 0.11a 

 100  0.07 ± 0.01a  0.26 ± 0.05a  0.84 ± 0.14a 
 S/R  10  5.6 ± 0.9a  5.6 ± 0.6a  5.9 ± 0.5a 

 100  6.8 ± 0.7a  6.2 ± 0.6a  6.1 ± 0.8a 
  Sulfate content  
 Shoot  10  12.0 ± 1.4a   9.1 ± 0.6a  7.6 ± 0.3a 

 100  15.2 ± 1.2b  10.0 ± 1.1a  7.5 ± 0.8a 
 Root  10   7.4 ± 0.6a   5.8 ± 1.2a  6.6 ± 0.2a 

 100   9.3 ± 0.5b   7.4 ± 0.4b  7.5 ± 0.3b 
  Sulfate uptake capacity   10   3.6 ± 0.7b   2.5 ± 0.3b  1.9 ± 0.1b 

 100   2.0 ± 0.8a   1.4 ± 0.1a  0.8 ± 0.0a 

expressed high af fi nity sulfate transporter in the root of Chinese cabbage, was hardly 
affected by the sulfate concentration in the root environment (Figs.  1  and  2 ). Sultr1;1 
was hardly expressed in roots of Chinese cabbage, but its mRNA abundance was 
only slightly enhanced at  £ 25  m M sulfate (Figs.  1  and  2 ). Moreover, the contents of 
sulfate and thiols in both root and shoot of Chinese cabbage were hardly affected at 
low sulfate concentrations in the root environment; there was only a slight decrease 
in the sulfate content of the root at  £ 10  m M (Tables  1  and  2 ). From studies on prolonged 
sulfate deprivation it is evident that in addition to an increased uptake, the overall 
plant uptake capacity might also be enhanced by the change in biomass partitioning 

  Fig. 1    Impact of external sulfate concentration (5, 10, 25 and 100  m M) on mRNA abundance of 
the sulfate transporters in Chinese cabbage roots (see for experimental details Table  1 ). Equal 
RNA loading was determined by ethidium bromide staining of gels (see Shahbaz et al.  2010  for 
more details)       
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in favor of the root (Hawkesford and De Kok  2006 ; Koralewska et al.  2007,   2008  ) . 
However, in Chinese cabbage the shoot to root ratio remained unaffected at 5 and 
10  m M sulfate, even upon more prolonged exposure (Tables  1  and  2 ).     

 The sulfate transporters may be regulated at a transcriptional, translational and/
or post-translational level, which might be signaled or mediated by sulfate itself 
and/or by products of the assimilatory sulfate reduction pathway ( e.g.  sul fi de, 
cysteine and/or glutathione; Hawkesford and De Kok  2006  ) . However, on basis of 
the current knowledge and commonly applied research approaches, it is still unclear 
as to what extent measuring changes in concentrations of potential signal com-
pounds and activity of the sulfate transporters, provides suf fi cient insight into the 
actual regulatory control of sulfate uptake at the root cellular level. Similar to other 
observations with  Brassica , there was no clear relation between the overall tissue 
levels of sulfate and thiols and the activity of the sulfate transporters in Chinese 
cabbage upon variation in sulfate supply (   Buchner et al.  2004 ; Koralewska et al. 
 2007,   2008,   2009a,   b ; Stuiver et al.  2009 ; Shahbaz et al.  2010  ) . There was in Chinese 
cabbage no direct relation between the mRNA abundance of Sultr1;2, the primary 
sulfate transporter in the root and the sulfate uptake capacity.     
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  Abstract   Onion ( Allium cepa  L.) and broccoli ( Brassica oleracea ) are economically 
important crop plants in which differences in the S-assimilation pathway may oper-
ate. Onion is rich in reduced sulfur-containing compounds, which characterize its 
 fl avor while glucosinolates and their derivatives accumulate in Brassica species 
including broccoli. A signi fi cant branchpoint in the S-assimilation pathway is cata-
lyzed by adenosine 5 ¢ -phosphosulfate (APS) kinase (APSK) which phosphorylates 
APS to form 3 ¢ -phosphoadenosine 5 ¢ -phosphosulfate (PAPS), one of the substrates 
used in the biosynthesis of glucosinolates. In comparison with Brassica species, there 
is no information on the signi fi cance or regulation of this enzyme in onion. Here we 
describe some preliminary characterization of an  APSK  gene and enzyme activity in 
onion, including some sequence and activity comparisons with Brassica species.      

 Onion ( Allium cepa  L.) accumulates reduced sulfur-containing compounds princi-
pally alk(en)yl- L -cysteine sulfoxides (ACSOs). Upon wounding these are hydro-
lyzed by the enzyme allinase (E.C. 4.4.1.4) and the derivatives produced characterize 
the  fl avor and health properties of onion (Lancaster and Boland  1990  ) . In the reduc-
tive sulfur (S) assimilation pathway, the activities of enzymes in the pathway are 
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in fl uenced by S supply (   McCallum et al.  (  2011  ) ; Thomas et al.  2011  ) , with some 
( in vitro)  evidence that ATPS and APR can form a complex to by-pass a branchpoint 
in the S-assimilation pathway catalyzed by adenosine 5 ¢ -phosphosulfate (APS) kinase 
(APSK, E.C. 2.7.1.25) (Cumming et al.  2007  ) . APSK forms 3 ¢ -phosphoadenosine 
5 ¢ -phosphosulfate (PAPS), an important substrate for the formation of the secondary 
S-containing metabolites including glucosinolates, and is therefore a signi fi cant 
enzyme in members of the Brassicaceae. Four  APSK  genes have been cloned 
from  Arabidopsis,  for example, with APSK1, APSK2 and APSK4 localised in the 
plastid, while APSK3 is a cytoplasmic isoform (Mugford et al.  2009  ) . Mutant 
approaches have shown that APSK1 is able to produce suf fi cient PAPS to maintain 
normal plant growth (Mugford et al.  2010  ) , while disruption of  APSK1  and  APSK2  
expression reduces the biosynthesis of glucosinolates (Mugford et al.  2009  )  demon-
strating that the expression of  APSK  genes are tightly linked with the biosynthesis 
of glucosinolates. However, in non-glucosinolate accumulating species, including 
for example onion, the secondary (APSK-mediated) pathway must also operate to 
generate important pools of sulfate esters. Thus it is of interest to us to determine 
how signi fi cant  APSK  expression and APSK activity is in onion given the impor-
tance of the reduced pathway to produce cysteine. 

 In onion, a full-length cDNA encoding  APSK  is not available and so initial studies 
have focused on the measurement of APSK activity in onion leaf extracts in com-
parison with glucosinolate-accumulating  Brassica  species such as broccoli and 
 Arabidopsis.  Activity is measured using a coupled assay in which excess pyruvate 
kinase and lactate dehydrogenase are added to utilize the ADP formed in the APSK 
reaction and the consumption of NADH measured (Burnell and Whatley  1975  ) . 
However, as many plant enzymes in crude extracts can compete for NADH, particu-
larly the inner membrane-localized mitochondrial NADH oxidase, soluble extracts 
are  fi rst centrifuged at 100,000 ×g to pellet plant membranes. Subsequent to this 
step, linear APSK activity was measured. 

 APSK activity in onion leaf extract was signi fi cantly higher than observed in 
 Arabidopsis  leaf extract and two closely related New Zealand native  Brassica  species 
of the  Pachycladon  genus,  P. enyii  and  P. fastigiata  (Table  1 ). It is known that 
expression of  APSK  is higher in  P. enyii  than in  P. fastigiata  (Voelckel et al.  2008  )  
and in agreement with that, the APSK activity in leaf extracts of  P. enysii  was higher 

   Table 1    APSK activity is determined in the crude plant extracts and is 
monitored by oxidation of NADH   

 Plant species and tissues 

 Speci fi c activity 

 ( m mol NAD +  mg protein −1  min −1 ) 

 Onion leaf  0.154 
 Broccoli  fl orets  0.291 
 Broccoli leaf  0.584 
  Arabidopsis  leaf  0.068 
  P. enysii  leaf  0.086 
  P. fastigiata  leaf  0.058 

  Change of absorbance was measured at 340 nm. For the calculation of the 
rate of NADH oxidation, the extinction coef fi cient of 6.2 mM −1  was used  
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than that measured in leaf extracts of  P. fastigiata  (Table  1 ). APSK activity was also 
measured in crude extracts of  fl orets and leaves from broccoli, a known glucosino-
late accumulator and activity was highest in these extracts. However, the signi fi cant 
activity measured in onion does suggest that the secondary pathway may also be of 
some physiological signi fi cance in onion.  

 A partial onion cDNA encoding APSK has been obtained and tBLASTx searching 
showed highest identity to  Arabidopsis APSK2  and  APSK2  from  A. lyrata  as well as 
high identity with  APSK  genes from other monocots including from  Zea mays  and 
 O. sativa , as well as genes from  Ricinus communis ,  Vitus Vinifera  and  Catharanthus 
roseus  (data not shown). These sequences were then compared using a CLUSTAL 
W alignment (Fig.  1 ). A major feature of the APSK proteins is the C-terminal P 
(phosphate-binding)-loop NTPase domain, which spans residues 118–263 of 
AtAPSK2. Of the partial onion APSK sequence, residues 1–63 comprise the 
C-terminal region of the P-loop NTPase domain. Sixteen important residues have 
been identi fi ed within the P-loop for ligand binding (APS and ATP; Lansdon et al. 
 2002  )  and three of these, R 

228
 , F 

246
  and T 

247
  (residue numbers from AtAPSK2) are 

also identi fi ed in the onion sequence (highlighted in Fig.  1 ). Phylogenetic analysis 
of the APSK proteins compared using CLUSTAL W in Fig.  1  shows that onion 
APSK forms a distinct clade with the other monocot sequences examined: one from 
 Oryzae sativa , and  Zea mays  ASK1 (Fig.  2 ). The two Brassica species examined 

  Fig. 1    CLUSTAL W alignment of APSK proteins from various plant species. The highlighted 
( bold ) residues are 3 of 16 residues important for ligand binding within the P-loop NTPase domain 
conserved within the APSK genes characterized thus far. AtAPSK2,  A. thaliana  APSK2 
(NP195704.1);  A. lyrata ,  Arabidopsis lyrata  subsp. APSK (XP_002866895.1);  R. communis , 
 Ricinus communis  APSK (XP_002532415.1); VvAPSK,  Vitis vitifera  APSK (XP_002265518.1), 
 O. sativa ,  Oryzae sativa  APSK (ABA94897.1); ZmASK1,  Z. mays  APSK1 (ACG40162.1); 
CrAPSK,  Catharanthus roseus  APSK (O49204.1). * denotes an identical amino acid;  :  denotes a 
similar amino acid       
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then group in a separate, but relatively closely related clade, with a sequence from 
 Vitis vitifera , with sequences from  Ricunus communis  and  Catharanthus rosea  
forming outliers.   

 In summary, APSK activity has been demonstrated in onion and a partial  APSK  
gene isolated. To more fully determine the signi fi cance of APSK activity in onion, 
a full-length version of the  APSK  gene is now required which will provide an avenue 
for more detailed kinetic analysis of the recombinant APSK protein.     

  Acknowledgements   Special thanks to Claudia Voelckel for providing the  P. enysii  and  P. fastigiata 
APSK  genomic DNA sequences. This research is partially funded by the FRST Future Vegetables 
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  Abstract   The cysteine synthase complex (CSC) is supposed to regulate the synthesis 
of cysteine (Cys). This complex is formed by two enzymes: serine acetyltransferase 
(SAT) and  O -acetyl-serine (thiol) lyase (OAS-TL). The CSC occurs within 
plant cells in three compartments: cytoplasm, chloroplasts and mitochondria. Cys 
is one of the substrates for the synthesis of glutathione (GSH) – an important player 
in regulation of redox-state and stress-response in cells. Here we reported in fl uence 
of light intensity on transgenic tobacco plants with overexpression of active and 
inactive forms of  Arabidopsis thaliana  SAT3 targeted to the cytosol.      

 Plants, with regard to their biomass, are the main producers of compounds containing 
organic sulfur. One of the key points in the sulfur metabolic pathway is the biosyn-
thesis of cysteine (Cys), occurring after a series of reactions in which sulfate is 
reduced to sul fi de. The following Cys synthesis is a two-step reaction. In the  fi rst 
step serine acetyltransferase (SAT) catalyzes synthesis of  O -acetylserine (OAS) from 
serine (Ser) and acetyl-CoA, while in the next step  O -acetyl-serine (thiol) lyase 
(OAS-TL) is responsible for synthesis of Cys by incorporation of sul fi de into OAS. 
Both enzymes are able to form a complex named Cys synthase complex (CSC). The 
CSC consists of a dimer of homotrimers of SAT and two homodimers of OAS-TL 
(Wirtz et al.  2010  ) . Activities of both enzymes are regulated by complex formation. 
Whereas OAS-TL is active as a free dimer, SAT is strongly activated by association 
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with OAS-TL (Wirtz and Hell  2006  ) . The CSC occurs within plant cells in three 
compartments: cytoplasm, chloroplasts and mitochondria. Synthesized Cys is used 
not only as a protein component, but also as substrate for many other sulfur-containing 
compounds such as glutathione (GSH), which plays a pivotal role in redox regula-
tion and stress response (Droux et al.  1998 ; Lewandowska and Sirko  2008  ) . 

 As we reported in Wirtz and Hell  (  2007  )  to investigate the role of the subcellular 
compartmentation of the CSC, transgenic tobacco plants overexpressing active 
(a) or inactive (i) form of  Arabidopsis thaliana  SAT3 (At-Sat3, At3g13110) in the 
cytosol (CC) were constructed. Inactivation o SAT was obtained by site-directed 
mutagenesis of His-309 to Ala, and did not in fl uence interaction with OASTL. 
This strategy generates the competition of endogenous SAT with inactivated 
SAT in the CSC with the aim of deregulation of cysteine synthesis. Biochemical 
characterization of the lines showed increased level of At-SAT3 protein in both 
types of transgenic lines. As expected, the SAT activity was signi fi cantly increased 
only in lines overexpressing active form of At-SAT3, however, in both types of lines 
increased levels of non-protein thiols were observed. 

 Correlation between the overexpression of active SAT protein and increased 
levels of thiols was already well known (Lewandowska and Sirko  2008  ) , but 
increased level of cysteine in plants overexpressing the inactive form of SAT was 
surprising. This interesting phenomenon was explained by compensation of the 
disrupted CSC in one compartment by CSC in other unaffected compartments, 
mitochondria and plastids (Wirtz and Hell  2007  ) . Recently it was reported that the 
 Arabidopsis  chloroplastic cyclophilins CYP20-3 may interact with  Arabidopsis  
SAT1 protein to link light and oxidative stress to SAT1 activity and synthesis of 
cysteine (Dominguez-Solis et al.  2008  ) . We decided to investigate in fl uence of the 
light intensity on our transgenic plants. Since deregulation of the CSC had no 
phenotypic effect on tobacco lines grown under 200  m mol m −2  s −1  light (Wirtz and 
Hell  2007  ) , CCa and CCi lines were grown in soil in a growth chamber for 6–7 weeks 
under lower (LL, 100  m mol m −2  s −1 ) and higher (HL, 300  m mol m −2  s −1 ) light intensity 
as compared to Wirtz and Hell  (  2007  ) . Seedlings were grown for 1 week under 
long day condition at LL, at this time point the plants were divided into two groups 
growing either under LL, or under HL for 5 weeks. Other set of the plants were 
grown until 5 weeks under LL, next half of the plants was transfer to HL for 2 weeks. 
After this time the forth leaf from the top of the plants was used for determination 
of pigments and water content. For determination of the non-protein thiols grinded 
shoots were used. Phenotypic observation concerning lines growing under LL were 
con fi rmed using hydroponic system (half-strength Hoagland medium [2.5 mM 
Ca(NO 

3
 ) 

2
 , 2.5 mM KNO 

3
 , 0.5 mM MgSO 

4
 , 0.5 mM KH 

2
 PO 

4
 , 40 mM Fe-EDTA, 

25 mMH 
3
 BO 

3
 , 2.25 mM MnCl 

2
 , 1.9 mM ZnSO 

4
 , 0.15 mM, CuSO 

4
 , and 0.05 mM 

(NH 
4
 ) 

6
 MO 

7
 O 

24
 , pH 5.9]).  T -test was used for statistical analysis. The statistically 

signi fi cant differences are marked with either a single (for  p  < 0.05) or double 
(for  p  < 0.002) asterisks. 

 Occurrence of the correct form of At-SAT3 was checked by PCR on genomic 
DNA isolated from leaves and with polyclonal serum against  Arabidopsis  SAT3 protein 
using total leaf protein of each transgenic line (as described in Wirtz and Hell  2007  ) . 



73Subcellular Compartmentation of Cysteine Synthesis in Plants – One Step More

Accordingly to results presented in Wirtz and Hell  (  2007  ) , SAT activity in CCa 
plants was highly increased compared to wild-type (SNN) plants (Fig.  1 .), while 
in CCi plants overexpressing the inactive form of At-SAT3 only slight increase of 
SAT activity was observed. No signi fi cant changes in OAS-TL activity were noticed 
(not shown).  

 The  fi rst remark concerning plants growing under LL was decreased biomass of 
plants from line CCa compared to WT, particularly visible in a hydroponic condition 
(Fig.  2a ). In contrast, under HL condition plants from CCi showed reduction of 
biomass in comparison to WT and CCa lines. Growth retardation of CCi lines had 
already been observed under 600  m mol m −2  s −1  (Wirtz  2003  ) . Spectrophotometrical 
measuring of the chlorophyll concentration (Lichtenthaler and Wellburn  1983  )  
did not reveal differences between lines grown under LL conditions, which is in 
agreement with the results obtained by Wirtz and Hell  (  2007  ) . In all plants grow 
under HL condition loss of pigments were measured, however in plants overex-
pressing inactive form of SAT3 the decrease of pigments concentration seemed 
to be slightly higher than in plants from other lines (Fig.  2b ). Wild type and trans-
genic plants showed the characteristic phenotypes in response to light intensity 
(Lichtenthaler et al.  1981  ) , such as a smaller leaf area, higher dry weight, lower 
water content and increased thickness of leaves (not shown).  

 As expected the determination of thiols according to Wirtz et al.  (  2004  )  in CCa 
and CCi lines revealed higher levels of thiols, particularly Cys, as compared to WT 
plants under LL and HL conditions (Fig.  3 ). However comparison of thiol levels 
in plants growing under both conditions revealed that in WT and CCa line, but not in 
CCi lines, Cys and GSH level signi fi cantly increased in plants growing under HL. 
The easiest explanation for the lack of increase of non-protein thiols in CCi lines 
would be that the concentration of these compounds is already high enough and 
there is no requirement for higher thiol contents. However, the slight decrease of 
biomass and amount of pigments may suggest elevated sensitivity to higher light 
condition in comparison to WT and CCa lines. The other possible solution is that 
the CCi plants are not able to regulate thiols synthesis or cannot additionally increase 

  Fig. 1    SAT activity in WT and transgenic plants. Mean values and SD from two individual plants 
grown in two repetition (n = 4).  Error bars  indicate SD,  asterisks  mark the statistically signi fi cant 
differences between the transformants and the wild-type line grown in the same conditions       
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  Fig. 2    Changes in biomass of the stems of the plants growing in LL and HL condition. Mean 
values and SD from three individual plants grown in two repetition (n = 6),  error bars  indicate SD. 
 Asterisks  mark the statistically signi fi cant differences between the transformants grown under LL 
or HL and the wild-type line grown under LL ( a ). Decrease of photosynthetic pigments amounts 
depending on light conditions.  Asterisks  mark the statistically signi fi cant differences between the 
transformants and the wild-type line grown under HL ( b )       

  Fig. 3    Thiols concentration in plants growing in LL and HL condition was normalized to thiol 
levels in WT plants growing in LL. 1 unit – amount of Cys or GSH in WT plants under LL. Mean 
values and SD from three individual plants grown in two replication (n = 6).  Error bars  indicate 
SD,  asterisks  mark the statistically signi fi cant differences between the same lines grown either 
under LL or under HL conditions       
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thiols level due to lack of SAT activity. Described by Dominguez-Solis et al.  (  2008  )  
interaction between the  Arabidopsis  chloroplastic cyclophilins CYP20-3 and 
 Arabidopsis  SAT1 protein linking light and oxidative stress to SAT1 activity and 
synthesis of cysteine, gives as well other possibility. If overexpression of CCi 
would in fact deregulate level or activity of plastidic tobacco SAT isoform, and/or 
by this chloroplast redox system, theoretically there would be at least two ways of 
in fl uencing of the inactive cytosolic SAT overexpression on chloroplasts: trough 
deregulation of redox-state or through interaction with the tobacco functional 
homolog of  Arabidopsis  CYP20-3. To resolve these questions more lines per one 
construct need to be analyzed. Nonetheless it is shown here that deregulation of 
CSC complex in the cytosol deregulates synthesis of thiols and putatively affects 
the adaptation to environmental changes. Cytosolic lines in combination with 
lines overexpressing inactive and active form of At-SAT3 in plastids and mito-
chondria would provide a very promising approach to investigate the puzzle of 
CSC compartmentation.      
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  Abstract   Tobacco cDNA clones representing genes differentially regulated by the 
short-term sulfur de fi cit were identi fi ed with the suppression subtractive hybridiza-
tion (SSH) method. Many of them encoded proteins with established function, 
however for some of them not only their role in sulfur de fi cit response remained 
elusive but assigning them to any cellular processes was impossible. The down-
regulated  D6  clone was representing one of such genes. The  fi rst steps of analysis 
included cloning of the full-length mRNA sequence and the sequence of its promoter 
region. Subsequent work, including monitoring of  D6  expression in various growth 
conditions, its intracellular localization and database screening for homologues 
lead to the hypothesis that  D6  may take part in differentiation and developing 
processes. However, its precise role and rationale for down-regulation during sulfur 
de fi cit remain unclear.      

 During screening of  Nicotiana tabacum  plants for genes regulated by short-term 
sulfur (S) de fi cit between those identi fi ed as encoding protein with well-de fi ned 
function, a few were found for which it was not possible to assign a particular role 
(Lewandowska and Sirko  2009 ; Lewandowska et al.  2005 ; Wawrzyńska et al .   2005  ) . 
The results of subsequent work on the most abundantly present up-regulated clones 
corresponding to the  UP9  gene encoding a member of UP9/LSU family allowed not 
only to add more information to the knowledge concerning regulation of S metabo-
lism (Lewandowska et al .   2010  )  but also to link plant response to sulfur de fi ciency 
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with the process of selective autophagy (Zientara-Rytter et al .   2011  ) . Here, we 
would like to summarize the results of investigations on the  D6  gene, which – in 
contrast to the previously characterized  UP9  – is down-regulated by S de fi cit. 

 The former results indicated that the  D6  gene is expressed mostly in leaves and 
that its mRNA level decreases signi fi cantly during S starvation (Wawrzyńska et al .  
 2005 ; Lewandowska et al.  2005  ) . However, the previously established 374 bp 
sequence (based on  fi ve identi fi ed clones) covered only a part of  D6  mRNA with 
the fragment of a deduced open reading frame containing the potential START 
codon but no STOP codon (GenBank Acc No: AY547454). To obtain the complete 
sequence of  D6  mRNA the 5 ¢ - and 3 ¢ -RACE were performed. Both techniques 
allow to predict the complete  D6  mRNA sequence (GenBank Acc No: JN544241) 
consisting of an open reading frame of 118 amino acids  fl anked by non-coding 
regions (Fig.  1a ). In silico analysis of the deduced open reading frame using the 
available on line programs, such as SignalP (  http://www.cbs.dtu.dk/services/SignalP/    ), 

  Fig. 1     D6  cDNA and its protein product. ( a ) The cDNA sequence corresponding to the full-length 
mRNA. Putative coding region (underlined), non-coding mRNA, start and stop codons ( boxed ) are 
indicated. ( b ) Scheme of  D6  protein with indicated characteristic domains. The primers used for 
5 ¢ RACE were: (5 ¢ -GGCCTTGTTCCACACCTAATTGCGCAT-3 ¢ ) and (5 ¢ -CGGGATCACGTT
GTTGAGCCATGGAAT-3 ¢ ); while the primers used for 3’RACE were: (5 ¢ -ATGCGCAATTAGGTG
TGGAACAAGGCC-3 ¢ ) and (5 ¢ -GCTAGAAACCGCGTCTGCAATGTTGGA-3 ¢ )       

 

http://www.cbs.dtu.dk/services/SignalP/
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PSORT (  http://psort.hgc.jp    ) and TargetP (  http://www.cbs.dtu.dk/services/TargetP/    ) 
revealed that  D6  contains N-terminal signal peptide of 24 amino acids and that it 
is probably targeted to the secretory pathway. The predicted molecular weight of 
the full-length protein is 12.8 kDa, while of the mature protein without the signal 
peptide – 10.2 kDa. Furthermore, the  D6  protein contains two pairs of characteristic 
Cys-motifs, the  fi rst pair with the [−C-X 

3
 -C-X 

3
 -C-] pattern and the second pair with 

the [−C-X 
3
 -C-X 

4
 -C-] pattern (Fig.  1b ).  

 Screening of nucleotide and EST databases failed to reveal close homologues of 
 D6  in  Arabidopsis thaliana  and species from other families than Solanaceae. 
Concerning the homologous tobacco sequences, they were found in cDNA libraries 
obtained from multiple plant tissues, such as (i) mixture of leaves, apical buds 
and roots, (ii) early senescent leaves, (iii) trichomes, (v)  fl owers, (vi) seedling, 
(vii) anthers in early stage of development, (viii) pollen and (ix)  fl oral nectar tissues. 
On the other hand, searching of protein databases showed that proteins with similar 
Cys-patterns occur in various plant species, including  Nicotiana glauca  x  Nicotiana 
langsdorf fi i  (tumor-related protein; BAA05479),  Ricinus communis  (hypotetical 
protein; XP_002528184),  Vitus vinifera  (unnamed protein product; CBI36344) 
 Antirrhinum majus  (TAP1 precursor; CAA40552) and in animals, including sea 
squirt  Ciona savignyi  (SCO-spondin protein; XP_002119345) and ant  Camponotus 
 fl oridanus  (Tenascin-X; EFN73275). Interestingly, the cDNA encoding the  fi rst 
of these proteins (BAA05479) was identi fi ed by SSH method among the genetic 
tumor-related cDNA clones from interspecies hybrids between  N. glauca  and 
 N. langsdorf fi i . A group of clones corresponding to this particular gene was called 
by the authors  TID771 . It was shown that  TID771  expression is restricted to genetic 
tumors, what could be direct or indirect result of stress response or hormone 
balance disruption. Further analysis showed that  TID771  is expressed at the late 
stage of genetic tumor formation, when the initiation of speci fi c tumor organs starts. 
The authors failed to detect  TID771  mRNA in unorganized genetic tumor tissue, 
what led them to the statement that  TID771  is induced as a part of processes when 
unorganized tumor tissues are converted to the organized ones and that  TID771  
could be putatively responsible for differentiation of some speci fi c organs in teratoma-
tous genetic tumors (Fujita et al .   1994  ) . The expression of the other gene encoding 
the protein with the conserved [−C-X 

3
 -C-X 

3-4
 -C-] motifs,  TAP1 , is restricted to the 

transient period in  fl ower development and to the tapetum of the anthers (Nacken 
et al .   1991  ) . The  TAP1  was identi fi ed during search for putative target genes of  de fi ciens  
( def ) in  A. majus .  Def  is involved in controlling petal and stamen organogenesis. 
The  TAP1  is a small protein with a putative N-terminal signal peptide (indicating 
that the protein may be secreted) and with Cys-patterns identical to these in  D6 . 
Tapetum functions as a kind of a feeder for the pollen mother cells and the devel-
oping pollen by delivering nutrients and it produces various secreted compounds. 
The authors suggested that  TAP1  is needed for differentiation and function of tapetal 
cells. On the other hand it might belong to a new class of thionins, taking part in 
defense response and jasmonic acid mediated signaling pathway. Indeed screening 
of  A. thaliana  protein databases for proteins with similar Cys-motifs allowed as to 
identify a group of proteins, some uncharacterized and some de fi ned as thionins 
(among others THI2.1, AEE35295; THI2.2, AED94125; THI, AEE34462). However, 

http://psort.hgc.jp
http://www.cbs.dtu.dk/services/TargetP/
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in thionins, the [−C-X 
3
 -C-X 

3-4
 -C-] motifs occur usually one- to twofold and localize 

in the central and/or the C-terminal part of the proteins. The other protein, SCO-
spondin is a secreted big glycoprotein involved in neuronal cell differentiation 
(Meiniel et al .   2008  ) , while tenascin-X is a member of a family of extracellular 
matrix glycoproteins. In mammals, this protein contributes to elasticity and strength 
of the dermis and is believed that it functions in matrix maturation during wound 
healing (Bristow et al .   2005 ; Egging et al .   2007  ) . It was shown that tenascin-X, as 
well as its fragments derived from vascular endothelian cell extracellular matrices, 
stimulate wound healing (Egging et al .   2007 ; Demidova-Rice et al .   2011  ) . In summary, 
information about the potential homologues did not bring us any closer to understanding 
of the  D6  function in tobacco, however all of these proteins seem to play a role in 
fast differentiating and/or developing cells. 

 In order to determine whether the transcriptional regulation of the  D6  gene is 
speci fi c to S-de fi ciency stress, expression of the  D6  transcripts in tobacco plants 
grown in various conditions was determined (Fig.  2 ). A decreased level of  D6  
mRNA was observed in mature leaves after 2 days of S de fi cit or 2 days of salt stress 
(100 mM NaCl). A small increase of  D6  mRNA amount could be observed after 2 days 
of N or P de fi cit, excess of S or in the presence of exogenous glutathione.  

 The genomic sequence of 1379-bp corresponding to the promoter of  D6  gene 
was identi fi ed using the Genome Walker technique (GenBank Acc No: JN544242). 
The promoter analysis resulted in identi fi cation of several motifs found also in 
promoters of genes which protein products take part in response to and/or 
which expression is regulated among others by light, dehydration, hormones, 
pathogens, salt, cold, diseases and wounding (results not shown). From the ‘focused 
on primary response to S-de fi cit’ point of view an interesting among many others 
are the potential EIN3 (Ethylene–insensitive 3) binding sites at the positions of 
563–539 and 902–929 nucleotides from ATG, since they may be recognized by 
TEIL (tobacco EIN3-like) proteins. We have recently shown that some TEIL 
proteins are involved in S-de fi ciency induced up-regulation of the  UP9C  gene 

  Fig. 2    The level of  D6  mRNA in various growth conditions.  D6  expression was monitored by 
RT-PCR using the following pair of primers: (5 ¢ -GAATTCATGGCAGTGAAAGGTT TTGCGG-3 ¢ ) 
and (5 ¢ -CGGGATCACGTTGTTGAGCCATGGAAT-3 ¢ ) and cDNA prepared from total RNA 
isolated from mature leaves of tobacco plants grown in the S-suf fi cient, control medium (C) or for 
2 days in the following conditions: with 10-fold excess of sulfate (+S); without sulfate (−S); without 
phosphate (−P); without nitrate (−N); with 2 mM glutathione (GSH); with 100 mM NaCl (NaCl). 
Both,  D6  and  Tac9  (control gene, with expression presumably unaffected by the tested growth 
conditions) were ampli fi ed using 26 cycles       
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(Wawrzyńska et al.  2010  ) . Interestingly, the previously identi fi ed transcriptional 
factor SLIM1, which belongs to the same family and regulates gene expression in 
response to S-de fi cit in  A. thaliana  (Maruyama-Nakashita et al .   2006  ) , can also bind 
to the  UP9C  promoter. However, contrary to TEIL, acting as an activator of  UP9C  
transcription only in S-conditions, SLIM1 strongly activates the  UP9C  promoter 
regardless of S availability (Wawrzyńska et al .   2010  ) . 

 In order to determine the subcellular localization, the cassette encoding  D6 ::YFP 
fusion protein was transiently expressed in the leaves of  N. benthamiana  plants 
grown in the conditions of the optimal S-supply and its subcellular localization was 
analyzed. The transcription of the recombinant protein was under the control of 
the constitutive 35 S promoter from cauli fl ower mosaic virus (CaMV). The results 
indicated that  D6  localizes presumably in endoplasmic reticulum (ER) and possibly 
also in Golgi-like structures (Fig.  3 ).  

  Fig. 3    Intracellular localization of the  D6 ::YFP protein transiently expressed in  N. benthamiana  
leaves. Several images of the  D6 ::YFP protein are shown for comparison. The  scale bars  (10  m m) 
are indicated       
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 The presence of the Cys-rich motifs might be one of the reasons for down-regulation 
of the  D6  gene by S-starvation resulting in a decreased amount of Cys pool. 
However, as shown in our previous paper, the genes encoding some other proteins 
with Cys-rich domains are up-regulated in such conditions (Wawrzyńska et al .  
 2005  ) . An alternative explanation of the changes observed in  D6  expression 
could be linked to the putative involvement of  D6  protein in differentiation and/or 
development, however its association in plant response to S-de fi cit remains unclear. 
Perhaps the molecular function of  D6  can be established after analysis of the tobacco 
lines with ‘sense’ and ‘antisense’ expression of  D6  (in preparation) .  Additionally, 
information about  D6  promoter and the promoters of other genes down-regulated 
by S-de fi cit may allow in the future to identify speci fi c  cis - and  trans -factors responsible 
for this effect. Despite numerous problems associated with work on genes of unknown 
function it is worth to make such efforts. Such results open new area of knowledge 
about processes and protein networks in plants.     
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  Abstract   A key precursor of porphyrin biosynthesis, 5-aminolevulinic acid (ALA), 
is used as a fertilizer to promote plant growth and crop yields. Carbon  fi xation 
and nitrogen assimilation are promoted by ALA in plants, but the effect on other 
metabolic pathway has not been elucidated. In this study, we analyzed the effect of 
ALA on sulfur assimilation. Treatment with 0.3 and 1 mmol −1  ALA signi fi cantly 
increased the sulfate uptake and the transcript levels of key sulfur transport and 
assimilatory genes. The accumulation of cysteine and glutathione was increased 
in shoots but decreased in roots. These data demonstrated a new role of ALA that 
regulates positively transcript levels of some sulfur assimilatory genes, sulfate 
uptake and contents of cysteine and glutathione.      

 5-Aminolevulinic acid (ALA) is a key precursor of porphyrin biosynthesis including 
chlorophyll and heme. ALA treatment sometimes promotes the growth and yield 
of several crops (Hotta et al.  1997a,   b ; Tanaka et al.  2005  ) . In these conditions, 
ALA promotes the carbon  fi xation through the stimulation of photosynthesis (Hotta 
et al. 1997b  )  and nitrogen assimilation in plants through the induction of nitrate 
reductase and nitrite reductase activity (   Mishra and Srivastava  1983  ) . However, the 
effects of ALA on other metabolic pathways in plants have not been determined. 
Sulfur is an essential macronutrients required for plants. Plants use sulfate as the 
major sulfur source and synthesize the sulfur-containing amino acids cysteine and 
methionine (Crawford et al.  2000 ; Saito  2004  ) . Sulfur assimilation starts from 
the uptake of external sulfate by the activity of sulfate transporter (SULTR) in roots. 
Sulfate is activated by ATP sulfurylase and then reduced by two-step reactions 
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catalyzed by APS reductase (APR) and sul fi te reductase to produce sul fi de. Then with 
cysteine synthase, sul fi de reacts with O-acetyl-L-serine, which is produced from serine 
by serine acetyltransferase (Serat) activity, and turned into cysteine. Glutathione 
(GSH), methionine and many kinds of sulfur-containing compounds are produced 
from cysteine. The studies of the metabolic regulation of SULTR and APR have 
indicated that the regulatory network of sulfur assimilation is in fl uenced by the 
nitrogen and carbon status of plants (Koprivova et al.  2000 ; Maruyama-Nakashita 
et al.  2004  ) . In this study, we examined the effects of ALA on sulfur assimilation 
using  Arabidopsis thaliana . 

 To determine whether ALA treatment increases the expression of sulfur assimilatory-
related genes, the mRNA accumulation of genes of several key enzymes in the 
sulfur assimilatory pathway were analyzed (Fig.  2 ) with or without ALA treatment. 
Seven-day-old plants grown on agar media were transferred to the same media 
containing 0, 0.3 and 1  m mol L −1  of ALA. Two days after the transfer, root tissues 
of the plants were isolated and subjected to Real-Time RT-PCR analysis (Fig.  1 ; 
Maruyama-Nakashita et al.  2010  ) . Genes analyzed their transcript levels were, 
 SULTR1;2 , a high af fi nity transporter responsible for sulfate uptake from root 
surface (Shibagaki et al.  2002 ; Yoshimoto et al.  2002  ) ,  SULTR4;2 , a sulfate exporter 
from vacuoles to the cytosol (Kataoka et al.  2004  ) ,  APR2  and  APR3,  catalyzing the 
reaction from APS to sul fi te in plastids (Gutierrez-Marcos et al.  1996  ) , and Serat2;1, 
catalyzing O-acetyl-L-serine synthesis from serine in plastids and the cytosol 
(Kawashima et al.  2005  ) . Transcript levels of all tested genes were signi fi cantly 
increased by 0.3 and 1 mmol L −1  ALA (Fig.  1 ).  

 As ALA treatment increased the mRNA level of  SULTR1;2 , sulfate uptake 
experiments were carried out as described previously (Kataoka et al.  2004  ) , to 
determine whether the ALA-mediated up-regulation of  SULTR1;2  results in 
modulation of the sulfate uptake activity (Fig.  2 ). Application of 0.3 or 1 mmol L −1  
ALA signi fi cantly increased sulfate uptake activities. Then the cysteine and GSH 
contents in plants were analyzed to determine whether the up-regulation of the 
sulfur assimilatory genes by ALA re fl ects the levels of these compounds (Fig.  3 ). 
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  Fig. 1    Induction of mRNA accumulation of sulfur assimilatory genes by ALA treatment. 
 Arabidopsis thaliana  cv Columbia plants were grown for 7 days on agar medium, and then incubated 
for 2 days on the medium containing 0 ( white column ), 0.3 ( gray column ) and 1 ( black column )  m mol L −1  
of ALA. The mRNA contents of  SULTR1;2 ,  SULTR4;2 ,  APR2 ,  APR3 ,  Serat2;1  and  UBQ2  in root 
tissues were determined by real-time RT-PCR. The relative values indicate comparisons with the 
control plants (0 mmol l −1  ALA). Statistically signi fi cant differences from the control with P-values 
less than 0.05 are shown as  *  (n = 3)       
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Treatment with ALA increased both cysteine and GSH contents in shoots, 
whereas those in roots were decreased. Cysteine contents in shoots and roots of 
the ALA-treated plants were 5.42 pmol mg FW −1 more and 5.44 pmol mg FW −1 less, 
respectively, than those of non-treated plants (Fig.  3 ). GSH contents in shoots and 
roots of the ALA-treated plants were 139.9 pmol mg FW −1  more and 36.8 pmol mg FW −1  
less, respectively, than those of non-treated plants (Fig.  3 ). Since the fresh weights of 
the shoots were twofold to threefold more than those of roots (data not shown), the 
ALA treatment increased cysteine and GSH contents in plants.   

 The different patterns of cysteine and GSH accumulation between shoots and 
roots (Fig.  3 ) were unexpected results considering the transcript levels of sulfur 
assimilatory genes in roots (Fig.  1 ). Cysteine and GSH are synthesized both in 
photosynthetic and non-photosynthetic tissues (Saito  2004 ; Noctor et al.  2002  ) , 
and are translocated from roots to shoots through xylem  fl ow and  vice versa  from 
shoot to root through phloem (Noctor et al.  2002 ; Tausz et al.  2004 ; Li et al.  2006  ) . 
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  Fig. 2    Effects of ALA treatment on sulfate uptake activities in plants. Plants were treated as 
described in Fig.  1 . Statistically signi fi cant differences from the control with P-values less than 
0.05 are shown as  *  (n = 8)       
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  Fig. 3    Effects of ALA treatment on cysteine and GSH accumulation in plants. Plants were treated 
as described in Fig.  1 . Statistically signi fi cant differences from the control with P-values less than 
0.1 and 0.05 are shown as  *  and  ** , respectively (n = 4)       
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The ALA treatment possibly induced the biosynthesis of cysteine and GSH in roots 
and the transfer of them to shoots, probably because the ALA treatment activate the 
translocation mechanism only from roots to shoots. 

 The positive effects of ALA on the transcript levels of sulfur assimilatory genes 
were revealed in this study (Fig.  1 ). ALA stimulates carbon  fi xation and nitrogen 
assimilation (Hotta et al.  1997b ; Mishra and Srivastava  1983  ) , and the positive effects 
of carbon and nitrogen availability on the mRNA levels of sulfur assimilatory genes 
have been reported (Koprivova et al.  2000 ; Maruyama-Nakashita et al.  2004  ) . It is 
not clear whether the effects of ALA on mRNA levels of sulfur assimilatory genes 
and cysteine and GSH contents are due to the increased level of carbon and nitrogen 
assimilation or the direct in fl uence of ALA on the sulfur assimilatory genes, which 
is an interesting question concerning the regulatory mechanism of sulfur assimilatory 
pathway. The tested concentrations of ALA in this study did not increase the plant 
growth of  A. thaliana,  however, the new roles of ALA demonstrated in this study 
possibly contributes to the ALA-mediated stimulation of plant growth.     
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  Abstract   The essential macronutrient sulfur enters plants as inorganic sulfate, 
which is assimilated by reduction to sul fi de and incorporation into cysteine or by 
transfer to various metabolites as organic sulfo-group. The two pathways share the 
activation of sulfate by adenylation to adenosine 5 ¢ -phosphosulfate (APS). The 
further fate of APS is decided in interplay of two enzymes, APS reductase and APS 
kinase. Here we summarize recent progress in analysis of APS kinase and its 
role in plant sulfur metabolism as well as the contribution of the two enzymes to 
control of  fl ux through sulfate assimilation and partitioning of sulfur between primary 
and secondary metabolism.      

 Plants cover their need for sulfur by taking up sulfate from the soil. The sulfate 
has to be assimilated into bioorganic compounds. The  fi rst step of such assimilation 
is activation to adenosine 5 ¢ -phosphosulfate (APS) by ATP sulfurylase (ATPS). 
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In the primary sulfate assimilation APS is reduced to sul fi de and incorporate into 
O-acetylserine to form cysteine (Kopriva  2006  ) . APS can also be phosphorylated 
by APS kinase and used as a source of active sulfate for the synthesis of various 
secondary metabolites. In order to dissect the control of sulfur partitioning between 
primary and secondary metabolism we have analyzed the APS kinase gene family 
in  Arabidopsis . We generated plants with modi fi ed expression of the two enzymes 
metabolizing APS, APS reductase and APS kinase, and analyzed the  fl uxes of 
sulfur. We found that, at least in  Arabidopsis , the interplay between APS reductase 
and APS kinase is important for sulfur partitioning between primary and secondary 
metabolism. 

 APS kinase (APK) is encoded by a small gene family with four members. We 
showed by analysis of recombinant proteins that all four genes encode functional 
enzymes (Mugford et al.  2009  ) . Three APK isoforms are localized in the plastids, 
while one, APK3, is cytosolic. To elucidate functions of the individual APK isoforms, 
T-DNA insertions lines disrupting the  APK  genes have been obtained from the 
Nottingham  Arabidopsis  Stock Centre and analyzed. The lines with a single  APK  
gene disrupted did not show any phenotypes, neither in growth, development, or 
levels of key sulfur containing metabolites (Mugford et al.  2009  ) . Therefore, 
double and triple mutants were obtained by crossing. All six combinations of double 
mutants were recovered, while only three out of four combinations of triple 
 apk  mutants were viable (Mugford et al.  2010  ) . We could not obtain plants with 
APK2 as a single active isoform. Sel fi ng of  apk1 APK2 apk3/APK3 apk4  plants, 
which should result in 25% of triple mutants, produced 1:1 ratio of WT and heterozygous 
plants at APK3 locus, which indicates pollen lethality. Indeed, APK2 is the only 
APK isoform not expressed in the pollen indicating a necessity of availability of 
PAPS for pollen development. Interestingly,  apk2 apk3 apk4  plants were not distin-
guishable from WT plants (Fig.  1 ), showing that APK1 is the major isoform in 
 Arabidopsis , which on its own is capable to support growth under normal conditions 
(Mugford et al.  2010  ) . On the other hand,  apk1 apk2 apk3  and  apk1 apk2 apk4  
mutants are much smaller that WT and smaller that  apk1 apk2 , the only double 
mutant that showed a growth phenotype (Fig.  1 ; Mugford et al.  2009,   2010  ) .  

 Apart from smaller size, the  apk1 apk2  mutant showed signi fi cant alteration in 
the levels of glucosinolates (GLS) and their desulfo- precursors (ds-GLS). The levels 
of each individual GLS were reduced in the leaves of the mutant so that total GLS 
levels reached only ca. 15% of that in Col-0 (Fig.  2 ). The reduction in GLS was 
accompanied by a massive increase in ds-GLS, which reached a tenfold higher 
concentration than the mature GLS in WT leaves. A similar reduction in GLS levels 
was detected in the seeds of the mutant plants, however, the ds-GLS did not accumulate 
in the seeds. These results con fi rm that GLS are not synthesized in seeds but 
are transported there in the mature sulfate form (Magrath and Mithen  1993  ) . 
The high accumulation of ds-GLS in leaves of  apk1 apk2  also indicated that the 
GLS biosynthetic pathway is upregulated in the mutant. Indeed, both microarray 
analysis and qPCR revealed that the transcript levels for genes involved in synthesis 
of both aliphatic and indolic GLS were three- to sixfold higher in the mutant than 
in Col-0 (Mugford et al.  2009  ) .  
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 Clearly, reduction in APS kinase activity limited synthesis of GLS. In addition, 
among the genes upregulated in  apk1 apk2  mutants were genes encoding three 
isoforms of ATPS,  ATPS1 ,  -2 , and - 3 . Thus, we hypothesized that genes involved in 
PAPS synthesis may be part of the GLS biosynthetic network controlled by two groups 
of MYB transcription factors (Hirai et al.  2007 ; Gigolashvili et al.  2007a,   b,   2008  ) . 

