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INTRODUCTION 
 
Sulfur was at the basis of early life on earth as an energy source and as a 
reactant in biochemical processes. Remnants of this life under reducing 
atmospheric conditions are seen in some genera of archeae and lithotrophic 
bacteria where H2S serves as an energy source in the oxidizing sulfur 
pathway, much as water in photosynthesis, or as electron acceptor within 
the sulfate reducing pathway (Österberg 1997; Nisbet and Sleep 2001). 
Plants have retained parts of the basic principles of these pathways. Sulfur 
is next to N, P, and K, one of the central metabolites directly or indirectly 
involved in numerous plant biosynthetic and physiological processes 
(Nikiforova et al. 2004). Plant growth is dependent on and affected by 
environmental, biotic, and abiotic factors inducing biochemical and 
physiological adaptation processes: insufficient availability of sulfate 
affects other metabolic pathways in a pleiotropic manner demonstrating 
that sulfur is an integral part of plant metabolism and impairs plant 
productivity and vitality. Genomics approaches now provide tools to 
dissect, describe, and contribute to our understanding of sulfate 
metabolism in these processes with the aim of achieving a systems biology 
description (Hesse and Hoefgen 2006); the response of Arabidopsis 
thaliana to sulfur starvation is a suitable model for such a systems level 
analysis of plant nutrient physiology.  
 For land plants sulfur is an indispensable inorganic nutrient usually 
taken up as sulfate. Uptake and assimilation processes resemble those 
known for phosphate and nitrate (Kopriva and Rennenberg 2004; Hesse 
et al. 2004b). Sulfate uptake and transport is mediated by sulfate transporters 
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in the