  Fig. 1    Phenotypes of APK triple mutants compared with  apk1 apk2  double mutant and the WT 
Col-0. The plants were grown for 5 weeks at long days in a controlled environment room (Adapted 
from Mugford et al.  (  2010  ) )       

  Fig. 2    Levels of total glucosinolates (GLS) and desulfo-glucosinolates (ds-GLS) in 5 weeks old 
rosette leaves and dry seeds of Col-0 and  apk1 apk2  mutants (From Mugford et al.  (  2009  ) )       
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To test the hypothesis, the promoters of all ATPS and APK isoforms were isolated 
and used for transactivation assays to detect binding of the MYB factors (Yatusevich 
et al.  2010  ) . This analysis revealed that promoters of  APK1  and  APK2  strongly 
interact with all 6 MYB factors controlling GLS synthesis (Fig.  3a ).  ATPS1  and 
 ATPS3  are also under control of these factors. However,  ATPS1  seems to interact 
stronger with the MYB factors controlling aliphatic GLS, while  ATPS3  is preferen-
tially controlled by the factors affecting indolic GLS (Fig.  3b ). Interestingly, 
promoters of three APS reductase isoforms, encoding the key step in the reduc-
tive primary sulfate assimilation, also interact with the MYB factors. The results of 
the transactivation assays were con fi rmed by qPCR analysis of plants overex-
pressing these MYB factors (Yatusevich et al.  2010  ) . Thus, PAPS synthesis is 
an integral part of GLS biosynthesis network, which also includes genes of primary 
sulfate assimilation.  

  Fig. 3    Transactivation assay of ( a ) APK ( b ) ATPS and ( c ) APR promoters with MYB transcription 
factors. The promoters of all four APK, four ATPS, and three APR isoforms were fused to the uidA 
(GUS) reporter gene. Cultured  A. thaliana  Col-0 cells were inoculated with the supervirulent 
Agrobacterium strain LBA4404.pBBR1MCS. virGN54D containing either only the reporter 
construct or the reporter construct and, in addition, Pro35S:MYB effector constructs. GUS staining 
indicates trans-activation of a promoter by an effector       
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 To determine the effects of manipulation of APS kinase and APS reductase on 
the partitioning of sulfur between primary and secondary assimilation we created 
transgenic plants overexpressing bacterial APS kinase in the cytosol and in the 
plastids as well as lines overexpressing the APR-B form of APS reductase from 
 Physcomitrella patens  (Mugford et al.  2011  ) . These plants were analysed together 
with  apk1 apk2  and  apr2  mutants (Mugford et al.  2009 ; Loudet et al.  2007  )  for the 
accumulation of thiols and GLS and for the  fl ux through the sulfate assimilation 
pathway. As summarized in Fig.  4 , the  apk1 apk2  plants accumulate glutathione and 
show increased  fl ux through assimilatory sulfate reduction partly due to elevated 
APR activity (Fig.  4a ). Overexpression of APS kinase does not affect GLS accu-
mulation but increases slightly the  fl ux through primary assimilation (Fig.  4b ). 
Reduction of APR activity by 75% in apr2 mutant has surprisingly no effect on the 
metabolite pools or  fl ux (Fig.  4c ), while overexpression of APR-B, despite only ca. 
10% increase in the enzyme activity results in increased  fl ux and increased levels 
of glutathione (Fig.  4d ; Mugford et al.  2011  ) .  

  Fig. 4    Effects of manipulation of APS kinase and APS reductase on levels of S-containing compounds 
and  fl ux through the pathway. The size of script symbolizes the size of the pool or enzyme activity, 
the  thickness of the arrows  corresponds to the  fl ux, the manipulated enzyme is colored  red . 
( a )  apk1 apk2 , ( b ) EcAPK targeted to plastids, ( c )  apr2 , ( d ) PpAPR-B expressed in plastids       
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 The analysis reported here shows that APS kinase is an essential enzyme. 
However, the activity can be located either in plastids or in the cytosol. Strong 
reduction in APK results in semi-dwarf phenotype and in reduced accumulation 
of sulfated compounds such as glucosinolates. APK as well as other components of 
sulfate assimilation ATPS and APR are part of glucosinolate biosynthesis network 
controlled by two groups of MYB factors. Limitation of PAPS production leads 
to upregulation of GLS biosynthesis and to redirection of sulfur  fl ow to primary 
assimilation. The partitioning of sulfur is controlled by a complex interplay of APS 
kinase and APS reductase.     
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  Abstract   Plants are able to use gaseous sulfurous air pollutants as a sulfur source 
for growth, especially under circumstances where the sulfur supply to the roots is 
limited. In  Eucalyptus camaldulensis  seedlings there was a direct interaction 
between atmospheric H 

2
 S exposure and the uptake of sulfate by the root. At an ample 

sulfate supply, exposure of  E. camaldulensis  to 0.2  m l l −1  H 
2
 S for 1 week resulted in 

a decrease of the sulfate uptake capacity of the root (up to 70%). Sulfate deprivation 
resulted in an up to sixfold increase in the sulfate uptake capacity of the root, 
however, it was completely alleviated upon H 

2
 S exposure. At all conditions, the 

sulfate uptake capacity was strongly related to the sulfate concentration in the root. 
Evidently, upon H 

2
 S exposure  E. camaldulensis  transferred from sulfate taken up 

by the root to sul fi de absorbed by the shoot as sulfur source for growth. Despite 
that down-regulation of the sulfate uptake capacity occurred upon H 

2
 S exposure 

there was no direct metabolic control of the uptake and utilization of foliarly 
absorbed H 

2
 S. H 

2
 S exposure resulted in enhanced levels of total and organic sulfur 

(and nitrogen) in the shoot, whereas the N/S ratio strongly decreased.      
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 Plants are able to use foliarly absorbed H 
2
 S as sulfur source for growth, especially 

under conditions where the sulfur supply to the roots is limited (De Kok et al.  2007, 
  2009 ; Koralewska et al.  2008  ) . In  Brassica , there was direct interaction between 
atmospheric and pedospheric sulfur utilization and H 

2
 S exposure hardly affected 

the total plant sulfur content, whereas the expression and activity of the sulfate 
transporters and APS reductase were reduced (Westerman et al.  2000,   2001 ; 
Durenkamp et al.  2007 ; Koralewska et al.  2008  ) . However, in other species  viz. 
Allium cepa  and  Picea abies , H 

2
 S exposure hardly affected the uptake of sulfate, 

whereas it resulted in an accumulation of organic sulfur compounds in the shoot 
(Tausz et al.  2003 ; Durenkamp and De Kok  2004 ; Durenkamp et al.  2007  ) . 
Apparently, the shoot to root signaling in the regulation of the uptake and assimilation 
of sulfate differs between species. In the current study the interaction between atmo-
spheric and pedospheric sulfur nutrition was studied in seedlings of the Australian 
native trees species  Eucalyptus camaldulensis  (River Red Gum). 

 Seeds of  Eucalyptus camaldulensis  var.  camaldulensis  were germinated in 
vermiculite for 14 days and then transferred to a 25% Hoagland solution for 14 days. 
Subsequently, plants were exposed to 0 or 0.2  m l l −1  H 

2
 S at sulfate-suf fi cient (0.5 mM 

sulfate) and sulfate-deprived (0 mM sulfate) conditions for 7 and 14 days. Day and 
night temperature were 21°C and 18°C, respectively, the relative humidity was 
60–70% and the photoperiod 14 h at a photon  fl uence rate of 350  m mol m −2  s −1  
(for more experimental details see Koralewska et al.  2008  ) . Biomass production 
and the contents of pigments, total sulfur and nitrogen, sulfate and nitrate, and the 
sulfate uptake capacity were determined as described by Koralewska et al.  (  2008  ) . 

 A 14-day exposure of  E. camaldulensis  to sulfate deprivation resulted in a 
decreased plant biomass production (by 35%) and an altered shoot to root biomass 
partitioning in favor of the root such that the shoot to root ratio decreased from 1.1 
in sulfate-suf fi cient (+S) to 0.74 in sulfate-deprived plants (−S). However, after 
7 days of sulfate deprivation, plant biomass production (on average growth rate was 
14% day −1 ), shoot to root ratio and pigment content were not yet affected, nevertheless 
the total sulfur and sulfate content of both root and shoot were diminished, whereas 
the nitrate content in the shoot was substantially enhanced (Table  1 ).  

 A 7 day exposure of  Eucalyptus  seedlings to 0.2  m l l −1  H 
2
 S at sulfate-suf fi cient 

conditions (+S, H 
2
 S) did not affect shoot and root biomass production and shoot 

pigment content, but did not result in an increase in total sulfur and sulfate content 
in both root and shoot and total nitrogen in the shoot (Table  1 ). The sulfate uptake 
capacity of sulfate-suf fi cient plants was partly down-regulated (by 67%) upon H 

2
 S 

exposure, indicating that plants had partially transferred from sulfate taken up by 
the root to H 

2
 S taken by the shoot as sulfur source for growth (Fig.  1 ). H 

2
 S exposure 

of sulfate-deprived plants (−S, H 
2
 S) did neither affect plant biomass, nor shoot to 

root ratio and pigment content, but there was a substantial increase in total sulfur 
and sulfate content in both root and shoot and total nitrogen in the shoot (Table  1 ).  

 Sulfate deprivation resulted in a more than sixfold increase of the sulfate uptake 
capacity (Fig.  1 ). If sulfate-deprived plants were simultaneously exposed to H 

2
 S, 

then the sulfate uptake capacity was not up-regulated, but it was even lower than 
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   Table 1       Impact of H 
2
 S exposure and sulfate deprivation on biomass and pigment content of 

 E. camaldulensis    

 +S  +S, H 
2
 S  −S  −S, H 

2
 S 

  Shoot  
 Biomass production (g FW)  0.25 ± 0.08a  0.18 ± 0.09a  0.28 ± 0.08a  0.22 ± 0.06a 
 DMC (%)  24 ± 4a  19 ± 4a  22 ± 2a  19 ± 1a 
 Chlorophyll a + b (mg g −1  FW)  1.76 ± 0.04a  1.72 ± 0.07a  1.76 ± 0.05a  1.69 ± 0.60a 
 Chlorophyll a/b  3.22 ± 0.33a  3.28 ± 0.06a  3.49 ± 0.05a  3.30 ± 0.20a 
 Total N (mmol g −1  DW)  1.43 ± 0.21a  2.29 ± 0.01b  1.10 ± 0.12a  2.15 ± 0.08b 
 Total S ( m mol g −1  DW)  74 ± 9a  151 ± 17b  45 ± 19a  141 ± 11b 
 Nitrate ( m mol g −1  FW)  10.2 ± 1.7a  10.2 ± 1.3a  19.0 ± 11.5a  11.2 ± 1.2a 
 Sulfate ( m mol g −1  FW)  7.5 ± 0.5b  11.3 ± 1.1d  3.3 ± 0.9a  9.1 ± 1.4c 

  Root  
 Biomass production (g FW)  0.23 ± 0.06a  0.17 ± 0.08a  0.27 ± 0.06a  0.22 ± 0.06a 
 Root DMC (%)  9.0 ± 0.5a  9.1 ± 0.6a  9.6 ± 1.1a  8.8 ± 0.8a 
 Total N (mmol g −1  DW)  3.05 ± 0.06a  2.83 ± 0.13a  2.47 ± 0.30a  3.01 ± 0.13a 
 Total S ( m mol g −1  DW)  114 ± 8bc  130 ± 12c  38 ± 12a  104 ± 6b 
 Nitrate ( m mol g −1  FW)  31.8 ± 1.8a  32.2 ± 5.8a  27.8 ± 1.0a  28.0 ± 2.4a 
 Sulfate ( m mol g −1  FW)  7.9 ± 0.8c  6.4 ± 1.0b  2.5 ± 1.5a  5.0 ± 0.6b 

  Plants were exposed for 7 days and data on biomass production and dry matter content (DMC) 
represent the mean of 18 and 6 measurements with 3 plants in each (±SD), respectively. The initial 
shoot and root fresh weight were 0.14 ± 0.01 g and 0.13 ± 0.02 g, respectively. Data on pigment 
content represent the mean of three measurements and on total nitrogen, total sulfur, nitrate and 
sulfate content the mean of three measurements with three plants in each (±SD), respectively. 
Different letters indicate signi fi cant differences between treatments ( p  < 0.01, Student’s t-test)  
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  Fig. 1    Effect of H 
2
 S exposure and sulfate deprivation on the sulfate uptake capacity of  E. camaldulensis . 

Plants were exposed for 7 days and data represent the mean of three measurements with 
three plants in each (±SD). Different letters indicate signi fi cant differences between treatments 
( p  < 0.01, Student’s t-test)       
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that of sulfate-suf fi cient non-exposed plants (Fig.  1 ). For all treatments there was 
a direct relation between the sulfate concentration in the root and the sulfate uptake 
capacity (Fig.  2 ).  

 Evidently,  Eucalyptus  was able to utilize atmospheric H 
2
 S as sulfur source, 

resulting in a down-regulation of the sulfate uptake capacity by the root both in the 
presence and absence of sulfate in the root environment. However, in contrast to 
other plant species ( e.g. Brassica;  Koralewska et al.  2008  ) , H 

2
 S exposure resulted in 

an increase in sulfur content of both root and shoot, indicating the absence of a strict 
regulatory control between shoot and root in atmospheric H 

2
 S and pedospheric 

sulfate utilization. Moreover, H 
2
 S exposure also resulted in enhanced nitrogen 

content in the shoot, which could be (in common with sulfur) ascribed to an enrich-
ment of the organic nitrogen fraction. The nature of both the enhancement of organic 
S and N accumulation upon H 

2
 S exposure needs further to be investigated.     
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  Fig. 2    The relation between the sulfate uptake capacity and the overall sulfate concentration in 
roots of  E. camaldulensis  at various levels of atmospheric and pedospheric sulfur nutrition. Derived 
from data presented in Table  1        
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  Abstract   The accepted gold standard for determination of amino acids levels in 
eukaryotic cells is derivatization of extracted amino acids with a  fl uorescent dye 
followed by separation of the respective derivates by high performance liquid chro-
matography (HPLC). The method is highly sensitive but has a narrow spectrum of 
metabolites that can be analyzed. The coupling of gas chromatography to a sensitive 
mass-spectrometer (GC-MS) allows analyzing a wide range of metabolites in 
one run. In this study both methods for determination of amino acid levels were 
compared in wild-type and  sir1-1 , an  Arabidopsis thaliana  T-DNA knock in 
mutant in the promoter of sul fi te reductase. Sul fi te reductase is a key enzyme in 
the sulfate reduction pathway of plants and is exclusively localized in plastids. 
Both methods con fi rm independently a signi fi cant increase of total amino acids 
level in leaves of  sir1-1  plants in comparison to the wild-type. The degree of 
increase for each amino acid detected by GC-MS could be con fi rmed in almost 
all cases by HPLC. The GC-MS method is suitable for screening of mutants dis-
turbed in amino acid composition and the assessment of adaptations in primary 
metabolism of various mutants.      
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 Sulfur is an important macronutrient in higher plants. Reduced sulfur can be found 
in proteinogenic amino acids (cysteine and methionine), cofactors (biotin, thiamine, 
Coenzyme A and B1) and iron-sulfur clusters and in a broad range of secondary 
metabolites,  e.g.  glucosinolates. Unlike humans and animals, plants and most micro-
organisms are able to take up, reduce and assimilate inorganic sulfate into cell 
metabolism. Regulation of primary sulfur metabolism in plants is tightly connected 
in a network with assimilation of nitrogen and carbon (Hesse et al.  2004 ; Howarth 
et al.  2008  ) . The discovery of a knock-down mutant of the single copy gene encod-
ing sul fi te reductase (SiR) recently strongly supported the intricate correspondence 
of sulfate reduction with carbon and nitrogen metabolism (Khan et al.  2010  ) . T-DNA 
knockdown of SiR ( sir1-1 ) displayed lower amounts of SiR transcript and protein, 
lower SiR activity in leaf tissue, and a severe retardation of vegetative growth 
(Fig.  1 ). Gene expression analyses indicated strong compensatory reactions in pri-
mary metabolism in leaves. The  fl ux of sulfate through the reduction pathway and 
APS reductase ( APR2 ) transcript levels were reduced and, as a consequence, sulfate 
accumulated signi fi cantly. The ratio of total C and N was shifted to lower values, 
free sugar and starch contents were reduced (Khan et al.  2010  ) . Based on these 
observations the question arises if lowered  fl ux and reduction of sulfate can lead to 
a change in N metabolite composition? Since the sulfur-containing amino acids 
cysteine and methionine are present in proteins and the  fl ux of sulfate into cysteine 
is down-regulated in  sir1-1  (Khan et al.  2010  ) , it can be hypothesized that global 
translation is affected, hence, free amino acids would accumulate.  

 Two techniques are currently accepted as state-of-the-art for determination of 
amino acid levels from tissue samples: gas chromatography coupled mass-spectrometry 
(GC-MS) and  fl uorescence based detection after separation by high performance 
liquid chromatography (HPLC). Here, we performed a comparative analysis of 
extracted amino acids from leaves of 7-week-old  Arabidopsis  wild-type and  sir1-1  
mutant grown under short day conditions (8.5 h light) with a light intensity of 
100  m mol m − ² s −1 , and relative humidity of 50%. The temperature during the day and 
night was 22°C and 18°C, respectively. The extraction protocol for the GC-MS 
method used methanol to isolate soluble and insoluble cell constituents (Lisec et al. 
 2006  ) . Extracted metabolites were derivatized with  N -methyl- N -[trimethylsilyl]
tri fl uoroacetamide and methoxyamine hydrochloride to allow separation by GC. 
Ribitol was used as an internal standard to allow normalization of the extraction 
procedure. Metabolites were separated on a MDN-35 capillary column (30 m length, 
0.32 mm inner diameter, 0.25 mm  fi lm thickness) connected to 6890 N gas chro-
matograph (Agilent) with a  fl ow of 1 ml min −1  argon and detected in Pegasus III 
time-of- fl ight mass spectrometer (Leco Instruments). Settings for GC-MS were 
controlled with the PAL cycle composer software version 1.5 (CTC Analytics) as 
described by Lisec et al.  (  2006  ) . This technique gave an average error of 39% based 
on 5 biological replicas and including technical errors. 

 For the second technique metabolites were extracted with 0.1M hydrochloric 
acid prior derivatization with the  fl uorescent dye AccQ-Tag TM  (Waters) and sepa-
rated by high-performance liquid chromatography using a Nova-PakTM C18, 
3.9 × 150 mm column (Waters) as described in Hartmann et al.  (  2004  ) . Separated 
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amino acid AccQ-Tag TM  derivates were detected with a  fl uorescence detector (Jasco 
FP-920, Germany) at 395 nm upon excitation with 250 nm. Quantitation was 
performed using the Waters LC control- and analysis software Millenium 32 (Waters, 
USA), using external standard calibration curves for each amino acid. Here, the aver-
age error was 29% based on  fi ve biological replicas and including technical errors. 

 Derivatization and detection of amino acids by HPLC was found to be an appro-
priate technique to quantify all proteinogenic amino acids. In contrast, only 13 pro-
teinogenic amino acids could be detected in leaf extracts form  Arabidopsis  with the 
here applied GC-MS method. These amino acids are: aspartic acid (Asp), glutamic 
acid (Glu), serine (Ser), asparagine (Asn), glycine (Gly), glutamine (Gln), threonine 
(Thr), alanine (Ala), proline (Pro), tyrosine (Tyr), valine (Val), isoleucine (Ile), and 
phenylalanine (Phe) (Fig.  2 ). All amino acids, measured by both techniques, accu-
mulated signi fi cantly in leaves of  sir1-1  as compared to wild-type. This result is in 
line with the assumption drawn from the reduced  fl ux rates of sulfur into cysteine 
observed in leaves of  sir1-1  plants. The production of cysteine by the assimilatory 
sulfate reduction pathway limits ef fi cient translation in leaves of  sir1-1 . The potential 

  Fig. 1    Phenotype of  sir1-1 
Arabidopsis . 7-week-old 
wild-type and  sir1-1  plants 
were grown on soil in a 
growth chamber under short 
day conditions       
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decrease of global translation in  sir1-1  is most likely the cause for the accumulation 
of non-sulfur containing amino acids, since they are not incorporated into proteins.  

 Remarkably, differences in the estimated fold-changes between  sir1-1  and wild-
type for some amino acids were massive,  e.g.  for Asp, Asn, Gly, Gln, Thr, and Ile. 
The relative differences between the amino acid contents that had been determined 
by HPLC or GC-MS was largest for Asp, Asn, Gly, Gln, and Thr. These belong to 
the charged amino acids but since detection differences were very low for Glu or 
Pro this property may not be the cause for the observed discrepancies. Moreover, 
the GC-MS method was found to be only useful for comparative and relative quan-
titation where an internal standard is necessary, conversely, HPLC technique can 
provide absolute quanti fi cation. However, the large number of additional metabo-
lites that can be detected by GC-MS may add extremely useful information  e.g.  for 
comparisons of multiple genotypes. With respect to standard errors, both methods 
were comparable, but HPLC showed better performance. Similarly, both methods 
were reproducible. 

 In this study we could show that both methods were suitable to extract, deriva-
tize, and separate amino acids. The increase of most free amino acids contents in 
leaves of  sir1-1  plants as compared to wild-type was evident independent from the 
method applied. While HPLC method provides the possibility to detect all amino 

  Fig. 2    Comparative spectrum of amino acids in leaves of  sir1-1 Arabidopsis  measured via GC-MS 
and HPLC. Amino acid values of wild-type were de fi ned as 100%. Levels of amino acids from 
7 week-old  sir1-1  leaves as percentage of wild-type plants grown on soil in a growth chamber 
under short day conditions measured by HPLC ( black ) and GC-MS ( grey ). Means ± SE (n = 5) are 
shown.  Asp  aspartic acid,  Glu  glutamic acid,  Ser  serine,  Asn  asparagine,  Gly  glycine,  Gln  
glutamine,  Thr  threonine,  Ala  alanine,  Pro  proline,  Tyr  tyrosine,  Val  valine,  Ile  isoleucine,  Phe  
phenylalanine       
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acids and to quantify them, GC-MS is not useful for the quantitation of total amino 
acids spectrum, and neither for absolute quantitation of their amount in relation to 
fresh weight. However, GC-MS is able to detect a huge variety of metabolites 
besides amino acids in the same injection run,  e.g.  sugars, which can be very useful 
depending on researcher’s demand. On the other hand, for amino acid determination 
from  Arabidopsis  leaf tissue, the HPLC method is highly suitable.     
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  Abstract   We recently reported the interaction of the STAS domain of SULTR1;2 
and O-acetylserine(thiol)lyase (OASTL). This inter-protein interaction was initially 
identi fi ed in the yeast two hybrid system and was con fi rmed using other methods. 
Interestingly, we also found that the STAS domain (comprised of both the L and 
STAS’ regions) of SULTR1;2 undergoes a homomeric interaction; an association 
between two STAS domains occurs as a consequence of a speci fi c interaction 
between the L and STAS’ regions of the domain. The strength of this interaction 
depends on whether one or both of the interacting STAS partners contains an 
L region. A similar interaction was observed for the L and STAS’ regions of 
SULTR3;1 but not of SULTR1;1. Lesions that alter the SULTR1;2 L and STAS’ 
interactions do not appear to markedly impact sulfate transport activity, at least in 
yeast cells, although they may impact transport activity of SULTR1;2 in  Arabidopsis . 
Hence, while regulation of sulfate transporter activity occurs through interactions of 
the transporter with OASTL, transporter activity may also be modulated by homomeric 
interactions in the STAS domain.      

 We recently proposed a novel mode of regulation in which SO  
4
  2−   uptake to 

 Arabidopsis  roots is controlled by the level of reductant in the root; the reductant 
required for SO  

4
  2−   assimilation indirectly controls the physical interaction 
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between the STAS domain of SULTR1;2, a high af fi nity sulfate transporter, and 
 O -acetylserine(thio)lyase (OASTL, also called cysteine synthase) (Shibagaki and 
Grossman  2010  ) . This interaction may impact the activity of SULTR1;2 under 
sulfate rich conditions and coordinate sulfate uptake by  Arabidopsis  roots with the 
ability of the plant to reduce the sulfate anion. The recently solved crystal structure 
of the STAS domain of prestin (SLC26A5), a member of sulfate transporter super-
family, suggests that a linker (L) region, connecting the transmembrane domains to 
the region previously designated STAS (STAS’), is closely connected to the STAS’ 
(Pasqualetto et al.  2010  ) ; for the results described in this manuscript we divide the 
STAS domain in the L and the STAS’ regions. During experiments in which we 
de fi ned interactions of SULTR1;2 and OASTL, we also observed a physical interaction 
between STAS domains and demonstrated that both the L and the STAS’ regions 
were required for this interaction. We also compared homomeric interactions of 
STAS domains of SULTR1;1 and SULTR3;1. 

 The yeast two-hybrid system was used to examine potential homomeric interac-
tions between STAS domains of the SULTR transporters of  A. thaliana . Initially, 
interactions between the LexA-based bait (DNA binding domain) plasmid from 
pEG202 and prey (activation domain) plasmid from pJG4-5, both containing DNA 
fragments encoding either the L or STAS’ regions of SULTR1;2 (from ser 490 to val 
653; presented as 1;2LSTAS’) or STAS’ without the L region (from ile 520 to val 
653; presented as 1;2STAS’). These plasmids were introduced into  Saccharomyces 
cerevisiae  strain EGY48 along with the reporter plasmid pSH18-34, and the cells 
were grown at 30°C for 2 days in synthetic galactose/raf fi nose medium containing 
X-gal. In no case did we detect the formation of blue colonies, even though the 
fusion protein could be detected by immunoblots (data not shown). Both conformation 
and steric constraints associated with fused domains in bait/prey constructs could 
diminish protein-protein interactions. Therefore, we examined the same interac-
tions as noted above but included a DNA sequence encoding a 10 alanine (10 ala) 
separation sequence (Doyle and Botstein  1996  )  between the bait insertion and the 
LexA coding region, and also between the prey insertion and the activation domain 
sequence. Using the 1;2L-STAS’ insert in both the bait and prey constructs with the 
10 ala separation sequence yielded blue colonies in the yeast two hybrid assay 
(Fig.  1a ), suggesting the occurrence of L-STAS’ interactions, and that a  fl exible 
separation sequence is required to observe such interactions.  

 The level of  b -galactosidase activity measured in  S. cerevisiae  cells used for the 
yeast two hybrid assay re fl ects the strength of the interaction between the bait and 
prey fusion proteins. This activity was assessed using both qualitative and quantita-
tive assays (Fig.  1   right  and  left panel , respectively). Expression of 1;2L-STAS’ 
fusion proteins by both bait and prey constructs in  S. cerevisiae  cells was con fi rmed 
by Western blot analyses using antibodies against the LexA and HA epitopes (data 
not shown). When the sequence encoding the L region that precedes the STAS’ 
region in the native protein was omitted from the construct (1;2STAS’), no interaction 
between fusion proteins was observed (Fig.  1c ). This result suggests that the 
L region that separates the STAS’ from the catalytic moiety of SULTR1;2 is critical 
for establishing interactions between L-STAS’ domains. A heterogenous combination 
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of a 1;2L-STAS’ bait construct with a 1,2STAS’ (deleted for L region) prey 
construct yielded signi fi cantly more  b -galactosidase activity than the homogenous 
1,2STAS’ bait/1,2STAS’ prey combination, but less than the homomeric 
1;2L-STAS’/1;2L-STAS’ prey combination (Fig.  1a , c, d). A similar intermediate 
level of interaction, based on the level of  b -galactosidase activity, was obtained if 
the bait construct contained 1;2STAS’ and the prey construct contained 1;2L-STAS’ 
(Fig.  1e ). These  fi ndings suggest that both the L and STAS regions are important for 
the interactions observed in the yeast two hybrid system and that the L may directly 
interact with the STAS’ region, as supported by preliminary results from  in vitro  
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binding assays which showed enhanced binding of the GST-L to MBP (maltose 
binding protein)-STAS’ when sulfate and methionine were added to the assay buffer 
(data not shown). 

 Analogous constructs were prepared using sequences encoding the STAS 
domains of SULTR1;1 and SULTR3;1. As with SULTR1;2, the STAS domain of 
SULTR3;1 (481A-658V) exhibited a homomeric interaction in the yeast two hybrid 
system (Fig.  1f ). Also similar to SULTR1;2, both the L and STAS’ regions of 
SULTR3;1 were required for this interaction (Fig.  1g ). In contrast, no interactions 
were observed if STAS domain constructs of SULTR1;1 were similarly assayed 
(Fig.  1h ). Heterogenous interactions of STAS domains among SULTR1;1, SULTR1;2 
and SULTR3;1 were also tested. We only observed an interaction between the STAS 
domains of SULTR3;1 and SULTR1;2 (Fig.  1k ); no interaction was ever detected 
when the SULTR1;1 STAS domain was used in either the bait or prey construct 
(Fig.  1i , j, l). It is not clear whether the heterogenous interaction between the STAS 
domains of SULTR1;2 and SULTR3;1 has biological meaning since at this time 
there is no information to indicate that these two transporters are ever present in the 
same  Arabidopsis thaliana  cell. 

 We also examined the effect of mutations in the STAS domain of SULTR1;2, 
previously reported to affect the transport activity (Shibagaki and Grossman  2006  ) , 
on homomeric SULTR1;2 STAS interactions (Shibagaki and Grossman, unpublished 
data). The capability of the STAS domain to undergo L-STAS’ interactions varied 
in strains with lesions that alter the activity of SULTR1;2. Some of the mutations 
that depress SULTR1;2 activity without altering accumulation of the SULTR1;2 
protein did not impact the STAS domain homomeric interaction, while all mutations 
that lead to SULTR1;2 instability diminish the interaction. As an example, the 
T587A lesion in the STAS’ region, which eliminates the potential phosphorylation 
site on SULTR1;2 as well as transporter activity (Rouached et al.  2005  ) , did not 
show a decrease in the ability of the SULTR1;2 STAS domain to participate in a 
homomeric interaction. Therefore, there does not appear to be a simple correlation 
between altered functionality of SULTR1;2 and the ability of the transporter to par-
ticipate in STAS domain-dependent homomeric interactions. One possibility is that 
interactions between STAS domains impact transporter activity negatively; at least 
such a possibility cannot be excluded from the observations discussed above. 
Although not examined in SULTR1;2, prestin has been shown to form a stable 
dimer that serves as a building block for establishing higher order oligomers (Zheng 
et al.  2006  ) . Therefore it is very much likely that SULTR1;2 also forms a dimer and 
possibly multimeric assemblies and that interactions through the cytosolic STAS 
domain could potentially impact transporter function (Fig.  2   left ). This type of 
regulation has been reported for an ammonium transporter in which a cytosolic 
domain triggers trans-activation for functional transport (Loque et al.  2007  ) . 
Potential regulation of transporter function through homomeric interactions in the 
STAS domain is likely to be speci fi c since such interactions are observed with 
SULTR1;2, but not with SULTR1;1 (Fig.  2 ).  

 Since SULTR1;1 is not expressed in sulfate-rich conditions, there is no need 
for repressive control of its activity. In contrast, SULTR1;2 is present even when 
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there is an abundance of sulfate in the environment, which likely required the 
evolution of various mechanisms to coordinate SULTR1;2 activity with the meta-
bolic state of the plant; this regulation would be in addition to the hypothesized 
regulation that occurs as a consequence of the interaction of SULTR1;2 with 
OASTL (Shibagaki and Grossman  2010  ) . In this context, it is intriguing that 
the chimeric SULTR1;2-STAS1;1 protein, which has the catalytic domain from 
SULTR1;2 fused to the SULTR1;1 STAS domain, exhibited a higher V 

max
  than 

native SULTR1;2 in  S. cerevisiae  cells (Shibagaki and Grossman  2004  ) .     
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  Abstract   An analytical method was developed for the accurate quanti fi cation of the 
contents of sulfur metabolites of plant tissues based on liquid chromatography – 
electrospray ionization – tandem mass spectrometry (LC-ESI-MS/MS).  34 S-Labeled 
sulfur metabolites were biosynthesized in  Arabidopsis thaliana  from  34 S-SO  

4
  2−   and 

used as internal standards for the analysis and quanti fi cation of these sulfur-containing 
metabolites in  A. thaliana  and  O. banksiaefolia  fern spores.      

 Sulfur is an essential macronutrient for all living organisms. There has been 
substantial progress on the elucidation of the pathways involved in sulfur uptake 
and assimilation and the signi fi cance of sulfur metabolites in plant functioning and 
adaptation to abiotic and biotic stress (Hawkesford and De Kok  2006 ; Koralewska 
et al.  2009 ; Shahbaz et al.  2010  ) . Sulfur-containing natural products have been 
investigated to determine their therapeutic potential including antioxidant, antibacterial, 
antimicrobial, antifungal and anticancer properties (Jacob  2006  ) . However, there is 
still the need for accurate analyses of sulfur metabolites in plant tissue. 

 Recently advances in mass spectrometry (MS) enable improved analysis of 
metabolites in complex biological samples (Bajad and Shulaev  2007 ; Lu et al.  2008  ) . 
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Combined with effective sample preparation, LC-ESI-MS has been used in simultaneous 
identi fi cation and quanti fi cation of selected metabolites in biological samples with 
high selectivity, adequate sensitivity, and minimal material (Harwood et al.  2009  ) . 
However, matrix effects interfere with detections in MS analysis (Annesley  2003 ; 
Remane et al.  2010  ) . These interference effects appear to be compound dependent and 
quantitative analysis by MS should require an internal standard for each metabolite 
to be quanti fi ed accurately. Due to the high physical-chemical similarities between 
the labeled and the analyte, variations in instrumental response, and ion interference 
effects and matrix effect in LC-ESI-MS can be compensated (Bennett et al.  2008 ; 
Remane et al.  2010  ) . Biosynthesis  in situ  of labeled metabolites in living organisms 
for MS techniques has been employed with low emission of pollutants and energy 
consumption. Metabolic labeling with  13 C,  2 D,  15 N and  34 S for preparation of labeled 
intracellular metabolites are possible for mycobacteria, yeast, algae,  E. coli  and 
plants (Patzelt et al.  1999 ; Mougous et al.  2002 ; Wu et al.  2005  ) . 

 In the present study a hydroponic set-up was used for the  in situ   34 S-metabolic 
labeling of sulfur-containing metabolites in  A. thaliana . The  34 S metabolites biosyn-
thesized in  A. thaliana  were extracted and used as internal standards to directly and 
simultaneously quantify sulfur-containing metabolites in  A. thaliana  and  O. banksi-
aefolia  fern spores by LC-ESI-MS/MS without prior derivatization. 

 Glutathione (GSH), oxidized glutathione (GSSG), perchloric acid (PCA) were 
purchased from Sigma (St. Louis, MO, USA), methionine from Acros Organics, 
Na  

2
  34  SO 

4
  from ICON Isotope (Summit, NJ, USA). All chemicals used for Murashige 

and Skoog nutrient medium were obtained from Sigma-Aldrich, ACROS Organics, 
Merck (Darmstadt, Germany). HPLC-grade solvents were from J. K. Baker. 
 Arabidopsis thaliana  L. Columbia-0 (Col-0) seeds were sterilized and sown on a 
50% Murashige and Skoog nutrient medium or soil. After sowing, media or soil 
were conserved 2 days at 4°C, after which they were placed in a temperature con-
trolled room (22°C) and the photoperiod was 16 h at a photon  fl uence rate of 
95  m mol m −2 s −1  (PAR 400–700 nm). After 8 weeks growth shoot and root or  fl ower 
stem were separated, weighed, and immediately frozen in liquid N 

2
  and stored at 

−80°C until analysis. For metabolite extraction, plant tissue was ground with mortar 
and pestle in liquid N 

2
 . Fern spores were powdered in Eppendorf tube containing 

eight clean small stainless steel metal balls by a mixer-mill grinding. Tissue powder 
of  A. thaliana  and fern spores were transferred into a micro-centrifuge tube, mixed 
with 0.2% (v/v) PCA in a cool room, and thereafter boiled for 5 min in a waterbath. 
Subsequently 60  m l methanol was added and the sample was homogenized by a 
small plastic pestle. The homogenates were centrifuged at 18,000 g for 30 min at 
4°C. Chromatographic separation were performed on a Thermo Accela LC system 
by using a Thermo Hypercarb column (5  m m, 2.1 mm × 150 mm) with a Hypercarb 
Drop-in Guards pk2 (5  m m, 10 mm × 2.1 mm) for separation. Separations were per-
formed under gradient conditions at a  fl ow rate of 0.25 ml min −1 . The mobile phases 
consisted of 0.1% formic acid (A) and 0.1% formic ac id in acetonitrile (B). Gradient 
conditions were as follows: 0–1 min 100% A, 1–6 min solvent A decreased linearly 
to 60% and solvent B increased linearly to 40%. Electrospray ionization – mass 
spectrometric (ESI-MS) analysis was performed on a LTQ Velos mass spectrometry 
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(Thermo Fisher Scienti fi c Inc., USA). Metabolites were detected in the positive 
ionization mode using the multiple reaction monitoring (MRM) scanning mode. 
The spray voltage was set to 3.5 kV, ion transfer capillary temperature to 280°C, 
sheath gas pressure to 50 (arbitrary units), auxiliary gas pressure to 15 (arbitrary 
units). 

 Calibration curves corrected by normalization by using  34 S-metabolic labeling of 
 A. thaliana  were analyzing solutions of standards (Fig.  1 ). For building up calibra-
tion curves, the  34 S-reference tissue extract was spiked with increasing concentra-
tions of a mixture of  32 S-reference compounds in 0.1% PCA. Calibration curves 
were constructed by normalizing the signals related to  32 S-reference compounds to 
the signals corresponding to  34 S metabolites in tissue extracts. Consequently, absolute 
quanti fi cation can be achieved in plant samples by comparing the  32 S/ 34 S ratios 
obtained for the samples to the calibration curves.  

 The content of GSH, GSSG and methionine in 8-week-old  A. thaliana  were 
determined in rosette leaves and  fl ower stem by LC/ESI-MS/MS. The results showed 
that the content of GSSG and methionine were higher in  fl ower stem than in rosette 
leaves, while the ratio of GSH/GSSG was higher in rosette leaves than in  fl ower 
stem (Table  1 ).  

  O. banksiaefolia  spores are chlorophyll-containing (green spore) and unlike 
non-green spores, these spores contain relatively large amounts of H 

2
 O and are 

known to be metabolically active and short-lived (Lloyd and Klekowski  1970  ) . 
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  Fig. 1    Standard calibration curves for GSSG and methionine. GSSG: y = 0.1910x − 0.0035 
(r 2  = 0.9998). Methionine: y = 1.1955x − 0.1939 (r 2  = 0.9993)       

   Table 1    Content of methionine, GSH and GSSG in rosette leaves and  fl ower stem of  A. thaliana    

 Methionine 
(nmol g −1 ) 

 GSH 
(nmol g −1 ) 

 GSSG 
(nmol g −1 ) 

 GSH + GSSG 
(nmol g −1 )  GSH/GSSG 

 Rosette leaves   2.8 ± 0.0  85.7 ± 2.5   7.1 ± 0.3   92.9 ± 3.2  12.0 ± 0.5 
 Flower stem  14.9 ± 0.8  99.1 ± 5.0  77.4 ± 0.5  177.5 ± 5.4   1.3 ± 0.1 

  Data represent the mean of three measurements with three plants in each (±SD)  
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 O. banksiaefolia  fern spores stored at different storage temperature showed 
different germination rates (Table  2 ). The GSH and GSSG contents of spores 
were determined in order to examine the relationship between the glutathione 
content, its redox state and viability of the spores. The total glutathione 
(GSSG + GSH) content was higher in fresh spores and the spores stored at 4°C 
than that of spores stored at 25°C, which had a low viability (Table  2 ). However, 
storage at both 4°C and 25°C resulted in substantial decrease in the GSH/GSSH 
ratio, showing no direct relation between the redox state of glutathione and the 
viability of the fern spores. Undoubtedly, the signi fi cance of glutathione in via-
bility of spores needs further to be evaluated.      
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  Abstract   The response of plants to sulfate starvation has been described at the 
level of agronomy, physiology, biochemistry, metabolomics and transcriptomics. 
The aim of these studies was the description of regulatory and control processes 
governing plant response to sulfate nutrient stress. However, these results are 
impaired by pleiotropic responses seemingly overlapping with the response to other 
mineral nutrient ion starvations or effects of soil borne ions taken up by the plant. 
This paper suggests making use of these often overlapping responses to various ions 
in order to distinguish between speci fi c and pleiotropic effects. Here we compare 
sulfate starvation, iron depletion, and selenium exposure at the transcriptome level.      

   Introduction 

 Plant growth and vigour relies on CO 
2
 , water, light and mineral nutrients together 

with physical factors such as temperature, pH, and soil parameters (Marschner  1995 ; 
Buchanan et al.  2007 ; Haensch and Mendel  2009 ; Amtmann and Blatt  2009 ; 
Amtmann and Armengaud  2009  ) . Justus von Liebig, under the impression of severe 
famines in 1816 (the year without summer), started to study the interdependency 
between mineral availability and plant growth and yield, eventually resulting in the 
concept of mineral fertilisation termed as “Agrikulturchemie” (von Liebig  1840  )  
which brought about tremendous improvements of agricultural yields. Mineral 
ions necessary for plant growth are generally distinguished into macronutrients 
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(N, P, S, Mg, K, Ca) and micronutrients (Fe, Cu, Mn, Ni, Zn, Cl, B, Mo). Some of 
these elements are only necessary in trace amounts such as Mo and Ni (Marschner 
 1995 ; Buchanan et al.  2007  ) . Silicon (Si) plays an important role in plant cell wall 
structure in gramineae or some algae, such as diatoms (Currie and Perry  2007  ) . 
Some non-essential elements seem to improve plant performance and are some-
times termed bene fi cial (F, Br, I, Na, Co, and the group of rare earths) though it 
remains disputable whether these elements are indeed providing a relevant physi-
ological response (Aller et al.  1990 ; Hu et al.  2004  ) . Further elements might be 
taken up due to inaccuracies of the uptake systems (Al, Se, Cd, Pb, Hg, W, Cr, Ag, 
As, V, Cs, Rb, Sr). Often this leads to negative effects  e.g.  production of ROS 
(reactive oxygen species) or competition with essential nutrients. For example, 
selenium and arsenic both interfere with sulfur metabolism and arsenate with 
phosphate metabolism. Selenium is not essential for plants but taken up through 
the sulfur uptake system and metabolised as sulfur because of the close chemical 
properties. Selenocysteine and selenomethionine are incorporated into dysfunc-
tional proteins (Sors et al.  2005 ; Pilon-Smits et al.  2009  ) . Arsenic (As) is taken up 
by plants due to its similarity to phosphate and interferes with phosphate, iron, 
silicon and sulfur metabolism, as  e.g.  arsenite binds to thiol groups in proteins and 
disturbs functionality. Arsenate is taken up through the phosphate transporter system 
and arsenite via the silicon uptake mechanisms (Zhao et al.  2010  ) . 

 A balanced supply of nutrients is essential. De fi ciency as well as over-accumulation 
can lead to negative effects on plants (Hoefgen and Hesse  2008  ) . For example, 
copper (Cu) is an essential element for plants but over-accumulation beyond 
20–30 mg kg −1  DW leads to iron de fi ciency and oxidative damage (Puig et al.  2007  ) . 
Likewise, normal iron levels are about 100 mg Fe kg −1  leaf DW, whereas levels of 
more than 500 mg Fe kg −1  leaf DW lead to the generation of reactive oxygen species 
and hydroxyl radicals through the electron transfer properties of Fe 2+  < − > Fe 3+  +e −  
and the electron being transferred to oxygen to yield a superoxide radical O  

2
  −   

(Staiger  2002 ; Pilon et al.  2009 ; Jeong and Guerinot  2009  ) . 
 The interactions and competitions between minerals at the level of uptake have 

been described in various studies (Kopriva and Rennenberg  2004 ; Amtmann and 
Armengaud  2009 ; Watanabe et al.  2010  ) . An interrelation between sulfate and sele-
nium (Shinmachi et al.  2010 ; Zhu et al.  2009 ; Pilon-Smits et al.  2009  ) , and sulfate 
and iron (Astol fi  et al.  2010 ; Zuchi et al.  2009  )  has been described. Iron uptake in 
barley and tomato has been shown to be dependent on sulfate availability (Astol fi  
et al.  2010  ) . Iron and sulfur directly co-operate in iron-sulfur-clusters being essen-
tial prosthetic groups and catalysts in various enzymes such as nitrite reductase, 
sul fi te reductase, ferredoxins, superoxide dismutases, catalases, aconitase, xanthine 
oxidase (Buckhout et al.  2009 ; Pilon et al.  2009 ; Jeong and Guerinot  2009 ; Schwarz 
et al.  2009 ; Haensch and Mendel  2009  ) . Interestingly, sulfate availability directly 
affects iron homoeostasis. Under sulfate depletion iron transporters and iron 
reductase are down-regulated, even in the presence of iron. Further, phytosider-
phore biosynthesis and internal iron transport are impaired as the nicotianamine 
synthase is essentially switched off (Astol fi  et al.  2010 ; Zuchi et al.  2009 ; Cassin 
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et al.  2009 ; Klatte et al.  2009  ) . In a recent study molecular features common to various 
mineral nutrient depletions or exposures (N, P, K, S, Se) could be deduced (Watanabe 
et al.  2010  ) . Due to the obvious metabolic and regulatory interactions of minerals at the 
physiological and the molecular level we see a need for a comparative analysis of 
the overlapping effects of mineral nutrients on plant metabolism, which will aid in 
understanding speci fi city in comparison to combined or even downstream pleiotropic 
molecular and physiological responses (Marschner  1995 ; Watanabe et al.  2010  ) . 

 Here we provide a case study of interdependencies of sulfate with iron and sele-
nium. Selenium is being taken up by sulfate transporters and assimilated through 
the sulfur metabolic pathway. Selenate is reduced to selenide and the corresponding 
selenium amino acids, selenocysteine and selenemethionine, are formed (Pilon-
Smits et al.  2009  ) . Selenate is not essential for plants, but can be tolerated. High 
concentrations though are toxic. Some plant species have evolved mechanisms to 
detoxify selenium either through formation of less toxic derived compounds such 
as methyl-selenocysteine or volatilisation via dimethylselenide (Sors et al.  2005  ) . 
In order to unravel mutual relationships we compared the transcriptome of roots of 
 Arabidopsis thaliana  exposed to selenium or deprived of iron to the respective 
responses of sulfate depletion.  

   The Root Transcriptome Response to Sulfur, Selenium 
and Iron Treatment 

 Roots take up nutrient ions from the soil and are the  fi rst plant organs to be exposed 
to soil nutrient availability. Thus, we compared the response of the  Arabidopsis  root 
transcriptome to sulfate starvation, iron starvation and selenate exposure. Root tran-
scriptome data from  Arabidopsis thaliana  plants grown on 15  m M sulfate de fi cient 
medium for 10 days (Maruyama-Nakashita et al.  2006  ) , plants grown with a non-
lethal concentration of 40  m M selenate for 10 days (Van Hoewyk et al.  2008  ) , and 
7 days old plants shifted from 100  m M iron to 0  m M iron for 2 days (Dinneny et al. 
 2008  )  were compared (Affymetrix ATH1 chip). As visualized in Venn diagrams 
(Fig.  1 ), sets of genes overlapped between either pairwise comparisons and even 
between all three treatments indicate common response mechanisms. When apply-
ing a threshold of 2-fold for up-regulation and 0.5-fold for down-regulation of gene 
expression from the approximately 24,000 gene models on the chip 626 were down- 
and 1,514 up-regulated upon sulfate-depletion; upon selenium treatment 1,114 were 
down- and 1,625 up-regulated and iron starvation lead to 4,739 genes being down- 
and 2,224 up-regulated in root tissue (Fig.  1 ). When applying a threshold of factor 
5, we observed 259 genes being upregulated and 103 down-regulated for sulfate 
depletion, 392 up- and 128 down-regulated for selenium treatment, and 447 up-
regulated and 1,342 genes down-regulated upon iron starvation (Fig.  1 ). When 
looking at high stringency (factor 5) 25 genes were up-regulated both in sulfur 
starvation and selenium treatment, 10 genes were up-regulated both in sulfur and 
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iron starvation, and 34 genes were up-regulated both under iron starvation and 
selenium exposure, with 5 genes up-regulated in all cases and, respectively, 3, 24, 
and 35 down-regulated in pairwise comparisons and 1 gene in all three.   

   Speci fi c Features of Iron Starvation 

 While selenium exposure and sulfate starvation response showed common fea-
tures the root transcriptome response to iron starvation hardly overlapped and 
rather displayed speci fi c features typical for iron starvation. Nicotianamine syn-
thase 1 and 4 (At5g04950; At1g56430) were induced 4- and 23-fold, respectively; 
as well as the iron reductase  FRO3  (At1g23020), fourfold, the iron transporter 
 OPT3  (At4g16370);  YSL1  (At4g24120) and  3  (At5g53550), about twofold, the 
tonoplast iron exporter  NRAMP4  (At5g67330),  fi vefold, and the citrate ef fl ux 
transporter  FRD3  (At3g08040),  fi vefold. Among the induced genes were as well 
transcription factors such as  bHLH101  (At5g04150), tenfold, further  bHLH  genes 
(At3g56980; At3g47640), both fourfold, and a zinc  fi nger transcription factor 
(At3g18290), sixfold. 
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  Fig. 1    Venn diagrams showing overlap between data sets, −S, +Se and −Fe. The data sets were 
obtained from the publications, Maruyama-Nakashita et al.  (  2006  ) ; −S, Van Hoewyk et al.  (  2008  ) ; 
+Se and Dinneny et al.  (  2008  ) ; −Fe. Thresholds of 2- or 0.5-fold and 5- or 0.2-fold, respectively, 
were applied       
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 With respect to interaction of iron starvation to other heavy metals which might 
substitute iron functionally (Puig et al.  2007 ; Haensch and Mendel  2009  )  an 
up-regulation of copper transporter is evident with  COPT1  and  2  (At5g59030; 
At3g46900) being induced three- and  fi vefold, respectively, and a zinc transporter, 
 ZIP9  (At4g33020) being up-regulated threefold. However, providing a complex 
response pattern, a set of other zinc transporters ( ZIP3 ,  4, 5, 7  and  10 : At2g32270, 
At1g10970, At1g05300, At2g04032 and At1g31260, respectively) was down-
regulated (lower than 0.5-fold change). Notably the molybdate transporter  SULTR5;2  
(or  MOT1 ) was down-regulated by a factor of 10 under iron starvation.  SULTR5;2  
responded to all three conditions with down-regulation.  

   Expression Response of Sulfate Metabolism Related Genes 

 The expression response of the sulfate metabolism related genes were extracted for 
all three conditions (Table  1 ) and presented as fold changes to the respective 
unstressed controls. When applying a factor of 2 for the change in expression, for 
sulfate starvation 12 genes were altered with 9 up and 3 down, and 4 genes being 
speci fi c, for selenium exposure 12 genes were altered with 8 up and 9 down with 1 
gene responding exclusively, while for iron starvation 15 genes were altered, 7 up 
and 8 down, 7 speci fi cally responding only to iron starvation. 5 genes showed a 
response in all three treatments:  SULTR2;1  and  4;2  being up-regulated, while 
 SULTR5;2 , the molybdate transporter, was in all cases down-regulated as well as 
 ATPS4 . Under sulfate starvation and selenate exposure the high af fi nity sulfate 
transporter  SULTR1;1  was up-regulated, while iron starvation lead to a down-regu-
lation of its expression. Beyond this overlap sulfur and iron starvation shared no 
common effects on the expression of genes of the sulfate metabolism, while sele-
nium exposure overlapped for additional three genes with  APR2  and  3  and  SERAT3;1  
being over-expressed. Notable was also a down-regulation of  BSAS1;1  and  4;3  
under iron starvation and an up-regulation of  BSAS5;1  together with a signi fi cant 
induction of the phytochelatine synthase,  PCS2 .  

 When applying a hierarchical cluster analysis of the root transcriptome data sele-
nium and sulfur treatments clustered close together while iron was quite distant 
(data not shown). At a high threshold of tenfold for over-expression compared to 
controls, 16 genes could be identi fi ed for sulfate starvation (Table  2 ), 11 of these 
were also up-regulated under selenium treatment, while only 3 for iron starvation. 
Eight of 16 genes were of unknown identity and function, while  BGLU28 ,  LSU , 
 SULTR1;1 ,  MS5 ,  Cha-C-like , a putative sugar transporter and carbonic anhydrase 
were known responders from sulfate starvation analyses (Nikiforova et al.  2003 ; 
Hirai et al.  2003 ; Maruyama-Nakashita et al.  2003  ) . For the iron response, three 
genes were in contrast strongly down-regulated,  i.e. SULTR1:1  (see also Table  1 ) 
and two unknowns while  SRG2 , a senescence related beta glucosidase, and an 
unknown protein were up-regulated.   
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   Discussion 

 The effects of distinct nutrient starvations have been analyzed with respect to gene 
expression, metabolic and physiological effects (reviewed in Amtmann and 
Armengaud  2009  ) . However, gross physiological responses such as chlorosis and 
growth retardation and the underlying molecular patterns such as changes of the 
transcriptome and the metabolome overlap between various nutrient alterations. A 
systematic analysis of these responses thus appears to be a helpful approach to iden-
tify either speci fi c or common response patterns (Watanabe et al.  2010  )  to provide 
candidate genes for future investigations. Further, it has to be considered that the 
response patterns are not static but highly dynamic. Revealing these processes will 
help to understand plant sulfate metabolism (Hesse and Hoefgen  2003,   2008 ; 
Hoefgen and Hesse  2007  )  or effects of other nutrients on plant physiology. 

 In this study we compared root transcriptome data of plants depleted for iron, 
sulfate or exposed to excess selenium, because these soil ionic components have 
been shown to interact or in fl uence one another (Maruyama-Nakashita et al.  2006 ; 
Van Hoewyk et al.  2008 ; Dinneny et al.  2008  ) . High soil contents of selenium lead 
to a response of the transcriptome being highly congruent to sulfate depletion 
(Fig.  1 ; Table  1 ). Especially, the most highly expressed genes under sulfate depriva-
tion were similar to a subset of genes being induced upon selenium treatment. In 
contrast, despite the known mutual in fl uence of iron and sulfate, iron depletion 
hardly overlapped at the root transcriptome level (Table  2 ). The ratio of expressed 
genes compared to all genes is lower in roots (40%) than in rosette leaf tissues 

   Table 2    Selected highest responding genes (>10-fold) under either sulfur depletion or selenium 
treatment   

 Gene  AGI  −S  +Se  −Fe 

 BGLU28 (putative myrosinases)  At2g44460  250.35  239.19  2.46 
 Expressed protein  At1g12030  188.13  92.58  67.93 
 LSU1/Vikin/UP9  At3g49580  92.85  12.39  0.92 
 SULTR1;1  At4g08620  91.29  10.33  0.01 
 MS5/ATSDI1  At5g48850  88.83  33.51  2.04 
 ChaC-like family protein  At5g26220  86.17  95.20  3.38 
 BGLU30/DIN2/SRG2  At3g60140  81.53  30.76  15.11 
 Putative sugar transporter  At3g05400  41.48  12.92  5.02 
 BCA3 (beta carbonic anhydrase)  At1g23730  37.08  44.52  3.20 
 Expressed protein  At4g31330  15.85  8.63  2.61 
 GNAT family protein  At2g23060  13.35  16.37  5.17 
 Hypothetical protein  At5g57730  12.50  9.67  0.07 
 Transposable element gene  At2g07080  12.14  9.56  0.03 
 Expressed protein  At5g53820  10.82  7.26  2.20 
 Hypothetical protein  At1g20530  10.71  13.54  0.64 
 Transposable element gene  At1g37063  10.00  7.44  1.25 

  Data sets were obtained from the same publications as Fig.  1 . Fold changes relative to the respec-
tive controls are shown. >10-fold changes are marked dark grey  
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(90%) displaying distinct differences representing functional specialization between 
green,  fl oral and root tissues as displayed by cluster analysis (Ma et al.  2005  ) . When 
applying a greater than  fi vefold threshold for relative gene expression changes 
sulfate starvation affected 4% of the gene set expressed in roots, selenium exposure 
6%, iron starvation 19% (Fig.  1 ). 

 It was striking that most of the genes of sulfate uptake, assimilation and down-
stream reactions such as GSH biosynthesis did not respond to sulfate starvation, 
iron starvation or selenium exposure in the root (Table  1 ). Of the sulfate uptake 
system only the high af fi nity sulfate transporter  SULTR1;1  and  1;2  were induced 
under S limitation, and, to a lesser extent as well under selenium exposure while 
iron starvation essentially down-regulated the high af fi nity sulfate uptake system. 
 SULTR2;1 , a low af fi nity sulfate transporter expressed in vascular tissue, probably 
involved in transport from root to shoot (Awazuhara et al.  2005  ) , was induced. 
The vacuolar sulfate exporter  SULTR4;2  was induced upon sulfate and iron deple-
tion and selenium exposure indicating that the plant sensed an internal sulfate deple-
tion which corresponded to the induction of  APR2  and  APR3 .  BSAS  and  SERAT  
genes did hardly or inconsistently respond to the treatments. 

 Iron depletion lead to rather speci fi c responses corresponding to previous reports 
(Zuchi et al.  2009 ; Astol fi  et al.  2010 ; Pilon et al.  2009  ) . Iron transporter and iron 
reductase were induced. Among the sulfate metabolism related genes we observed 
an increase of the phytochelatine synthase  PC2 , though iron is not complexed by 
PCs (Table  1 ). This might indicate that the increased efforts of the plant to take up 
iron might be coupled to increased uptake of other, potentially toxic heavy metals. 
This seems to be supported by the fact that copper and zinc transporters were 
induced. Iron and copper (and zinc?) are coupled in a delicate balance  e.g.  for the 
function of superoxide dismutases (SOD) involved in ROS detoxi fi cation (Pilon 
et al.  2009  ) . Interestingly, the molybdate transporter,  SULTR5;2,  was signi fi cantly 
down-regulated under all conditions, but especially under iron depletion. It might be 
worthwhile to investigate the reasons for the down-regulation of high-af fi nity sulfate 
transporters ( SULTR1:1  and  1;2 ) under these conditions and whether they might be 
correlated to heavy metal uptake. However, in parallel a counter intuitive down-
regulation of the GSH synthesizing genes  BSAS1;1  and  BSAS4;3  involved in cysteine 
biosynthesis, one of the GSH precursors, and of  GSH1 , the gamma-glutamyl-cysteine 
synthase, was observed. Detailed metabolomics and ionomic studies of plants under 
the same treatments would be helpful to resolve the physiological relevance of the 
observed expression patterns and whether these are converted into down-stream 
products, such as increased phytochelatin levels and increased copper, zinc, and 
manganese concentrations. 

 Among those genes highly induced in roots both under sulfate depletion or 
increased selenium exposure (Table  2 ) a set of “known” sulfate marker genes 
appeared:  LSU ,  SULTR1;1 ,  MS5 ,  Cha-C-like , and a putative sugar transporter 
(Nikiforova et al.  2003 ; Hirai et al.  2003 ; Maruyama-Nakashita et al.  2003  ) . 
However, the molecular functions and physiological consequences of these gene 
inductions are still unknown. When using the highest expressor of this gene set 
(Table  2 ; At2g44460) as query using the ATTED II software (  http://atted.jp    ) a stable 
co-expression network over 1,388 available arrays was generated (Fig.  2 ). As this 

http://atted.jp
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co-expression network is not based on the comparisons as executed in this analysis 
it indeed indicates a very robust expressional relation of these genes. Intriguing is 
the fact that structural genes seem to be tightly correlated to assumed regulatory 
genes as  LSU  and  MS5  ( SDI ) (Howarth et al.  2005,   2009 ; Lewandowska et al.  2010  ) . 
This has to be included into the ongoing discussion of the regulatory processes 
controlling sulfate metabolism (Nikiforova et al.  2004 ; Maruyama-Nakashita et al. 
 2004a,   b,   c,   2005,   2006 ; Kasajima et al.  2007 ; Falkenberg et al.  2008 ; Gojon et al. 
 2009 ; Kawashima et al.  2009 ; Watanabe et al.  2010  ) .  

 In summary, sulfate depletion and selenium exposure share de fi nite parts of their 
molecular response patterns and selenium exposure mimics to a certain extent sulfate 
deprivation. Iron metabolism is dependent on sulfate availability and both directly 
interact in iron-sulfur-clusters. Despite these links the degree of mutually shared 
gene expression responses at the level of the root transcriptome is low rather indi-
cating speci fi c than mutually shared regulatory mechanisms and response patterns. 
We suggest here that comparative transcriptomics (and metabolomics) analyses of 
either single or multiple nutrient treatments will provide results to close the gap 
between the available agricultural and physiological knowledge of the effects of 
various mineral ions on plant growth and development and of the molecular and 
regulatory basis of these effects. Focussing on speci fi c versus common responses 
will allow discerning targeted from downstream effects and speci fi c from pleio-
tropic patterns.      

At5g13550
SULTR4;1

At3g12520
SULTR4;2

At3g49580
LSU1

At2g44460
BGLU28

At5g26220
ChaC-like

At4g04610
APR1

At5g24660
LSU2

At5g48850
MS5

At1g36370
SHM7

At1g62180
APR2

At4g21990
APR3

At1g04770
MS5

At1g12030
Expressed 

protein

  Fig. 2    Co-expressed gene network related to At2g44460 ( BGLU28 ). At2g44460 was the highest 
responding gene under sulfur starvation in Table  1 . ATTED II (  http://atted.jp/    ) was used to search 
for correlated genes.  Grey circles  indicate pathway or structural genes.  White circles  indicate 
potential regulator genes.  Dotted circles  indicate genes of unknown function. Sulfur pathway 
genes are in hatched underlay       
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  Abstract   Iron-sulfur (Fe-S) clusters have pivotal roles in chloroplast processes 
including photosynthetic electron transport, pigment synthesis, nitrogen and sulfur 
assimilation and carbon metabolism. There are  fi ve cluster types found in plant 
plastids, which harbor their own Fe-S cluster assembly system. The cysteine desul-
furase of the chloroplast, CpNifS, is an essential protein that requires a SufE protein 
for activation of its activity. SufE proteins serve to accept sulfane sulfur from the 
cysteine desulfurase and presumably donate S to downstream scaffolds on which 
cluster assembly takes place. There are three SufE proteins in plastids and SufE1 is 
the major activator of CpNifS. SufE1 consists of a SufE domain linked to a BolA 
domain. It is likely that the BolA domain of SufE1 has a regulatory role perhaps in 
providing feedback to the Fe-S assembly system. Theoretical predictions suggest 
that the SufE1-BolA region interacts with a glutaredoxin (GRX) domain protein. 
There are several GRX domain proteins in plastids and some of these can bind iron-
sulfur clusters. Whereas, there are several potential Fe-S cluster assembly scaffold 
proteins identi fi ed in the chloroplast the exact role of each one in the assembly path-
way still needs to be revealed. We discuss possible models for this regulation and 
explore areas for future research.      
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   Introduction 

 Iron-sulfur (Fe-S) clusters are among the oldest and most versatile cofactors found 
in living organisms. They participate in electron transfer, catalysis, and regulatory 
processes (Beinert et al .   1997  ) . In plants  fi ve different cluster types exist: the ferre-
doxin type 2Fe-2S, the Rieske type 2Fe-2S; the 4Fe-4S cluster, 3Fe-4S cluster and 
the 4Fe-4S-siroheme cluster (Ye et al .   2006a  ) . Differences in the ligands and in the 
protein environment of the Fe–S clusters allow a wide range of redox potentials 
(Beinert et al .   1997  ) . Fe–S proteins are therefore pivotal components of the electron 
transfer chains in the respiratory complexes of mitochondria and in the photosyn-
thetic apparatus in the chloroplasts. In addition, Fe-S proteins also have catalytic 
roles in plastids, mitochondria and in the cytosol and nucleus (Balk and Pilon  2011  ) . 
Photosynthesis is the process that determines plant productivity and ultimately 
drives all life on earth. Its importance for biology, agriculture and the environment 
cannot be overstated and its ef fi ciency is directly dependent on Fe-S clusters. 
Furthermore, plant iron status is of importance for human health, since billions of 
people worldwide are suffering from iron de fi ciency, and most of the dietary iron in 
developing countries is derived from vegetarian food sources (White and Broadley 
 2009  ) . Therefore a thorough understanding of how these Fe-S clusters are formed in 
plant chloroplasts and insight into factors that may affect cluster assembly, such as 
S and Fe de fi ciency and oxidative stress, is of utmost interest and importance.  

   General Principles of Biological Fe-S Assembly 

 Iron–sulfur (Fe–S) clusters are chemically simple and can be formed  in vitro  from 
sul fi de and an iron salt and inserted “spontaneously” into certain apo-proteins such 
as ferredoxin if it has free reduced thiols (cysteines) to receive the cluster. However, 
most apo-proteins are inef fi ciently or not at all reconstituted in a test tube:  in vivo  all 
Fe-S proteins need protein cofactors to mature (Lill  2009  ) . The pioneering work of 
Dean and coworkers in nitrogen  fi xing bacteria and in  Escherichia coli  revealed a 
general framework for the assembly of Fe-S clusters in living cells.  In vivo  three 
steps can be distinguished: (1) mobilization of sulfur from cysteine and of Fe from as 
yet mostly undetermined sources, (2) assembly of a cluster on a scaffold and 
(3) transfer of the cluster from the scaffold to an apoprotein (Lill  2009  ) . Nitrogen 
 fi xing bacteria have a gene cluster ( Nif  operon) that encodes a specialized machinery 
dedicated to the synthesis of the Fe-S cofactors of nitrogen reductase. A second gene 
cluster termed the  Isc  (for Iron Sulfur Cluster assembly) operon mediates Fe-S 
assembly for other “housekeeping” Fe-S proteins in these bacteria and is also found 
in  E. coli . In  E. coli  and several other bacteria another major gene cluster termed the 
 Suf  (for Sulfur limitation) operon encodes for a machinery for Fe-S assembly under 
sulfur limitation, iron starvation and oxidative stress conditions. All these bacterial 
gene clusters have in common that they include a gene encoding a cysteine desul-
furase (involved in the release of S from cysteine) as well as genes encoding possible 
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scaffolds on which clusters may be pre-formed before transfer to target apo-proteins 
(Lill  2009  ) . The need for different Fe-S cluster types probably necessitates the exis-
tence of multiple scaffolds or carriers of Fe-S intermediates and factors that can 
modulate the structure and redox state of clusters (Beinert et al .   1997 ; Lill  2009  ) . 

 To form their Fe-S clusters, plants have three assembly machineries, which are 
localized in the plastids, mitochondria and cytoplasm, respectively (Ye et al .   2006a ; 
Balk and Pilon  2011  ) . The mitochondrial Fe-S assembly machinery in plants and 
other eukaryotes resembles the bacterial  Isc  (type I) system, while the plastidial 
machinery shares several components with the bacterial  Suf  (type II) systems Balk 
and Pilon  2011  ) . The Fe-S machinery in the cytosol of eukaryotes, called the CIA 
(for Cytosolic Iron-sulfur Assembly) system, comprises a set of almost ubiquitously 
conserved scaffolds and transfer proteins. This machinery seems to depend on the 
cysteine desulfurase activity in the mitochondria and on the export of a still unknown 
mitochondrial compound into the cytosol, at least in yeast and in plants (Balk and 
Pilon  2011  ) .  

   Fe–S Protein Biogenesis in the Plastid: 
The Central Role of CpNifS 

 Nuclear-encoded chloroplast proteins such as ferredoxin acquire their cofactors 
after import into the organelle. Components that may be involved in Fe transport 
into plastids include a ferric reductase (Jeong et al .   2008  )  and a conserved putative 
Fe transporter (Duy et al .   2007  ) . It is not known what the direct iron donor is for 
Fe-S assembly but it is at least clear that ferritins do not have this function (Ravet 
et al .   2009  ) . Fe-S cluster assembly in Fd was observed in isolated chloroplasts with 
cysteine as the sulfur donor, a reaction that further requires light or ATP and 
NADPH (Takahashi et al .   1986  ) . Therefore, the plastids of plants harbor a com-
plete Fe-S cluster assembly machinery which is probably optimized to function in 
an oxygen-saturated environment and to facilitate the biogenesis of numerous Fe-S 
proteins that function in photosynthetic electron transfer, nitrogen and sulfur 
assimilation, as well as chlorophyll metabolism and protein import in plastids 
(Balk and Pilon  2011  ) . 

 The known proteins that function in plastid Fe-S assembly are nuclear-encoded 
and imported from the cytosol (see Fig.  1  for a summary). Many of the components 
are identi fi ed and an understanding of how the chloroplastic Fe-S pathway operates 
has started to emerge. At the core of the system is the chloroplastic NifS-like 
cysteine desulfurase CpNifS/NFS2 (Leon et al .   2002 ; Pilon-Smits et al .   2002  ) . 
CpNifS is in the stroma of  Arabidopsis  chloroplasts and is expressed in all major 
plant tissues at about equal levels. The puri fi ed enzyme had both cysteine desul-
furase and selenocysteine lyase activity, the former being ~300-fold lower than the 
latter (Pilon-Smits et al .   2002  ) . CpNifS was shown to be active by itself in stimulating 
holo-fd formation (Ye et al.  2005  ) . Not only can CpNifS mediate Fe-S formation for 
ferredoxin in “ in vitro”  assays, it is required, as shown by biochemical depletion 
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experiments. The apparent reconstitution activity of chloroplast stroma was 50–80 
times higher than that of pure CpNifS protein (Ye et al.  2005  ) . Thus, stromal com-
ponents activate CpNifS. The effects of CpNifS overexpression and its down-
regulation have been studied. In the over-expression studies S metabolism was 
investigated together with the effects on selenium (Se) metabolism, because NifS-
like proteins have selenocysteine lyase activity (Pilon et al .   2003  ) . Overexpression 
led to enhanced S and Se levels, as well as enhanced Se tolerance and prevention of 
Se incorporation into protein (Van Hoewyk et al .   2005  ) . Inducible RNAi knock-
down in transgenics led to a reduction or complete disappearance of plastidic Fe-S 
proteins, chlorosis, thylakoid degradation and a severe impairment of photosynthesis, 
and eventually death (Van Hoewyk et al.  2007  ) . An ethanol-inducible system was 
used to test the direct phenotypic effects of CpNifS depletion (Van Hoewyk et al.  2007  ) . 
This inducible system has great advantages compared to constitutive systems, 
because it permits to follow the effect on Fe-S assembly activity soon after induction 
of the depletion, avoiding pleiotropic defects. It is known that several knock-out 
mutants are lethal and we can learn very little from genotypes that cause embryonic 
lethality.  

 Type-II cysteine desulfurases such as CpNifS need a SufE-like protein for full 
activity. There are three SufE proteins in plastids: SufE1 is the main activator in 
most tissues, SufE2 is pollen speci fi c, and SufE3 is composed of a SufE domain 
linked to quinolinate synthase (Ye et al.  2006b ; Murthy et al .   2007  ) . The SufE region 
of SufE3 is dedicated to the formation of a 4Fe-4S cluster in its quinolinate synthase 

  Fig. 1    Working model for plastid Fe-S cluster biogenesis. All the proteins predicted to be involved 
in the process are listed. In  bold  are the proteins shown to be involved both  in vitro  and  in planta . 
See text for details       
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domain (Murthy et al.  2007  ) . The biochemistry of the CpNifS/SufE1 complex is 
well described; the two proteins form a dynamic complex where CpNifS transfers 
the S from the substrate cysteine to a cys residue in SufE1 (Ye et al.  2005,   2006b  ) . 
Both proteins are essential (Xu and Moller  2006 ; Ye et al.  2006b ; Van Hoewyk et al. 
 2007  ) . It was proposed that SufE1 activates CpNifS activity by accepting sulfur 
from CpNifS (Ye et al.  2006b  ) . Thus, SufE1 (or the complex CpNifS-SufE1) should 
donate S to downstream scaffolds for Fe-S assembly.  

   Assembly Scaffolds 

 In the bacterial and mitochondrial Isc systems, the cysteine desulfurase IscS binds 
to the scaffold IscU (Lill  2009  ) . However, there is no IscU in plastids. Among the 
possible targets for interaction with the CpNifS-SufE1 complex are the following 
potential scaffolds: the NifU-like proteins Nfu1-3 (   Touraine et al.  2004 ; Yabe et al. 
 2004  ) , the ubiquitous IscA/SufA and the SufB/C/D complex (Abdel-Ghany et al. 
 2005 ; Xu and Moller  2004 ; Xu et al.  2005  ) , the P-loop ATPase Hcf101 (Schwenkert 
et al.  2009  ) , and the monothiol glutaredoxins GrxS14/GrxS16 (Bandyopadhyay 
et al.  2008  ) . It must be noted that such interactions have not yet been demonstrated 
in plants. 

 The 3 NFU genes encode chloroplast proteins that are differentially expressed 
but closely related in sequence to each other and similar to cyanobacterial Nfu and 
the C-terminus of NifU and proposed to function as Fe-S assembly scaffolds (Leon 
et al.  2003 ; Yabe et al.  2004  ) . In leaves, both Nfu2 and Nfu3 are expressed. Nfu2 is 
the most abundant isoform and forms a transient Fe-S cluster (Leon et al.  2003 ) that 
can be passed on to apo-ferredoxin  in vitro .  nfu2  insertion mutants have a dwarf 
phenotype and are de fi cient in some but not all plastid Fe-S proteins (Yabe et al. 
 2004 ; Touraine et al. 2004). However, direct links between CpNifS and Nfu proteins 
have not been reported so far. 

 Initial functional studies of the potential scaffold proteins have focused on IscA/
SufA (Abdel-Ghany et al.  2005  ) . Upon incubation with CpNifS  in vitro , puri fi ed 
IscA acquires a transient Fe-S cluster, which it can subsequently transfer to apo-Fd 
to form holo-Fd. However, it should be noted that the role of the conserved and 
almost ubiquitous IscA/SufA proteins as a scaffold is controversial in the Fe-S  fi eld. 
Loss of function mutants for  iscA / sufA  in microbes show feeble phenotypes – if any 
– which argues against both an essential Fe carrier or scaffold role (see also Balk and 
Pilon  2011  ) . In  Arabidopsis  Yabe and Nakai  (  2006  )  found that the  iscA  T-DNA inser-
tion lines show no appreciable phenotypes. In cyanobacteria the deletion of IscA or 
SufA did not give a growth phenotype, yet deregulation (overexpression) of the Suf 
operon was seen in a  sufA  deletion strain under conditions of Fe-de fi ciency and these 
observations suggest a regulatory role for SufA/IscA (Balasubramanian et al.  2006 ). 
Interestingly, Yabe and Nakai  (  2006  )  reported that  Arabidopsis  IscA accumulation is 
affected by de fi ciency of Nfu2, and thus IscA may act downstream. Furthermore 
IscA expression was affected by mutation of PIC1 (Permease In Chloroplasts 1), 
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a possible chloroplast Fe transporter (Duy et al.  2007  ) . When stromal proteins were 
fractionated by gel  fi ltration, it was observed that IscA almost exclusively eluted in a 
high molecular weight fraction (~600 kDa), and about 10% of both CpNifS and SufE 
were found in this same fraction (Ye et al.  2005,   2006b ;    Abdel-Ghany et al.  2005  ) . 
Taken together, the available data point to a role of IscA as either a protein with a 
regulatory function or as a buffer of Fe-S intermediates. 

 Monothiol glutaredoxin proteins such as GrxS14 and GrxS16 could serve as 
Fe-S scaffolds based on  in vitro  studies, however the in planta support for such a 
function is lacking (Bandyopadhyay et al.  2008  ) . Additional components that are 
linked to plastid Fe-S assembly but for which a molecular role in Fe-S assembly is 
not fully clear yet are the SufB, C and D proteins, and Hcf101 (for discussion, see 
Balk and Pilon  2011  ) .  

   The Need for Regulation 

 Plants grow in  fl uctuating environments that require constant remodeling of metab-
olism in order to adjust their physiology. Fe and S are both crucial elements for 
plant physiology. Starvation for S or Fe dramatically affects plant photosynthesis 
and growth. In this regard it must be noted that APS reductase (APR; adenosine 
5’-phosphosulfate reductase) and sul fi te reductase, two key enzymes in the S assim-
ilation pathway in plastids, are themselves Fe-S enzymes (Ye et al.  2006a  ) . The 
chloroplast is also a major site of reactive oxygen species production in plant cells 
particularly under environmental stresses or high light intensities. Oxidative stress 
is thought to be deleterious for photosynthetic activity, mainly through its effect on 
Fe-S protein stability. Moreover, ROS scavenging systems in the chloroplast are 
highly dependent on Fe co-factors and glutathione. It is therefore to be expected that 
Fe-S cluster assembly will be regulated in coordination with the physiology of the 
plant, particularly in the chloroplast. CpNifS, which is required for Fe-S formation, 
also affects Se tolerance (Van Hoewyk et al.  2005  ) . Interestingly, APR2 may also 
function in Se tolerance because loss of APR2 function severely decreases plant 
tolerance to selenate. In contrast, selenite tolerance was not affected in APR2 
mutants (Grant et al.  2011  ) ; this latter result is expected, because selenite enters the 
sulfur/selenium reduction pathway downstream of APR2. 

 It is also possible that the activity of key components of the Fe-S assembly 
pathway is regulated in response to the activity of other components of the pathway. 
For instance, we propose that Fe and S are incorporated as a Fe-S cluster onto a 
scaffold, then transferred to carrier proteins that donate the Fe-S cluster to the 
appropriate target proteins. In such a system, sensing steps are required in order to 
provide feedback to the early steps of the process,  i.e.  the entry of Fe and S in the 
pathway (Fig.  2 ). Such a hypothesis implies that alterations in the pathway should 
affect the regulation of the system.  

 An intellectually appealing regulatory model is that the Fe-S pathway could be 
auto-regulated, by sensing the requirement for  de novo  Fe-S cluster synthesis in 
re  sponse to physiological needs (Fig.  2 ). Most of the proteins suspected to be involved 
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in Fe-S cluster scaffolding and/or transfer in plants were identi fi ed by their sequence 
similarity with analogous proteins in other organisms (Balk and Pilon  2011  ) . For 
some of them, their ability to accommodate a cluster and to transfer it to a target 
apo-protein has been shown  in vitro , but  in planta  evidence for such a scaffolding 
function is still far from clear. The  Nfu2  knock-out line is the only mutant exhibiting 
a macroscopic phenotype associated with altered growth, chlorosis, and a decrease 
in the abundance of (2Fe-2S) and (4Fe-4S) proteins (Touraine et al. 2004; Yabe 
et al.  2004  ) , which is consistent with a direct role in the Fe-S cluster building or 
transfer. For the other potential scaffold proteins, no obvious phenotype has been 
associated with the absence of the protein. Perhaps some of the components of the 
assembly pathway act as sensors of the Fe-S cluster status, the modi fi cation of 
the abundance of these proteins should provide feed-back into the early steps of the 
Fe-S cluster building, possibly through the modulation of CpNifS activity. SufE1 
has a c-terminal domain with similarity to BolA. This region is not required to activate 
CpNifS  in vitro . We consider it likely that the BolA-domain of SufE1 regulates 
cysteine desulfurase activity, perhaps in response to demand for Fe-S assembly 
(Ye et al.  2006b  ) . Bioinformatic analysis suggests that glutaredoxins (Grx) could be 
involved in such regulation (Huynen et al.  2005  ) . Indeed, in yeast, the Bol-A like 
protein FRA2 interacts with a Grx and this interaction is important for the proper 
regulation of the Fe-responsive transcription factor AFT1 (Kumanovics et al.  2008  ) . 
This signaling pathway which involves FRA2 somehow “reads” the activity of the 
mitochondrial Fe-S assembly system because AFT is activated under iron starva-
tion and when mitochondrial NSF1 (the cysteine desulfurase in yeast) is inactivated. 

  Fig. 2    Fe-S assembly, from the protein to the phenotype. Overview of possible regulatory pro-
cesses involving the chloroplast Fe-S assembly machinery       
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The recombinantly expressed and puri fi ed yeast FRA2 (BolA) -GRX3/4 complex 
contains an Fe-S cluster with unique properties (Li et al.  2009  ) . These observations 
provide strong incentive to investigate if in chloroplasts an interaction between the 
BolA domain of SufE1 and a GRX- domain protein occurs and to study the biological 
signi fi cance of such interaction within this unique system.  

   Conclusions 

 While much progress has been made several key questions remain unanswered 
regarding plastid Fe-S cluster synthesis. How do S and Fe reach the scaffolds  in 
planta ? How is the activity of this core machinery regulated? How does the plastidic 
system of Fe-S assembly respond to environmental stresses? We believe that protein 
interaction studies in plants and in isolated organelles and that exploit the CpNifS-
SufE1 complex as a molecular entry point into the pathway might reveal new can-
didates for the regulation of the assembly pathway and provide direct insight into 
the scaffolding process. Photosynthesis is pivotal to biomass production and it is 
important that we understand its limiting factors in view of the pressures imposed 
by environmental impacts and global change.      
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  Abstract   Selenium (Se) is an essential nutrient for many organisms including 
humans, but is also toxic at higher levels. Both Se de fi ciency and Se toxicity are prob-
lems worldwide. Although Se has not been shown to be essential for higher plants, it 
is considered a bene fi cial element, providing enhanced antioxidant activity. Selenium 
is chemically similar to sulfur (S) and readily taken up and assimilated via sulfur (S) 
transporters and enzymes. Thus, Se can replace S in many S compounds, including 
volatile forms. Some plants native to Se-rich soils can hyperaccumulate Se to levels 
around 1% of plant dry weight. They grow poorly without Se and thus appear to pro fi t 
from Se physiologically. Selenium can also serve ecological functions as an elemental 
defense against pathogens and herbivores, and in elemental allelopathy. The ability of 
plants to (hyper)accumulate and volatilize Se may be used for phytoremediation of 
polluted soils or waters, and also to produce nutritionally enhanced crops. These 
applications will bene fi t from better insight into the mechanisms that control Se toler-
ance and accumulation in plants, and the potential ecological implications. This review 
gives an overview of our current knowledge of plant Se metabolism, including Se 
tolerance and hyperaccumulation mechanisms. It also summarizes what is known 
about ecological implications of plant Se (hyper)accumulation.      

   Introduction 

 Because of the chemical similarity between the elements selenium (Se) and sulfur (S), 
organisms mistakenly take up and metabolize Se via S transporters and biochemical 
pathways (Terry et al.  2000  ) . This can cause toxicity, due to oxidative stress and 
replacement of S by Se in proteins and other S compounds, which disrupts their 
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function. While toxic at higher levels, Se is also an essential trace element for many 
organisms such as mammals, some bacteria, and certain green algae. For higher 
plants, Se has not been shown to be essential but it is considered a bene fi cial nutrient 
(Pilon-Smits et al.  2009  ) . The basis for the essentiality of Se for some organisms is 
their reliance on a small set of selenoproteins that contain selenocysteine (SeCys) in 
their active site; to date, no selenoproteins have been con fi rmed to exist in higher 
plants. Since selenoproteins have redox functions, including the scavenging of free 
radicals, Se de fi ciency often enhances the probability of developing cancers or viral 
infections; problems associated with Se de fi ciency include Keshan disease and male 
infertility in humans, and white muscle disease in livestock. There is only a narrow 
window between the amount of Se that is required as a nutrient and the amount that 
is toxic, which is why both Se de fi ciency and toxicity are common worldwide. 
Extremely high Se levels (1,000–10,000 mg kg −1  DW) occur in so-called hyperac-
cumulator plant species that are endemic on seleniferous soils in the Western USA 
and parts of China. In these seleniferous areas chronic or acute Se poisoning are 
serious problems for humans, livestock and wildlife (Terry et al.  2000  ) . 

 Plants can take up inorganic Se from their environment using S transporters, and 
incorporate this selenate and selenite into organic compounds via S assimilation 
enzymes (Anderson  1993 ; Fig.  1  shows an overview of Se metabolism in plants). First 
selenate undergoes two sequential reduction steps via selenite to selenide, which 
can be combined with  O -acetylserine (OAS) to form selenocysteine (SeCys). The 
non-speci fi c incorporation of this seleno-aminoacid into proteins leads to toxicity. 
To prevent this toxicity, SeCys can be broken down to elemental Se and alanine. 
Elemental Se is insoluble and relatively innocuous. SeCys can also be methylated to 
form methyl-SeCys, which can be safely accumulated since it is not incorporated 
into proteins. Methyl-SeCys can also act as a precursor for the production of a form 
of volatile Se, dimethyldiselenide (DMDSe) (Terry et al.  2000 ; Sors et al.  2005  ) . 
This is the main volatile form of Se emitted by hyperaccumulator species. Finally, 
SeCys can be converted to selenomethionine (SeMet), which can be converted to 
another volatile compound, dimethylselenide (DMSe) (Terry et al.  2000  ) .  

 Plant accumulation and volatilization of Se are potentially useful processes to 
alleviate both Se de fi ciency and toxicity. In Se phytoremediation, plants may be 
used to clean up Se-polluted soil or water. They may in part release the Se into the 
atmosphere as relatively non-toxic volatile compounds, and in part accumulate it in 
their harvestable tissues. This may produce a Se-forti fi ed crop with enhanced 
nutritional quality that can be used to prevent Se de fi ciency in other areas. Even in 
Se-replete individuals Se can have bene fi cial effects. Some selenocompounds 
(particularly methyl-SeCys) have potent anticarcinogenic properties; these are 
found in Se hyperaccumulator species as well as in some members of the S-rich 
 Brassica  and  Allium  genera (Lyi et al.  2005  ) . These “sulfur-loving” species, can 
accumulate Se to fairly high levels (up to 0.1% of dry weight (DW), or 1,000 mg 
Se kg −1  DW) and have been called Se accumulator species (not to be confused with 
hyperaccumulators). True Se hyperaccumulators are found in the genera  Stanleya  
(Brassicaceae),  Astragalus  (Fabaceae) and  Xylorhiza  and  Oonopsis  (Asteraceae), 
and accumulate Se to 1,000–15,000 mg Se kg −1  DW (0.1–1.5%) (Ellis et al.  2004 ; 
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LeDuc et al.  2004  ) . Hyperaccumulators preferentially take up Se over S and show 
different patterns for these two elements in terms of seasonal  fl uctuations and tissue 
distribution; they may be able to distinguish between S and Se (   White et al.  2007 ). 
Since hyperaccumulators are endemic to seleniferous soils, they may physiologically 
or ecologically require Se.  

   Genetic Engineering of Plant Se Metabolism, 
and Potential Applications 

 Through up-regulation of key genes involved in sulfur/selenium assimilation 
and volatilization, it has been possible to enhance Se accumulation, tolerance, and 
volatilization by plants (Fig.  1 , see Pilon-Smits and LeDuc  2009  for further 
references). In a  fi rst approach, overexpression of ATP sulfurylase (APS), involved 
in selenate-to-selenite conversion in  Brassica juncea  (Indian mustard) led to 
enhanced selenate reduction. The transgenic APS plants accumulated an organic 

  Fig. 1    Overview of plant Se metabolism and genetic engineering approaches that have been used 
successfully to enhance plant Se tolerance, accumulation and/or volatilization. Overexpressed 
enzymes are shown in  boxes        
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form of Se when supplied with selenate, while wildtype controls accumulated 
selenate. The APS transgenics accumulated two- to threefold more Se than the wild 
type, and tolerated the accumulated Se better than wild type, perhaps because of the 
organic form of Se accumulated. They also contained 1.5-fold more S than the 
wild type. 

 In a second approach, overexpression in  B. juncea  of the  fi rst enzyme in the 
conversion of SeCys to SeMet, cystathionine gamma synthase (CgS), enhanced 
volatilization rates two- to threefold compared to wildtype plants. The CgS trans-
genics accumulated 40% less Se in their tissues than wild type, probably because of 
their higher volatilization rates. The CgS transgenics were also more Se tolerant 
than wildtype plants, perhaps owing to their lower tissue Se levels. 

 In a third transgenic approach, a mouse selenocysteine lyase (SL) was expressed 
in  A. thaliana  and  B. juncea . This enzyme breaks down SeCys into alanine and 
elemental Se. The SL transgenics showed reduced Se incorporation into proteins 
and up to twofold enhanced Se accumulation, compared to wildtype plants. When 
an  A. thaliana  homologue of the mouse SL (called CpNifS) was overexpressed, 
similar results were obtained: the CpNifS transgenics showed less Se incorporation 
in proteins, twofold enhanced Se accumulation, as well as enhanced Se tolerance. 
Incidentally, the main function of CpNifS is to provide elemental S for iron-sulfur 
cluster formation (Van Hoewyk et al.  2007  ) . 

 In another approach, SeCys methyltransferase (SMT) from hyperaccumulator  A. 
bisulcatus  was overexpressed in  A. thaliana  and  B. juncea  (Ellis et al.  2004 ; LeDuc 
et al.  2004  ) . The SMT transgenics showed enhanced Se accumulation in the form of 
methyl-SeCys, and enhanced Se tolerance and volatilization, with more Se volatilized 
in the form of DMDSe. The APS and SMT  B. juncea  transgenics were crossed to 
create double-transgenic plants. These APS × SMT double transgenics contained up 
to nine times higher Se levels than wild type, and most of the Se in the double trans-
genics was in the form of methyl-SeCys (LeDuc et al.  2006 ). The APS × SMT plants 
accumulated up to eightfold more methyl-SeCys than wild type and nearly twice as 
much as the SMT single transgenics. Selenium tolerance was similar in the single 
and double transgenics. 

 These studies show convincingly that the sulfate assimilation and volatilization 
pathway is responsible for selenate assimilation and volatilization. The level of APS 
appears to be rate-limiting for the assimilation of selenate to organic Se, and CgS 
for DMSe volatilization. Elevated APS expression seems to trigger selenate uptake 
and Se and S accumulation, perhaps via upregulation of sulfate transporter expression. 
The SL and CpNifS transgenics have revealed that breakdown of SeCys can reduce 
non-speci fi c incorporation of Se into proteins, enhancing Se tolerance. Also, the 
 fi nding that overexpression of SL or CpNifS led to enhanced Se accumulation 
suggests that introduction of this new sink for Se upregulates Se and S uptake. The 
SMT transgenics have shown that SMT is a key enzyme for Se hyperaccumulation. 
However, for improved selenate assimilation and detoxi fi cation, APS needs to be 
overexpressed together with SMT. While APS × SMT double transgenics show 
signi fi cantly enhanced Se tolerance and accumulation, they still do not approach the 
performance of true Se hyperaccumulator species. Further research is needed to 
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identify additional Se tolerance and accumulation genes in these specialized plant 
species. 

 The different transgenics showed up to ninefold higher Se accumulation, up 
to threefold faster Se volatilization, and enhanced Se tolerance, all under laboratory 
conditions. These are useful properties for phytoremediation and bioforti fi cation. 
To test the potential of these transgenics under more realistic  fi eld conditions, 
they were analyzed for their capacity to accumulate Se from seleniferous soil 
and from Se-contaminated sediment. When grown on naturally seleniferous soil 
in a greenhouse pot experiment the APS transgenics accumulated Se to three-
fold higher levels than wildtype  B. juncea , and the CgS transgenics contained 
40% lower Se levels than wild type, all in agreement with the laboratory results. 
Plant biomass was the same for all plant types. Furthermore, two  fi eld experi-
ments were carried out by Gary Bañuelos and coworkers on Se-contaminated 
sediment in the San Joaquin Valley (CA, USA) (Bañuelos et al.  2005,   2007  ) . 
The APS transgenics accumulated Se to fourfold higher levels than wildtype 
 B. juncea , and cpSL and SMT transgenics showed twofold higher Se accumulation 
than wildtype  B. juncea , all in agreement with earlier laboratory experiments. 
Biomass production was comparable for the different plant types. Thus, in the 
 fi eld as well as the lab the various transgenics showed enhanced Se accumulation, 
volatilization and/or tolerance, promising traits for use in phytoremediation or 
as Se-forti fi ed foods.  

   New Insights into Se Tolerance and Accumulation Mechanisms 

 Different varieties of the model plant species  A. thaliana  and the related hyperac-
cumulator  S. pinnata  were compared at the molecular and physiological level, with 
the goal to provide new insight into key genes for Se uptake, hyperaccumulation, 
and volatilization. In a  fi rst approach, a Se tolerance study was performed using 
recombinant inbred lines (RIL) of model species  A. thaliana , which identi fi ed two 
QTLs for selenate tolerance (Zhang et al.  2006a  ) . Tolerance to selenate and selenite 
appear to be controlled by different loci. In another study, tolerance to and accumu-
lation of Se were found to not be correlated in a study comparing 19 different eco-
types of  Arabidopsis  with variable tolerance to Se (Zhang et al.  2006b  ) . In another 
approach, the transcriptomes were compared between  A. thaliana  plants grown with 
or without selenate or selenite (Tamaoki et al.  2008 ; Van Hoewyk et al.  2008  ) . The 
hormones ethylene and jasmonic acid appear to be important for Se tolerance. Genes 
involved in ethylene and jasmonic acid biosynthesis were upregulated by Se, 
mutants with a defect in ethylene synthesis, ethylene signaling, and jasmonic acid 
signaling showed reduced tolerance to Se, and overexpression of a protein involved 
in ethylene signaling increased Se resistance. The resistance mechanism appears to 
involve enhanced sulfate uptake and reduction; this may serve to prevent Se from 
replacing S in proteins and other S compounds. 
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 In  Stanleya , similar Se tolerance mechanisms were found to those described 
above for  Arabidopsis  (Freeman et al.  2010  ) . The plant hormones JA and ethylene, 
as well as the hormone salicylic acid appear to play a role in regulating Se 
stress response in  Stanleya . Probably as a response to the elevated levels of 
these hormones, hyperaccumulators have constitutively upregulated expression 
of sulfur transporters and assimilatory enzymes, and hence higher levels of 
total S, reduced S compounds (including the antioxidant glutathione), and 
higher levels of total Se. The  Stanleya  hyperaccumulator also showed an inter-
esting Se sequestration pattern not observed in non-hyperaccumulators: the Se 
accumulated as methyl-SeCys in vacuoles of leaf epidermal cells (Freeman 
et al.  2006a,   2010  ) .  

   Ecological Aspects of Se Phytoremediation 

 High Se levels in plants may have important ecological effects (Fig.  2 ). 
Hyperaccumulated Se has long been known to be toxic and even lethal for mammalian 
herbivores (Terry et al.  2000  ) . Thus, hyperaccumulators may sequester Se as a 
defense against herbivory. In support of this elemental defense hypothesis (Boyd  2010  ) , 
laboratory and  fi eld studies showed that Se accumulation may protect plants from a 
range of herbivores and pathogens, from prairie dogs to a variety of arthropods and 
fungi (Hanson et al.  2003,   2004 ; Freeman et al.  2006a,   2007,   2009 ; Quinn et al. 
 2008,   2010  ) . Selenium protected the plants both through deterrence of herbivores 
and toxicity, and in some cases even low levels (10 mg kg −1  DW) already protected 
plants. In further support of the elemental defense hypothesis, Se hyperaccumulating 
species harbored fewer arthropod species and individuals in their natural habitat 
than comparable Se non-accumulators (Galeas et al.  2008  ) . While Se hyperaccumula-
tion is an effective plant defense mechanism against herbivory, some herbivores 
have evolved tolerance. A population of diamondback moth living in a seleniferous 
area on hyperaccumulator  S. pinnata  was shown to be completely Se tolerant 
(Freeman et al.  2006b  ) .  

 Selenium in plants may also affect other ecological interactions, such as those 
with associated microbes, neighboring plants, and pollinators. Rhizospheric and 
saprophytic fungi associated with Se-rich plants appear to have evolved enhanced 
Se tolerance (Wangeline et al.  2011 ; Quinn et al.  2011a  ) . Hyperaccumulators also 
appear to affect their neighboring plants by enriching their surrounding soil and 
neighbors with Se. Depending on whether the neighbors are Se tolerant or sensitive, 
this may have a positive or negative effect (El Mehdawi et al.  2011  ) . Flowers can 
accumulate substantial Se levels, and this may affect pollen germination, depending 
on plant Se tolerance (Prins et al.  2011  ) . Visitation by pollinators was not affected 
by  fl ower Se concentration (Quinn et al.  2011b  ) , and therefore the health effects of 
pollinator-ingested Se warrants further study. Since Se is a micronutrient for insects, 
these may be positive or negative.  
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   Conclusions 

 Plants metabolize Se via S transporters and enzymes, via non-speci fi c mechanisms. As 
a result, plants can accumulate Se to substantial levels, and also volatilize it. Different 
species vary with respect to the level and form of Se accumulated, as well as its tissue 
localization. Via genetic engineering of S enzymes, it has been possible to enhance Se 
tolerance, accumulation and volatilization up to ~10 fold, which has potential applica-
tions in phytoremediation and bioforti fi cation. If plants, transgenic or otherwise, are to 
be used on a large scale, it is important to have insight into potential ecological implica-
tions. Studies so far show that plant-accumulated Se has profound effects on plant-
herbivore interactions, deterring a wide variety of herbivores and causing toxicity when 
ingested. High-Se plants may also affect associated microbes, as well as surrounding 
vegetation. Further studies of these ecological interactions will help optimize phytore-
mediation and bioforti fi cation practices while preventing ecological problems.      
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  Fig. 2    Overview of potential ecological implications of Se accumulation in plants       
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  Abstract   Selenium is an essential element for human health, consumed mainly 
from plant sources. In plants, there is good evidence that selenate is transported via 
sulfate transporters, and that this anion will interact competitively with sulfate. 
Some of selenium (Se)-hyper-accumulating plant species belonging to the genus 
 Astragalus  are known for their capacity to accumulate up to 0.6% of their foliar dry 
weight as Se. Comparative analyses of sulfate transporter genes of contrasting Se 
hyper-accumulator and non-accumulator species will be helpful for a better under-
standing of sulfate/selenium uptake processes and provide insights on the substrate 
binding site for the transported anion. The gene family of sulfate transporters is 
subdivided into  fi ve groups with distinct and/or functional characteristics. cDNAs 
for sulfate transporters belonging to the Group 1, 2, 3 and 4 of the sulfate transporter 
families were isolated from both Se hyper-accumulating ( Astragalus racemosus , 
 Astragalus bisulfcatus ,  Astragalus crotalariae ) and the closely related non-accumulating 
species ( Astragalus glycophyllos ,  Astragalus drummondii ). Sequence analysis was 
performed to identify sequence variations which may contribute to selectivity of 
sulfate and selenate uptake and distribution.      

 In trace amounts, Se is an essential micronutrient for humans and animals as part of 
the selenoenzymes, thioredoxin reductase and glutathione peroxidase. However, 
excess Se may also be toxic (Läuchli  1993 ; Schromburg et al .   2004  ) . 

 Selenium has no con fi rmed physiological role in higher plants. In most plants, 
excess selenate uptake effects protein synthesis, causing symptoms including 
chlorosis and stunting that mimic sulfate starvation, as well as withering and drying 
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of leaves and premature death (Terry et al .   2000  ) . However some resistant plants 
growing on seleniferous soils, including some species of  Astragalus  and Stanleya, 
are able to accumulate Se to very high concentrations (Feist and Parker  2001 ; 
Pickering et al .   2003 ; Cabannes et al .   2011  ) . 

 As Se is consumed in the diet mainly from plant sources, bioforti fi cation of crops 
through Se fertilization is a feasible strategy to enhance human Se intake (Broadley 
et al .   2006  ) . Se is taken up by plants in the forms of selenate, selenite and organic 
Se. Selenate uptake occurs through sulfate transporters in the plasma membrane of 
plant roots and is transported to the shoot where it can be redistributed within the 
plant or accumulated in older leaves as in Se hyper-accumulating plants (Pickering 
et al.  2003  ) . The assimilation of selenate follows the sulfate pathway (Kopsell and 
Kopsell  2007 ; Sors et al.  2005  )  as the selenate molecule has similar size and charge 
to sulfate. 

 It is widely known that the uptake and assimilation of sulfate is regulated by the 
nutrient status of the plant (Smith et al.  1995  ) . Several studies have shown that a 
decrease in root sulfate availability results in a several fold enhanced expression of 
sulfate transporter genes, which enhances the capacity for sulfate uptake and effectively 
enhances the concentration of Se (Hawkesford  2000,      2003 ; Shinmachi et al.  2010  ) . 
Studies with the  Arabidopsis  selenate-resistant high-af fi nity sulfate transporter 
(SULTR1;2) mutant indicated that selenate uptake occurs by sulfate transporters 
(Shibagaki et al.  2002  ) . The plant sulfate transporter gene family is composed of 
 fi ve subgroups. Detailed expression studies in wheat have shown that in addition to 
initial uptake, Group 1 high af fi nity sulfate transporters, as well as the Group 2 low 
af fi nity and Group 4 vacuole ef fl ux sulfate transporters are involved in tissue/organ 
and subcellular distribution of selenate within the plant (Shinmachi et al.  2010  ) . 
In contrast to wheat, in which increased Se accumulation is only found under sulfur 
limited conditions, some  Astragalus  subspecies are able to accumulate high amounts 
of Se independent of the plant S-nutritional status (Sors et al.  2005  ) . 

 Plants differ in their ability to accumulate Se; White et al.  (  2004  )  suggested that 
the transporters responsible for the uptake and distribution of sulfate and selenate 
are selective either for sulfate (in non-accumulating plants) or selenate (in hyper-
accumulating plants). 

 Discrimination mechanisms between sulfate and selenate transport may be 
involved at various transport steps, from the uptake level, the root to shoot translocation 
to the vacuole transport. Sequence differences may be important for in fl uencing the 
selectivity towards sulfate or selenate. To investigate the role of sulfate transporters 
in selenate transport, cDNAs for sulfate transporters belonging to different groups of 
the sulfate transporter gene family were cloned from both Se hyper- and closely 
related non-accumulating  Astragalus  species (Table  1 ) by PCR techniques.  

 Plants differ in their ability to accumulate Se; White et al.  (  2004  )  suggested that 
the transporters responsible for the uptake and distribution of sulfate and selenate 
are selective either for sulfate (in non-accumulating plants) or selenate (in hyper-
accumulating plants). 

 Discrimination mechanisms between sulfate and selenate transport may be 
involved at various transport steps, from the uptake level, the root to shoot translocation 
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to the vacuole transport. Sequence differences may be important for in fl uencing the 
selectivity towards sulfate or selenate. To investigate the role of sulfate transporters 
in selenate transport, cDNAs for sulfate transporters belonging to different groups 
of the sulfate transporter gene family were cloned from both Se hyper- and closely 
related non-accumulating  Astragalus  species (Table  1 ) by PCR techniques. 

 Closely related high-af fi nity Group 1 sulfate transporter genes/cDNA could be 
isolated from all hyper- as well as non-accumulating  Astragalus  species. The different 
cDNAs encoded proteins of 658–662 amino acids. Furthermore Group 2 (Sultr2) 
and Group 3 (Sultr3;4) sulfate transporter isoforms could be identi fi ed from 
 Astragalus racemosus ,  Astragalus drummondii  and  Astragalus bisulcatus . One 
Group 4 sulfate transporter isoform (Sultr4) and a further Group 3 (Sultr3;1) were 
isolated from  Astragalus racemosus . In the phylogenetic analysis, the  Astragalus  
Group 1 clade is distinct from both the  Arabidopsis  and rice equivalent isoforms, 
and is closer to the legume  Stylosanthes hamata  Group 1 sulfate transporter 
(Smith et al.  1995 ; Fig.  1 ). A similar pattern is seen for the  Astragalus  Group 2 
sulfate transporter isoform, which is closely related to the  Stylosanthus  SHST3 isoform 
but distinct to the  Arabidopsis  and rice Group 2 sulfate transporters (Fig.  1 ).  

 The Group 3  Astragalus  isoforms, Sultr3;1 and Sultr3;4, are closely related to 
the  Arabidopsis  homologues, Sultr3;1 and Sultr3;4. The  Astragalus  Group 4 type 
identi fi ed was distinct from  Arabidopsis  4;1 and 4;2 homologues and was thus 
named Sultr4. It has been shown that the number of homologues per group differs 
depending on the species (Fig.  1 ). So far the RT-PCR technique using degenerated 
primer identi fi ed only one Group 4 sulfate transporter isoform. 

   Table 1    EMBL Nucleotide 
Sequence Database accessions 
of putative  Astragalus  sulfate 
transporter genes belonging 
to the Groups 1–4 of the 
sulfate transporter gene 
family   

 Gene (mRNA)  Accession 

 Se hyper-accumulating  Astragalus  species 
  A. racemosus   Sultr1a  FN689510 
  A. racemosus   Sultr1b  FN689511 
  A. racemosus   Sultr1c  FN689512 
  A. racemosus   Sultr2  FN689513 
  A. racemosus   Sultr3;4  FN689514 
  A. racemosus   Sultr4  FR819655 
  A. bisulcatus   Sultr1b  FN689517 
  A. bisulcatus   Sultr2  FN689518 
  A. bisulcatus   Sultr3;4  FN689519 

 Se non-accumulating  Astragalus  species 
  A. glycyphyllos   Sultr1a  FN689515 
  A. glycyphyllos   Sultr1b  FN689516 
  A. drummondii   Sultr1b  FN689520 
  A. drummondii   Sultr2  FN689521 
  A. drummondii   Sultr3;4  FN689522 
  A. crotalariae   Sultr1b  FN689523 



  Fig. 1    Phylogenetic tree of the coding cDNAs of the  Arabidopsis thaliana ,  Oryza sativa , 
 Stylosanthes hamata  and  Astragalus  sulfate transporter family.  A. thaliana  (At) Group 1–4 sulfate 
transporter are: AtST1.1, At4g08620; AtST1.2, At1g78000; AtST1.3, At1g22150; AtST2.1, 
At5g10180, AtST2.2, At1g77990; AtST3.1, At3g51895, AtST3.2, At4g02700; AtST3.3, 
At1g23090; AtST3.4, At3g15990; AtST3.5, At5g19600; AtST4.1, At5g13550; AtST4.2, 
At3g12520.  O. sativa  (Os) Group 1–4 sulfate transporters are from genomic sequences, Buchner 
et al.  (  2004  ) .  S. hamata  Group 1 sequences are: SHST1, X82255; SHST2, X82256; and Group 
2:SHST3, X82454. Full length Group 1 type, Group 2 type and Group 3;4 type and incomplete 
Group 3;1 and Group 4 type  Astragalus  transporter genes isolated in this study are: (in  black bold ) 
Se-hyperaccumulator (Ar), (Ab) and (Ac)  A. racemosus ,  A. bisulcatus , and  A. crotalariae , (Ad) 
and (Ag), (in  blue bold ) Se-non-accumulator  A. drummondii  and  A. glycyphyllos . ClustalW 
(Thompson et al.  2002  )  was used to perform the multiple alignment (all positions containing gaps 
and missing data were eliminated from the dataset). Phylogenetic analyses were conducted in 
MEGA4 (Tamura et al.  2007  )  and the Neighbour-Joining tree was drawn to scale       
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 Conservation of sequences across different members of the sulfate transporter 
family may indicate important residues with structural or functional roles. It is 
hypothesized that sequence variation changing charge, size or polarity of selected 
residues between the equivalent isoforms from hyper- and non-accumulators would 
have the potential to modify the ratio of selectivity of sulfate and selenate transport 
and as a consequence may contribute to the accumulation phenotype. Identi fi cation 
of conserved residues amongst the sulfate transporter family showing variation 
between  Astragalus  types would enable targeting of experimental research to 
regions most likely to be involved in selenate transport speci fi city. Several amino 
acid changes were apparent when comparing the sequences of Group 2 or Group 3;4 
type putative sulfate/selenate transporters from the Se-hyperaccumulator,  Astragalus 
racemosus  and  A. bisulcatus , and the related non-accumulator,  A. drummondii  
(Fig.  2 ). Comparison of Group 1  Astragalus  sequences with other SulP sequences 

  Fig. 2    Predictive model highlighting amino acid variation between putative sulfate/selenate trans-
porters sequences from the Se-hyper-accumulator and the related non accumulator  Astragalus  spe-
cies. Amino acid conserved within the sequences from the Se-hyperaccumulator,  A. racemosus  and 
 A. bisulcatus  ( black bold ), but differing from the sequence of the related non accumulators, 
 A. drummondii , and from the  Arabidopsis  sequence ( blue bold ) are indicated. ( a ) Group 2 type 
sequences. ( b ) Group 3;4 sequences       
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  Fig. 3    Alignment of selected members of the SulP family showing the  fi rst two predicted trans-
membrane helices and highlighting an alanine residue conserved between Group 1  Astragalus  
sequences, otherwise conserved as a glycine residue within sequences from members of the SulP 
family. The alignment was performed using ClustalW (Thompson et al.  2002  ) . The sequences 
shown, with gene identi fi er numbers in parentheses when available are:  Astragalus racemosus  
ArST1A (FN689510), ArST1B (FN689511), ArST1C (FN689512) and ArST3.4 (FN689514);  A.s 
bisulcatus  AbST1B (FN689517);  A. glycyphyllos  AgST1A (FN689515) and AgST1B (FN689516); 
 Arabidopsis thaliana  SULTR1.1 (At4g08620);  Stylosanthes hamata  SHST1 (CAA57710) and 
SHST3 (CAA57831) high and low af fi nity sulfate transporters, respectively;  Saccharomyces 
cerevisiae  SUL1 (P38359); and  Homo sapiens  pendrin (AAC51873)       
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from various organisms highlighted an amino acid, which is an alanine for all the 
cloned Group 1 type  Astragalus  sequences, whereas it is a conserved glycine for all 
other identi fi ed transporters belonging to the eukaryotic sulfate permease (SulP) 
family, including yeast and human transporter proteins (Fig.  3 ). This amino acid is 
located in the second position of the second trans-membrane  a -helice which has 
been shown to be important for transport function and that might determine the 
ion-binding size and confer selectivity of the  fi lter (Shelden et al.  2003 ; Leves et al. 
 2008  ) . As this Gly to Ala transition is found in Sultr1 sulfate transporter genes of 
the all  Astragalus  species, it is unlikely to be responsible for the increased Se 
accumulation in the hyper-accumulating  Astragalus  species.   

 On the other hand, single amino acid alterations in an ion binding site or in the 
transport channel have been shown with other transporters to be suf fi cient to modify 
transport selectivity (   Rogers et al.  2000 ; Yang et al.  2009  ) . Mutation studies in a 
heterologous system will be necessary to examine the roles of  Astragalus  candidate 
amino acids in conferring S versus Se selectivity.     
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  Abstract   A perturbation of the iron levels is observed in maize, as an early effect 
of sulfur deprivation. Ferritins (ferroxidase, EC 1.16.3.1), readily interact with 
Fe(II) inducing its oxidation and its deposition as an insoluble mineral iron core into 
a central enzyme cavity. Fourteen-day-old maize seedlings were subject to sulfur 
(−S) deprivation for 6 days, in a hydroponic culture, and the expression of  ZmFer1  
and  ZmFer2  ferritin genes, in shoots and roots, was monitored at the indicated time 
intervals by means of real time RT-PCR. The response of the individual expression 
levels of the ferritin genes differed under sulfur deprivation. In control plants, the 
range of the relative expression ratio of  ZmFer1  gene was higher in the shoots than 
that of the roots. The same was observed for the expression of the  ZmFer2  gene. The 
relative expression of  ZmFer1  was higher compared with that of  ZmFer2  gene in 
both shoots and roots. S deprivation caused a decrease in  ZmFer1  gene expression 
and an increase in  ZmFer2 . The response of both ferritin genes takes place  fi rst in 
the root.  ZmFer1  gene expression apparently decreased because there was not an 
iron redundancy for storage.  ZmFer2  gene expression increased in response to sulfur 
stress and/or in coordination to antioxidant action, which takes place under the 
aforementioned experimental conditions.      
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 In graminaceous species, iron acquisition depends upon phytosiderophore production, 
which in turn depends upon sulfur assimilation and speci fi cally upon methionine 
biosynthesis. Therefore, an early consequence of sulfur de fi ciency is a perturbation 
in iron content (Astol fi  et al.  2003 ; Bouranis et al.  2003  ) . 

 The iron homeostasis mechanism includes ferritins, which are proteins charac-
terized by highly conserved three-dimensional structures similar to spherical shells, 
designed to accommodate large amounts of iron in a safe, soluble and bioavailable 
form. All ferritins readily interact with Fe(II), in order to induce its oxidation and its 
deposition as an insoluble mineral iron core into a central enzyme cavity, a reaction 
catalyzed by a ferroxidase center. This is an anti-oxidant activity, which consumes 
Fe(II) and peroxides, the reagents that produce toxic free radicals in the Fenton 
reaction. The mechanism of ferritin iron incorporation has been characterized in 
detail, whilst that of iron release and recycling has been studied less thoroughly. 
Generally, ferritin expression is regulated by iron and by oxidative damage, and 
plays a central role in the control of cellular iron homeostasis (Arosio et al.  2009  ) . 

 Ferritin synthesis is developmentally and environmentally controlled, partly 
through the differential expression of the various members of a small gene family. 
Ferritin gene regulation appears to be consisting of a complex interplay of transcrip-
tional and posttranscriptional mechanisms, involving cellular relays such as plant 
hormones, oxidative steps and Ser: Thr phosphatase (Briat et al.  1999  ) . In maize 
two subclasses of ferritin cDNAs and genes ( ZmFer1  and  ZmFer2 ) have been 
characterised (Lobreaux et al.  1992 ; Fobis-Loisy et al.  1995  ) . Expression of  ZmFer1  
and  ZmFer2  is activated by iron. In addition, expression of the  ZmFer1  gene can be 
activated by hydrogen peroxide (Briat et al.  1999  ) . Abscisic acid is required for the 
iron regulated expression of the  ZmFer 2 gene but not for the iron-regulated expression 
of the  ZmFer1  gene, although an abscisic acid response element is present upstream 
of the promoter region of both genes. Moreover, two metal-regulatory elements and 
a drought-responsive element were observed in the  ZmFer2  promoter but not in the 
corresponding  ZmFer1  promoter, suggesting that  ZmFer2  could play a role in stress 
response (Fobis-Loisy et al.  1995 ; Proudhon et al.  1996  ) . 

 The aim of the present study was to examine the response of  ZmFer1  and  ZmFer2  
gene expression, in sulfur deprived maize plants grown in a hydroponic culture. For 
this purpose, 7-day-old maize seedlings were placed in full nutrient solution and 
7 days later, half of them were subject to sulfur deprivation, while the rest of them 
remained in full nutrient solution for 6 more days (Fig.  1 ). The expression of  ZmFer1  
and  ZmFer2  ferritin genes, in the shoots and roots of these seedlings, was monitored 
by means of real time RT-PCR. The oligonucleotide primers used for RT-qPCR are 
listed in Table  1 . The primers were designed using Primer-BLAST (  http://blast.
ncbi.nlm.nih.gov/Blast.cgi    ) and optimised to an equal annealing temperature of 
60°C. Each primer pair was further assessed for speci fi city with melting curve 
analysis and gel electrophoresis of ampli fi cation products. The ef fi ciency of each 
RT-qPCR reaction was calculated using the LinRegPCR software (Ruijter et al. 
 2009  ) . Relative expression of the target gene was calculated using the equation 
described by Pfaf fl   (  2001  ) .  ZmUBQ  was used as internal control. Statistical 
signi fi cance was obtained by two-tailed t-test at  p   £  0.05.   

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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 Under normal growth conditions, 2 days after full nutrient solution (and iron) 
supply, both ferritin genes were expressed in shoots as well as in roots although with 
differing accumulation patterns. This is in agreement with data described by Fobis-
Loisy et al.  (  1995  ) . Relative expression levels of both genes were much higher in the 
shoots than in the roots. Relative expression levels of  ZmFer1  were higher than that 
of  ZmFer2  in both shoots and roots of control seedlings (Fig.  2 ). Trendlines for 
 ZmFer1  gene expression revealed trend of increased expression in the shoots 
(Fig.  2a ) and trend of decreased expression in the roots (Fig.  2 ), whilst  ZmFer2  
showed only tendency of increased expression in both shoots and roots (Fig.  2b , d). 
The relative expression of both  ZmFer1  and  ZmFer2  genes presented oscillations 
around the trendline showing virtually the same pattern. The oscillation range was 
robust in the case of  ZmFer1  and rather marginal for  ZmFer2 .  

 In sulfur-deprived seedlings, at day 17 (3 days under sulfur deprivation),  ZmFer1  
gene expression increased in the shoots (106%) while decreased in the roots (41%), 
compared to control plants (inserted table in Fig.  2 ). At the same day,  ZmFer2  gene 
expression increased in shoots (135%), as well as in roots (136%). Three days later 
(and 6 days under sulfur deprivation), the gene expression patterns were different. 
A decrease in  ZmFer1  gene expression was observed in both shoots and roots (75% 
and 40%, respectively), while  ZmFer2  gene although it showed a decreased 
expression in roots (37%), it also showed a strong increase in shoots (446%). The 
corresponding trendlines decrease in the case of  ZmFer1  gene expression and 
increase in the case of  ZmFer2 , indicating differential rates of accumulation. 
Interestingly, the oscillation pattern of  ZmFer2  gene expression ,  in sulfur-deprived 
roots has been reversed. 

  Fig. 1    Chart of the experimental schedule.  White cells : days of imbibition process and seedling 
development. Afterwards, seedlings were transferred to the hydroponic system where the root 
system was in water for 4 days and then in full nutrient solution. Four samplings took place in the 
control treatment and two in the sulfur deprivation treatment at selected days. An  asterisk  indicates 
the change of the nutrient solution       

   Table 1    The primers used in the real-time RT-PCR   

 Gene  TC target  Forward primer  Reverse primer 

  ZmFer1   TC548925  5 ¢ -GTTGATCAGGCGG
AGGAATA-3 ¢  

 5 ¢ -AATCCCAACGAG
CATAGCAC-3 ¢  

  ZmFer 2   TC462167  5 ¢ -TGAGCTCTGGGTG
GTGTATTC-3 ¢  

 5 ¢ -CCTCCACGTAACA
TCCATCA-3 ¢  

  ZmUBQ   TC549976  5 ¢ -AAGCAGCTGGAGG
ATGGCCGTA-3 ¢  

 5 ¢ -ACGAAGATCTGCA
TGCCACCCCT-3 ¢  
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 S deprivation increased the root/shoot molar ratio of Fe at day 15 (Fig.  3c ) due to 
the perturbation of Fe levels in both shoots and roots (Fig.  3b ). Considering the 
combined functions of ferritins as storage and antioxidant molecules, the decrease 
in sulfur content of the shoots at day 17 (Fig.  3e ) should cause a redundancy of iron 
(Fig.  3b ), which cannot be incorporated into Fe-S clusters. This iron redundancy 
could be handled by the simultaneous increased expression of both ferritin genes. In 
the root, the combination of the decreased  ZmFer1  expression levels with the 
increased  ZmFer2  expression levels, indicates a probable precedency of  ZmFer2,  
possibly due to its role in stress responses. The strong increase of  ZmFer2  gene 
expression in the shoot at day 20 suggests a stronger need for antioxidant action 
during iron handling. Expression of  ZmFer2  in the root decreased with the same rate 
as  ZmFer1 . It should be stressed that the overall observed trend was a decline of 
 ZmFer1  gene expression accompanied by an increase of the corresponding 
 ZmFer2 .      

  Fig. 2    Expression of  ZmFer1  and  ZmFer2  genes, in shoots and roots of young maize seedlings, 
relative to the expression of ubiquitin gene ( ZmUBQ ). Plants in full nutrient solution,  closed circle  
and  full line ; plants in sulfur depleted nutrient solution,  open circle  and  dashed line . Error bars 
represent standard error (n = 9). Sulfur deprivation treatment started at day 14 (indicated by  arrow ). 
Regression analysis has been performed based on the power function as the model and the resulted 
trendline has been applied in all data sets. These trendlines are shown in the inserted  fi gures.  Bold 
trendline  indicates control treatment. Inserted table provides the statistically signi fi cant percent 
changes in  ZmFer1  and  ZmFer2  gene expression in shoots and roots of sulfur-deprived plants by 
means of a two-tailed t-test at  p   £  0.05       

 



167Expression of Ferritins  ZmFer1  and  ZmFer2  Genes in Shoots and Roots…

   References 

    Arosio P, Ingrassia R, Cavadini P (2009) Ferritins: a family of molecules for iron storage, 
antioxidation and more. Biochim Biophys Acta 1790:589–599  

    Astol fi  S, Zuchi S, Passera C, Cesco S (2003) Does the sulfur assimilation pathway play a role in 
the response to Fe de fi ciency in maize ( Zea mays  L.) plants? J Plant Nutr 26:2111–2121  

    Bouranis DL, Chorianopoulou SN, Protonotarios V, Siyiannis V, Hopkins L, Hawkesford MJ 
(2003) Leaf responses of young iron-inef fi cient maize plants to sulfur deprivation. J Plant Nutr 
26:1189–1202  

    Briat JF, Lobrèaux S, Grignon N, Vansuyt G (1999) Regulation of plant ferritin synthesis: how and 
why. Cell Mol Life Sci 56:155–166  

    Fobis-Loisy I, Loridon K, Lobreaux S, Lebrun M, Briat JF (1995) Structure and differential 
expression in response to iron and abscisic acid of two maize ferritin genes. Eur J Biochem 
231:609–619  

    Lobreaux S, Massenet O, Briat JF (1992) Iron induces ferritin synthesis in maize plantlets. Plant 
Mol Biol 19:563–575  

    Mills HA, Jones JB Jr (1996) Plant analysis handbook II. MicroMacro Publishing Inc, Athens  
    Pfaf fl  MW (2001) A new mathematical model for relative quanti fi cation in real-time RT-PCR. 

Nucleic Acids Res 29:e45  

  Fig. 3    Iron and S contents in the shoots and the roots of plants in full nutrient solution ( a ,  d ), along 
with the corresponding effects of S deprivation on Fe and S ( b ,  e ) contents and the root/shoot molar 
ratio respectively ( c ,  f ). Error bars represent standard error (n = 9). Sulfur deprivation treatment 
started at day 14 (indicated by  vertical arrow ).  Horizontal arrow  indicates which curve corresponds 
to the  right  axis. Fresh weight per sample (shoot, root) was recorded, samples were oven-dried at 
80°C, dry weight was recorded and the samples were ground to pass a 40-mesh screen using an 
analytical mill (IKA, model A10) prior to chemical analysis (Mills and Jones  1996  ) . Fe and S were 
determined following a wet acid digestion procedure based on the combination of HNO 

3
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H 
2
 O 

2
  for Fe analysis and dry ashing for S analysis (Mills and Jones  1996  ) . The concentration of Fe 

was determined in the digests by atomic absorption spectrophotometry using a GBC Avanta 
spectrophotometer. S was extracted from the ash with 2% acetic acid and the concentration of S 
was determined by using a turbidimetric method (Sörbo  1987  )        
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  Abstract   In the last years  Brassica juncea  plants have been studied and utilized for 
heavy metal phytoremediation. In the present study plants of  Brassica juncea  were 
exposed for 24 h to 200  m M molybdate, and the interaction between molybdate and 
sulfate was evaluated. The presence of Mo in the medium affected the biomass of 
the plants. In particular, the effect was evident in roots, which appeared to be the 
primary target of molybdenum toxicity. In the plants supplied with Mo, the S content 
was reduced consistently with the decline of the sulfate uptake rates. However, the 
transcript level of the sulfate transporter  BjSultr2;1  in roots was unchanged, while 
Mo treatment clearly enhanced the  MOT1  transcript accumulation. The content of 
glutathione (GSH) decreased in roots and leaves of plants exposed to Mo, likely 
due to the competition of molybdate with sulfate for the access to the sulfur 
metabolic pathway.      

 Molybdenum (Mo) is an essential micronutrient for plants and is used for the bio-
synthesis of a pterin-based Mo cofactor (Moco), a component of some enzymes 
involved in sul fi te detoxi fi cation, purine catabolism, nitrate assimilation, and absci-
sic acid biosynthesis (Schwarz et al.  2009 ; Kruse et al.  2010  ) . It is known that plants 
take up molybdenum mainly in the dissolved form of molybdate (Kaiser et al.  2005  ) . 
Mo concentration in soils can increase as a result of industrial, mining and agricul-
tural activities. Excess Mo in soil can induce toxicity symptoms, including stunted 
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plant growth and low productivity (Nautiyal and Chatterjee  2004  ) . The mechanisms 
of Mo transport, distribution and accumulation inside cells have been only partially 
elucidated to date. A molybdenum transporter (MOT1) was isolated in  A. thaliana  
and proved to function as a regulator of total plant Mo accumulation and homeosta-
sis (Tomatsu et al.  2007 ; Baxter et al.  2008 ; Tejada-Jiménez  et al.  2009  ) . MOT1 is 
localized to mitochondria and, in part, to plasma membranes and to vesicles 
(Tomatsu et al.  2007 ; Baxter et al.  2008  ) . It is primarily expressed in roots, particu-
larly in endodermis and stele cells, but its expression can also be detected in the 
shoot. Molybdenum is known to interfere with S transport (Fitzpatrick et al.  2008  )  
and assimilation (Wangeline et al.  2004  ) . On account of this, the relationship 
between S and Mo would attain signi fi cant attention in phytoremediation technolo-
gies as the managing of S application can in fl uence Mo accumulation and distribu-
tion in plant tissues (MacLeod et al.  1997 ; Shinmachi et al.  2010  ) . In the present 
study the interaction between molybdate and sulfate was investigated in  Brassica 
juncea , a plant species known to accumulate molybdenum (Hale et al.  2001  ) . 

 Seeds of  B. juncea  (L.) Czern. (Cv. PI 426314) were allowed to germinate and 
grow for 8 days in agar MS-medium inside a chamber with a 13 h light/11 h dark 
cycle, air T of 20/15°C, relative humidity of 70/85% and at a PFD of 280 mol m −2  s −1 . 
Seedlings were then transferred to 3 l plastic pots containing a thoroughly aerated 
nutrient solution with the following composition: 40  m M KH 

2
 PO 

4
 , 200  m M Ca(NO 

3
 ) 

2
 , 

200  m M KNO 
3
 , 200  m M MgSO 

4
 , 10  m M FeNaEDTA, 4.6  m M B, 1.1  m M Cl, 0.9  m M 

Mn, 0.09  m M Zn, 0.01  m M Mo. The nutrient solution was renewed every 2 days. 
After 4 days, plants were split in two groups: one group was kept in the same nutri-
ent conditions and the second group was supplied with the nutrient solution added 
with molybdenum (200  m M) in the form of ammonium molybdate ((NH 

4
 ) 

6
 Mo 

7
 O 

24
 ). 

After 24 h, individual plants were harvested and their fresh weight was measured to 
evaluate the degree of tolerance to molybdate. S and Mo content in plant tissues 
were determined via ICP-AES. The content of glutathione (GSH) was determined 
according to Wirtz et al.  (  2004  )  and sulfate uptake experiments were performed as 
described by Quaggiotti et al.  (  2003  ) . The analysis of  BjSultr2;1  and  MOT1  gene 
expression was performed via semi-quantitative RT-PCR according to Schiavon 
et al.  (  2008  ) , and  PP2A  (phosphatase 2A), was used as an internal control. 
Measurements were made on three replicates for each treatment. Analysis of vari-
ance was performed followed by pair-wise post-hoc analyses to determine which 
means differed signi fi cantly. Statistically signi fi cant differences ( P  < 0.05) are 
reported in the text and shown in the  fi gures. 

 A 24 h exposure of plants to 200  m M molybdate negatively affected plant biomass 
production; it decreased with 13%. Mo mainly affected the fresh weight of roots, 
which hence appeared to be the primary target of molybdenum toxicity. This was 
probably because the majority of Mo accumulated in the root, although high levels 
of the metal were also measured in the leaves (Table  1 ). As a result of Mo addition 
to plants, the decrease of sulfur content was observed, both in roots and leaves 
(Table  1 ). The reduction of S content was consistent with the decline of the sulfate 
uptake rates (−30%) (Fig.  1 ), but the sulfate transporter  BjSultr2;1  transcript level 
in roots was unchanged (Fig.  2 ). This result indicates that Mo competed with S for 
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the transport through sulfate permeases, but did not trigger the signals responsible of 
the up-regulation of  BjSultr2;1 , usually observed in S-de fi ciency conditions 
(Schiavon et al.  2008  ) . However, the high accumulation of Mo in roots and leaves 
could not be only ascribed to the activity of sulfate transporters. Indeed, other trans-
porters could be implied in molybdate transport, like MOT1. The increase of  MOT1  
transcript accumulation we observed could determine the enhancement of the 
molybdenum transport system, and is consistent with previous studies, where the 
availability of Mo was shown to up-regulate the expression of MOT1 in  Arabidopsis 
thaliana  plants (Tomatsu et al.  2007 ; Baxter et al.  2008  ) .    
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  Fig. 1    Effect of molybdate treatment on sulfate uptake in  B. juncea  plants. Sulfate uptake was 
evaluated by measuring the rate of  35 SO  

4
  2−   absorption over a 10 min pulse period. Mean sulfate 

uptake rate in control plants was 754 ± 66 nmol SO  
4
  2−   g −1  FW. Data are the means of three replicates 

(±SD) with eight plants in each per treatment. Letters above  bars  indicate signi fi cant differences 
( P <  0.05)       

   Table 1       The effect of molybdate on molybdenum and sulfur content of roots and leaves of 
 B. juncea    

 Control  200  m M molybdate 

 Roots  Leaves  Roots  Leaves 

 Molybdenum (mg kg −1  DW)  0.06 ± 0.01c  n.d.  868 ± 813a  487 ± 56b 
 Sulfur (g kg −1  DW)  8.04 ± 0.74b  10.11 ± 1.29a  6.75 ± 0.29c  6.49 ± 0.83c 

  Plants were exposed to 200  m M molybdate for 24 h. Data represent the mean of  fi ve measurements 
with ten plants in each (±SD)
a, b, c indicate signi fi cant differences (P < 0.05) 
  n.d.  not detected  
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 The level of glutathione (GSH) was comparable between roots and leaves, 
regardless of Mo treatment (Fig.  3 ). When plants were exposed to molybdenum, the 
content of GSH decreased to a similar degree in roots and leaves of roughly –40%. 
The opposite effect on GSH accumulation was observed in roots of plants exposed 
to the analogous oxyanion, chromate, and was supposed to be a consequence of 
oxidative stress (Schiavon et al.  2008  ) . In the present study the drop of GSH level 

  Fig. 2    Gene expression of root transcript accumulation of the low af fi nity sulfate transporter, 
 BjSultr2;1 , and molybdenum transporter,  MOT1 , in  B. juncea  plants grown with or without Mo. 
The constitutively expressed phosphatase 2A (PP2A) gene was used as an internal control. Between 
14 and 30 cycles were tested to determine the optimal number of cycles, corresponding to the 
exponential phase in the ampli fi cation for each gene       
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  Fig. 3    The effect of molybdate on gluthathione content of roots and leaves of  B. juncea  plants. 
Data are the means of three replicates (±SD ) with 30 plants in each per treatment. Letters above 
 bars  indicate signi fi cant differences ( P <  0.05)       
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was likely due to the competition of molybdate with sulfate for the access to the 
sulfur metabolic pathway, since both anions function as substrates for ATP sulfurylase 
(Wangeline et al .   2004  ) .  

 The presence of Mo in the plant substrate clearly interfere with S acquisition, 
con fi rming that the interaction between molybdate and sulfate is a key factor that 
should be taken into consideration when  B. juncea  plants are going to be used for 
Mo phytoremediation.     
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  Abstract   Exposure of Chinese cabbage ( Brassica pekinensis ) to an enhanced Cu 2+  
level (4  m M) resulted in a reduced plant biomass production and an increased shoot 
to root ratio at both sulfate-suf fi cient and sulfate-deprived conditions. However, sulfate 
deprivation had a more rapid negative effect on plant biomass production than an 
enhanced Cu 2+  level, The expression and activity of the sulfate transporters and the 
expression of APS reductase in Chinese cabbage were rapidly up-regulated (already 
after 1 or 2 days) upon exposure to 4  m M Cu 2+ , sulfate deprivation and their combination. 
Though the impact of sulfate deprivation on the expression and activity of the sulfate 
transporters was hardly further affected by Cu 2+ .      

 The uptake, distribution and assimilation of sulfur are modulated by the plant sulfur 
status and the sulfur demand for growth (Hawkesford and De Kok  2006  ) . Sulfate 
deprivation of Chinese cabbage resulted in a rapidly induced expression of Sultr1;1 
and an enhanced expression of the constitutively expressed Sultr1;2 in the root, 
accompanied with an increased sulfate uptake capacity (Koralewska et al .   2008 , 
 2010 ; Stuiver et al .   2009  ) . A one week exposure of Chinese cabbage ( Brassica 
pekinensis ) to enhanced Cu 2+  levels ( £  5  m M) resulted in a decreased plant biomass 
production, an altered mineral composition, an enhanced expression of the Group 1 
high af fi nity sulfate transporters and an enhanced sulfate uptake activity (Shahbaz 
et al .   2010a,   b  ) . The up-regulation of the sulfate transporters in Chinese cabbage 
upon Cu 2+  exposure was likely not only due to a higher sulfur demand necessary for 
the synthesis of metal-binding compounds ( viz . phytochelatins), but might also be 
the consequence of a direct interference/reaction of Cu with the signal transduction 
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pathway involved in the regulation of the sulfate transporters (Shahbaz et al .   2010a  ) . 
In the present study the interaction between an enhanced Cu 2+  level and sulfur nutri-
tion was further studied in Chinese cabbage. 

 Ten-day old seedlings of Chinese cabbage ( Brassica pekinensis  (Lour.) Rupr. cv. 
Kasumi F1 (Nickerson Zwaan, Made, The Netherlands) were grown on a 25% 
Hoagland nutrient solution (see for composition Shahbaz et al.  2010a  )  containing 
0.5 mM sulfate in 30 l containers (20 sets of plants per container, 3 plants per set) in 
a climate-controlled room for 7 days. Subsequently, plants were transferred to a 
fresh nutrient solution containing 0.5 mM sulfate (+S) or 0 mM sulfate (−S) at 0 
and/or 4  m M CuCl 

2
  and grown for 1, 2, 3 and 4 days. Biomass production, metabolite 

content, sulfate uptake capacity, extraction of RNA and determination of expression 
of sulfate transporters and APS reductase (APR) were carried out as described 
previously (Koralewska et al .   2009 ; Shahbaz et al .   2010a  ) . 

 Exposure of Chinese cabbage to 4  m M Cu 2+  resulted in a decreased plant biomass 
production, an increased dry matter content (data not shown) and an increased shoot 
to root ratio, as has been observed previously (Fig.  1 ; Shahbaz et al .   2010a  ) . Root 
growth was more rapidly affected than shoot growth, resulting in an increased shoot 
to root ratio already after 2 days (Fig.  1 ). Similarly to previous observations 
(Koralewska et al .   2008 ; Stuiver et al .   2009  ) , sulfate deprivation of Chinese cabbage 
resulted in a decreased plant biomass production and in a change in shoot to root 
biomass partitioning in favor of that of the root, as illustrated by a decrease in shoot 
to root ratio (Fig.  1 ). A simultaneous exposure of plants to sulfate deprivation and 
4  m M Cu 2+  resulted in an almost similar decrease of plant biomass production as 
observed upon Cu 2+  exposure of sulfate-suf fi cient plants. The shoot to root biomass 
partitioning, however, was quite similar to that observed for Cu 2+ -exposed sulfate-
suf fi cient plants (Fig.  1 ). There was an increase in dry matter content of the root of 
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  Fig. 1    Impact of Cu 2+  and sulfate deprivation on plant biomass production (g FW) and shoot to 
root ratio of Chinese cabbage. Seedlings were grown on 25% Hoagland nutrient solution contain-
ing 0.5 mM sulfate in a climate-controlled room for 7 days, transferred to a fresh nutrient solution 
at 0.5 mM sulfate (+S) or 0 mM sulfate (−S) and containing supplemental 0 or 4  m M Cu 2+  for 1, 2, 
3 and 4 days. See for methods Koralewska et al .   (  2009  )  and Shahbaz et al .  (2010). Data represent 
the mean of 15 measurements with 3 plants in each (±SD). Different letters indicate signi fi cant 
differences between treatments within the day of exposure (p < 0.01, Student’s t-test)       
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the Cu 2+ -exposed sulfate-deprived plants after 3 days, whereas that of the shoot 
remained unaffected (data not shown). Evidently, upon a 4 day-exposure, the impact 
of sulfate deprivation on plant biomass production was more pronounced (more rapidly) 
than that at enhanced Cu 2+  levels.  

 At sulfate-suf fi cient conditions, Cu 2+  exposure resulted in a rapid increase in 
water-soluble non-protein thiol content in both root and shoot. However, the thiol 
accumulation was much more pronounced in the root than in the shoot; after 4 days 
its content had increased 4-fold and 1.5-fold in root and shoot, respectively (Fig.  2 ). 
It was evident that in Chinese cabbage only a small proportion of the increase in 
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  Fig. 2    Impact of Cu 2+  and sulfate deprivation on nitrate, sulfate and thiol content ( m mol g −1  FW) 
of Chinese cabbage. For experimental details see legend Fig.  1 . Data represent the mean of three 
measurements with three plants in each (±SD). Different letters indicate signi fi cant differences 
between treatments (p < 0.01, Student’s t-test)       
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thiol content could be ascribed to a Cu 2+ -induced synthesis of phytochelatins 
(   Shahbaz et al .   2010a ).  

 The sulfate content of the root was hardly affected upon Cu 2+  exposure, but its 
content in the shoot started to increase after 2 days up to 1.5-fold after 4 days of 
exposure (Fig.  2 ). In contrast, the nitrate content decreased in both root and shoot 
upon Cu 2+  exposure (Fig.  2 ). 

 Upon sulfate deprivation the thiol and sulfate content were strongly decreased in 
both root and shoot. However, the nitrate content of the shoot was increased, whereas 
that of the root was not affected upon sulfate deprivation (Fig.  2 ; Koralewska et al .  
 2008 ; Stuiver et al .   2009  ) . The thiol content in the root of plants simultaneously 
exposed to sulfate deprivation and 4  m M Cu 2+  was increased after 1 day, thereafter it 
remained unaltered (Fig.  2 ). In the shoot, however, the thiol content was increased 
after 1 day and remained higher than that of the sulfate-deprived plants up to 4 days of 
exposure (Fig.  2 ). The strong decrease in thiol content in both root and shoot upon 
sulfate deprivation was most likely due to growth dilution and/or metabolism of thiol 
compounds to support the synthesis of other essential organic sulfur-containing 
compounds ( e.g.  proteins). The thiol content of plants simultaneously exposed to sul-
fate deprivation and 4  m M Cu 2+  remained unaltered/higher in the root and shoot than 
in sulfate-deprived plants. This might indicate that part of the accumulated thiols upon 
Cu 2+  exposure, presumably the phytochelatins fraction could not be re-metabolized. 
The nitrate content of Chinese cabbage simultaneously exposed to sulfate deprivation 
and Cu 2+  was not substantially affected in the both root and shoot (Fig.  2 ). 

 Exposure of Chinese cabbage to 4  m M Cu 2+  resulted in an enhanced expression 
and activity of the sulfate transporters in the root (Figs.  3  and  4 ). The expression of 
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the constitutively abundant sulfate transporter Sultr1;2 and the sulfate uptake capacity 
were already up-regulated after 1 day of exposure (Figs.  3  and  4 ). In both root and 
shoot, also the Group 4 sulfate transporter Sultr4;1 was already up-regulated upon 
1 day of Cu 2+  exposure, whereas in the root also Sultr4;2 was slightly up-regulated 
upon 4 day of exposure (Fig.  3 ). The expression of APS reductase, the key regulating 
enzyme in sulfate reduction pathway, was  fi rst up-regulated upon 1 day of Cu 2+  
exposure in the root, but after 2 days it was down-regulated again to a level similar 
to that of non-exposed control plants (Fig.  4 ). The expression of APS reductase in 
the shoot, however, was not affected upon Cu 2+  exposure (Fig.  4 ). The transient 
up-regulation of APR in the root may illustrate a temporary up-regulation of the 
sulfate reduction pathway possibly needed for a Cu-induced synthesis of thiols 
(presumably glutathione and for a lesser part phytochelatins; Shahbaz et al. 2010), 
in response to excess of Cu taken up by the root (Figs.  3  and  4 ).   

  Fig. 4    Impact of Cu 2+  and sulfate deprivation on mRNA abundance of sulfate transporters ( Sultr ) 
and APS reductase ( APR ) in the root and shoot of Chinese cabbage. For experimental details see 
legend Fig.  1        

 



180 M. Shahbaz et al.

 Sulfate deprivation also resulted in an enhanced expression of Sultr1;1 and 
Sultr1;2 in the root, an enhanced expression of Sultr2;2, Sultr4;1, Sultr4;2 and APR 
in both root and shoot, and in an increased sulfate uptake capacity of the root (Figs.  3  
and  4 ; Koralewska et al .   2008 ; Stuiver et al .   2009  ) . A simultaneous exposure of 
plants to sulfate deprivation and 4  m M Cu 2+  hardly affected the observed up-regulated 
expression of the sulfate transporters and APR, but after 2 days it resulted in a 
slightly less up-regulation of Sultr1;1 in the root along with the decrease in the 
sulfate deprivation-induced up-regulation of the sulfate uptake capacity of the root 
(Figs.  3  and  4 ). 

 From the current results it was evident that sulfate deprivation had a more rapid 
negative affect on plant biomass production than enhanced Cu 2+  levels. Cu 2+  exposure 
disturbed the sulfate metabolism very rapidly and already after 1 day, the expression 
and the activity of the sulfate transporters were up-regulated. It is unlikely that the 
up-regulation of the sulfate uptake could solely be attributed to a higher sulfur need 
upon Cu 2+  exposure, since Cu 2+  exposure also resulted in enhanced sulfate levels in 
the shoot. The consequences of sulfate deprivation on plant growth and the expression 
and activity of the sulfate transporters,  e.g.  the induction and up-regulation of sulfate 
transporters and APS reductase, was hardly further affected by an enhanced Cu 2+  
level, indicating that sulfate deprivation more or less surpassed the development of 
Cu toxicity.     
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  Abstract   Food security is an issue that will continue to challenge agricultural 
production and the distribution of produce. While access to food has improved in 
the past couple of years the challenges of a changing climate, urbanization, and 
resource security will require attention to improving productivity within the cur-
rent land resource. Fertilizers enable half the world’s food to be produced. Sulfur 
is important as an essential plant nutrient that assists with both the quantity and 
the quality of a range of plant products. It is also critical for animal nutrition. In 
crops, nitrogen and sulfur nutrition are closely tied and changes in N/S ratio can 
result in changes in grain quality. This balance, along with the role of nitrogen and 
phosphorus, indicate that sulfur is a key part of a balanced plant nutrition program 
to meet future food security. Grains represent the major depletion of sulfur in a 
national sulfur audit, followed by livestock, and a national audit suggests an 
annual sulfur removal of 0.4 kg S ha −1 , similar to an audit from 1995. This is bal-
anced by the input of sulfur containing fertilizer as well as the use of agricultural 
gypsum and manures and inputs from sulfur in irrigation water and the atmo-
sphere. Much of the sulfur in soils is present in organic matter, which must be 
mineralized before plants can access it. Sulfate ions remain in soil solution and are 
readily leached, and with changing farming systems, the number of sulfur de fi cient 
soils is increasing. As a result, there has been a steady increase in the demand for 
sulfur for crop nutrition. There is a global supply of around 50 Mt of sulfur, with 
nearly all recovered from S-rich oil and gas with a growth of around 5% per 
annum predicted. 85% of sulfur is used for sulfuric acid production including the 
manufacture of a range of sulfur containing fertilizers such as ammonium sulfate 
and single superphosphate, although newer sulfur forti fi ed products are entering 
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the market. Attention to using the appropriate source of sulfur at the right rate and 
at the right time and place will be key strategies to help with sustainable food 
production now and in the future.      

   Introduction 

 Food security is de fi ned by the Food and Agriculture Organisation (FAO)  (  2010  )  as 
when all people, at all times, have physical, social and economic access to suf fi cient, 
safe and nutritious food. While they conclude from the 2010 report that the number 
and proportion of hungry people are declining, hunger remains as a challenge 
for nearly one billion people, particularly as food prices rise. Indeed, the spike in 
food prices during the 2008 global food crisis demonstrated how sensitive the 
world is to a sudden decline in food availability (Sheales and Gunning-Trant  2009  ) . 
Even though the food price index eased after the 2008 peak, from October 2010 it 
has climbed back up and by February 2011 it was 6% higher than the 2008 peak 
(FAO  2010  ) . The index has stayed above the previous 2008 peak for most of 2011 
(FAO  2011  ) . This is a problem that will not easily go away. 

 The grain production for the 2011/2012 crop season is forecast for a record 
689 Mt up 3.5 Mt on the 2009/2010 previous record. Demand is also strong but supply 
increases have meant that ending stocks will be around 4% up at the end of the 
2011/2012 season. The current carryover is around 29% of consumption, and this 
has steadily built up from a low of around 22% since 2007/2008 (United States 
Department of Agriculture  2011  ) . In terms of food security, the situation for all 
grains (coarse grains and wheat) is somewhat worse that just for wheat – with stocks 
at 20% of consumption. Pre-2000 stocks were never less than 22% of consumption 
but since 2000, stocks have fallen to less that 20% in 5 of 10 years. 

 Looking forward to 2050 where the global population will reach over nine billion, 
ensuring food security is a signi fi cant challenge, especially against the other issues 
facing agriculture and land use across the globe. By 2050, global food demand is 
expected to double, and this is set against a background of static land area, climate 
change, demand of land for nature and the growth in non-food uses for crops 
(Millennium Project  2008  ) . 

 The objective of this chapter is to provide a link between food production and 
management of sulfur as a plant nutrient of emerging importance to agriculture. 
It considers the link between fertilizers and food security and presents some of the 
current issues relating to sulfur management in crop and pasture production.  

   Linking Food Security to Fertilizers 

 Productivity growth in agriculture is the key strategy to meet food security and the 
impact of science has been to improve grain yield per unit land area, with only 
limited recourse to expanding production areas. Cassman  (  1999  )  termed this need 
for high productivity from the same area of land as ecological intensi fi cation and 
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this has delivered increasing food supply as well as preserving land for wildlife and 
non-agricultural pursuits. Fertilizers play a key role in supporting ecologically 
sustainable production; with around half the current crop yield attributable to the 
use of commercial fertilizer (   Stewart et al .   2005 ). 

 Just as the demand for food increases, the demand for nutrients is steadily increas-
ing with an annual growth rate of +2.5% per year (Heffer and Prud’homme  2010  ) . 
This steady growth follows a price spike in fertilizers in 2008 that saw prices for 
DAP rise from around US$250 to around US$800 (free on board, Middle East). 
Prices for other fertilizers followed that trend but all quickly slipped back after that 
peak. For example the price for sulfur rose to >US$450 t −1  at port in the Middle East 
but  fi nished around US$175 t −1 . The price for nutrients such as sulfur is driven by a 
large number of supply and demand factors, including international trade policies 
and energy costs and as such it is not possible to predict actual prices into the future. 

 While prices are uncertain and volatile, what is certain is that demand for nutri-
ents to meet the increasing demand for food will continue because yield is directly 
related to the amount of nutrients taken up by a crop. Fertilizers combined with 
good soil management, the correct varieties and crop protection programs melded 
together in a complete agronomic package are required to achieve high and pro fi table 
yields. A good example is the progress made in maize production in Malawi, which 
has had a range of policy initiatives to promote maize production over the past 
45 years. An analysis of maize production over that period concluded that maize 
production and hence food security is positively linked to increased fertilizer use 
through fertilizer subsidies (Mkware and Marsh  2011  ) . 

 On a global scale, food security cannot be achieved without the effective use of 
fertilizer nutrients in combination with other nutrients sources such as residues and 
manures on-farm. In the absence of fertilizers, nutrients removed by the produce 
sold off the farm are effectively lost from the production system. Balanced and 
complete nutrient management programs will help all farmers meet the demands of 
society for nutritious and available food into the future and attention to sulfur nutri-
tion is emerging as an important issue to consider.  

   Sources and Uses of Sulfur 

 Sulfur is the thirteenth most abundant element in the earth’s crust and commercial 
sources are derived from ores mined from surface or shallow deposits or as 
by-products from sul fi de ore or sulfates ( e.g.  gypsum). About 75% of the sulfur that 
is traded is derived from “sour gas” or sulfur rich oil and gas wells. This is done 
using the Shell-Paques process, where di-hydrogen sul fi de is reacted with sodium 
hydroxide to produce elemental sulfur (“brimstone”). Most of this sulfur is then 
converted to sulfuric acid, which is the world’s most used chemical and is used in 
many manufacturing and chemical industries. It is used in superphosphate manu-
facture as well as for the production of N, K and sulfur fertilizers. Other used include 
the production of cosmetics, pigments, water treatment, pharmaceutical and steel 
pickling (The Sulphur Institute  2011  ) . 
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 While current oil and gas may have only 50 years of reserves left, the United 
States Geological Survey suggests that there are around  fi ve billion t of sulfur avail-
able in tar sands, and an additional 600 billion t in coal and shale. Mean sulfur 
production (2002–2008) was 46.5 Mt (Heffer and Prud’homme  2010  )  mostly from 
North America (36%) and Eastern Europe and Central Asia (17%). Demand is in 
balance with supply and around 24% of the global production is used in North 
America. Half the global sulfur supply is traded internationally, with Canada as the 
largest exporter and China, Morocco and the USA are the largest importers (Heffer 
and Prud’homme  2010  ) . The world demand for sulfur is increasing by 0.7% annu-
ally, and growth is strongest in South Asia and Latin America (Table  1 ) where agri-
cultural production is also expanding. International Fertilizer Industry Association 
also suggests that growth will increase globally around 62 Mt by 2014/2015, which 
is an annual rate of 2.6%, which is consistent with the growth in demand for N, P 
and K over the same period (Heffer and Prud’homme  2010  ) .   

   Changing Role of Sulfur 

 Sulfur is an essential plant and animal macronutrient, along with N, P, K, Ca and 
Mg, and over the past few decades it has attracted increasing interest from produc-
ers and agronomists. This is due to several factors including higher crop yields lead-
ing to more sulfur off-take, reduced use of sulfur containing pesticides and slower 
organic matter turnover under conservation tillage practices (Blair  2002  ) . There are 
two key changes that have had the largest impact and these are the change to high 
analysis fertilizers globally, and in the northern hemisphere particularly, a reduction 
in sulfur deposition from the atmosphere. 

 In 1921–1922 it was reported from the US mid-west that sulfur deposition in 
rainfall was around 55 kg S ha −1  in a rural area and over 150 kg S ha −1  in Chicago 
(Eaton and Eaton  1926  ) . Over the last few decades, industrial societies have reduced 
atmospheric pollution by replacing high-S coal and oil with low-S natural gas, 

   Table 1    Global sulfur supply and consumption, 2000–2008 (Heffer and Prud’homme  2010  )    

 Region  S production (Mt)  S consumption (Mt)  Annual growth (%) 

 West Europe  45.7  36.3  0.9 
 Central Europe  12.2  7.7  −1.2 
 E. Europe and C. Asia  78.1  42.9  1.9 
 North America  169.1  113.0  −2.8 
 Latin America  19.2  32.4  4.4 
 Africa  3.6  65.8  1.5 
 West Asia (M. East)  69.4  20.2  −1.1 
 South Asia  6.5  25.4  2.4 
 East Asia  46.0  96.3  9.4 
 Oceania  0.8  8.3  9.9 
 Various  –  2.0  −24.6 
  Total    450.5    450.5  
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nuclear energy, and a range of renewable energy sources. These changes in energy 
use have resulted in a major reduction in sulfur deposition from atmospheric sources, 
often termed “acid rain” because of the unnaturally low pH of the rainwater. 
Atmospheric SO 

2
  concentration across much of Europe has declined, for example 

from around 4  m g S m −3  to less than 1  m g S m −3  between 1980 and 2000 (Norwegian 
Institute for Air Research 2003, as reported in McNeill et al .   2005 ). In turn this has 
led to a reduction in deposition from, from 1 kg S ha −1  year −1  in rural areas of northern 
Norway to more than 20 kg S ha −1  year −1  in industrial areas, with an average of 
2–10 kg S ha −1  year −1  in many areas (McGrath et al .   2002 ). 

 The reduced atmospheric input has been coupled with cropping system changes 
that have resulted in growing crops with a greater sulfur requirement, such as canola 
(oilseed rape,  Brassica napus ), lucerne ( Medicago sativa ), pulse crops ( eg  peas, 
 Psium sativum ) or cruciferous forages ( Brassica  spp.). Other crops such as wheat 
( Triticum aestivum ), sugar beet ( Beta vulgaris ) and peanut ( Arachis hypogaea ) 
are generally considered to have a low sulfur demand (Spencer  1975  ) . For example, 
a 5 t ha −1  wheat crop will remove around 6 kg S ha −1  while a 3 t ha −1  canola crop will 
remove 15 kg S ha −1  (Reuter and Robinson  1997  ) . In general, crop yields overall 
have increased as a result of improved agronomic practice and superior varieties, 
which in turn increases the overall demand on nutrients including S. 

 There has also been a reduction in the use of sulfur containing pesticides (Blair  2002  )  
and a general decline is soil organic matter and in consequence organic S. The decline 
in soil organic matter to a new equilibrium is a consequence of accelerated breakdown 
of humus mainly due to tillage and the removal of N and other nutrients in harvested 
products (Connor et al .   2011  ) . Soil organic sulfur fractions are highly correlated with 
organic carbon and organic nitrogen contents and the ratio of organic forms of C/N/S 
from 976 soils from across the globe was around 100/8.3/1.4 (Kirkby et al .   2011  ) , 
which was a similar ratio to an earlier report from Scotland (Williams et al .   1960  ) . So, 
any reduction in soil organic matter is likely to reduce the overall supply of S. 

 Single superphosphate (9% P, 11% S, Table  2 ) was  fi rst developed by Lawes and 
Gilbert in 1843 in the United Kingdom (Rothamsted Research  2006  )  and the process 

   Table 2    Approximate percentage nutrient composition of some common fertilizer products   

 Product  N (%)  P (%)  K (%)  S (%) 

 Sulfur bentonite  0  0  0  90 
 Elemental sulfur  0  0  0  >85 
 Ammonium polysul fi de  20  0  0  40–45 
 Ammonium thiosulfate  12.0  0  0  26 
 Ammonium sulfate  20.2  0  0  24 
 Langbenite  0  0  17  21 
 Potassium sulfate  0  0  41  18 
 Magnesium sulfate  0  0  0  14 
 Gypsum  0  0  0  12–18 
 Superphosphate  0  8.8  0  11 
 DAP  18.0  20.0  0  1.6 
 MAP  10.0  21.9  0  1.5 
 Triple superphosphate  0  20.7  0  1.0 
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patented by Lawes involved the acidulation of low solubility P sources with sulfuric 
acid. Even though P was considered the main nutrient supplied, single superphos-
phate also supplied plant available sulfur and calcium. The use of superphosphate 
was one of the great innovations and it was pivotal in the development of modern, 
productive agricultural systems in places such as Australia (Donald  1965  ) . However, 
with more intensive and ef fi cient farming systems there has been a trend away from 
using single superphosphate. This trend has been due to a range of factors including 
a reduction in the availability of phosphate rock suitable for superphosphate produc-
tion. Current world phosphate fertilizer production and use is mainly ammoniated 
phosphates in particular mono-ammonium phosphate (MAP) and di-ammonium 
phosphate (DAP). In Australia, for example, 68% of phosphorus is applied as DAP 
or MAP and 27% as single superphosphate (Fertilizer Industry Federation of 
Australia  2010 ). Indeed most annual crops are now sown with low sulfur fertilizers 
such as MAP, DAP or triple superphosphate, mainly to increase the ef fi ciency in 
transport and handling due to their higher nutrient density. As well, the share of 
ammonium sulfate (20% N, 24% S) in the total European N market has fallen from 
7.2% in 1973 to 3% in 1991 (Ceccotti and Messick  1994  )  and is now a little less 
than 4% of total N used globally (Heffer and Prud’homme  2010 ).  

 In 1995 and 1996 a nutrient balance by region was constructed across Australia. 
In most regions, sulfur inputs from fertilizer, soil amendments, water and atmo-
sphere was 10–40 kg S ha −1  year −1  while exports were generally less than 10 kg S 
ha −1  year −1 . Sulfur balance varied from being slightly positive (2–5 kg S ha −1  year −1 ) 
to being very highly positive (20–50 kg S ha −1  year −1 ), but in southern and central 
Queensland, there were highly negative balances. These values were recalculated 
for the period 2005–2009 using  fi gures from the state production  fi gures (Australian 
Bureau of Agriculture and Resource Economics and Science  2010  ) , it was esti-
mated that 113 kt S year −1  was removed in farm produce. The state fertilizer use 
 fi gures (Fertilizer Industry Federation of Australia  2010 ) indicate that around 
245 kt S year −1  is applied, so that Australia is notionally in a positive sulfur balance. 
Based on the areas fertilized, this is a continental surplus of +2.9 kg ha −1  year −1 . Not 
included in this balance was added sulfur from mined or by-product gypsum (3.5 Mt 
mined annually, United States Geological Survey  2011  ) , the atmospheric input 
(4.5 ± 2.1 kg S ha −1  year −1 , National Heritage Trust  2001  )  or sulfur input from irriga-
tion. For the latter, the actual sulfur input depends on the position of the supply in 
the water shed, with areas lower down the water shed having signi fi cantly more 
sulfur input that areas at the top of the water shed. 

 Despite this apparent surplus, the National Land and Water Audit (National 
Heritage Trust  2001  )  reported that the amount of plant available sulfur (as measured 
by KCl40, Blair et al .   1991  )  was less than a critical value of 5 mg/kg on 11% of soils 
across Australia, and was below that level on 25% soils in New South Wales and 
only on 3% of soils in Victoria. More recent data from the Nutrient Advantage soil 
testing laboratories are shown in Table  3 , with over half the samples submitted 
showing KCl40 levels below 8 mg/kg. While these values are low, they do not 
account for subsoil sulfur supply, which can mean that a site – even with a low soil 
test – will not respond to additional S.  
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 Such regional nutrient balances, coupled to regional soil test values give a good 
picture of the trends in nutrient use, and can be used to highlight areas where excess 
nutrient is being added or where removals are in excess of the soils capacity to sus-
tain ongoing production. Despite this importance, there are few such regional or 
national monitoring programs, other than NuGIS (Nutrient Use Geographic 
Information Systems) managed by the International Plant Nutrition Institute for the 
continental United States of America (International Plant Nutrition Institute  2010  ) .  

   Sulfur as a Plant Nutrient 

 Like all essential nutrients, sulfur is an important part of a balanced plant nutrition 
program. Crops grown on sulfur de fi cient soils suffer reduced yield as well as poor 
product quality. Sulfur is a present in the essential amino acids cysti(e)ne and methi-
onine which cannot be synthesized by higher animals (Brosnan and Brosnan  2006 ). 
Methionine is an initiating amino acid in many eukaryotic proteins, and cyst(e)ine 
plays a critical role in protein structure through the formation of disul fi de bonds. 
Sulfur rich compounds have also been identi fi ed as conferring a range of health 
bene fi ts including the organic compounds in garlic (allyl cysteine sulfopoxide, 
Rahman  2003  )  and onion (capenes and thiosulfates, Dorsch and Wagner  1991  ) , 
and the glucosinolate compounds in brassicas (Lund  2003  ) . They also make things 
taste good! 

 Nitrogen and sulfur metabolism are largely interdependent so that plants main-
tain a relatively constant ratio of organic N to organic sulfur (Zhao et al.  1999  ) . For 
wheat, an N:S ratio in grain of around 17 can be used to retrospectively diagnose 
crop sulfur status (Randall et al .   1981 ). The relative proportions of nitrogen and 
sulfur determine protein structure and type, and this is one of the main reasons that 
sulfur nutrition affects grain and baking quality (Moss et al .   1981 ; Zhao et al .   1999  ) . 
A higher sulfur supply increases the glutenin content, which in turn affects dough 
extensibility and bread making quality (Byers et al .   1987 ; Weegel et al .   1996  ) . 

 Plants take up sulfur predominantly as sulfate (SO  
4
  2−  ) anions from the soil solu-

tion (   Alves and Lavorenti  2004  ) , although some sulfur can be assimilated as gas-
eous sulfur dioxide (SO 

2
 ) of hydrogen sul fi de (H 

2
 S) through leaves although it is 

only a signi fi cant nutrient source in industrial areas with air pollution (Leustek and 
Saito  1999  ) . Sulfate is actively taken into the roots, and then transported through the 

   Table 3    2010 soil S (KCl-40) test values, top 10 cm from 1,200 samples 
collected across Victoria, South Australia and New South Wales   

 KCl-40 (mg kg −1 )  Crop (%)  Pasture (%) 

 <8  52  43 
 8–12  20  30 
 >12  28  27 
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plant mostly unmetabolized and is ultimately either directly incorporated into plant 
metabolites or reduced and incorporated into cysteine to then go into other meta-
bolic pathways. Under S-limiting conditions, the ef fi ciency of remobilization of 
vacuole stored sulfate and other pools of reduced sulfur can be low, so that during 
later growth or grain  fi lling, low tissue sulfur contents may result (Hawkesford 
 2000  ) . Typically, therefore, the symptoms of sulfur de fi ciency occur  fi rst in the 
younger tissues and are seen as leaves and veins turning pale green to yellow. These 
symptoms are similar to those of nitrogen de fi ciency but symptoms of the latter, 
because of its higher mobility are more obvious in the older tissues  fi rst. 

 Sulfur in the soil is present in several different pools and the work of Australian 
researchers A. Ray Till and Graeme Blair has been important in understanding the 
dynamics and importance of these pools in agricultural production systems. Most of 
the sulfur is present in organic matter, which has to be mineralized to release sulfate 
for plant uptake, and the release rate varies with the nature of the particular fraction 
(Till  2010  ) . Some volcanic soils also contain elemental sulfur (S 0 ), which must 
be oxidized by aerobic microbes to sulfate before being available for plant uptake 
(Till  2010  ) . Also on acid-sulfate soils, sul fi des (S 2− ) can predominate (Rayment and 
Higginson  1992  ) . 

 Sulfate forms sparingly soluble gypsum in arid regions but can be leached through 
soils in wetter environments. In the soil solution, sulfate is highly mobile and only 
weakly held on colloidal particles. It is easily leached and so can move out of the root 
zone of crops and pastures, and losses of up to 100 kg S ha −1  have been measured at 
in southern England (Williams  1975  ) . Figure  1  shows the differential retention of 
sulfur and phosphorus in a set of soil samples taken from pastures in the New England 
region of Australia that have a history of the application of single superphosphate. 
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  Fig. 1    Soil test values for available sulfur ( KCl-40 ) and phosphorus ( Colwell ) in the top 10 cm of 
soils from the New England Tablelands of New South Wales, Australia.  Horizontal  and  vertical 
lines  represent the critical soil test values for the KCl-40 and Colwell P tests respectively (Gourley 
et al.  2007  ) . Data courtesy of Nutrient Advantage Laboratories, 2011       
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In these samples, 46% of samples were below a critical P value, but 74% showed soil 
sulfur levels below the critical value. This indicates that much of the sulfur applied 
has leached and that even if a paddock has a reasonable superphosphate history and 
a reasonable soil test P level, the sulfur levels can still be low. Sulfate is also taken 
into microorganisms and plants to become  fi xed then into soil organic matter.  

 Because sulfate is an anion, it is not strongly adsorbed in surface soils, and 
sulfate-S losses in runoff are usually small (White  2006  ) . High sulfate loads in rivers 
and groundwater can lead to higher sulfur concentrations at the discharge points 
which can contribute to eutrophication where other nutrients are present. Where 
iron is poor in these waters and with high organic matter, sul fi de can accumulate 
leading to sul fi de toxicity and increased phosphate mobilization in anaerobic sedi-
ments, and can also increase the production of sul fi des under reducing conditions 
(Smolders and Roelofs  1993  ) .  

   Sulfur in Crop Management 

 Sulfur is only one part of an integrated crop production package that includes other 
nutrients as well as well adapted varieties and good agronomy, but when combined, 
can result in signi fi cant yield improvements. For example, an integrated agronomy 
program for maize intensi fi cation in Mozambique has demonstrated a fourfold yield 
increase (Fig.  2 , International Fertilizer Development Centre 2009), which in this 
case included an added sulfur response. The development of fertilizer best 

  Fig. 2    Agronomic and genetic improvement in maize production in Mozambique. Data are the 
means from seven locations in 2008–2009. Values are for the national average yield, farmer saved 
seed, open pollinated varieties ( OPV ) and hybrid varieties. Nutrients applied were 106 kg N ha −1 , 
32 kg P ha −1 , 31 kg K ha −1  and 18 kg S ha −1  (IFDC  2009  )        
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 management practices is a key to achieving those types of results, and this approach 
looks to apply the right source (or product) at the right rate, right time and right place, 
a strategy call the “4R’s Nutrient Stewardship Framework” (International Fertilizer 
Industry Association  2009 ). Under the global 4R’s approach, the four “rights” are 
linked and convey how fertilizer applications can be managed to achieve economic, 
social and environmental goals. The management of fertilizer sulfur application is no 
different, and as new products and strategies are developed, they can be considered 
in the source, rate, time, and place framework (Bruulsema et al .   2009  ) .  

 Sulfur nutrition is particularly tricky because if the high mobility of the sulfate ion 
and the number of interactions between sulfur and other nutrients. The co-limitation 
of nitrogen and sulfur has been mentioned, but sulfur fertilization is also reported to 
induce molybdenum de fi ciency due to sulfate-molybdate antagonism during plant 
uptake (Stout and Meagher  1948 ; Macleod et al .   1997  )  due to competition for the 
same proton coupled symporters (Fitzpatrick et al .  2008; Shinmachi et al.  2010  ) . 
Sulfur and selenium also are antagonistic for essentially the same reason, such that 
on soils with high selenium levels, sulfur fertilization reduced the pasture selenium 
content (Pratley and McFarlane  1974  ) . It is unclear if selenium is an essential 
element in all plants but selenium is required by animals to prevent muscular dystrophy 
(Gowariker et al .   2009  ) . Sulfur fertilization is also reported to reduce the uptake of 
boron, particularly where soil levels of boron are relatively low (Haneklaus et al .  
2006). Sulfur fertilization can also stimulate the uptake of some micronutrients such 
as copper, manganese, nickel and cadmium, probably due to the rhizosphere 
acidi fi cation that can result from the application of elemental sulfur (Haneklaus et al .  
 2005  ) . McDonald and Moschen (2009) have also indicated that sulfur can enhance 
the uptake of zinc even under conditions where the latter is adequate for growth. 

 There is also interest in the interaction of salinity and sulfur uptake, but Grattan 
and Greive  (  1999  )  concluded that the differences in plant responses between chloride 
and sulfate salinity may depend on the salinity indices used. Many crops are sensi-
tive to high internal chloride levels. 

   Selecting the Right Rate for Sulfur 

 The bene fi ts of applying additional sulfur will only accrue when other nutritional 
and non-nutritional constraints are met, and sulfur becomes the limiting or co-
limiting factor. The most common ways to make the assessment of whether sulfur 
is likely to be limiting is to use a soil test that extracts a fraction of the soil solution 
and adsorbed sulfur that can then be correlated with plant response to added fertilizer. 
Various extractants and conditions have been evaluated including monocalcium 
orthophosphate (MCP), MCP with carbon (CPC) (Peverill and Briner  1974  ) , 
potassium chloride at two temperatures (KCl at 40 o C or at 100 o C) or sodium bicar-
bonate (NaHCO 

3
 ), potassium phosphate (Watkinson and Kear  1996  )  as well as 

assays based on total sulfur content (Rayment and Higginson  1992  ) . Mineralizable 
organic sulfur can also be assessed using a short-term incubation (Watkinson and 
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Kear  1996  ) . Under Australian conditions, the KCl-40 test has been the most widely 
used and is the basis of most soil test recommendations (Blair et al .   1991  ) . The 
CPC-S is also used diagnostically, although the two sulfur tests are not correlated 
(Gourley et al .   2007  ) . 

 There has been some discontent with the KCl-40 test, especially with the need to 
evaluate potential responses for canola. The current test interpretations are based on 
a 10 cm sample although it is known that there are large differences in sulfur down 
a soil pro fi le (Blair et al .   1997  ) . Brennan and Bolland (2006) found that shallow soil 
tests were overestimating the magnitude of a sulfur de fi ciency for canola production 
on the sandy soils in Western Australia because of relatively high levels in the 
10–30 cm layers for a signi fi cant number of soils. Wong and Wittwer  (  2009  )  found 
that there was signi fi cant positive charge and an accumulation of sulfate in Western 
Australian subsoils. It is therefore recommended to take deeper soil samples to 
account for strati fi cation of sulfur that leaches down the pro fi le. At present there are 
no critical values for these deeper tests. 

 The KCl-40 extraction provides an assessment of ester sulfates (Blair et al .   1991  ) , 
but it may be that consideration needs to be given to estimating mineralisation of 
sulfate from organic matter (Watkinson and Kear  1996  ) , similar to the general pro-
cedure used to estimate nitrogen demand and supply (Norton  2011  ) . Also, the pres-
ence of elemental sulfur may not be adequately considered by the present testing 
methods. New tests incorporating deeper samples, organic and elemental sulfur 
pools and better estimates of seasonal demand have been proposed for development 
in Australia (Grains Research and Development Corporation  2011  ) . 

 Sulfur uptake and plant sulfur status can be assessed through plant analyses, 
including the total plant sulfur, sulfate sulfur, total sulfur to sulfate ratio, and the 
nitrogen to sulfur ratio. Pinkerton et al .   (  1993  )  found that for canola, seed yield was 
well predicted by whole shoot sulfur content, and estimated the critical concentra-
tion of the whole shoots to be 0.36– 0.40% S at the buds visible stage. Spencer 
and Freney  (  1980  )  reported the critical sulfur value of whole shoot as 0.30% at mid-
tillering, and that these values were likely to be lower in N de fi cient plants (Reuter 
and Robinson  1997  ) . 

 While plant analyses may provide a diagnosis of the nutrient status of a plant at 
any point in time, the critical values established can change rapidly with crop phe-
nostage, and due consideration should be given to the depth of root penetration 
when sampled. For sulfate and other mobile nutrients, plants may undergo a tempo-
rary shortage of nutrients, but then reach added supply as the roots move deeper into 
the soil. 

 Grain analysis is a possible strategy to retrospectively assess the supply of sulfur 
over the whole growth cycle of the plant, and the ratios of N/S can be a useful indi-
cator of nutrient management strategies employed (Randall et al .   1981 ). A collec-
tion of wheat from two cultivars grown in 70 locations in the National Variety 
Testing program from south-eastern Australia was assessed for N and sulfur using 
Inductively Coupled Plasma Optical Emission Spectroscopy and these results 
showed that – in general – most of the grain was above the critical sulfur content of 
0.12% and less than the 15:1 N:S ratio of Randall et al .  ( 1981 ; Fig.  3 ). These data 
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suggest that normal agricultural practice in the relatively low yielding environments 
in Australia is generally able to meet the sulfur requirements as well as balancing 
the sulfur demand with appropriate N management.  

 Based on experimental work in Australia, Good and Glendinning  (  1998  )  sug-
gested that where soil tests were low, 40 kg S ha −1  would be adequate for a good 
canola crop, while with higher soil tests or even with a good history of single 
superphosphate, 20 kg S ha −1  would be recommended.  

   Selecting the Right Time and Place to Apply Sulfur 

 Timing and position of nutrients are intimately related. At sowing is really the only 
time that fertilizer and seed can be placed together, but due consideration should be 
given to potential phytotoxic effect from the fertilizer, and damage will be worse 
with high application rates and wide seed rows on poorly buffered and dry soils. 
Generally, sulfur fertilizers themselves present a moderate damage potential due 
to the acidifying effect on the soil, and  fl uid sources such as ammonium thiosulfate 
or ammonium polysul fi de have a high potential to cause crop damage (Holloway 
et al .   2008  )  and so are used in fertigation systems rather than as dry materials. Other 
than care with seed and fertilizer distances, the critical aspect of sulfur placement is 
to ensure the nutrient is where the roots can access it. As sulfate is very mobile, 
it will move down the pro fi le and may become depleted in the root zone before 
the roots proliferate. Controlling release of sulfate will have some bene fi ts in con-
trolling potential losses down the pro fi le, although the release rates need to be in 
synchrony with plant demand to avoid nutrient stress. 
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 In  fi eld grown crops with high sulfur demands such as canola, the symptoms of 
sulfur de fi ciency are often not apparent until the period of rapid growth during stem 
elongation (Pinkerton et al .   1993  ) . Pot grown canola has been shown not to recover 
from early sulfur stress (Pinkerton and Hocking  1987 ) although in the  fi eld recovery 
is seen from late applications. Hocking et al .   (  1996  )  reported that canola top-dressed 
with 40 kg S ha −1  at rosette stage,  fl ower buds visible or stem elongation produced 
similar seed yields and oil contents to crops where all the sulfur was applied at 
sowing. Therefore, timing of sulfur supply is relatively  fl exible and later applica-
tions can result in good yields. 

 In general, granulated fertilizer such as ammonium sulfate or potassium sulfate 
can be safely spread over a growing crop. However, application of  fl uid sources 
such as ammonium thiosulfate may need to be done with specialized applicator or 
applied as mixtures with irrigation water through a trickle irrigation system.  

   Selecting the Right Sulfur Product 

 Single superphosphate has been the major source of sulfur for many crops and 
pastures, but its low nutrient density makes if relatively more expensive than 
higher analysis products due to transport costs. There are a range of sulfur contain-
ing evaporites that differ in the proportion and type of associated cations. For exam-
ple potassium sulfate can be separated from Langbenite (potassium magnesium 
sulfate), Kieserite (magnesium sulfate) and Sylvenite (sodium and potassium 
chlorides). These evaporites can be used as mixed fertilizers supplying essential 
nutrients as well as sulfur. Ammonium sulfate is another soluble sulfur source that 
is mostly a co-product or by-product from a range of industrial processes. 
Ammonium sulfate has been a commonly used sulfur source as it supplies both 
nitrogen and sulfur and has good crop safety properties and when granulated can 
be spread evenly using mechanical fertilizer spreaders. However, as with all sulfate-
sulfur sources, there are likely to be leaching losses in coarse textured soils and it 
is also a relatively low-analysis product with 24% S (Table  2 ). Fluid sulfur fertil-
izers such as the thiosulfates (ammonium, potassium, magnesium or calcium) and 
ammonium polysul fi de have application mainly in fertigation systems or applied 
directly to soil, although these materials have some functional properties that 
make them of interest in cropping systems (Holloway et al .   2008  ) . In particular, 
root zone acidi fi cation with these materials could release bound phosphorus and 
increase supply near the time and place of application. It is also reported that 
thiosulfates can slow the rate of both urea hydrolysis and nitri fi cation when mixed 
with urea ammonium nitrate solutions (IPNI  2011  ) , which enhances the ef fi ciency 
of nitrogen delivery. 

 Gypsum (calcium sulfate) is often used on sodic soils to supply calcium to reduce 
the exchangeable sodium percentage and so promote soil structure. Gypsum has a 
relatively low solubility, so that rates of 500 kg gypsum ha −1  (~60 kg S ha −1 ) will 
require around 100 mm of rainfall to make the sulfur plant available. 
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 There is also interest in low solubility, pelletized, neutralized low grade sulfuric 
acid ef fl uent from mineral sands processing (such as from Western Australia). 
This material has been shown to release sulfur at rates similar to superphosphate 
and more slowly than coarse gypsum (Summers et al .   2003  ) . This product was eval-
uated on canola in Western Australia and found to release sulfate at a rate similar to 
gypsum, but was less prone to leaching (Brennan et al .   2010  ) . 

 Elemental sulfur the most concentrated form of sulfur, but it is not water soluble 
and must be oxidized to sulfate before it can be taken up by plant roots. The speed 
of this microbial process is governed by environmental factors such as soil tempera-
ture and moisture, as well as the physical properties of the sulfur (Yang et al .   2010  ) . 
Oxidation rate is also affected by particle size, and the rate of release can be adjusted 
by varying the proportions of different sized particles (McCaskill and Blair  1988  ) . 
Large sulfur particles can take months or even years to oxidize, but very  fi ne particles 
are dif fi cult to spread and sulfur dust is an explosion hazard during storage and 
handling. 

 To enhance the rate of sulfur oxidation, while still maintaining handling and stor-
age properties, a small amount of clay is added to the molten sulfur prior to cooling 
to form small pellets or pastilles. When wetted in soil, the clay swells and the  fi nely 
divided sulfur particles oxidize as the pastille disintegrates. 

 Elemental sulfur has been successfully blended with single superphosphate, triple 
superphosphate or rock phosphate to provide a slow release sulfate source particu-
larly for pastures on coarse textured soils (Yeates and Clarke  1993 ). There have also 
been sulfur coats added to other fertilizers such as urea, but more recent technology 
has seen very thin layers of elemental sulfur incorporated evenly through the fertil-
izer granule during manufacturing, so that products like MAP can have sulfate and 
elemental sulfur incorporated at various ratios for particular situations. The sulfur is 
oxidized as the granule dissolves, becoming available for plant uptake. A side 
bene fi t of this process is that some micronutrients such as iron and zinc become 
more soluble as the result of the acidifying oxidation process. There are at least two 
different patented processes that incorporate micro fi ne elemental sulfur and other 
materials into various fertilizers, which then have designed sulfate release patterns 
to meet particular crop requirements. 

 Undoubtedly, new products will come onto the market designed to better match 
sulfate release to plant demand so reducing losses by leaching as well as reducing 
losses of sulfate by  fi xation into organic matter. When this happens, new strategies 
incorporating the 4R’s approach to nutrient stewardship will need to be developed 
to meet the challenge of high productivity farming systems with minimum environ-
mental impact.   

   Conclusions 

 While there have been improvements in food security, continued gains in food 
production and enhanced food quality are still an imperative of agricultural science. 
Due to previous inputs from the burning of fossil fuels, sulfur was not often considered 
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as yield limiting nutrient. However as low sulfur fuels develop and farming systems 
change, it is clear that addressing sulfur nutrition is an important aspect of ensuring 
food security and this will continue into the future. 

 There are adequate sulfur resources to meet demand well into the future and 
there are also good tools to assist with selecting the right rate for applying sulfur, 
although some adjustments need to be made to account for different soil depths and 
nutrient mobility. There are a range of sulfur products that are coming onto the 
market that will enable sulfur to be applied at the right time and in the right place.      
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  Abstract   Plants interact with sulfur in two different ways. As a macronutrient 
sulfur is needed for growth and development; at the same time, sulfur is an impor-
tant substrate and reductant during various forms of stresses mediated by the abiotic 
environment. The use of sulfur compounds as substrate and/or reductant in com-
pensation reactions of abiotic stresses including oxidative stress, heavy metal and 
xenobiotic exposure is discussed with special emphasis on the S-containing tri-
peptide glutathione (GSH). The examples shown indicate that individual compo-
nents of S metabolism are involved in different processes of abiotic stress compen-
sation. In the present review the current knowledge of GSH (i) as reductant in the 
compensation of oxidative stress, (ii) as reductant as well as a substrate in redox 
reactions, (iii) its direct and indirect involvement in posttranscriptional modi fi cation 
reactions, and (iv) its constitution as a substrate for chelating heavy metals and for 
conjugation of xenobiotic is discussed. Competition with plant development and 
growth is also considered.      

   Introduction 

 Plants interact with their abiotic environment in contrasting ways. On the one hand, 
the abiotic environment provides the resources for, and controls processes of, 
growth and development of plants. On the other hand, the abiotic environment 
imposes multiple forms of stress on plants that require compensation mechanisms 
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to achieve proper growth and development. Sulfur interacts with both sides of the 
abiotic environment. As a constituent of protein and numerous primary and 
secondary metabolites it is a macro-nutrient essential for plant growth and devel-
opment (Wirtz and Droux  2005 ; Kopriva  2006  ) ; as substrate and reductant it par-
ticipates in the compensation of various forms of stresses mediated by the abiotic 
environment (Noctor  2006 ; Foyer and Noctor  2009 ; Buchanan and Balmer  2005 ; 
Szalai et al .   2009  ) . Therefore, use of sulfur for stress compensation will withdraw 
sulfur resources for growth and development and  vice versa  (Cameron and Pakrasi 
 2010  ) . This requires controlled partitioning of sulfur between these different sinks. 
Currently, the mechanisms involved in this partitioning and its regulation are not 
understood. 

 The use of sulfur compounds as substrates in stress compensation reactions can 
only be achieved at enhanced substrate production. However, despite enhanced 
production, intense S-substrate consumption for stress compensation may result 
in a reduced rather than an enhanced cellular concentration of the respective com-
pound under stress conditions. This has been shown, for example, for heavy metal 
exposure and GSH (Di Baccio et al .   2005 ; Ernst et al .   2008  ) . When sulfur com-
pounds are used as co-substrate or reductant in stress compensation reactions, 
they may rapidly be regenerated, but usually they are not consumed to a consider-
able extent. Under these conditions its sub-cellular concentration may be enhanced 
to achieve operation of enzymatic compensation reactions at, or close to satura-
tion. Depending on the particular sub-cellular compartment and the constitutive 
level in this compartment, this increase may result in signi fi cantly enhanced cel-
lular concentrations of the sulfur compounds involved or not. Again, this has been 
demonstrated for GSH and various forms of abiotic stress (salt stress: Herschbach 
et al .   2010a ; ozone: Haberer et al .   2007 ; Hofer et al .   2008 ; heavy metal: Koprivova 
et al .   2002  ) . 

 In the present review examples for the use of sulfur compounds in compensation 
reactions of abiotic stresses as substrates and/or reductant and its signi fi cance for 
sulfur metabolism are discussed with special emphasis on the S-containing tri-peptide 
glutathione (GSH). The abiotic stresses covered include oxidative stress, a.o. by air 
pollutants and climate, heavy metal and xenobiotic exposure.  

   GSH in Redox Reactions for Stress Compensation 

 At the cellular level abiotic stress often disturbs electron transfer reactions and 
results in enhanced ROS formation (Gill and Tuteja  2010  ) . Since ROS are 
involved in the control of a large number of cellular and developmental pro-
cesses, effective ROS homeostasis under stress conditions is essential for plant 
growth and development (Noctor  2006  ) . At cellular concentrations observed in 
plant tissues, ascorbic acid is a superior reductant in chemical ROS detoxi fi cation 
compared to GSH (Polle and Rennenberg  1993  ) . Still threshold amounts of GSH 
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are essentially required for many cellular functions and stress compensation 
(Noctor  2006  ) . The signi fi cance of GSH in redox reactions for stress compensa-
tion is emphasized by the observation that accumulation of GSSG as a conse-
quence of stress exposure often results in elevated total glutathione levels as a 
consequence of maintained GSH levels by  de novo  synthesis. The role of GSH 
under these conditions seems to be largely dominated by its function as co-
substrate in the Foyer-Halliwell-Cycle as a central component of ROS homeostasis 
(Noctor  2006  ) . 

 Recently, the involvement of GSH in other enzyme-catalyzed redox reactions 
has been emphasized. These reactions include glutathionylation and deglutathiony-
lation of proteins (Rouhier et al .   2008  )  and NO turnover (Arasimowicz and 
Floryszak-Wieczorek  2007 ; Wilson et al .   2008 ; Leitner et al .   2009  ) . Posttranscriptional 
modi fi cation of proteins by glutathionylation and deglutathionylation is likely to be 
catalyzed by the glutaredoxin (GRX)/ferredoxin thioredoxin reductase (FTR) reaction 
that uses GSSG (glutathionylation) and GSH (glutathionylation and deglutathiony-
lation) as oxidant and reductant, respectively. For this reaction a monothiol and a 
dithiol mechanism has been proposed, but the  in vivo  mechanism of this reaction 
is unknown (Rouhier et al .   2008  ) . Since the total amount of glutathione bound to 
protein was found to be a few percent of total glutathione only (Rennenberg  1984  ) , 
glutathionylation and deglutathionylation of proteins cannot be considered as a 
signi fi cant sink of glutathione. 

 Approximately 150 targets of posttranscriptional modi fi cation by glutathionylation 
have been identi fi ed. From these targets it appears that glutathionylation is involved 
in the regulation of many cellular processes such as glycolysis, signal transduction, 
protein folding, protein degradation, and intracellular traf fi cking (Rouhier et al .  
 2008  ) . In the chloroplast, target proteins of glutathionylation are involved in photo-
synthesis, ATP metabolism, amino acid metabolism, and oxidative stress reactions 
and, thus, also appear to be involved abiotic stress response. However, the signi fi cance 
of glutathionylation/deglutathionylation reactions in abiotic stress compensation 
and responses has been proposed (Rouhier et al .   2008 ; Szalai et al .   2009  )  but needs 
further studies. 

 Posttranscriptional protein modi fi cation is also mediated by NO. This modi fi cation 
is involved in abiotic stress responses,  e.g.  to salinity, temperature, light, and anoxia 
(Arasimowicz and Floryszak-Wieczorek  2007 ; Leitner et al .   2009  ) . GSH is involved 
in NO mediated reaction by the production of  S -nitrosoglutathione (GSNO) that, 
besides oxidation of NO to nitrite is considered an important factor in NO turn-
over and, thus, in NO homeostasis (Wilson et al .   2008  ) . Indirect evidence from 
systemic responses suggests that GSNO is mobile in the phloem, whereas evidence 
for xylem transport of GSNO has not been provided (Rustérucci et al .   2007  ) . GSNO 
also seems to be directly involved in defence gene activation (Leitner et al .   2009  ) . 
Thus, GSH interactions seem to play a dual role in NO mediated stress responses, 
indirectly by controlling the NO level by the initiation of NO turnover and directly 
by GSNO mediated effects on defence gene activity.  
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   Abiotic Stress – Oxidative Stress 

   Ozone Detoxi fi cation 

 Ozone is a regular constituent of the atmosphere, but its atmospheric gas mixing 
ratio is increasing due to atmospheric pollution since the beginning of industrial-
ization (Pinto et al .   2010  ) . For plants the primary target of atmospheric ozone is the 
shoot. Ozone enters the leaf via diffusion through the stomata driven by a concen-
tration gradient between the atmosphere and the substomatal cavity (Laisk et al .  
 1989  )  that is maintained by the high reactivity of ozone in the aqueous phase of the 
apoplastic space and its rapid conversion to reactive oxygen species (ROS) (refer-
ences in Riikonen et al .   2008  ) . In the apoplastic space the ROS pool is heavily 
controlled by production and consumption processes (Pignocchi and Foyer  2003  ) , 
since ROS are involved in a number of developmentally determined processes such 
as lignin formation by polymerisation of lignin precursor monomers (Almagro 
et al .   2009  ) . In this control apoplastic ascorbic acid plays an essential role, whereas 
sulfur compounds are not primarily involved in this detoxi fi cation reactions 
(Pignocchi and Foyer  2003  ) . Dehydroascorbate (DHA) produced in apoplastic 
ozone consumption reaction cannot be reduced in the apoplastic space, but is 
exchanged with symplastic ascorbic acid at the plasmembrane by carrier mediated 
transport (Fig.  1 ). In the symplastic space of the surrounding cells apoplastic DHA 
is reduced by the Foyer-Halliwell pathway using glutathione as a reductant. 
The GSSG produced in this reaction catalyzed by the DHA reductase is regener-
ated in the cytoplasm by glutathione reductase (GR) at the expense of NAD(P)H 
oxidation. Thus, GSH is not involved in the primary detoxi fi cation reaction of 
ozone, but acts as co-substrate to regenerate ascorbic acid required for the 
detoxi fi cation of ROS produced from ozone in the apoplastic space. This secondary 
involvement of GSH in ozone detoxi fi cation causes a stimulation of GSH synthesis 
at the level of expression of genes of S assimilation into glutathione that seems to 
be induced by elevated jasmonate and can result in enhanced cellular GSH levels 
in response to elevated atmospheric ozone (Rennenberg et al .   2007 ; Kopriva and 
Rennenberg  2004  ) . However, changes in cellular GSH levels strongly depend on 
the species analysed and the ozone concentration applied (Rennenberg et al .   2007  ) . 
By contrast, direct oxidation of cysteine residues or methionine requires atmospheric 
ozone concentrations signi fi cantly higher than currently observed in polluted envi-
ronments and are not even predicted in such environments for the end of the century 
(Rennenberg et al .   2007  ) .  

 An early consequence of ozone exposure of leaves is the disturbance of phloem 
transport (Grantz and Farrar  1999 ; Topa et al .   2004 ; Liu et al .   2006  ) . This distur-
bance may not only result in enhanced accumulation of photosynthate in the leaves 
and, subsequently, in the inhibition of photosynthetic carbon assimilation, but 
also in a reduced transport of GSH and ascorbic acid from the leaves to the roots. 
The GSH and ascorbic acid levels of the roots depend, however, on the delivery of 
these anti-oxidants by phloem transport (Herschbach et al .   2010b  ) . As a consequence, 
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the GSH and ascorbic acid level can decline in the roots in response of ozone exposure 
of the leaves although the roots are not a direct target of ozone exposure 
(Haberer et al .   2008  ) . The roots are particularly sensitive to a decline of GSH 
and ascorbic acid because the regular levels are already low compared to the 
leaves ( e.g.  Herschbach et al .   2010b  ) . Therefore, an ozone mediated decline in 
anti-oxidants may disturb root developmental processes that depend on ROS control 
like root hair formation (Sánchez-Fernández et al .   1997 ; Foreman et al .   2003  )  and 
lateral root formation (Potters et al .   2002,   2004 ; Olmos et al .   2006  ) .  

   Drought Stress Compensation 

 Although the roots constitute the obvious primary target of drought stress, changes 
in soil water contents (SWC) do usually not result is different levels in S compounds 
such as sulfate and GSH (Seegmüller  1998 ; Schulte  1998 ; Herschbach  2003  ) . 
Different levels of S compounds in roots are also not observed when root tissues of 
dry and wet years are compared (Haberer et al .   2008 ; Eimers et al .   2007 ; Rennenberg 
et al .   2006  ) . At severe drought, however, sulfur uptake is negatively affected, but 

  Fig. 1    Control of ROS levels in the apoplastic space.  SOD  superoxide dismutase,  AO  ascorbate 
oxidase,  MDHAR  monodehydroascorbate reductase,  DHAR  dehydroascorbate reductase,  GR  
glutathione reductase,  GSH  reduced glutathione,  GSSG  oxidized glutathione,  AA  ascorbic acid, 
 DHA  dehydroascorbate,  MDHA  monodehydroascorbate (Redrawn and modi fi ed from Pignocchi 
and Foyer  2003  )        
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this is a general effect on ion uptake rather than a speci fi c effect on S acquisition 
(Seegmüller  1998 ; Schulte  1998 ; Sardans et al .   2008  ) . Apparently, changes in SWC 
are transferred to reduced root growth rather than reduced nutrient concentration in 
the roots. Thus, roots are the initial target of drought, but not the initial site for 
changes in antioxidants. 

 Drought stress is, however, experienced immediately by the leaves. In response 
to drought stomata are closed due to ABA synthesised in roots and transported to 
the leaves (Schachtman and Goodger  2008 ; Tardieu et al .   2010  )  and CO 

2
  inside the 

leaves is depleted. This depletion results in a reduced CO 
2
   fi xation and, hence, 

reduced regeneration of electron acceptors in photosynthesis during continuous 
electron transport. Under these conditions, excess electrons transported in the pho-
tosynthetic electron transport chain are transferred to molecular oxygen to yield 
superoxide radicals that are further converted in the chloroplast by superoxide dis-
mutase to H 

2
 O 

2
  (Foyer and Noctor  2009 ; Jaspers and Kangasjarvi  2010  ) . The highly 

reactive H 
2
 O 

2
  is detoxi fi ed by the reactions of the Foyer-Halliwell pathway in which 

GSH acts as a co-substrate and reductant. Therefore, it is not surprising that a cor-
relation between anti-oxidant levels, namely of GSH and ascorbic acid, and drought 
stress susceptibility has frequently been observed in leaves (Schulte  1998 ; Tausz 
et al .   2004 ; Sircelj et al .   2005 ; Hofer et al .   2008  ) . Apparently, the leaves are the 
primary target of drought stress to induce changes in anti-oxidants such as GSH and 
ascorbic acid.   

   Heavy Metal Chelation 

 Heavy metal exposure of plants results in up-regulation of almost all steps of assim-
ilatory sulfate reduction and assimilation into cysteine and glutathione (Ernst et al .   2008  ) . 
Still, not only increased (Koprivova et al .   2002 ; Jin et al .   2008  )  but also reduced 
GSH levels are frequently found in response to heavy metal exposure (Xiang and 
Oliver  1998 ; Nocito et al .   2006 ; Ammar et al .   2008 ; Anjum et al .   2008 ; Wojas et al .  
 2009  ) . This observation is due to the rapid induction of phytochelatin synthase 
(PCS) by heavy metals (Vatamaniuk et al .   2000 ; Loscos et al .   2006  )  and the synthesis 
of phytochelatins from glutathione by this enzyme. Cd exposure of roots also up-
regulates the expression of members of the ABC transporter family (Bovet et al .  
 2003  )  that are thought to transport heavy metal phytochelatin complexes into the 
vacuole (Fig.  2 ). This view is supported by the observation that over-expression of 
one of these ABC transporters mediates more effective Cd retention in the roots and 
enhanced Cd accumulation in leaf vacuoles (Wojas et al .   2009  ) .  

 Heavy metal phytochelatin complexes are mobile both in the xylem and the 
phloem. As to be expected from studies on xylem transport of primary metabolites 
(Heizmann et al .   2001 ; Herschbach et al .   2011  ) , concentrations of heavy metal 
phytochelatin complexes in the xylem are low (Mendoza-Cózatl et al .   2008  ) . 
However, when the  Arabidopsis cad1-3  mutant de fi cient in PCS (Howden et al .   1995  )  
was complemented by wheat PCS1 expressed under a root speci fi c promotor, heavy 
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metal sensitivity of the complemented mutant was nulli fi ed and in response to heavy 
metal phytochelatins were not only found in the roots, but also in stems and leaves 
(Gong et al .   2003  ) . This  fi nding can only be explained by phytochelatin synthesis in 
the roots of the complemented mutant and subsequent transport of heavy metal 
phytochelatin complexes in the xylem. Phloem transport of heavy metal phytochel-
atin complexes has also be concluded from experiments with the  cad1-3  mutant 
complemented wheat PCS1 in a shoot speci fi c manner (Chen et al .   2006  )  and, has 
been veri fi ed by the analysis of  Brassica  phloem sap (Mendoza-Cózatl et al .   2008  ) . 
From these observations it appears that upon heavy metal exposure of the roots the 
entire plant can be used to store heavy metal phytochelatin complexes in vacuoles. 
This may be considered a means of dilution to prevent product inhibition in heavy 
metal chelation by phytochelatins.  

   Conjugation of Xenobiotics and Oxidants 

 GSH can be conjugated to a wide range of electrophilic compounds either spontane-
ously or by enzyme-catalyzed nucleophilic addition mediated by glutathione 
 S -transferases (GSTs). GSTs constitute a superfamily of multifunctional enzymes. 
In plants seven distinct classes of GSTs have been recognized, including the class of 
dehydroascorbate reductases (DHARs), with four of these classes being speci fi c for 
plants (Edwards and Dixon     2005  ) . Several GSTs can react with xenobiotics such as 
herbicides and insecticides (Öztetik  2008 ; Banerjee and Goswami  2010  ) . Thus, 
GSTs mediated conjugation is considered a detoxi fi cation reaction because toxic 
xenobiotics and metabolites are converted into non-toxic, hydropholic derivatives 
that can be degraded in subsequent reactions and can be subjected to internal com-
partmentation, in particular to sequestration in the vacuole (Edwards et al .   2000  ) . 
Some other members have an active site chemistry primed for catalyzing reduction 
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  Fig. 2    Heavy metal detoxi fi cation and compartmentation by chelation with phytochelatins.  Me  
metal ion,  PC  phytochelatin,  PCS  phytochelatin synthase,  S2-  sul fi de,  GSH  reduced glutathione       

 



210 H. Rennenberg and C. Herschbach

(these are called GSH peroxidases). Thus, even oxidants originating from the plant´s 
endogenous metabolism can react with GST’s (Edwards and Dixon  2005 ; Dixon 
et al .   2010 ;    Lan et al.  2009 ; Zhao and Zhang  2006  ) . Thus, GSTs play a dual role in 
plant response to abiotic stress: On the one hand, they can reduce or prevent injury 
by direct detoxi fi cation of man-made compounds taken up from the environment 
and, on the other hand, they can reduce or prevent oxidative stress indirectly by 
detoxi fi cation of metabolites that are produced inside the plant in response to abiotic 
stress exposure. 

 For these detoxi fi cation reactions degradation of glutathione conjugates and its 
sequestration in the vacuole are of particular importance. Figure  3  summarizes cur-
rent knowledge about these processes using monochlorobimane (MCB) as an exam-
ple xenobiotic. GST mediated conjugation of MCB in the cytosol will result in the 
formation of GSH-bimane that will either be transported into the vacuole or, at least 
in the presence of heavy metals, degraded by PCS to  g -EC-bimane. Such a function 
of PCS in the degradation of GSH-conjugates has recently been established after 
blocking its transport into the vacuole, but seems only relevant in the presence of 
heavy metals (Blum et al .   2007,   2010  ) . The  g -EC-bimane produced might also 
be sequestered into the vacuole, but this transport seems negligible, because 
 g -EC-bimane accumulates in the cytosol and is retained therein (   Grzam et al .   2007 ). 
Inside the vacuole, conversion of GSH-bimane to  g -EC-bimane cannot be achieved 
by PCS, because PCS is a cytosolic enzyme (Blum et al .   2010  ) , but would requires 
the action of a carboxy-peptidase that remains to be demonstrated in plant vacuoles. 
GSH-bimane can be degraded inside the vacuole to Cys-Gly-bimane by vacuolar 
GGT (Ohkama-Ohtsu et al .   2007 ; Blum et al .   2010  )  that may also responsible for the 
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  Fig. 3    Conjugation of the xenobiotic monochlorobimane with glutathione and its metabolism. 
 MCB  monochlorobimane,  GSH  reduced glutathione,  g - EC   g -glutamylcysteine,  GST  glutathione 
 S -transferase,  PCS  phytochelatin synthase,  GGT   g -glutamyl transpeptidase. The pathway is 
deduced from data by Wolf et al .   (  1996  ) , Steinkamp and Rennenberg  (  1985  ) , Blum et al .   (  2007, 
  2010  ) , Ohkama-Ohtsu et al .   (  2007  ) , and Grzam et al .   (  2007  )        
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conversion of  g -EC-bimane to Cys-bimane. Whether Cys-Gly-bimane is further 
degraded to Cys-bimane by a vacuolar dipeptidase remains to be elucidated. Thus, 
the presence of both  g -EC- and Cys-Gly-conjugates, unique in plants (Rennenberg 
and Lamoureux  1990  ) , can be explained by reactions catalyzed by PCS in the cytosol 
and by GGT in the vacuole.   

   Conclusions 

 These examples show that individual components of S metabolism are involved in 
different processes of abiotic stress compensation (Fig.  4 ). GSH acts as co-substrate 
in the compensation of oxidative stress, participates as co-substrate and substrate in 
redox reactions, is directly and indirectly involved as substrate in posttranscrip-
tional modi fi cation reactions, and constitutes the substrate for chelation of heavy 
metals and conjugation of xenobiotic. PCS does not only catalyze the formation of 
PCs responsible for heavy metal detoxi fi cation by chelation, but also participates in 

  Fig. 4    Interaction of S metabolism with the abiotic environment.  GSH  glutathione,  PCS  phyto-
chelatin synthetase,  GST  glutathione  S -transferase       
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the degradation of GSH-conjugates. The family of GSH  S -transferase enzymes does 
not only catalyze the detoxi fi cation of xenobiotics, but is also responsible for the 
detoxi fi cation of oxidative compounds originating from secondary metabolism. 
This clearly indicates multiple functions of distinct compensation and detoxi fi cation 
reactions in plants adaptation to the abiotic environment. Since plants in their envi-
ronment are usually not exposed to a single, but to multiple abiotic stress factors, the 
use of individual components of S-metabolism for the compensation of different 
forms of abiotic stress requires complex co-ordination and regulation. As plant 
growth, development, reproduction as well as the plant  fi tness compete with stress 
related responses these aspects should also be considered. It will be an important 
challenge of future research to unravel and characterize this network and to use this 
knowledge for the selection and development of plants that can better cope with its 
abiotic environment that confers increasing constrains on plant growth and develop-
ment due to human activities.       
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  Abstract   Reduced sulfur is necessary for synthesis of various essential compounds 
in the plant cell including cysteine and glutathione. For this reason sul fi de is con-
tinuously produced in plastids as intermediate of the assimilatory sulfate reduction 
pathway. Varying demand for sul fi de during development and in response to exter-
nal stress challenges a plant to rapidly re-organize the entire sulfur metabolism, 
since high endogenous sul fi de levels are potentially toxic for the cellular metabo-
lism. Upon prolonged exposure of  Arabidopsis  to 1  m l l –1  H 

2
 S, the endogenous 

sul fi de level in the shoot was kept low, whereas there was a mass increase in thiol 
content. The cysteine and glutathione content increased approximately 30- and 
3.4-fold, respectively. Notably, the dramatic changes on thiol levels were not accom-
panied by changes in extractable activities of the cysteine synthesizing enzymes, 
serine acetyltransferase and  O -acetylserine(thiol)lyase (OAS-TL). It was evident 
that, despite the production of sul fi de in plastids, its consumption by OAS-TL in the 
same compartment was not crucial for adaptation of  Arabidopsis  to high H 

2
 S levels 

in the environment.      

 Sulfur plays an essential role in various physiological processes in plants and is a 
functional component of the amino acids methionine and cysteine in proteins and of 
glutathione, a key metabolite in redox homeostasis. Notably, in all these metabolites 
sulfur is bound in its reduced state, but in general sulfur is taken up by plants in its 
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oxidized form as sulfate by the root. Sulfate is reduced to sul fi de in the plastids 
in the assimilatory sulfate reduction pathway. Sul fi de is subsequently metabolized 
into cysteine, the major precursor or donor of reduced sulfur for organic sulfur 
compounds.  O -acetylserine(thiol)lyase (OAS-TL) uses sul fi de to form cysteine by 
replacing the acetyl group of the intermediate  O -acetylserine (OAS). OAS is 
produced by serine acetyltransferase (SAT) that transfers the acetyl moiety from 
acetyl-CoA to serine. The reduction of sulfate to sul fi de is exclusively accomplished in 
plastids, whereas both SAT and OAS-TL are localized in cytosol, plastids, and mito-
chondria. SAT and OAS-TL form the cysteine synthase complex, which is suggested 
to control the cysteine synthesis rate (Wirtz and Hell  2006  ) . However, the three 
compartments contribute to a surprisingly different extent to total cysteine synthesis 
of the cell. Whereas OAS is mainly synthesized in the mitochondria, cytosolic 
OAS-TL activity is primarily responsible for the  fi nal step of cysteine synthesis 
(Haas et al .   2008 ; Heeg et al .   2008 ; Watanabe et al .   2008  ) . Although plastidic 
OAS-TL activity accounts for 45% of total OAS-TL activity, knock out of the 
respective enzyme (OAS-TL B) has no signi fi cant effect on  fl ux of sul fi de into 
cysteine (Heeg et al .   2008  ) . Sulfate reduction in plastids is tightly regulated to bal-
ance the demands of mitochondria and cytosol for sul fi de and to avoid accumulation 
of sul fi de in plastids to toxic levels. However, so far it is not known whether incor-
poration of the produced sul fi de into OAS in plastids contributes to the regulation of 
local sul fi de levels. Therefore, the function of OAS-TL B in detoxi fi cation of exces-
sive cellular sul fi de levels was investigated. 

 Three week old  Arabidopsis thaliana  plants, ecotype Col-0 (WT) and a T-DNA 
insertion mutant lacking plastidic OAS-TL ( oastlB ) grown in soil were exposed to 
either 0 or 1  m l l –1  H 

2
 S for 2 weeks in fumigation cabinets (2 per treatment) as 

described by Koralewska et al .   (  2008  ) . Shoots of 25 plants per genotype and treat-
ment were harvested and used for analysis of sul fi de and sulfur metabolites content 
and enzyme activities. 

 Exposure of  Arabidopsis  to 1  m l l –1  H 
2
 S for 2 weeks, resulted in an approx. 50% 

decrease in biomass production of the shoot of both WT and  oastlB  mutants (Fig.  1 ), 
whereas the shoot sul fi de content increased 2.5-fold (Fig.  2 ). These sul fi de contents 

  Fig. 1    Shoot biomass production of  Arabidopsis  wild type ( WT ) and  oastlB  mutant plants upon 
H 

2
 S exposure. Leaves of 5 week old plants (n = 25) exposed to 0 and 1  m l l −1  H 

2
 S (−/+) for 

2 weeks were harvested and average biomass was determined. Average biomass of plants in the 
absence of H 

2
 S was set to 100%. *** p  £  0.001, unpaired Student’s t-test       
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were a factor 100 higher than predicted on basis of the Henry’s gas law (De Kok 
et al .   2007  ) . H 

2
 S exposure resulted in a mass increase in cysteine and glutathione 

content of the shoots (Fig.  3 ). Cysteine levels were increased more than 30-fold in 
H 

2
 S-exposed WT plants (Fig.  3a ), whereas that of glutathione increased 3.4-fold 

(Fig.  3b ). H 
2
 S exposure of  oastlB  plants also resulted in similar enhanced cysteine 

and GSH content, revealing no differences between the mutant and WT plants 
(Fig.  3 ). The enhanced cysteine content in the shoot upon H 

2
 S exposure was not 

accompanied by a substantial change in the activity or protein levels of SAT and 
OAS-TL (Fig.  4 ). Total SAT activity was only slightly increased in H 

2
 S-exposed 

WT and  oastlB  plants compared to the control plants (32% and 24%, respectively, 
Fig.  4a ). However, immunological detection of the most abundant SAT isoform 
SAT3 and all OAS-TL isoforms did not reveal detectable alterations in protein 
amount (Fig.  4b ). Nevertheless, the complete loss of OAS-TL B in  oastlB  plants 
was con fi rmed (Fig.  4b ). In contrast to SAT enzymatic activity, OAS-TL enzymatic 
activity was not altered upon H 

2
 S exposure in WT and  oastlB  plants.     

  Fig. 2    Endogenous sul fi de levels in shoots of H 
2
 S exposed  Arabidopsis  wild type ( WT ) and  oastlB  

mutant plants. Sul fi de concentration was determined by HPLC according to Völkel and Grieshaber 
 1994  in 5-week old plants grown in the absence and presence of 1  m l l −1  H 

2
 S (−/+) for 2 weeks. 

Shoots of 25 plants of each genotype and treatment were pooled and three aliquots were used for 
analysis.  FW  fresh weight; *** p  £  0.001, unpaired Student’s t-test       

  Fig. 3    Thiol levels in shoots of H 
2
 S exposed  Arabidopsis  wild type ( WT ) and  oastlB  mutant plants. 

Cysteine ( a ) and glutathione (GSH,  b ) were determined by HPLC according to Heeg et al .   (  2008  )  
in plants exposed to H 

2
 S as described in Fig.  2 .  FW  fresh weight; * p  £  0.05, *** p  £  0.001, unpaired 

Student’s t-test       
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 H 
2
 S exposure had a substantial negative effect on biomass production of both 

Arabidopsis WT and  oastlB  plants. The comparable impact of H 
2
 S exposure on 

growth of both the WT and  oastlB  mutant also demonstrated that the absence of 
OAS-TL B in the plastids did not add to the potential toxicity of sul fi de for 
 Arabidopsis . Moreover, H 

2
 S exposure yielded in strongly enhanced cysteine and glu-

tathione levels in the shoot, whereas the enzymatic activities of SAT and OAS-TL 
were not changed substantially. A similar response was also observed in poplar 
plants showing an increased cysteine content without changes in protein amounts of 
SAT and OAS-TL upon H 

2
 S exposure for 4 days (Nakamura et al .   2009  ) . It cannot 

be entirely excluded that moderate H 
2
 S exposure for a shorter period as described 

here, would reveal differences between the genotypes. A high sul fi de concentration, 
as used here, has the potential to override endogenous differences due to compart-
ment speci fi c perception and detoxi fi cation. However, this is unlikely since total 
sul fi de levels did increase only about 2.5-fold in WT and  oastlB  mutants. Therefore, 
it is suggested, that the metabolic impact of an elevated H 

2
 S level in the environment 

was not dependent on OAS-TL B activity in plastids but seemed to rely on responses 
in several subcellular compartments.     
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  Fig. 4    Abundance and activity of SAT and OAS-TL in H 
2
 S exposed wild type ( WT ) and  oastlB  

mutant plants. ( a ) SAT activity was determined in soluble protein extracts according to Heeg 
et al.  2008  from plants exposed to H 

2
 S as described in Fig.  2 . ( b ) Amounts of SAT3 and OAS-TL 

proteins were determined by immunological detection using the respective primary antibodies 
according to Heeg et al .   (  2008  )  (OAS-TL A: lower signal, OAS-TL B: middle signal, OAS-TL C: 
upper signal). Rubisco was stained using Ponceau S to serve as a loading control. 
 FW  fresh weight; *** p  £  0.001, unpaired Student’s t-test       
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  Abstract   The effect of a graded sulfur (S) supply to the soil combined with foliar 
applications of three different defense metabolites (S 0 , salicylic acid and cysteine) 
on the infection rate of winter wheat with powdery mildew ( Blumeria graminis ) was 
tested in a pot experiment. Spray applications with all three compounds reduced the 
infection rate in comparison to the control. The strongest effect was obtained expectedly 
after S 0  application due to its well-established fungicidal effect in this host-pathogen 
relationship. S 0  reduced the infection rate by 47% and 67% at maximum when 50 
and 100 mg S 0  pot −1  were applied, respectively 8 days after application in comparison 
to the control. In case of salicylic acid (SA) and cysteine the lower dose of 50 mg 
pot −1  resulted in a stronger reduction of the infection rate than the higher one when 
the S supply of the crop was low (5 mg S pot −1 ). Generally, the infection proceeded 
slower when plants were fully supplied with S though the initial infection rate was 
higher in these treatments. In case of spray applications with SA and cysteine the 
combination effect together with soil-applied sulfate never boosted the effect of a 
single treatment. Only with S 0  the strongest reduction in fungal infection was 
observed when a high soil S supply was combined with a high foliar S 0  application. 
Cysteine and SA trigger pathogen-related response in plants but defense mecha-
nisms were not further enhanced by soil-applied S fertilization in combination with 
SA and cysteine spray applications, but obviously down-regulated. This suggests 
feedback regulation between S uptake, S metabolism, infection rate and SA and 
cysteine concentrations in the plant.      
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 Field investigations revealed the positive effect of S fertilization on the resistance of 
crop plants against fungal pathogens (Haneklaus et al .   2007,   2009  ) . The basic 
mechanisms of the so-called sulfur-induced resistance (SIR) are meanwhile under-
stood and different S metabolites were shown to be involved in resistance mecha-
nisms of crops against pathogens. The signi fi cance of these compounds for SIR has 
already been comprehensively discussed before (Bloem et al .   2005,   2007 ; Haneklaus 
et al .   2007  ) . Yet, under  fi eld conditions it is not possible to trigger SIR consistently 
by S fertilizer practices. In this study a new experimental setup was chosen to get 
deeper insight into the mechanisms involved in S-mediated plant-pathogen response. 
Winter wheat was supplied with graded S rates and inoculated with powdery mildew 
( Blumeria graminis ). Then plants were sprayed with three different stress-related 
compounds: Salicylic acid was used as a defense elicitor, cysteine as one major 
stress metabolite involved in SIR and S 0  which has a proven fungicidal effect in the 
tested host-pathogen relationship and which is discussed as a defense metabolite, 
too. The compounds were sprayed after symptoms of infection became visible in 
order to test the individual capacity of these compounds to in fl uence the further 
course of pathogenesis. 

 Cysteine is the precursor of all relevant S-containing metabolites involved in 
SIR. In addition, cysteine can be directly involved in pathogen resistance 
(Vidhyasekaran  1988  ) . In numerous  fi eld experiments it was shown that both, S 
fertilization and infection by fungal pathogens increased the cysteine content in the 
leaf tissue signi fi cantly whereby this effect was pronounced strongest and 
signi fi cantly in combination (Haneklaus et al .   2009  ) . Besides its nutritional effect, 
the pesticidal ef fi cacy of S 0  against pests and diseases is well established (Forsyth  1802 ; 
Hoy  1987  ) . S 0  has been shown to be most ef fi cient against powdery mildew infections 
(Hoy  1987 ; Reuveni  2001  ) . The mode of action of this effective fungicide is still not 
known, but has been attributed to the lipophilic character of S 0 , which may enter 
into the cell wall of the fungi where it disturbs redox reactions (Börner  1997  ) . 

 The application of salicylic acid (SA) was tested as SA mediates the plant 
response to pathogen infection by initiating and maintaining the hypersensitive 
response and systemic acquired resistance (Malinowski et al .   2007  ) . Synthesis of 
SA requires Coenzyme A (CoASH) in the  b -oxidation pathway (Ryals et al .   1996  ) , 
which displays a possible link to S metabolism (Haneklaus et al .   2007  ) . During 
infection the concentration of SA may increase close to infection sites (Malinowski 
et al .   2007  )  and it was shown that treatment with exogenous SA induced genes of 
pathogenesis-related proteins (PR) and resistance indicating to the function as natu-
ral transduction signal (Malamy et al .   1990  ) . In this context it is an interesting fact 
that genes of the primary and secondary S metabolism were up-regulated after 
pathogen attack (Kruse et al .   2007  ) . In this study the question was addressed if an 
exogenous spraying of cysteine, S 0  or SA mediates the plant response to pathogen-
esis and whether such effect is related to the S supply of the crop. 

 A bi-factorial greenhouse experiment was conducted with three S levels (5, 25 and 
50 mg S per pot as K 

2
 SO 

4
 ) and seven different treatments of spray applications with 

stress-related compounds (H 
2
 O as control, 50 and 100 mg pot −1  SA, cysteine and 

S 0 ). The chemicals were dissolved in 5 mL distilled water containing 0.1% Tween 
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as detergent and sprayed on the infected plants. Four days after spray application, 
when  fi rst changes caused by the spray application became visible for the  fi rst time, 
the visual scoring of the infection rate was performed and further on after 6, 8 and 
11 days. Eight plants of winter wheat (variety  Ritmo,  which has been rated as being 
medium resistant against powdery mildew) were grown in  Mitscherlich  pots,  fi lled 
with 8 kg of pure sand. S was fertilized before planting and potassium was balanced 
with KCl. Plants were inoculated with powdery mildew ( Blumeria graminis f. sp. 
tritici ) during their main growth at BBCH 39–41 (Stauß et al .   1994  ) . The infection 
was carried out by dispersing mycelium of severely infected young wheat plants in 
the headspace of the experimental plants. Three weeks after inoculation at BBCH 59 
all plants showed an infection rate of on average 28% with a high variability in 
relation to the S supply (Table  1 ). Scoring of the infection rate was performed on the 
 fl ag leaves before and regularly after foliar application of S compounds. The percentage 
of leaf area affected by the fungi was visually estimated according to Moll et al. 
 (  1996  ) . Each treatment was conducted in fourfold repetition. Eleven days after 
spray application the plants were harvested and analyzed for total S by employing 
 Vario Max CNS  equipment (Elementar Analysensysteme GmbH, Hanau, Germany). 
Two-way ANOVA was used to analyze the results and means were compared by 
the  Tukey  test at 5% probability level.  

 A high variability of the infection rate with powdery mildew was observed before 
stress-related metabolites were foliarly applied (Table  1 ). Graded S supply to the 
soil resulted in a signi fi cant increase in the S content of young  fl ag leaves as well as 
older leaves (Table  1 ). Surprisingly, the infection rate was signi fi cantly higher than 
in control pots when 25 and 50 mg S pot −1  were applied to the soil. Reasons for this 
effect remain at the moment speculative. 

 In Table  2  the infection rates 4, 6, 8 and 11 days after spraying were compared to 
the infection before foliar dressings were applied. Spraying of S 0  at the higher dose 
of 100 mg S per pot resulted in the highest reduction of the infection rate with 
powdery mildew. Already 4 days after S 0  application the infected leaf area was 
reduced by 16%, while the infection of control plants did not change during the 
same time but advanced later on. Over time S 0  dressings at the lower dose retarded 
mycelial growth compared to the control but yielded only a reduction 4 days after S 0  
application. The higher S 0  rate had the strongest effect with a signi fi cant decline of 

   Table 1    Infection rate (%) of winter wheat  fl ag leaves with powdery mildew ( Blumeria graminis)  
in relation to the S supply of  fl ag leaves and older leaves at  fl owering before foliar application of 
stress-related metabolites   

 Infection rate with powdery 
mildew a  (% ± SD) 

 S content of  fl ag 
leaves (mg g −1 ) 

 S content of older 
leaves (mg g −1 ) 

 Control (5 mg S pot −1 )  23.4 ± 6.8  3.2  2.7 
 S-1    (25 mg S pot −1 )  28.9 ± 8.8  4.6  4.2 
 S-2    (50 mg S pot −1 )  32.3 ± 9.1  4.8  3.9 
  LSD  

 5% 
    3.9    0.9    0.8  

   a Infection rates before spray application are mean values from 28 pots  
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mycelial growth 4 days after spraying, too. Hereafter the reduction of the infection 
rate kept at a high level (Table  2 ).  

 With a view to cysteine spray applications signi fi cantly reduced the infection rate 
at the lower dose at all dates but this effect was far less pronounced when compared 
to S 0 . In comparison, the higher rate of cysteine reduced the infection rate after 4 
and 6 days somewhat, while it proceeded thereafter though keeping visibly below 
the infection rate of the control plants (Table  2 ). 

 Application of SA reduced infection rate only at the lower dose and only 4 days 
after application. Later on fungal growth was retarded and with the lower dose of 
50 mg pot −1  always signi fi cantly slower than in the control plants. Soil-applied S 
fertilization had a signi fi cant effect on the infection rate, too. The higher dose of 
50 mg S pot −1  signi fi cantly and consistently decreased the infection rate. In contrast, 
the infection rate proceeded at a high level but tended to decrease after 11 days 
when only 25 mg S pot −1  were applied. As the S status of the crop plant was similar 
in both treatments (Table  1 ) it may be assumed that an S supply which exceeds the 
physiological requirement of the plant is bene fi cial to strengthen the natural 
resistance against fungal pathogens. Such effect has been proposed previously by 
Haneklaus et al .   (  2007,   2009  ) . 

 For an easier comparison of results data are presented as relative changes after 
foliar dressings whereby the infection rate before application was set to 100% 
(Fig.  1 ). Values of higher than 100% indicate an increase while lower values indi-
cate a reduction of the infection intensity with powdery mildew. Generally, the 
infection proceeded slower when plants were fully supplied with S though the 

   Table 2    Development of the infection rates (%) of winter wheat  fl ag leaves with powdery mildew 
( Blumeria graminis)  4, 6, 8, and 11 days after spray applications with S 0 , cysteine, and salicylic 
acid compared to the respective infection rates prior to foliar treatments   

 Change of infection rate (%   ) after spray application 
and soil-applied S 

 Days after application of metabolites  4  6  8  11 

 Control  +0.0  +13.8  +35.0  +20.0 
 50 mg S 0  (S 0 -50)  −3.8   0.0    +13.8    +6.3  
 100 mg S 0  (S 0 -100)   −16.3    −6.3    −2.5    −10.0  
  LSD  

 5% 
    9.0    13.5    10.6    11.5  

 50 mg cysteine (cys-50)  −1.3   −3.8    −8.8    −6.25  
 100 mg cysteine (cys-100)  −3.8   −1.3    +7.5    +2.5  
  LSD  

 5% 
    8.2    10.1    8.3    11.9  

 50 mg SA (SA-50)  −5.0   +1.3    +5.0    +1.3  
 100 mg SA (SA-100)  +2.5  +6.3   +11.3   +7.5 
  LSD  

 5% 
    8.0    10.8    11.5    15.9  

 25 mg S pot −1  (S-25)   +13.8   +13.8  +26.3  +7.5 
 50 mg S pot −1  (S-50)  −5.0   −5.0    −6.3    −6.3  
  LSD  

 5% 
    8.7    12.9    15.0    13.0  

   Bold numbers  indicate statistically signi fi cant differences to control plants; data for spray applica-
tions with S 0 , cysteine and SA include plants with a soil S supply of 5 mg pot −1   
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initial infection rate was higher in these treatments (Fig.  1 ). The infection rate was 
in fl uenced strongest 8 days after spraying in relation to foliar dressing and S nutri-
tional status. Spray application of all three stress-related compounds caused a 
reduction of the fungal infection rate with powdery mildew. Application of S 0  was 
most ef fi cient with a signi fi cant reduction of 47% and 67% at rates of 50 and 
100 mg pot −1 , respectively at an S supply of 25 mg pot −1  (Fig.  1 ). The application 
of the higher S dose to the soil (50 mg S pot −1 ) yielded a reduction of the infection 
rate that was comparable with that of 50 mg cysteine and 100 mg S 0 . Spraying of 
S 0  reduced the infection additionally by 6% and 56%, at an S 0  application of 50 and 
100 mg pot −1 , respectively.  

 The pure SA effect equaled a signi fi cant reduction of the infection rate of 47% at 
the higher SA dose 8 days after spraying (Fig.  1 ). Soil-applied S fertilization alone 
caused an even greater reduction of 71% at the same time. Interactions between 
soil-applied S and foliar dressings proved to be signi fi cant. The combined effect of 
soil-applied sulfate (S-50) and SA spray application (SA-100) yielded a reduction 
of 60% (Fig.  1 ) compared to the control. Interactions between both factors resulted 

  Fig. 1    Relative changes in the infection rate (%) of winter wheat  fl ag leaves with powdery mildew 
( Blumeria graminis )  before  (100%) and  after  application of stress-related metabolites in relation 
to the external S supply       
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in a lower reduction of fungal infection than the pure fertilizer S effect. So, after 
6 days the combination effect of SA and soil-applied S yielded only a reduction by 
30% in contrast to the single SA (39%) and S treatment (50%) to the soil. 

 For foliar cysteine applications similar results were determined: 8 days after 
cysteine was sprayed it caused a reduction of the infection rate by 54%. In compari-
son, soil-applied S reduced the infection rate by 71%. The combination of S-50 and 
Cys-100 caused a reduction of still 55%. Six days after spraying this value decreased 
to only 16% while at the same time soil-borne S reduced the infection intensity by 
50% and foliar cysteine by 45%. Just in case of foliar spraying of S 0  the strongest 
reduction of the infection rate was obtained at the highest S supply of the soil. Eight 
days after spraying, S 0  reduced the infection rate by 68%, soil-applied S by 71% and 
the combined application of S 0 /S even by 87%. 

 While S 0  supposedly has a direct toxic effect on the leaf surface (Haneklaus et al .  
 2009  ) , cysteine and SA are known to trigger defense mechanisms after uptake by 
the plant. The fact that foliar application of both compounds caused a reduction of 
the infection rate with powdery mildew while the combination effect of soil-applied 
sulfate with SA or cysteine dressings never boosted their individual effect supports 
the assumption that feedback regulation between sulfate uptake/sulfur status and 
cysteine and SA, and regulation of defense mechanisms exists. A promising com-
pound that is actively involved in induced resistance and that was shown to regulate 
sulfate uptake is glutathione. However, further studies are required to verify further 
regulatory functions.     
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  Abstract   Wheat ( Triticum aestivum  L. cv. Yitpi) was grown under  fi eld conditions 
in the Australian Grains Free-Air Carbon Dioxide Enrichment (AGFACE) facility 
during the 2008 and 2009 growing seasons. Current atmospheric (384  m mol mol −1 ) 
and elevated CO 

2
  concentration (550  m mol mol −1 ) were combined with two different 

times of sowing (TOS). The “normal sowing” date (TOS 
1
 ) contrasted with “late 

sowing” (TOS 
2
 ) to provide different growing conditions including higher tempera-

tures during grain  fi lling. Nitrogen (N) and sulfur (S) concentrations and N/S ratios 
were analyzed in mature grains. Elevated CO 

2
  concentration signi fi cantly reduced 

grain N by 12.3% and 13.1%, and S concentration by 4.8% and 9.9% in the 2008 
and 2009 growing seasons, respectively. The largest reduction in grain N and S 
concentrations at elevated CO 

2
  relative to ambient CO 

2
  concentration was observed 
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at TOS 
2
 . Regardless of CO 

2
  concentration, TOS 

2
  increased grain N concentration 

by 42.7% and 16.5%, and S concentration by 26.7% and 18.8% in 2008 and 2009, 
respectively. As a result, N/S ratio was reduced by 7.6% under elevated CO 

2
  

concentration in 2008 and the trend was similar in 2009. Overall, our results suggest 
that both elevated CO 

2
  concentration and TOS are likely to modify grain S and N 

concentrations and ratios, which play an important role in determining the nutritive 
value and baking quality of wheat grain.      

 The increase in atmospheric concentration of carbon dioxide ([CO 
2
 ]), a major 

greenhouse gas, is one of the most relevant contributing factors to global climate 
change. Atmospheric [CO 

2
 ] is expected to increase from currently 384 µmol mol−1 

to 550  m mol mol −1  by the middle of the twenty- fi rst century (Carter et al.  2007  ) . 
It is predicted that global temperatures will concomitantly increase by an average of 
1.5–4.5°C by 2100 and there may be more frequent occurrences of extreme climatic 
events such as heat waves and/or droughts (Carter et al.  2007  ) . On the other hand, 
elevated [CO 

2
 ] can have a positive effect on plant growth, yield formation and devel-

opment, because C 
3
  photosynthesis is limited by current atmospheric [CO 

2
 ] 

(Seneweera et al.  1996  ) . In addition, elevated [CO 
2
 ] is likely to alter plant carbon 

(C) and nitrogen (N) metabolism from the cellular to the whole plant level leading 
to changes in chemical composition in vegetative plant parts (Loladze  2002 ; 
Seneweera et al.  2005  )  and in grains (Erbs et al.  2010 ;    Högy et al.  2009  ) . Moreover, 
it has been reported that high [CO 

2
 ] tends to reduce grain sulfur (S) concentration in 

wheat (Erbs et al.  2010  ) . Although wheat requires a relatively low amount of S, 
sulfur can exert a large in fl uence on yield and grain quality (Zhao et al.  1999  ) . 
Sulfur is contained in essential amino acids such as cysteine and methionine, hence 
functionally important in many proteins. Wheat proteins, especially metabolic and 
several types of gluten proteins are rich in S containing amino acids (Shewry and 
Halford  2002  ) . Thus, sulfur de fi ciency can lead to reduced synthesis of gluten and 
metabolic proteins. Strong correlations between S and rheological properties of 
dough have been well documented (Vensel et al.  2005  ) . It has been well established 
that elevated [CO 

2
 ] results in a reduction of N and protein concentration in both 

vegetative parts and grains (Taub et al.  2008  ) . However, the mechanism/s by which 
[CO 

2
 ] enrichment reduces grain protein content is not well understood. There is 

a strong inter-dependence of N and S metabolism in crop plants (Stewart and 
Porter  1969  ) , but there is little information available on how elevated [CO 

2
 ] 

and variable growth conditions interact on grain N and S concentrations and its 
ratios. This paper addresses this open question in a Free Air CO 

2
  Enrichment 

(FACE) facility. 
 Wheat ( Triticum aestivum  L. cv. Yitpi, a hard wheat, bread-making cultivar) was 

grown under  fi eld conditions at the Australian Grains FACE (AGFACE) facility, at 
a satellite site in Walpeup, Victoria, Australia (35°12 ¢ S, 142°00 ¢ E) during the 2008 
and 2009 growing seasons. Ambient [CO 

2
 ] (384  m mol mol −1 ) and elevated [CO 

2
 ] 

(550  m mol mol −1 ) were combined with two different times of sowing (TOS): A 
“normal sowing” date (TOS 

1
 ) contrasted with “late sowing” (TOS 

2
 ) to investigate 

this interaction with [CO 
2
 ]. Growth conditions of TOS 

1
  and TOS 

2
  in both growing 
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seasons were as described in Table  1 . The experimental design was a completely 
randomized block design with 16 rings of 4 m diameter each. Each treatment 
combination was replicated four times. CO 

2
  enrichment started at plant emergence 

and continued until grain maturity stage. Grains were harvested at physiological 
maturity. Harvested ears were dried at room temperature and grains were separated 
and aspirated (Vaccum separator, Kimseed, Australia). Total grain N concentration 
was measured by near infrared re fl ectance spectroscopy (NIR, Foss, Sweden) based 
on 11% moisture content. Followed by an acid digestion, grain S concentration was 
analyzed using inductively-coupled plasma atomic emission spectrometry (Applied 
Research Laboratories, 3580B, Switzerland). Mineral concentration (g kg −1 ) was 
expressed on a grain dry weight basis. N/S ratio was calculated on mass basis.  

 Grain N concentration was 26.8 g kg −1  (2008) and 27.2 g kg −1  (2009) under ambi-
ent [CO 

2
 ] and 23.5 g kg −1  (2008) and 23.7 g kg −1  (2009) under elevated [CO 

2
 ], show-

ing 12.3% and 13.1% reduction at elevated [CO 
2
 ] in both years. A greater reduction 

in grain N concentration at elevated [CO 
2
 ] relative to ambient [CO 

2
 ] was observed 

at TOS 
2
 . Regardless of [CO 

2
 ] treatment, grain N concentration was higher at TOS 

2
  

in both years (29.6 g kg −1 , 27.4 g kg −1 ) than at TOS 
1
  (20.8 g kg −1 , 23.5 g kg −1 ), which 

means an increase at TOS 
2
  relative to TOS1 by 42.7% and 16.5% in 2008 and 2009, 

respectively (Table  2 ).  
 Grain S concentration signi fi cantly declined by 9.9% at elevated [CO 

2
 ] in 2009. 

In contrast, smaller reduction of 4.8% was observed in 2008. A greater reduction in 
grain S concentration at elevated [CO 

2
 ] was observed at TOS 

2
  in both years (Table  2 ). 

However, grain S concentration increased at TOS 
2
  relative to TOS 

1
  by 26.7% and 

18.8% in 2008 and 2009 respectively. The N/S ratio was signi fi cantly reduced under 
elevated [CO 

2
 ], by 7.6% in 2008 and by 3.7% in 2009. Reduction of N/S ratio at 

elevated [CO 
2
 ] was greater in TOS 

1
  than at TOS 

2
  in both years. In contrast, increase 

in N:S ratio was observed at TOS 
2
  compared to TOS 

1
 , by 26.7% and 18.8% in 2008 

and 2009, respectively (Table  2 ). Increases in grain nutrient concentrations at 
TOS 

2
  versus TOS 

1
  are probably related to lower gain yield (data not shown) under 

TOS 
2
  conditions. 

 Approximately 80% of N and S are invested in protein in many plant species.
The maintenance of N and S ratio at an optimum level is central to protein synthesis 

   Table 1    Growing conditions during the experiment   

 Total water 
supplied 
(R + I) mm 

 Days 
T 30–35°C 

 Days 
T >35°C 

 TMAX 
during grain 
 fi lling (°C) 

 TMAX 
during growing 
season (°C) 

 Grain 
 fi lling days 

 2008-TOS1  37.4  4  3  25.5  19.0  43 
 2008-TOS2  37.4  4  4  26.6  20.2  37 
 2009-TOS1  97.8  2  3  26.2  20.3  67 
 2009-TOS2   0  3  12  35.5  22.8  19 

   TMAX  mean daily maximum temperature,  R , rainfall,  I  irrigation,  T  temperature,  TOS  time of 
sowing  
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   Table 2    Grain N and S concentrations and N/S ratio of  Triticum aestivum  L. cv. Yitpi grown under 
two CO 

2
  concentrations (384 and 550  m mol mol −1 ) and two times of sowing (TOS 

1
  and TOS 

2
 ) 

during 2008 and 2009 growing seasons   

 Main effects 

  2009   aCO 
2
   eCO 

2
   % Change  TOS 

1
   TOS 

2
   % Change 

 Grain N (g kg −1 )  27.2  23.7  −13.1  23.5  27.4  16.5 
 Grain S (g kg −1 )   1.83   1.65  −9.9   1.6   1.9  18.8 
 N/S ratio  14.9  14.4  −3.7  14.8  14.5   −1.7 
  2008  
 Grain N (g kg −1 )  26.8  23.5  −12.3  20.8  29.6  42.7 
 Grain S (g kg −1 )   1.75   1.66  −4.8   1.5   1.9  26.7 
 N/S ratio  15.2  14.1  −7.6  13.8  15.5  12.5 
 Interactive effects 

  2009   TOS 
1
  aCO 

2
   TOS 

1
  eCO 

2
   % Change  TOS 

2
  aCO 

2
   TOS 

2
  eCO 

2
   % Change 

 Grain N (g kg −1 )  24.8  22.2  −10.6  29.7  25.2  −15.2 
 Grain S (g kg −1 )   1.7   1.5  −7.1   2.0   1.8  −12.1 
 N/S ratio  15.1  14.5  −3.8  14.8  14.3   −3.5 
  2008  
 Grain N (g kg −1 )  22.0  19.5  −11.3  31.7  27.5  −13.1 
 Grain S (g kg −1 )   1.52   1.49  −2.3   2.0   1.8   −6.7 
 N/S ratio  14.4  13.2  −8.8  16.0  15.0   −6.6 

 ANOVA 

  2009   CO 
2
   TOS  CO 

2
  × TOS 

 Grain N (g kg −1 )  *  *  ns 
 Grain S (g kg −1 )  **  ***  ns 
 N/S ratio  ns  *  ns 
  2010  
 Grain N (g kg −1 )  *  ***  ns 
 Grain S (g kg −1 )  ns  ***  ns 
 N/S ratio  **  ***  ns 

  Summary of two-way ANOVA results are shown 
  ns  not signi fi cant ( p  > 0.05) 
 * p  < 0.05; ** p  < 0.01; *** p  < 0.001  

(Zhao et al.  1999  ) . If the N/S ratio is not maintained at an optimum of around 15/1 
(w/w), then protein synthesis will be suppressed (Zhao et al.  1999  ) . Our results 
demonstrate that N/S ratio was reduced by 7.6% and 3.7% at elevated [CO 

2
 ] 

compared to the optimum value (15/1) in both the 2008 and 2009 growing season. 
Reduction in N/S ratio at elevated [CO 

2
 ] was due to greater reduction of N concen-

tration relative to the reduction in S concentration under elevated [CO 
2
 ]. Reduction 

in grain N concentration was almost similar in both growing seasons, but the reduction 
in grain S concentration was greater in 2009 than in 2008. This reduction in grain S 
concentration in the 2009 growing season could be due to lower S uptake possibly 
linked to accelerated plant development, due to both higher growth temperature and 
drought stress that plants experienced during grain  fi lling in 2009 (Table  1 ). 
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 Experimental evidence suggests that grain N concentration is generally decreased 
at elevated [CO 

2
 ] (Taub et al.  2008  ) . In addition, a strong inter-dependence of N and 

S metabolism has been reported (Stewart and Porter  1969  ) . Although N and S 
metabolism are closely related, insuf fi cient S supply can lead to transient and steady 
state nitrate accumulation and/or perturbations in speci fi c amino acid pools, because 
S de fi ciency may have a greater effect on N assimilation than on N uptake (Zhao 
et al.  1999  ) . It is likely that S de fi ciency could further suppress N assimilation at 
elevated [CO 

2
 ]. 

 Wheat grains consist of 8–20% protein, which is classi fi ed into three main 
groups – structural, metabolic and storage proteins (Delmolino et al.  1988  ) . 
Metabolic proteins are rich in S-containing amino acids cysteine (Cys) and methi-
onine (Met) (Woodman and Engledow  1924  ) . Storage proteins are considered gluten 
proteins, which form viscoelastic networks during dough mixing and correlate with 
rheological properties (Vensel et al.  2005  ) . Gluten proteins differ greatly in the content 
of cysteine residues and therefore are classi fi ed as S-poor ( w 5-,  w 1,2-gliadins), 
S-rich ( a - and  g -gliadins and low molecular weight glutenin subunits) and intermediate 
S containing gluten protein fractions (high molecular weight glutenin subunits; 
Shewry and Halford  2002  ) . It has been suggested that elevated CO 

2
  concentration 

reduces  w 5-,  w 1,2-gliadins and HMW glutenin subunits which contain relatively low 
S content, more than other types of proteins (Wieser et al.  2008  ) . Comparison of the 
total N and S ratio to the ratio of protein types (S-poor, S-rich) would provide more 
information on how N and S metabolism is modi fi ed under elevated [CO 

2
 ]. 

 This study concludes that elevated [CO 
2
 ] decreased the N/S ratio in wheat grain 

which is probably linked to whole plant N and S transport and/or assimilation. The 
overall reduction of N/S ratio was greater at the earlier sowing dates, suggesting that 
elevated [CO 

2
 ] mediated reduction in N and S concentration is dependent on growing 

conditions, among them temperatures during grain  fi lling is critical in determining 
the S:N ratio.     
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  Abstract   The effect of long-term exposure to elevated  p CO 
2
  concentrations on 

sulfate and nitrate assimilation was studied under  fi eld conditions using leaves from 
 Quercus ilex  and  Quercus pubescens  trees growing with ambient or elevated CO 

2
  

concentrations in the vicinity of three natural CO 
2
  springs, Bossoleto, Laiatico and 

Sulfatara, in Tuscany, Italy. The activity of the key enzymes of sulfate assimilation, 
adenosine 5 ¢ -phosphosulfate reductase (APR) and nitrate assimilation, nitrate 
reductase (NR), were measured together with the levels of acid soluble thiols, and 
soluble non-proteinogenic nitrogen compounds. Whereas NR activity remained 
unaffected in  Q. ilex  or increased  Q. pubescence , APR activity decreased in the area 
of CO 

2
  springs. The latter changes were often accompanied by increased GSH 

concentrations, apparently synthesized from H 
2
 S and SO 

2
  present in the gas mixture 

emitted from the CO 
2
  springs. Thus, the diminished APR activity in leaves of  Q. ilex  

and  Q. pubescence  from spring areas can best be explained by the exposure to 
gaseous sulfur compounds. Although the concentrations of H 

2
 S and SO 

2
  in the gas 

mixture emitted from the vents at the CO 
2
  springs were low at the Bossoleto and 

Laiatico spring, these sulfur gases pose physiological effects, which may override 
consequences of elevated  p CO 

2
 .      
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 The current increase in atmospheric  p CO 
2
  may affect the physiology, the development 

and the growth of plants. Wealth of information concerning these effects has been 
published from experiments, in which plants were exposed to elevated  p CO 

2
  under 

controlled conditions in different experimental set ups starting from controlled 
growth chambers, open top chambers and Free-Air CO 

2
  Enrichment (FACE) experi-

ments. Within these experiments the  p CO 
2
  concentration was enhanced from ambi-

ent to elevated  p CO 
2
  levels within one step. This approach does not allow long-term 

acclimation to rising  p CO 
2
  concentrations over several generations, especially 

relevant for plant communities and trees. Vegetation, that grows for generations in 
a naturally  p CO 

2
 -enriched atmosphere around  p CO 

2
  springs, provide a unique 

opportunity to address questions of long-term adaptation. At these springs,  p CO 
2
  of 

geological origin is continuously released to the atmosphere through natural vents, 
thus producing local increases in the atmospheric  p CO 

2
  concentrations as expected 

in a future  p CO 
2
 -enriched world (Miglietta and Raschi  1993 ; Schulte et al.  1999  ) . 

These conditions are ideal for assessing physiological responses (Körner and 
Miglietta  1994  )  and micro-evolutionary adaptations (Schulte et al.  2002  )  to long-term 
elevated  p CO 

2
  that cannot be simulated experimentally. 

 At three selected spring sites,  i.e.  near Laiatico, Bossoleto and Solfatara, the 
 p CO 

2
  enrichment was comparable to the  p CO 

2
  concentrations expected at the end of 

this century (Miglietta et al.  1993 ; Körner and Miglietta  1994  ) . However, the gas 
mixture emitted from these vents contains SO 

2
  and H 

2
 S in addition to CO 

2
  (Table  1 , 

Schulte et al.  1999  ) , pollutants which have been shown to affect the physiology of 
plants (De Kok et al.  1998  )  and may even be phytotoxic (De Kok  1990  ) . The average 
H 

2
 S and SO 

2
  concentrations did not reach levels thought to mediate visible symp-

toms of injury (De Kok  1990 ; Schulte et al.  1999  )  and, indeed, symptoms of H 
2
 S 

and SO 
2
  damage were not observed at the  fi eld sites. Nevertheless, it can be assumed 

that atmospheric sulfur is taken up by the leaves and is used as an additional sulfur 
source (Brunold and Erismann  1975 ; De Kok  1990  ) . Exposure of the shoot to atmo-
spheric H 

2
 S or SO 

2
  normally enhances the GSH content of leaves and roots (De Kok 

 1990  ) , but high levels of cysteine were also detected (Buwalda et al.  1988 ; De Kok 
et al.  1988  ) . This increase in thiols in the presence of SO 

2
  and H 

2
 S may be explained 

by a direct incorporation of the sulfur into cysteine and the usage of cysteine for the 
formation of GSH which have been shown to decrease the activity of ATP sulfurylase 
(Lappartient and Touraine  1996 ; Lappartient et al.  1999  )  and APS reductase 
(APR, Westerman et al.  2001 ; Vauclare et al.  2002  ) .  

 In  A. thaliana  shoots, not only the content of water-soluble non protein-SH 
compounds, but also the organic N in the shoot increased signi fi cantly by SO 

2
  expo-

sure (Van der Kooij et al.  1997  ) , indicating an interaction between sulfur and nitro-
gen metabolism. Such an interaction has been established for a long time (reviewed 
in Brunold  1993 ; Brunold et al.  2003 ; Kopriva and Rennenberg  2004  )  and has also 
been described at the whole plant level (Kruse et al.  2007  ) . An interaction between 
sulfur and carbon metabolism is evident from experiments with  Arabidopsis  and 
 Lemna . Here APR activity depends on light, is increased by sucrose and glucose 
treatment and is strongly reduced when CO 

2
  is omitted (Kopriva et al.  1999,   2002 ; 

Hesse et al.  2003  ) . Also nitrate reductase (NR), the key enzyme of nitrate assimilation, 
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interacts with carbon metabolism. Elevated  p CO 
2
  reduced the decline of NR activity 

during the second part of the photoperiod and partially reversed the dark inactivation 
in herbaceous plants (Scheible et al.  1997 ; Geiger et al.  1998  ) . The increased stability 
of NR at elevated CO 

2
  might be a result of the higher level of sugars at elevated 

 p CO 
2
  (Kaiser and Huber  1994  ) . In tobacco elevated  p CO 

2
  increased the turn-over of 

amino N, most remarkable Glu and Ala, in mature leaves indicating enhanced nitrate 
reduction (Kruse et al.  2003  ) . 

 Effects of elevated  p CO 
2
  in oak depend on the origin of  Q. ilex  acorns (Schulte 

et al.  2002  ) . Elevated  p CO 
2
  decreased APR activity and thiol levels in  Q. ilex  leaves 

when acorns were collected from control area. However, although thiols were reduced 
at elevated  p CO 

2
 , when acorns were collected from the Laiatico spring area, APR 

activity was not (Schulte et al.  2002  ) . NR increased at elevated  p CO 
2
  when  Q. ilex  

trees were grown from acorns originating from the spring area. As these results indi-
cate long-term acclimation to elevated  p CO 

2
 , micro evolutionary adaptation of sulfur 

and nitrogen nutrition as a consequence to elevated  p CO 
2
  in  Q. ilex  and  Q. pubescens  

are expected. To test this assumption, three natural springs with elevated  p CO 
2
  and 

corresponding control areas with ambient atmospheric  p CO 
2
  were selected in 

Tuscany, Italy. The key enzymes of both pathways,  i.e.  APR and NR, were investi-
gated in combination with analyses of reduced S and N compounds. 

 Mature leaves were randomly harvested between 10 am and 14 pm in June 1995 
and 1996 from 2 years old twigs of six  Q. ilex  and  Q. pubescens  trees grown at three 
different natural CO 

2
 -springs or at the corresponding control areas each. The 

Bossoleto (Rapolano) spring is situated at about 40 km SE of Siena at 250 m (Körner 
and Miglietta  1994  )  and released  p CO 

2
  mainly in the night (Table  1 , Schulte et al. 

 1999  ) . Thereby the atmospheric  p CO 
2
  ranged from 325  m l l −1  up to peak values of 

8,097  m l l −1  in the night. The emitted gas mixture also contained trace amounts of 
H 

2
 S (2–83 nl l −1  H 

2
 S) and SO 

2
  (5–23 nl l −1  SO 

2
 , Schulte et al.  1999  ) . The spring is 

surrounded by a typical Mediterranean forest composed mainly of  Q. ilex  and 
 Q. pubescens . The control site was at a distance of 5 km from the source at Poggia 
San Cecilia, where the vegetation, the climate and the soil were comparable to the 
Bossoleto spring (A. Raschi, personal communication). The Laiatico spring is 
situated on the slope of a hill near the village of Laiatico, which is at 10 km W from 
the city of Volterra. CO 

2
  is emitted from one major and a number of smaller vents at 

the foot of the slope mainly during the day. The atmospheric  p CO 
2
  ranged from 209 

up to 2,815  m l l −1  (Schulte et al.  1999  ) . The gas mixture at the Laiatico spring was 

   Table 1    Summary of the mean CO 
2
 , SO 

2
  and H 

2
 S concentration measured at the three natural 

CO 
2
 -springs (Schulte et al.  1999  )    

 Geographical 
coordinates 

 CO 
2
  

( m l l −1 ) 
 H 

2
 S 

(nl l −1 ) 
 SO 

2
  

(nl l −1 )  Time of emission 

 Bossoleto (Rapolano)  43°17 ¢ N; 11°35 ¢ E  1,074  22  12  Night 
 Laiatico  43°24 ¢ N; 10°50 ¢ E  795  22  4  Day 
 Solfatara  42°30 ¢ N; 12°08 ¢ E  797  245  18  Day and Night 
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comparable with that observed at the Bossoleto spring (Table  1 ). During the day the 
atmospheric H 

2
 S concentration ranged from 2 to 65 nl l −1 , the atmospheric SO 

2
  con-

centration from 0.25 to 4 nl l −1 . The slope is covered with a dense, 20 year old forest 
consisting mainly of  Q. ilex  and  Q. pubescens  and a few  Fraxinus excelsior  trees. 
Leaves from trees at distances up to 200 m from the main hole of the vent were 
harvested for analyses. The Solfatara spring is situated close to the village Grotte 
San Stefano, which is located near the city of Viterbo. At the Solfatara site there are a 
large number of holes along a brook emitting gas during the day and the night with peak 
values of atmospheric  p CO 

2
  of 2,044  m l l −1  (Miglietta et al.  1993 ; Schulte et al.  1999  ) . 

The gas mixture emitted at the Solfatara site contained sulfur gases in much higher 
concentrations compared to the two other sites (Table  1 ).  p H 

2
 S showed peak values 

up to 850 nl l −1  (Schulte et al.  1999  ) , the atmospheric  p SO 
2
  concentration increased 

up to 140 nl l −1 . The control site was at 400 m E from these holes. The vegetation, 
the climate and the soil were similar in the whole transect. 

 Thiols were extracted from approx. 50 mg powdered leaf material. Extraction, 
reduction and derivatization were performed as described (Schulte et al.  2002  ) . 
Thiol derivatives were separated and quanti fi ed after HPLC analysis by  fl uorescence 
detection (Schupp and Rennenberg  1988  ) . Powdered leaf samples were taken for 
the extraction of soluble amino compounds based on Winter et al.  (  1992  )  and were 
separated by ion exchange chromatography as previously described (Schneider 
et al.  1996  ) . After post-column derivatization with ninhydrin absorption of the 
amino-ninhydrin derivatives was measured at 440 and 570 nm. For measurement of 
nitrate reductase and APR activity, leaves stored in liquid nitrogen were homoge-
nised in the frozen state using a micro-dismembrator (B. Braun, Melsungen AG, 
Melsungen, Germany). The resulting frozen powder was transferred into phosphate 
buffer (0.1 M, pH 7.7) containing 1% (v/v) Tween 80, 4% (w/v) PVPP K30, 5 mM 
EDTA, 10 mM DTE, 10 mM L-cysteine and 20  m M FAD, using 10 parts (w/v) of 
buffer per one part of frozen leaf material. The resulting suspension was homoge-
nized using a Polytron (Kinematica, Littau, Switzerland). The homogenates were 
made cell-free by passing through two layers of viscose  fl eece (Millette, Migros, 
Switzerland). An aliquot of 190  m l of this crude extract was added to 810  m l of the 
assay mixture for NR composed of 25 mM phosphate buffer, pH 7.5, 3.5 mM KNO 

3
  

and 0.15 mM of each NADPH and NADP (Neyra and Hagemann  1975  ) . These 
reductants were omitted from the blanks. The NR activity was linear at 30°C for at 
least 20 min of incubation. After 20 min the reaction was stopped by adding 400  m l 
of 125 mM zinc acetate. The nitrite produced in an aliquot was detected spectropho-
tometrically at 540 nm after deazotization in a 1:1 mixture of 1% (w/v) sulfanylam-
ide in 1.5 M HCl and 0.02% (w/v) N-(1-naphtyl) ethylene diamine dihydrochloride. 
APR activity was determined according to Brunold and Suter  (  1990  )  by measuring 
the acid volatile radioactivity produced from AP 35 S using DTE as the reductant 
(Suter et al.  2000  ) . Radioactivity was determined by liquid scintillation spectrometry 
using a Betamatic instrument (Kontron Instruments, Zürich, Switzerland). Proteins 
in the crude extracts were determined according to Bradford  (  1976  )  after precipitation 
with 10% trichloric acid and subsequent solubilization in 0.1 M KOH using BSA 
as a standard. 



241Sulfate and Nitrate Assimilation in Leaves of  Quercus ilex …

 Data shown represent means (±SD) of measurements from individual mature 
leaves from different trees (n = 6) of comparable size. Statistical analysis of the 
results was done using the Student’s t-test after testing for normality and equal vari-
ance and the multifactorial Duncan test (SPSS for Windows, 7.0). If normality was 
not present, a Mann–Whitney rank sum test was used. 

 Comparison of the activity of APR from leaves of oak trees growing near the 
springs with those from various control sites results in two patterns: Either the levels 
were the same ( Q. ilex,  Bossoleto 1995 and Laiatico 1996;  Q. pubescens,  Laiatico 
1995) or APR levels at the spring area were signi fi cantly lower than at the control 
areas ( Q. ilex,  Bossoleto 1996, Laiatico 1995;  Q. pubescens,  Bossoleto 1995 and 
1996, Solfatara 1995 and 1996) (Fig.  1 ). In the leaves of  Q. pubescens  from the 
Bossoleto and the Solfatara site APR activities increased with increasing distance 
from the spring area in parallel with decreasing NR activities (Fig.  2 ). At the Laiatico 
site, NR activity of  Q. ilex  leaves was not signi fi cantly different between the spring 
area, the control area at 200 m distance, and areas of intermediate distances from the 
spring (Fig.  2 ). In  Q. pubescens  leaves a signi fi cantly lower NR activity was 
measured at the spring than at 15 m distance and at the control area in 1995 (Fig.  2 ). 
NR activities of  Q. pubescens  leaves were much lower in 1995 than in 1996. The 
same pattern was found in leaves of  Q. pubescens  from the Bossoleto site, indicating 
that an additional ecological factor was regulating NR activity in 1995. At the 
Bossoleto site, the level of NR activity was typically higher at the spring than at the 
control area. However, signi fi cant differences were only found in  Q. pubescens  
leaves in 1996 (Fig.  2 ). At Solfatara site, NR activity in leaves of  Q. pubescens  was 

  Fig. 1    Activity of APR in leaves of  Q. ilex  and  Q. pubescens  trees growing at the CO 
2
  springs at 

Bossoleto (left), Laiatico (middle), and Sulfatara (right) and at corresponding control sites. Mean 
values from six leaves collected from six different trees (±SD) are presented for 1995 ( striped 
diagonal up  for  Q. pubescence ;  striped horizontal  for  Q. ilex ) and 1996 ( striped diagonal down  for 
 Q. pubescence ;  striped vertical  for  Q. ilex ). Values carrying different letters are different at  P   £  0.05 
within one sampling date. APR was not measured in  Q. pubescens  from the Laiatico spring in 1996       
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always higher at the spring than at the control area at 400 m distance from the spring 
in both years, 1995 and 1996 (Fig.  2 ). Even at intermediate distance from the spring, 
NR activity was lower than at the spring area.   

 At the Bossoleto and the Solfatara site, the level of cysteine and GSH measured 
in the leaves of both species was typically higher at the spring than at the control 
area (Fig.  3 ). Only in 1995  Q. ilex  leaves contained comparable levels of cysteine 
and GSH at the Bossoleto spring and the control area (Fig.  3 ). A higher level of 
 g -EC was detected at the Solfatara spring in  Q. pubescens  leaves harvested in 1995 
(Fig.  3 ). At the Laiatico site, signi fi cant differences in cysteine,  g -EC or GSH contents 
between leaves from the control and the spring area for both oak species were not 
observed (Fig.  3 ). The lower levels of cysteine and GSH in the leaves of  Q. ilex  
in 1996 (Fig.  3 ) corresponded to lower levels of APR activity in that year (Fig.  1 ). 
In the leaves of  Q. pubescens , TSNN, main amino acids and ammonium contents 
were typically not signi fi cantly different in leaves from the three springs and their 
corresponding control areas (Fig.  4 ). Only at the Bossoleto site the ammonium 
content was signi fi cantly lower at the spring than at the control area (Fig.  4 ).  Q. ilex  
leaves from the Laiatico spring area contained more ammonium than at the control 
area (Fig.  4 ). At the Bossoleto site,  Q. ilex  leaves contained signi fi cantly more 
alanine and arginine at the control than at the spring area (Fig.  4 ) despite similar NR 
activities (Fig.  2 ). All other main amino acids and TSNN were comparable at the 
Laiatico and Bossoleto springs and their corresponding control area (Fig.  4 ).   

 When the results of the present  fi eld study were compared with a cross exchange 
experiment under controlled conditions with acorns of  Q. ilex  collected from the 
Laiatico spring (Schulte et al.  2002  ) , some important differences could be identi fi ed. 

  Fig. 2    Activity of NR in leaves of  Q. ilex  and  Q. pubescens  trees growing at the CO 
2
  springs near 

Bossoleto (left), Laiatico (middle) and Sulfatara (right) and at corresponding control sites. Mean 
values from six leaves collected from six different trees (±SD) are presented for 1995 ( striped 
diagonal up  for  Q. pubescence ;  striped horizontal  for  Q. ilex ) and 1996 ( striped diagonal down  for 
 Q. pubescence ;  striped vertical  for  Q. ilex ). Values carrying different letters are different at  P   £  0.05 
within one sampling date. At the Solfatara spring only  Q. pubescens  was present       
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  Fig. 3    Cysteine (Cys),  g -EC and glutathione (GSH) in leaves of  Q. ilex  and  Q. pubescens  trees 
growing at the CO 

2
  springs at Bossoleto (left two columns), Laiatico (middle two columns), and 

Sulfatara (right column) and at corresponding control sites. Mean values from six leaves collected 
from six different trees (±SD) are presented for 1995 ( striped diagonal up  for  Q. pubescence ; 
 striped horizontal  for  Q. ilex ) and 1996 ( striped diagonal down  for  Q. pubescence ;  striped vertical  
for  Q. ilex ). Values carrying different letters are different at  P   £  0.05 within one sampling date       

  Fig. 4    Total soluble non-proteinogenic nitrogen compounds (TSNN), main amino acids and 
ammonium (NH  

4
  +  ) content in leaves of  Q. ilex  and  Q. pubescens  trees growing at the CO 

2
  springs 

at Bossoleto (left two columns), Laiatico (middle two columns), and Sulfatara (right column) and 
at corresponding control sites. Mean values from six leaves collected from six different trees in 
1996 ± S.D. ( striped diagonal down  for  Q. pubescence ;  striped vertical  for  Q. ilex ) are presented. 
Values carrying different letters are different at  P   £  0.05       

When the acorns collected from the Laiatico spring area were cultivated at elevated 
 p CO 

2
  under controlled conditions, APR activity was comparable to that determined 

in  Q. ilex  leaves at ambient  p CO 
2
  (Schulte et al.  2002  ) . In contrast, APR activity was 

down regulated in  Q. ilex  leaves of the spring area in the  fi eld in 1995, whereas thiol 
levels were not affected. Under controlled conditions Cys and GSH contents were 
reduced in leaves of  Q. ilex  plants cultivated at elevated  p CO 

2
  (Schulte et al.  2002  ) . 

This clearly indicates that the sulfur metabolism reacts differently under controlled 
and  fi eld condition, which was not observed for nitrogen metabolism. TSNN in 
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 Q. ilex  leaves from the Laiatico spring was slightly enhanced at the spring area in the 
present  fi eld study and also under control conditions at elevated  p CO 

2
  (Schulte et al. 

 2002  ) . This goes parallel with unchanged levels of major amino compounds in  Q. ilex  
leaves under  fi eld (present study) and controlled conditions (Schulte et al.  2002  ) . 
Also total leaf nitrogen concentration of  Q. ilex  and  Q. pubescens  was not signi fi cantly 
different between plants growing at elevated  p CO 

2
  close to the spring or at atmo-

spheric  p CO 
2
  (Körner and Miglietta  1994  ) . Thus, effects from elevated  p CO 

2
  on 

nitrogen metabolism were not observed for  Q. ilex  neither in the  fi eld nor under con-
trolled conditions. In contrast, sulfur assimilation from atmospheric sulfur gases in 
the  fi eld seems to counteract the effects observed under controlled conditions. 

 From several studies with herbaceous (for review see De Kok  1990 , further 
literature: Herschbach et al.  1995a,   b ; Durenkamp and De Kok  2004 ; Westerman 
et al.  2000,   2001 ; Yang et al.  2006 ; Koralewska et al.  2007  )  and deciduous 
(Herschbach et al.  2000  )  plants it is well known that sulfur gases effects thiol 
contents and, as a consequence, APR activity (Westerman et al.  2001 ; Lang et al.  2007 ; 
Durenkamp et al.  2007 ; Koralewska et al.  2008  ) . APR activity tends to decrease in 
leaves collected at the spring area of the Bossoleto and Sulfatara site, although not 
at any time and in any oak species, and also in  Q ilex  leaves from the Laiatico spring 
in 1996. Cysteine and GSH levels were higher in leaves from trees at the spring area 
of the Bossoleto and Sulfatara site, but unaffected at the Laiatico site. These results 
indicate a strong correlation between thiol contents and APR activity also under 
 fi eld conditions and are consistent with current knowledge of feedback inhibition of 
APR (for review see Kopriva and Rennenberg  2004 ; Kopriva  2006 ; Davidian and 
Kopriva  2010  ) . 

 When the observed results from the three locations are related to the sulfur gas 
concentrations of the emitted gas mixture and to the diurnal course of emission 
controversial results obtained. The Sulfatara site exhibits a higher atmospheric  p H 

2
 S 

concentration compared to the Bossoleto and Laiatico spring that correlates with the 
highest Cys,  g -EC and GSH content in  Q. pubescence  leaves. Hence at the Sulfatara 
site a clear correlation between gas emission, thiol increment and APR activity was 
observed that agrees with the common knowledge (Kopriva and Rennenberg  2004 ; 
Kopriva  2006  ) . 

 The mean value of the sulfur gas concentration of the Bossoleto and Laiatico 
spring was comparable. Thus, differences in sulfur metabolism observed between 
these sites could not be explained by differences in the gas composition, but prob-
ably by the time of sulfur gas emission. At the Bossoleto site the gas is mainly emitted 
during the early morning with peak values up to 8,097  m l l −1   p CO 

2
  (Schulte et al. 

 1999  ) . During daytime,  i.e.  between 9 am and 6 pm, mean  p CO 
2
  was 368 ± 54  m l l −1 . 

Net photosynthesis of  Q. ilex  and  Q pubescence  leaves at this site was higher at the 
spring area compared to the control area (Tognetti et al.  1998 ; Blaschke et al.  2001  )  
and leaf conductance was reduced at the spring site resulting in higher water use 
ef fi ciency (Tognetti et al.  1998,   1999  ) . At the Laiatico spring, where the gas is 
emitted during the day (Schulte et al.  1999  ) ,  Q. pubescence  leaves showed higher 
net photosynthesis and slightly reduced leaf conductance (Stylinski et al.  2000  ) . 
As neither H 

2
 S nor SO 

2
  seem to penetrate the cuticula in appreciable amounts 

(Taylor and Tingey  1983 ; De Kok et al.  1991  )  and stomatal conductance is generally 
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around zero during the night, uptake of H 
2
 S and SO 

2
  should be restricted to the 

daytime when concentrations of both sulfur gases were low at the Bossoleto site. 
However, at the Bossoleto spring cysteine and GSH contents were enhanced indi-
cating uptake and usage of the emitted sulfur gases. From these considerations the 
observed results seem    contradictory. However, also other environmental factors 
such as drought can in fl uence GSH contents in leaves. At drought stress Marabottini 
et al.  (  2001  )  observed higher GSH contents in  Q. pubescence  leaves collected from 
the Bossoleto spring area than from the control area and unchanged GSH contents 
in  Q. ilex . Although meteorological data are not available, it can be assumed from 
observations at the Bossoleto site that a drought period prior the harvest in 1996 had 
in fl uenced the GSH content in  Q. pubescence  leaves. 

 On the other hand, elevated sulfur availability by sulfur gases emitted from the vents 
at the spring areas itself could function as an environmental factor in fl uencing nitrogen 
assimilation. As nitrate reductase activity increased, decreased or remained constant at 
elevated  p CO 

2
  (reviewed in Stitt and Krapp  1999 , see also Natali et al.  2009  )  the 

 fi ndings of increased NR activity in  Q. pubescence  leaves from the Bossoleto and 
Sulfatara site as well as its decrease at the Laiatico spring in 1995 are not surprising. 
However, nitrogen assimilation and, thus, NR activity also depend on the sulfur supply 
(Brunold  1993  ) . Sulfur de fi ciency diminishes NR activity (Brunold  1993  ) , but infor-
mation of a surplus of sulfur on NR activity is scarce. In  Q. pubescence  leaves from the 
Bossoleto and the Sulfatara spring area NR was higher compared to the control areas, 
whereas APR activity was lower. As the lower APR activity correlates with enhanced 
reduced sulfur levels, elevated NR activity may be an indication of an enhanced 
demand for reduced nitrogen for protein synthesis. This view is supported by the 
decreased leaf NH  

4
  +   content of  Q. pubescence  at the Bossoleto spring. In conclusion, 

the presented results support the diversity of C, N and S interactions and, additionally, 
the complex environmental in fl uences on these interactions.     
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  Abstract   There is now increasing evidence of a gamma-glutamyl cycle occurring 
in plants that closely resembles what happens in animals, which consists of glutathione 
extrusion to the extracellular space, sequential degradation to its constituent amino 
acids by gamma-glutamyl transferase (GGT) and Cys-Gly dipeptidase (CD) activity, 
reuptake by amino acid transporters and glutathione reassembly inside the cell. 
Here we demonstrate that the GGT bound to the cell wall in  Arabidopsis  leaves 
recovers extracellular glutathione that is probably extruded to counteract conditions 
of oxidative stress due to UV-B exposure. Experiments on barley roots provide evi-
dence of the existence of two different Cys-Gly dipeptidases: one is associated with 
the cell wall and has a higher af fi nity for reduced Cys-Gly; the other is presumably 
bound to the plasma membrane. The different site of CD isoforms with a different 
speci fi city for the reduced and oxidized substrate forms implies that reduced gluta-
thione and Cys-Gly must spread through the apoplastic space before they are cleaved 
by the corresponding enzyme; in so doing, these thiols scan the extracellular space 
and eventually react with oxidants or sensitive components bound to the plasma 
membrane acting as sulfur switches. Taken together, these  fi ndings suggest that the 
gamma-glutamyl cycle is implicated in apoplastic redox control and redox sensing.      

 It has recently been demonstrated (Ferretti et al.  2009 ; Ohkama-Ohtsu et al.  2007 ; 
Martin et al.  2007  )  that plants have a gamma-glutamyl cycle functional to the 
retrieval of extracellular glutathione (GSH), in which glutathione is extruded to 
the apoplast and sequentially degraded to its constituent amino acids by gamma-glutamyl 

    A.   Masi      (*)
     Department of Agricultural Biotechnology ,  University of Padua ,
  Viale Università 16 ,  35020   Legnaro, Padua ,  Italy    
e-mail:  antonio.masi@unipd.it   

      Gamma-Glutamyl Cycle in Plants: Possible 
Implications in Apoplastic Redox Control 
and Redox Sensing          

       Antonio   Masi         



250 A. Masi

transferase (GGT) and Cys-Gly dipeptidase activity (Fig.  1 ). Amino acids are then 
taken up and glutathione is reassembled inside the cell.  

 The exact signi fi cance of this cycle in plant physiology remains obscure. Several 
hypotheses may be advanced, relating to inter-organ GSH and cys redistribution, 
phloem downloading, apoplastic redox control, reuptake of extruded GSH, uptake 
of GSH from the soil, molecular exchange with mycorrhizae. In  Arabidopsis thaliana , 
GGT is represented by a small family of four genes; two different GGT isoforms 
(GGT1,  At39640 ; GGT2,  At39650 ) are reportedly located in the apoplastic space 
and capable of cleaving the gamma-glutamyl bond, thus releasing glu and Cys-Gly. 
GGT1 is bound to the cell wall and is constitutively expressed in most tissues, 
whereas the membrane-bound GGT2 isoform is expressed in roots and reproductive 
tissues (Destro et al.  2011  ) . The vacuolar isoform GGT4 ( At4g29210 ) assists in the 
degradation of GSH conjugates (Grzam et al.  2007  ) . All the enzymes in the gamma-
glutamyl cycle have now been identi fi ed in plants, except for cys-cly dipeptidase. 
The signi fi cance of the glutathione synthesis and degradation coordinated between 

amino acid
AA

5-oxo-
prolinase

GSH
synthetase

cys

Cys-gly
dipeptidase gly

         γ-glutamyl
transpeptidase/
hydrolase

γ-glu-cys
synthetase

cys-gly

glu

Extracellular reactions

5-oxo-proline

Intracellular reactions

g-glu-AA

g-glu-cys

g-glu-cys-gly
(GSH)

  Fig. 1    Gamma-glutamyl cycle in animals, as described by Meister and Tate  (  1976  ) . This cycle of 
intracellular glutathione synthesis and its extracellular degradation is now believed to occur in 
plant cells too, the main difference being that GGT is located on the plasma membrane in animal 
cells, while it is anchored to the cell wall in plant cells       
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the cytoplasm and extracellular space, and the role of this cycle in plant physiology 
remains largely unknown. 

 The signi fi cance of the gamma-glutamyl cycle in the redox response to oxidative 
stress conditions was explored in  A. thaliana  wild type and  ggt1  knockout mutants 
grown in control conditions or in enhanced oxidative conditions generated by sup-
plemental UV-B exposure (8.35 kJ m −2  d −1  biologically effective irradiance, 
UVB-BE). Apoplastic glutathione and Cys-Gly concentration were measured in 
both genotypes and in the presence of UV-B treatment using the in fi ltration-
centrifugation technique (Lohaus et al.  2001  ) ; thiols were measured by HPLC following 
derivatization with the  fl uorophore SBD-F (Masi et al.  2002  ) . 

 Cys-Gly was much lower in the  ggt1  genotype, demonstrating the role of apo-
plastic, cell-wall-bound GGT1 in glutathione degradation. The glutathione con-
centration was approximately 30% higher in the ggt1 mutant than in the wild type, 
but only under UV-B exposure (Table  1 ). These  fi ndings point to a role for GGT1 
in the recovery of extracellular glutathione, which is extruded more actively to 
counteract oxidative stress conditions in the extracellular space. Photo-oxidative 
UV-B conditions are known to coincide with damage to apoplastic components, 
mainly the plasma membranes, which are a primary target for this harmful radiation 
(Murphy  1983  ) . On the other hand, the strong similarity between the apoplastic 
glutathione concentrations in the wild type and  ggt1  mutant under physiological 
conditions suggests that there are also alternative means for glutathione content 
buffering in the apoplast, but they are insuf fi cient under oxidative stress.  

 The existence of a Cys-Gly dipeptidase in the gamma-glutamyl cycle is 
implicit, but not demonstrated, and indeed very little is known about this enzyme. 
The site and substrate speci fi city of Cys-Gly dipeptidase(s) was investigated in 
barley because previous observations indicated that intact barley roots are able to 
cleave both reduced and oxidized Cys-Gly supplemented in the growth medium, 
yielding cyst(e)ine and glycine, which are taken up by amino acid transporters 
(Ferretti et al.  2009  ) . Given the location of an apoplastic GGT isoform on the cell 
wall, it was hypothesized that Cys-Gly dipeptidase could also be located in this 

   Table 1    Cysteinyl-glycine and glutathione content in apoplastic  fl uids   

 Genotype  Treatment 
 Cys-Gly 
(nmol ml −1  ECWF) 

 Glutathione 
(nmol ml −1  ECWF) 

  wt   PAR only  10.4 ± 0.7a   77.6 ± 3.7a 
  wt   PAR + UV-B  13.0 ± 1.8b   78.7 ± 6.7a 
  ggt1   PAR only   1.6 ± 0.5c   89.9 ± 11.7b 
  ggt1   PAR + UV-B   1.6 ±0.3c  101.1 ± 8.7b 

   Arabidopsis thaliana  plants at the stage of fully-expanded leaves were treated with supplemental 
UV-B radiation for 1 day. Following extraction with the in fi ltration/centrifugation technique, thiols 
were detected  fl uorimetrically by HPLC.  ECWF  extra-cellular washing  fl uid from leaves. Data 
represent the mean of  fi ve measurements (±SD). A one-way analysis of variance (ANOVA) was 
applied to the data; differences between means were evaluated for signi fi cance by using Duncan’s 
multiple range test ( DMRT ) ( P  < 0.05); means with the same letter are not signi fi cantly different. 
Statistical analyses were performed with SPSS 10.0  
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compartment. Following extraction with 40 mM Tris–HCl pH 8, 1% TritonX-100 
from 5-day-old barley roots, cell-wall-enriched fractions were obtained by col-
lecting the pellet resulting from extract centrifugation at 15,000 g for 10 min. 
After rinsing, this fraction was incubated with a solution containing reduced or 
oxidized Cys-Gly in water, or reduced Cys-Gly in 50 mM citrate buffer pH 5 to 
prevent oxidation. As shown in Table  2 , the cell-wall-associated dipeptidase was 
unable to cleave oxidized Cys-Gly, but 60% of the reduced Cys-Gly was degraded 
after incubation for 15 min. When spontaneous oxidation was prevented by using 
a citrate buffer, however, over 95% of Cys-Gly was degraded, which goes to show 
that the thiol group in Cys-Gly is highly susceptible to oxidation.  

 These  fi ndings indicate that a cell-wall-bound Cys-Gly dipeptidase exists and 
shows speci fi city to the reduced form of Cys-Gly. It has already been demonstrated 
(Ferretti et al.  2009  )  that oxidized Cys-Gly can be cleaved extracellularly in barley 
roots, giving rise to a parallel release of cystine into the external medium. These 
 fi ndings lead to the conclusion that there are two different apoplastic Cys-Gly dipep-
tidases in barley roots: one is associated with the cell wall and has a higher af fi nity 
for reduced Cys-Gly; the other is probably bound to the plasma membrane. Hence 
the revised gamma-glutamyl cycle operating in plant tissues as shown in Fig.  2 .  

 The differential site of the GGT and CD isoforms with a different speci fi city 
for the reduced and oxidized substrate forms implies that reduced GSH and Cys-
Gly spread through the apoplastic space before they are cleaved by the corre-
sponding enzyme; in so doing, in their reactive and reduced form, they can scan 
the redox state in the extracellular space. Cysteine or cystine will ultimately result 
from this process, which may be indicative of the extracellular redox state and is 
possibly a signal for sensitive plasma-membrane bound components, acting as 
sulfur switches. 

 While it is generally accepted in the literature that a Cys-Gly dipeptidase activity 
exists in the apoplast, it has so far been impossible to conclusively assign it to a gene 
name in  Arabidopsis ; several dipeptidases might be involved, since their speci fi city 
has often not been fully characterized, especially when it comes to the substrate’s 
redox state. Future experimentation consequently needs to focus primarily on the 
biochemical and molecular characterization of Cys-Gly dipeptidase(s), which will 
involve purifying the enzyme from cell wall fractions, sequencing and gene 
identi fi cation, and de fi ning the kinetic parameters. 

 Verifying the intriguing hypothesis of a role for the gamma-glutamyl cycle in 
redox sensing will probably require different strategies. First of all, the sensor needs 

   Table 2    Degradation of cysteinyl-glycine by dipeptidase activity in cell-wall-enriched fractions   

 Treatment  Cys-Gly degradation (%) 

 100  m M reduced Cys-Gly (water)  59.3 ± 3.7 
 100  m M Cys-Gly (citrate buffer, pH 5)   3.6 ± 0.9 
 50  m M oxidized Cys-Gly  99.3 ± 1.7 

  Pellets from centrifuged barley root extracts were incubated with 100  m M reduced Cys-Gly 
(in water or 50 mM citrate buffer, pH 5, to prevent oxidation) or 50  m M oxidized Cys-Gly for 
15 min. Degradation of Cys-Gly is expressed as % of the control and represent the mean of  fi ve 
measurements (±SD)  



253Gamma-Glutamyl Cycle in Plants: Possible Implications in Apoplastic…

to be identi fi ed. This is most likely located on the plasma membrane, so puri fi ed 
plasma membrane should contain components sensitive to cys or Cys-Gly; this 
aspect should also be investigated. Although both cys and Cys-Gly are potential 
candidates as redox-sensing molecules in the gamma-glutamyl cycle, it is worth 
bearing in mind that, while cys can result from the degradation of different cys-
containing peptides, Cys-Gly is the more speci fi c product of GGT degradation 
activity. Together with the fact that Cys-Gly is highly reactive and liable to oxida-
tion, this makes Cys-Gly a better candidate as a redox-sensing molecule metaboli-
cally related to glutathione. Secondly, some physiological conditions,  e.g.  reducing 
or hypoxia conditions, could be tested to shed light on the role of Cys-Gly dipepti-
dase in redox sensing. Thirdly, once the Cys-Gly dipeptidase gene in  Arabidopsis  
has been identi fi ed, mutant lines could be tested to identify possible phenotypes 
from which gene functions could be inferred.     
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  Fig. 2    Schematic representation of the steps in the gamma-glutamyl cycle in plants. Glutathione 
is synthesized intracellularly, extruded and sequentially hydrolyzed in the apoplast by gamma-
glutamyl transferase ( GGT ) and Cys-Gly dipeptidase ( CD ) activity to its constituent amino acids, 
which are taken up and used for intracellular GSH re-synthesis. There is evidence of the existence 
of two dipeptidases: one ( CD  

 red 
 ) is bound to the cell wall and is speci fi c for reduced Cys-Gly, the 

other ( CD  
 ox 

 ) is probably bound to the plasma membrane and is capable of cleaving oxidized Cys-Gly. 
 Dashed line : degradation pathway for the reduced form of glutathione and cysteinyl-glycine.  CR  
cystine reductase,  CG  reduced Cys-Gly,  GCCG  oxidized Cys-Gly,  gEC  gamma-glutamyl-cysteine, 
 ROS  reactive oxygen species       
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  Abstract   Drought stress mediated changes in sulfate transport processes,  i.e.  
sulfate uptake and xylem loading of sulfate in the roots, and its dependency on 
mycorrhization and  p CO 

2
  were analyzed in young pedunculate oak ( Quercus robur  L.) 

trees. Withdrawal of water supply caused strong negative values of pre-dawn shoot 
water potential, indicating severe water stress. Elevated  p CO 

2
 , but not mycorrhiza-

tion transiently improved the water status of the trees. Sulfate uptake was largely 
independent from pre-dawn shoot water potential irrespective of mycorrhization 
and  p CO 

2
 . In contrast, xylem loading of sulfate decreased with decreasing shoot 

water potential. Mycorrhization and – to a lesser extent – also elevated  p CO 
2
  

improved xylem loading under drought stress. As a consequence, also relative 
xylem loading,  i.e.  the % amount of the sulfate taken up that was loaded into the 
xylem, was slightly improved. The positive effect of mycorrhization on xylem load-
ing of sulfate under drought stress is surprising, since plants were inoculated with 
the ectomycorrhizal fungus  Laccaria laccata  that is not supposed to enter the vascular 
bundle of the root. Therefore, signaling by the fungus across the bundle sheath has 
to be assumed.      

 Sulfur is available to plants mostly in form of sulfate in the soil. Sulfate is acquired 
from the soil by active, carrier-mediated uptake using low- (LAUS) and high-af fi nity 
(HAUS) transport systems (Clarkson et al.  1993  ) . Sulfate taken up by the roots can 
either be used for sulfur assimilation in the roots, storage in root vacuoles, or can 
be loaded into the xylem and allocated with the transpiration stream to the leaves, 
the predominant site of sulfur assimilation (Rennenberg  1984 ; Brunold  1990  ) . 
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All these processes are highly controlled by the sulfate transporter family 
(Hawkesford and De Kok  2006 ; Buchner et al.  2004  ) . At the whole plant level this 
control is thought to be driven by the demand for reduced sulfur (Herschbach et al. 
 2000 ; Hartmann et al.  2004 ; van der Zalm et al.  2005  ) . Sulfate uptake capacity of 
the roots is largely regulated at the level of transcription. Thus, the expression of 
sulfate transporter genes in the roots is highly dependent on sulfate availability with 
high expression at low and low expression at high sulfate concentrations at the site 
of uptake (Buchner et al.  2004  ) . Whereas the regulatory cross-talk of sulfate uptake 
and assimilation with carbon and nitrogen metabolism has been studied in detail 
(Kopriva and Rennenberg  2004  ) , information on the effects of other environmental 
factors than sulfate availability in the soil and the atmosphere on sulfate transport 
processes in the roots is scarce. In pedunculate oak ( Quercus robur  L.) neither myc-
orrhization nor elevated atmospheric  p CO 

2
  improved the rate of sulfate uptake, but 

total sulfate uptake per plant was enhanced as a consequence of increased root bio-
mass (Seegmüller and Rennenberg  1994 ; Seegmüller et al.  1996  ) . However, the 
percentage of the sulfate taken up per root biomass that was loaded into the xylem 
was enhanced by mycorrhization and elevated atmospheric  p CO 

2
 . Thus, these envi-

ronmental factors increased the sulfate supply of the shoot by enhanced xylem loading 
as may be required for increased growth of the plants (Seegmüller et al.  1996  ) . 
Recently, sulfate in the xylem sap received additional attention in the context of 
drought stress. A number of experiments showed that a decrease in stomatal aper-
ture is among the  fi rst responses of plants to soil drying and becomes obvious before 
any changes in shoot water potential can be measured (Gollan et al.  1986 ; Goodger 
et al.  2005  ) . This rapid response has been attributed to chemical or hydraulic signals 
transmitted from the roots to the leaves (Schachtman and Goodger  2008 ; Christmann 
et al.  2007  ) . Analysis of the xylem sap revealed that sulfate was the only compound 
measured that showed constant enhanced concentrations at early and later stages of 
soil water stress, already before expression of ABA biosynthetic genes in the roots 
was enhanced and additional ABA was allocated from the roots to the leaves (Ernst 
et al.  2010  ) . These observations provide circumstantial evidence that sulfate may be 
an early root-to-shoot signal of water stress and that this signaling effect is mediated 
by enhanced xylem loading of sulfate. The present experiments were performed to 
test whether improved xylem loading of sulfate can also by observed under pro-
longed drought stress and if the response of xylem loading of sulfate to drought is 
modulated by mycorrhization and elevated atmospheric  p CO 

2
 . For this purpose, 

young mycorrhizal and non-mycorrhizal pedunculate oak trees were exposed to 
drought stress at ambient and elevated atmospheric  p CO 

2
  and the uptake and xylem 

loading of sulfate were determined on excised roots. 
 Acorns of pedunculate oak ( Quercus robur  L., provenance no. 54 ‘Manoncourt en 

Woëvre’) were used for the present study. The parent stand grows at 250 m above sea 
level about 10 km northwest of Nancy in Lorraine, France. The climate is character-
ized by  c.  750 mm precipitation, which is evenly distributed over the year and exceeds 
evapotranspiration by about one-third. The average yearly temperature is 9–10°C, 
with relatively warm winters ( c . 5°C in January) and relatively cool summers 
( c . 14°C in July; climate station Nancy, personal communication). Acorns were 
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collected in November, exposed in well-aerated water to 41°C for 3 h to remove 
surface pathogens, disinfected with Rhodiasan (Rhone-Poulenc, Paris, France) to 
prevent fungal infections, and stored at 4°C. Immediately before use, acorns were 
peeled to identify damaged seeds and to allow faster germination, and were soaked 
in tap water for 2 day at ambient temperature. To enable undisturbed growth of the 
taproot, acorns were germinated in plastic pipes of 40 cm in length and 8 cm in 
diameter. The substrate used consisted of autoclaved blond peat (1 part, v/v), a silica 
sand mixture (19 parts), and slow releasing fertilizer (Nutricote 100, Chisso-Asahi 
Fertilizer, Tokyo; 4.5 g dm −3  substrate). Peat was used as an adsorbent of nutrients 
and to improve the growth of the mycorrhizal fungus. The substrate used provided 
an adequate supply of plant available water, good aeration of the roots and suf fi cient 
nutrients for 1 year’s growth (E. Dreyer, INRA Nancy, personal communication). 
Plants were grown for  c . 3 months in environmental growth chambers (HPS 1500, 
Heraeus Vötsch, Hanau) with two replicate chambers for each  p CO 

2
  level (see below) 

to avoid chamber effects. The photoperiod lasted for 14 h at a temperature of 20°C 
and 70% relative humidity. Darkness lasted for 10 h at 15°C and 90% relative 
humidity. Photosynthetically active radiation was maintained at 225–250  m mol m −2  s −1  
at plant level. Light, temperatures and humidity were consistent with the summer 
climate naturally preferred by pedunculate oak (Dengler and Röhrig  1980 ; Ellenberg 
 1986  ) . Half of the plants were inoculated with  Laccaria laccata  (Scop. Ex Fr.) Berk. 
& Bert. by substituting the autoclaved blond peat with blond peat bearing  L. laccata  
(Moser  1958  ) . The success of mycorrhization was determined by visual inspection 
and exemplary microscopical inspection at harvest. For both treatments (with and 
without inoculation of  L. laccata ) half of the plants were germinated and cultivated 
at ambient  p CO 

2
  (359  m l l −1  air), the other half at elevated  p CO 

2
  (1,000  m l l −1 ). Trees 

were watered daily with 20 cm 3  de-ionized water per tree. This water supply corre-
sponding to 1,000 mm precipitation year −1  guaranteed suf fi cient water availability. 
Drought stress was achieved by withdrawing the water supply for 21 or 28 days 
prior to harvest, whereas controls were watered until harvest as described above. 
Each water regime was applied to  fi ve randomly selected trees in all treatments. 
At the end of the treatment periods, water conditions were assessed by determination 
of the pre-dawn shoot water potential with a pressure vessel by the modi fi cation of 
the technique of Scholander et al.  (  1965  )  described by Rennenberg et al.  (  1996  ) . For 
this purpose plant shoots were dissected from the roots at the shoot bases directly 
before the start of the photoperiod. The bark was removed from the cut end at a 
length of 20 mm with a razor blade. The prepared shots were inserted into the pres-
sure vessel with 10 mm of peeled shoot basis extruding. The pressure within the 
vessel was elevated at 0.1–0.2 MPa min −1  until the meniscus of xylem sap appeared 
at the cut end. This pressure was recorded as pre-dawn shoot water potential. 

 Uptake and xylem loading of sulfate were studied on excised lateral roots as 
previously described (Herschbach and Rennenberg  1991 ; Seegmüller et al.  1996  ) . 
For this purpose, the root systems of the oak trees were removed from the plastic 
pipes and carefully washed with M + S nutrient solution (Murashige and Skoog 
 1962  ) , pH 6.4, containing 0.5 mM sulfate. Lateral roots of 6–10 cm in length were 
cut with a razor blade in the same nutrient solution. The roots of each tree were used 
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for three independent experiments. For each experiment six lateral roots were placed 
in an incubation chamber consisting of separate compartments for uptake, buffer 
and exudation (Herschbach and Rennenberg  1991  ) . The roots were sealed between 
the compartments of the incubation chamber with Vaseline grease. Root tips in the 
uptake compartment were incubated at room temperature with M + S nutrient solu-
tion, pH 6.4, containing 500  m M sulfate. In order to prevent rhizospheral nutrient 
depletion, the nutrient solution was stirred by a magnetic stir bar during the entire 
experiment. The root sections in the buffer and the exudation compartments were 
exposed to transport medium containing 5 mM bis-tris-propane buffer (Sigma, 
St. Louis, USA), pH 6.4, and 750  m M calcium chloride. These conditions were 
applied to achieve optimum sulfate transport rates (Jones and Smith  1981  ) . Each 
compartment was covered with glass slides. Experiments were started by adding 
1,000 kBq carrier-free [ 35 S]-sulfate (NEN-Dupont, Dreieich, Germany) to the uptake 
compartment. Addition of radioactivity did not markedly increase the sulfate con-
centration in the uptake compartment. Experiments were terminated after 7 h by 
removing the nutrient and transport media from each compartment and rinsing the 
roots three times for 0.5 min with 100 cm −3  non-radioactive transport medium. The 
root tips in the uptake compartment were dissected from the rest of the roots. Root 
sections were weighed separately and powdered in a mortar under liquid nitrogen. 
Aliquots of 100 mg of the powder were transferred into 20 cm 3  vials and solubilized 
in 1 cm 3  Soluene-350 tissue solubilizer (Canberra-Packard, Frankfurt a. M., 
Germany) at 40°C in a drying oven for 24 h. In order to reduce quenching of radio-
activity, samples were bleached with 200 mm 3  30% H 

2
 O 

2
  at room temperature for 

24 h. Radioactivity in the samples was determined by liquid scintillation counting 
(Wallac Systems 1409, Wallac Oy, Turku, Finland) after addition of 14 cm 3  scintil-
lation  fl uid (OptiPhase HiSafe II; Wallac Oy, Turku, Finland). Samples were counted 
at ef fi ciencies of 70–95%, and were corrected for quenching. To determine exuda-
tion from the cut ends of the roots, a 500 mm 3  aliquot was taken from the transport 
medium in the exudation compartment upon termination of the experiment. The 
aliquot was transferred to a 6 cm 3  vial and mixed with 4 cm 3  scintillation  fl uid 
(OptiPhase HiSafe II, Wallac Oy, Turku, Finland). The radioactivity was determined 
as described above. The rate of sulfate uptake, xylem loading and relative xylem 
loading ( i.e.  the portion of the sulfate taken up that was loaded into the xylem) were 
calculated from the radioactivity in the root sections and the radioactivity of the 
transport medium in the exudation compartment as previously described (Herschbach 
and Rennenberg  1991  ) . For these calculations dilution of radioactivity by intracel-
lular sulfate pool(s) was neglected. Sulfate uptake and xylem loading rates were 
correlated with the pre-dawn shoot water potentials of the respective trees. With 
these data sets regression analyses including non linear equation  fi tting were carried 
out using the stasy-500 statistical software (Forstliche Versuchsanstalt, Rheinland-
Pfalz, Germany). Regression equations were analysed for signi fi cant differences by 
comparing slopes and y-intersects through t-tests with a probability of error < 0.05%. 

 When watered daily the pre-dawn shoot water potential of oak trees was similar, 
irrespective of mycorrhization or  p CO 

2
 , and well above −1 MPa, indicating suf fi cient 

water supply (Fig.  1 ). Twenty-one days after the water supply has been withdrawn, 
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pre-dawn shoot water potential indicated drought stress for all trees analysed, but 
the extent of drought stress differed between the treatments. Irrespective of mycor-
rhization pre-dawn shoot water potential showed less negative values for trees 
grown at elevated than at ambient  p CO 

2
 . Mycorrhization did not signi fi cantly reduce 

drought stress. Twenty-eight days after the water supply has been withdrawn, severe 
drought stress was observed irrespective of the treatment and pre-dawn shoot water 
potential was not signi fi cantly different between the treatments (Fig.  1 ).  

 Sulfate uptake of mycorrhizal and non-mycorrhizal roots varied between 25 and 
39 nmol sulfate g −1  FW h −1 , but a dependency on pre-dawn shoot water potential was 
not found (Fig.  2a ). In non-mycorrhizal roots xylem loading of sulfate tended to 
increase as pre-dawn shoot water potential got less negative than −1 MPa. A similar 
effect was observed for mycorrhizal roots already when pre-dawn shoot water 
potential became less negative than −3 MPa (Fig.  2b ). As a consequence, xylem 
loading of sulfate was enhanced by mycorrhization at pre-dawn shoot water poten-
tials less negative than −3 MPa, but similar in mycorrhizal and non-mycorrhizal 
roots at more negative values. When trees were suf fi ciently watered, xylem loading 
of sulfate was about 3-fold higher in mycorrhizal compared to non-mycorrhizal 
roots. Relative xylem loading,  i.e.  the proportion of the sulfate taken up that was 
loaded into the xylem, tended to decrease as pre-dawn shoot water potential became 
more negative and tended to be higher in mycorrhizal than in non-mycorrhizal roots 
(Fig.  2c ), but a clear-cut correlation between relative xylem loading and pre-dawn 
shoot water potential was not found.  

 The effect of elevated  p CO 
2
  on sulfate transport processes in mycorrhizal roots is 

shown in Fig.  3 . Sulfate uptake of mycorrhizal roots was similar at ambient and 
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elevated  p CO 
2
  and varied between 25 and 65 nmol sulfate g −1  FW h −1 . A dependency 

of sulfate uptake on pre-dawn shoot water potential was not observed (Fig.  3a ). At both 
ambient and elevated  p CO 

2
  xylem loading of sulfate increased as pre-dawn shoot 

water potential became less negative than −3 MPa with slightly higher values at 
elevated than at ambient  p CO 

2
  (Fig.  3b ). Similar results were obtained for relative 

xylem loading of sulfate, but a clear-cut correlation with pre-dawn shoot water 
potential was not found because of a high variation of the data (Fig.  3c ). In non-
mycorrhizal trees neither sulfate uptake (Fig.  4a ), nor xylem loading of sulfate 
(Fig.  4b ), or relative xylem loading of sulfate (Fig.  4c ) depended on pre-dawn shoot 
water potential or differed between ambient and elevated  p CO 

2
 .   
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  at different predawn leaf water potentials.  FW  root fresh weight       
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 These results indicate that prolonged drought does not enhance xylem loading of 
sulfate, which is in contrast to  fi ndings based on the sulfate content of the xylem and 
from the SULTR expression in the elongation zone of maize plants in response to 
drought (Ernst et al.  2010  ) . Moreover, reduced xylem loading of sulfate and, hence 
reduced sulfate supply of the shoot were found with oak. Since sulfate uptake was 
not affected by reduced water supply, it may be assumed that this process is strongly 
regulated by the growth of the oak trees as also concluded from previous experi-
ments (Seegmüller et al.  1996  ) . In oak, negative drought effects and partial compen-
sation of these effects on sulfate transport processes by mycorrhization and elevated 
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  Fig. 3    Sulfate uptake ( a ), xylem loading of sulfate ( b ) and relative xylem loading of sulfate ( c ) of 
excised lateral roots of mycorrhizal pedunculate oak trees ( Quercus robur  L.) under ambient 
(359  m l l −1 , ▲) and elevated (1,000  m l l −1 , □) CO 

2
  at different pre-dawn leaf water potentials       
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atmospheric  p CO 
2
  are restricted to xylem loading of sulfate. Compensation of the 

negative effect of drought on xylem loading of sulfate by mycorrhization is surprising, 
since the oak trees were inoculated with the ectomycorrhizal fungus  Laccaria 
laccata  that is not supposed to enter the bundle of the root and therefore cannot 
directly interact with xylem loading. Thus, signaling by the fungus across the bundle 
sheath has to be assumed.     
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  Fig. 4    Sulfate uptake ( a ), xylem loading of sulfate ( b ) and relative xylem loading of sulfate ( c ) of 
excised lateral roots of non mycorrhizal pedunculate oak trees ( Quercus robur  L.) under ambient 
(359  m l l −1 , ■) and elevated (1,000  m l l −1 , ◊) CO 
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  Abstract   High light induces the production of cysteine and glutathione (GSH) as 
part of the oxidative stress response triggered by reactive oxygen species. Cysteine 
is produced in a two-step process, in which serine acetyltransferase (SAT) catalyses 
the  fi rst reaction. In  Arabidopsis thaliana  cyclophilin CYP20-3 was reported to pro-
mote plastidic SAT1 activity and thus cysteine and GSH production under high light 
conditions (   Dominguez-Solis et al., Proc Natl Acad Sci USA 105:16386–16391, 
2008). Challenging the loss of function mutant  cyp20-3  with high light however did 
not reveal any hypersensitivity of the mutant questioning the function of CYP20-3 
in regulation of cysteine synthesis. Although physical interaction of CYP20-3 and 
SAT1 could be con fi rmed by yeast two-hybrid analysis, plastidic cysteine synthesis 
induced by oxidative stress is probably regulated by mechanisms other than 
CYP20-3 function.      

 Biosynthesis of cysteine is the unique entry point of reduced sulfur into plant metabolism. 
Reduction of sulfate to sul fi de exclusively takes place in plastids. The enzyme 
 O -acetylserine-(thiol)-lyase (OAS-TL) catalyses cysteine synthesis by  fi xation of 
sul fi de into the carbohydrate backbone of  O -acetylserine (OAS). Serine acetyltransferase 
(SAT) transfers an acetyl moiety from acetyl-CoA to serine and forms OAS. Both 
enzymes form the hetero-oligomeric cysteine synthase complex (CSC). Dissociation 
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of the CSC inactivates SAT due to the sensitivity of free SAT to cysteine feedback 
inhibition. Several lines of evidence demonstrate that SAT activity limits cysteine 
synthesis. For that reason the dissociation state of the CSC regulates the  fl ux of 
cysteine synthesis in response to its intermediates OAS and sul fi de. In contrast to 
sulfate reduction cysteine synthesis takes place in the cytosol, the mitochondria and 
the plastids in  Arabidopsis thaliana . Compartment speci fi c OAS-TL and SAT pro-
teins are encoded by small gene families of nine and  fi ve members, respectively. 
OAS-TL B and SAT1 represent the plastidic isoforms. Recently AtCYP20-3 was 
suggested to act as an inducer of plastidic cysteine biosynthesis by promotion of 
plastidic CSC formation in response to high light stress. The basis for this sugges-
tion was the interaction of CYP20-3 with SAT1  in vitro  (Dominguez-Solis et al. 
 2008  ) . Cyclophilins belong to the plant superfamily of immunophilins and assist 
mainly in protein folding and assembly by peptidyl-prolyl  cis-trans  isomerase (PPI) 
activity (Romano et al.  2004  ) . They are involved in various cellular processes, 
 e.g.  development, signal transduction and stress response. Treatment with sodium 
chloride, rose bengal or high light (300  m mol m −2  s −1 ) causes a retardation of growth 
of the CYP20-3 knock-out mutant ( cyp20-3 ) in comparison to the wildtype (WT). 
Oxidative stress induced by sodium chloride, rose bengal or high light share the 
ability to produce reactive oxygen species (ROS), which are scavenged in cytosol, 
mitochondria, peroxisomes and plastids by the ascorbate-glutathione cycle. An 
important feature of this cycle is the capacity of glutathione (GSH) to act as a redox 
buffer. The  fi rst step of GSH synthesis is exclusively localized in plastids and is 
limited by the availability of cysteine. Hence the conclusion was drawn that CYP20-3 
assists in folding or assembly of SAT1 protein under oxidative stress and thereby 
triggers the association of SAT1 and OAS-TL B to form the plastidic CSC in order 
to produce cysteine (Dominguez-Solis et al.  2008  ) . 

 The aim of this study was to clarify the role of plastidic cysteine synthesis in 
 Arabidopsis  upon oxidative stress conditions. To prove the proposed physical inter-
action of CYP20-3 and SAT1 a yeast two-hybrid assay was applied (Fig.  1 ). The 
yeast screening procedure was performed essentially as described in the Yeast 
MATCHMAKER System 3 manual (Clontech, Palo Alto, CA). Yeast cells carrying 
the BD-CYP20-3 and AD-SAT1 plasmids with the full-length cDNA of both genes 
were able to grow on selective media and express the reporter gene. Yeast strains 
transformed with empty pBD and AD-SAT1 or pAD and BD-CYP20-3 vectors as a 
negative control failed both selection properties. These results veri fi ed the  in vitro  
interaction of CYP20-3 and SAT1.  Arabidopsis  WT and  cyp20-3  plants were chal-
lenged with high light (300  m mol m −2  s −1 ) to elucidate the  in vivo  role of CYP20-3 
regarding cysteine synthesis under ROS inducing conditions. Both WT and  cyp20-3  
show no symptoms under control conditions (Fig.  2a , c). Under high light condi-
tions WT plants exhibit a characteristic stress phenotype, which includes stunted 
leaves, growth retardation and the accumulation of anthocyanins (Fig.  2b ).  cyp20-3  
plants show the same stress symptoms as WT, revealing no increased sensitivity 
towards high light (Fig.  2d ). CYP20-3 was proposed to promote SAT activity to 
adjust cysteine production for increasing demand of GSH upon oxidative stress 
(Dominguez-Solis et al.  2008  ) . To test this hypothesis, thiols were extracted from 
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  Fig. 1    Interaction of CYP20-3 and SAT1 proved by yeast two-hybrid. Yeast strains co-transformed 
with indicated BD- and AD-plasmids were grown on selective media without leucine, tryptophan 
and histidine ( SD-LTH ), leucine, tryptophane and adenine ( SD-LTA ) and additionally screened for 
 a -galactosidase expression ( SD-LT + X-gal ). pBD and pAD empty vectors were used as negative 
controls       

  Fig. 2    High light stress experiment using wildtype (WT) and  cyp20-3  plants. WT and  cyp20-3  
plants were grown at short day conditions (8 h light, 90  m mol m −2  s −1 ) for 3 weeks and subsequently 
transferred to long day conditions (14 h light) for another 3 weeks either under control light 
(90  m mol m −2  s −1 ;  a ,  c ) or high light (300  m mol m −2  s −1 ;  b ,  d )       
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 Arabidopsis  leaves and detected according to Heeg et al.  (  2008  ) . The steady state 
thiol levels in WT and  cyp20-3  increased up to 27% and 26%, respectively, 
con fi rming that the applied high light levels caused oxidative stress (Fig.  3 ). The 
 cyp20-3  mutant displays indistinguishable levels of GSH in comparison to the wild 
type, which makes a signi fi cant contribution of CYP20-3 for activation of cysteine 
synthesis in response to high light unlikely.    

 No hypersensitivity of  cyp20-3  towards oxidative stress, caused by high light, 
could be observed in the experimental set-up used in this study. The results demon-
strate that elevation of thiol steady state levels does not require per se induction of 
plastidic SAT activity by CYP20-3. Several lines of evidence support this conclusion. 
A reverse genetics approach demonstrates that SAT1 contributes insigni fi cantly to 
total SAT activity in leaves. A T-DNA insertion mutant of SAT1 ( serat2;1 ) had wild 
type levels of OAS and cysteine and showed no distinct phenotype (Watanabe et al. 
 2008  ) . A matter of caution must be added to the last statement, since  serat2;1  has 
not been tested under high light conditions. In contrast mitochondrial SAT3 repre-
sents approximately 80% of total SAT activity in leaves (Watanabe et al.  2008  )  and 
consequently triggers the  fl ux of cysteine synthesis under normal growth conditions 
(Haas et al.  2008  ) . In addition, the plastidic OAS-TL loss-of-function mutant 
( oastlB ) neither exhibits any growth phenotype nor shows signi fi cant changes in 
cysteine and GSH levels (Heeg et al.  2008  ) . The wild type like phenotypes of 
 serat2;1  and  oastlB  proof the existence of a plastid import system for OAS and 
cysteine. Transport of OAS and cysteine likely contributes to meet the demands of 
the plastids for ef fi cient GSH synthesis. The high activity of SAT in mitochondria 
furthermore questions a signi fi cant contribution of SAT1 to foliar OAS formation. 

 The high abundance of CYP20-3 in comparison to SAT1 in the stroma of chloroplast 
makes an exclusive action of CYP20-3 on SAT1 unlikely, but indicates a general 

  Fig. 3    Determination of thiol levels (total cysteine and glutathione) in wildtype (WT) and  cyp20-3  
plants upon high light stress. Thiols were extracted from 6 weeks old plants and detected after 
derivatization with monobromobimane by HPLC according to Heeg et al.  (  2008  ) . Plants were 
grown as described in Fig.  2  (n = 3–5).  FW  fresh weight; * p   £  0.05, unpaired Student’s t-test       
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function of CYP20-3 in disaggregation of protein aggregates (Romano et al.  2004  ) . 
A speci fi c contribution of CYP20-3 to the formation of the plastidic CSC by its 
chaperone function is unnecessary, since formation of bacterial and plants CSC are 
known to occur spontaneously without assistance of chaperones (Wirtz et al.  2010  ) . 
Furthermore CYP20-3 is reported to be one of the major regulatory hubs in the 
chloroplast by SAT1 independent functions (Muthuramalingam et al.  2009  ) . These 
less characterized functions might cause variable responses of  cyp20-3  mutants due 
to slightly different high light conditions used in different labs (see also below). 
 Arabidopsis  has been shown to adjust its metabolic network to environmental fac-
tors ( e.g.  frequency of watering, type of soil, difference in light quality) that are 
unique in a laboratory (Massonnet et al.  2010  ) . It might be that a combination of 
these environmental factors causes a different capacity to respond to high light 
stress (pre-adaptation) in  cyp20-3  grown in a single lab. In this study  cyp20-3  
mutants of the control group displayed no stress symptoms or pre-induced high 
GSH levels, ruling out the possibility that the plants were pre-adapted to oxidative 
stress at the beginning of the experiment. We therefore conclude that high light 
stress does not cause per se hypersensitivity in  cyp20-3 , but it needs a speci fi c com-
bination of environmental factors (including high light) to result in the phenotype 
observed by Dominguez-Solis et al.  (  2008  ) .     
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  Abstract   Lipid peroxidation products, antioxidative enzymes (superoxide dismutase 
and catalase) and water-soluble non-protein and water-soluble protein thiol contents 
were studied in soybean leaves affected by sulfate deprivation and Pb exposure. 
Sulfur promoted the regulation of adaptive reactions via an enhanced formation of 
water-soluble non-protein thiols. The reaction of soybean plants to Pb exposure was 
dependent on sulfur supply. At suf fi cient-sulfur conditions, higher water-soluble 
non-protein thiol compounds might contribute to better defense against Pb.      

 With increasing development of industrial and mining activity heavy metal pollu-
tion of soils is becoming an important global environmental problem. Among heavy 
metals lead (Pb) is highly phytotoxic and is a major pollutant worldwide due to its 
release from mining, manufacturing and urban activities. Exposure of plants to abi-
otic and biotic stress may disturb metabolism and induce an increased production of 
reactive oxygen species,  e.g.  superoxide radicals, which may result in an unspeci fi c 
oxidation of proteins and membrane lipids and/or may cause DNA injury. Superoxide 
radicals in plant cells are usually rapidly dismutated by superoxide dismutase (SOD) 
to H 

2
 O 

2
 , which can be detoxi fi ed by catalase (CAT) and peroxidases (Polle and 

Rennenberg  1993 ; Tausz et al.  2003  ) . High levels of Pb in plant tissues may induce 
oxidative stress by generating excessive levels of free radicals and reactive oxygen 
species (Reddy et al.  2005 ; Sun et al.  2010  ) . Plant protection mechanisms against 
heavy metal action include the formation of phytochelatins (PCs), a class of thiol-
rich peptides with the general structure ( g -Glu-Cys) 

n
 -Gly. Phytochelatins are syn-

thesized from glutathione as precursor (Rauser  1995  ) . Phytochelatins may form 
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complexes with heavy metals, which subsequently may be transported into the vacuole, 
probably by tonoplast membrane ATP-binding cassette-type transporters (Salt and 
Rauser  1995  ) . High levels of Pb may affect plant sulfur metabolism, since synthesis 
of PCs might require increased sulfate uptake and assimilation (Ernst et al.  2008  ) . 
Moreover, it has been observed that high Pb level may also affect sulfolipid metabo-
lism in plants (Guschina and Harwood  2002  ) . In the present communication the 
impact of Pb and sulfate deprivation on lipid peroxidation, antioxidant enzyme 
activity, thiol and sulfolipid (sulfoquinovosyl diacylglycerol, SQDG) content was 
investigated in soybean. 

 Soybean seeds ( Glycine max  (L.) Merr., cultivar “Ustya”) were germinated and 
grown on water culture with (+S) and without sulfate (−S), in a climate-controlled 
greenhouse for 14 days at 23°C, 65% RH and at a 16 h photoperiod. The composition 
of the nutrition solution was as follows: control (+S): 1.44 g l −1  Ca(NO 

3
 ) 

2
 .4H 

2
 O, 

0.25 g l −1 K 
2
 HPO 

4
 , 0.25 g l −1  Mg(NO 

3
 ) 

2
 ; 0.3 g l −1  (NH 

4
 ) 

2
 SO 

4
 ; sulfate deprived (−S): 

1.44 g l −1  Ca(NO 
3
 ) 

2
 .4H 

2
 O, 0.25 g l −1 K 

2
 HPO 

4
 , 0.25 g l −1  Mg(NO 

3
 ) 

2
 , 0.135 g l −1  carb-

amide. After 14 days, the foliage was sprayed with 0.5 mM Pb in form Pb(NO 
3
 ) 

2
  in 

distilled water. Control plants were sprayed by distilled water. All experiments were 
set up in triplicate and each replicate contained four plants. Leaves were taken from 
each plant in each of the three experiments (biological replication, n = 3). Each extract 
from one biological replicate was measured three times (analytical replication). 

 For Pb analyses, leaves were separated and oven dried at 80°C for 2 days. Dried 
plant material was acid digested with 4 ml HNO 

3
  : HClO 

4
  (3:1, v/v) and the digested 

material was dissolved in 10 ml of 0.1 N HNO 
3
  and analyzed for Pb content by 

using an atomic absorption spectrophotometer (GBC 932 plus, Australia). 
 For biochemical analyses, leaves separated from treated plants 6, 24, and 48 h 

after the treatment were used. Lipid hydroperoxides were assayed according to 
Droillard et al.  (  1987  ) . Lipid peroxidation in leaves was determined by measuring 
the formation of malondialdehyde (MDA) as described by Heath and Packer  (  1968  )  
with slight modi fi cations: Leaves (0.2 g) were homogenized in 3 ml 0.1 M Tris 
buffer containing 0.3 M NaCl. After that, 2 ml of 20% trichloroacetic acid (TCA) 
containing 0.5% 2-thiobarbituric acid (TBA) and 2 ml 20% TCA were added. The 
mixture was heated at 95°C for 30 min and then the homogenate was centrifuged at 
10,000 g for 5 min. Absorbance of the supernatant was measured at 532 nm. MDA 
was calculated by using an extinction coef fi cient of 155 mM −1  cm −1 . Leaf tissue for 
enzyme assays was frozen in liquid nitrogen and stored at −20°C until extraction. 
The frozen samples were homogenized with 10 ml 0.1 M Na 

2
 HPO 

4
 /NaH 

2
 PO 

4
  

(pH 7.0) at 4°C. The homogenate was centrifuged at 4°C at 4,000 g for 15 min. The 
supernatant was used for the biochemical assay. The activity of catalase (CAT) 
(EC 1.11.1.6) was determined as described by Havir and McHale  (  1987  ) . SOD 
(EC.1.15.1.1) activity in extracts of soyabean leaves was based upon the indirect 
spectrophotometric method of Forman and Fridovich  (  1973  ) . The reaction mixture 
contained 50 mM Na 

2
 CO 

3
 /NaHCO 

3
  (pH 10.2), 0.10 mM EDTA, 0.01 mM ferricy-

tochrome c, and 0.05 mM xanthine. The assay was initiated by the addition of 
suf fi cient xanthine oxidase to produce a basal rate of ferricytochrome  c  reduction 
corresponding to an increase in A 

550
  of 0.035 units min  −1  ( V  

 1 
 ). After veri fi cation of 
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 V  
 1 
 , extract was added and the resulting reaction velocity ( V  

 2 
 ) calculated. One unit of 

superoxide dismutase was de fi ned as the amount of enzyme which inhibited the rate 
of ferricytochrome c reduction by 50% ( V  

 1 
  /V  

 2 
  = 2) in a 3 ml assay volume. Units of 

activity were calculated as a function of the reaction velocities (units =  V  
 I 
  /V  

 2 
 - 1.06). 

For sulfoquinovosyl diacylglycerol analyses, plant leaves (0.2 g) were homogenized 
with 0.5 g glass powder and 0.5 g Na 

2
 (SO 

4
 ). The homogenate was transferred to a 

glass column and 3 ml acetone was added for  fi ltration. To the  fi ltrate 1 ml hexane : 
benzene (4:1, v/v) and 2 ml H 

2
 O was added and centrifuged at 5,000 g for 5 min at 

RT (room temperature). After centrifugation 1 ml of the bottom layer was added to 
1 ml of 0.01% azure (prepared in acetone) and 2 ml benzene, and again centrifuged 
at 5,000 g for 5 min at RT. The upper layer was collected and absorbance was mea-
sured at 610 nm. The calculation of SQDG was based on the standard curve of 
sodium dodecylsulfate according to Kean  (  1968  ) . The water-soluble protein thiol 
content was determined as described by    Sedlak and Lindsay  (  1968  ) . The following 
components were added to 20  m l of sample: 75  m l 0.5 M Tris–HCl, 25  m l 0.01 M 
DTNB reagent, 400  m l methanol. Samples were centrifuged at 3,000 g for 5 min at 
room temperature, 3×90  m l supernatant were transferred into a  fl at-bottom microplate 
using a multichannel pipette and extinction was measured at 412 nm. Taking into 
account that conventional desalting methods (desalting, gel  fi ltration) may affect 
thiol content (by air oxidation) proteins were removed by TCA precipitation prior 
to SH quantitation. For this purpose 50  m l sample/standard were added to 2×25  m l 
5% TCA and then centrifuged for 15 min at 3,000 g and room temperature. 50  m l of 
supernatant from the 5% TCA precipitation was mixed with 200  m l 0.5 M Tris–HCl 
(pH 8.9) and 20  m l 0.01 M DTNB in a  fl at-bottom microplate and extinction was 
measured at 412 nm. The water-soluble protein-thiol content was calculated by sub-
tracting the water-soluble non-protein thiol content from that of the total water-
soluble thiol content (Sedlak and Lindsay  1968 . Signi fi cant differences of these data 
were calculated using analysis of variance (ANOVA followed by Duncan’s multiple 
range test, SIGMASTAT 9.0). 

 Pb spraying only resulted in high Pb levels in the leaves, and no detectable levels 
were observed in stems and roots (Table  1 ). Sulfur deprivation induced a strong 
decrease in the water-soluble non-protein thiol content in the leaves of soybean 
plants (Fig.  1a ). In addition, Pb exposure resulted in a decrease in the water-soluble 
non-protein thiol content in both sulfate-suf fi cient and sulfate-deprived leaves 6 h 
after the exposure. In sulfate-suf fi cient plants the water-soluble non-protein thiol 
content in leaves increased further to 34% after 48 h. The water-soluble protein-
thiol content in leaves of sulfur-deprived plants was about 30% decreased in 
Pb-exposed plants after 24 and 48 h (   Fig.  1b ). In leaves of sulfur-suf fi cient plants 
there were no changes in water-soluble protein-thiol content upon Pb exposure. The 
Pb-induced increase in water-soluble non-protein thiol contents in sulfur-suf fi cient 
plants may be required to detoxify Pb. Time-dependent decrease in glutathione 
(GSH) content has been shown upon Cd exposure (Dixit et al.  2001  ) . GSH is a free 
thiol, which plays an important role in the cellular redox status and also serves as 
substrate for phytochelatin synthesis.   
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 The lipid hydroperoxide content was lower in leaves of sulfur-deprived than 
sulfur-suf fi cient plants (Fig.  2a ). A similar effect was observed in young maize 
leaves, where the superoxide content was lower sulfur-deprived than sulfur-suf fi cient 
plants (Bouranis et al.  2003  ) . Pb exposure resulted in a decrease in the lipid hydroper-
oxide content in leaves of both sulfur-deprived and sulfur-suf fi cient plants after 6 h, 
however, it caused an increase in the lipid hydroperoxide content in leaves after 
48 h. Apparently Pb negatively affected plant metabolism and resulted in an induc-
tion of oxidative stress reactions. The lipid hydroperoxide content in leaves of plants 
grown with different sulfur supply was differently affected by Pb, which might indi-
cate a role of sulfur in response reactions of soybean plants at excess Pb (Fig.  2a ).  

 MDA content increased in sulfur-suf fi cient plants 6 h after exposure to Pb and 
corresponded with a decrease in lipid hydroperoxide content. After 24 h the content 
of MDA was quite similar in leaves of sulfur-deprived and sulfur-suf fi cient plants, 
there was only a slight decrease in its content in leaves of sulfur-deprived Pb exposed 
plants. After 48 h the content of MDA decrease on 21% in leaves of sulfur-deprived 
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  Fig. 1    The impact of Pb on water-soluble non-protein thiol ( a ) and water-soluble protein-thiol 
content ( b ) in leaves of soybean plants grown at sulfur-suf fi cient (+S) and sulfur-deprived condi-
tions (−S).  * , signi fi cant differences between (−S), (Pb, -S) and (+S), (Pb, +S) and   X   

 ,   signi fi cant 
differences between (−S) and (+S)       

   Table 1    Content of Pb in leaves, stems and roots of sulfur-suf fi cient (+S) and sulfur-deprived 
soybean plants (−S) after foliar spraying with 0.5 mM of Pb(NO 

3
 ) 

2
    

 Time after 
treatment 

 Pb content (mg g −1  DW) 

 Roots  Stems  Leaves 

 +S  −S  +S  −S  +S  −S 

 6 h  n.d.  n.d.  n.d.  n.d.  0.16 ± 0.03  0.18 ± 0.04* 
 24 h  n.d.  n.d.  n.d.  n.d.  0.15 ± 0.04  0.19 ± 0.10* 
 48 h  n.d.  n.d.  n.d.  n.d.  0.13 ± 0.03  0.17 ± 0.04* 

   n.d.  not detectable 
 *Denote signi fi cant differences between (−S), (Pb, −S) and (+S), (Pb, +S)  

 



275Impact of Lead and Sulfur Deprivation on Soybean Plants

Pb exposed plants (Fig.  2b ). The latter might be the result of an activation of 
antioxidative enzymes, especially SOD (Table  2 ). It has been observed that upon Cd 
exposure MDA levels increased in the leaves of pea plants with concentration (Dixit 
et al.  2001  ) .  

 Sulfur deprivation in itself had no effect on SOD activity, but here the activity of 
SOD was decreased in leaves of Pb-exposed soybean after 6 h (12%), but returned 
to control values after 24 and 48 h. In sulfur-suf fi cient plants Pb exposure resulted 
in a slight increase in SOD activity after 48 h (Table  2 ). CAT may eliminate the 
H 

2
 O 

2
  produced by SOD avoiding the inhibition of SOD by H 

2
 O 

2
  accumulation (Beyer 

and Fridovich  1987  ) . CAT activity was slightly higher in sulfur-deprived plants 6 h 
after the Pb exposure with subsequent decrease below control levels after 48 h. 
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  Fig. 2    The impact of Pb on lipid hydroperoxide ( a ) and MDA ( b ) content in leaves of soybean 
plants grown at sulfur-suf fi cient (+S) and sulfur-deprived conditions (−S).  * , signi fi cant differences 
between (−S), (Pb, -S) and (+S), (Pb, +S) and   X   

 ,   signi fi cant differences between (−S) and (+S)       

   Table 2    The impact of Pb on the activity of superoxide dismutase (SOD) and catalase (CAT) in 
leaves of soybean plants grown at sulfur-suf fi cient (+S) and sulfur-deprived conditions (−S)   

 SOD (units) 

 6 h  24 h  48 h 

 +S  18.52 ± 0.68  18.65 ± 0.12  18.18 ± 0.07 
 –S  19.08 ± 0.12  18.89 ± 0.06  18.19 ± 0.07 
 +S, Pb  19.91 ± 0.16*  18.08 ± 0.39  17.29 ± 0.14* 
 –S, Pb  16.80 ± 0.69*  18.61 ± 0.07  18.47 ± 0.02 

 CAT ( m mol O 
2
  min −1 ) 

 6 h  24 h  48 h 

 +S  2.08 ± 0.07  4.78 ± 0.03  5.33 ± 0.02 
 –S  2.35 ± 0.05*  4.81 ± 0.05  4.66 ± 0.06* 
 +S, Pb  2.08 ± 0.07  2.91 ± 0.06*  5.35 ± 0.05 
 –S, Pb  1.87 ± 0.02*  3.87 ± 0.09*  4.65 ± 0.15* 

  *Denote signi fi cant differences between (−S), (Pb, −S) and (+S), (Pb, +S)  
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Inhibition of CAT activity was observed in both sulfur-suf fi cient and sulfur-deprived 
plants after 24 h after the Pb exposure. After 48 h, CAT activity had returned to 
control (non-Pb exposed) levels in sulfur-suf fi cient and sulfur-deprived plants. 
Nevertheless, exposure of  Pisum sativum  to 0.5 or 1 mM Pb in resulted in increased 
levels of superoxide and increased activities of SOD and CAT in root cells (Malecka 
et al.  2001  ) . Differences in experimental conditions and/or Pb tolerance may explain 
the differences in the obtained results. 

 Sulfate deprivation and Pb exposure resulted in signi fi cant increases in SQDG 
content of leaves after 6 h, followed by a decline (by nearly 30%) after 24 h of the 
exposure. In sulfur-suf fi cient plants the SQDG content was higher after 6 h of the Pb 
exposure. The observed increase in SQDG content in leaves of sulfur-deprived plants 
may indicate a possible stimulation of SQDG synthesis even upon sulfate depriva-
tion. However, SQDG is considered to be a strong anion, which is able to create a 
complex with Pb atoms (Okanenko et al.  2003  )  and which may explain the decline in 
its content 24 h after Pb exposure (Fig.  3    ).  

 In summary, data obtained in this experiment showed that sulfate deprivation 
signi fi cantly affected lipid peroxidation reactions and potentially disturbed the 
defense against heavy metal toxicity. A balanced nutrient medium with sulfur supported 
more favorable changes in thiol contents, especially in free thiols, which may be 
useful in plant defense reactions to Pb.     
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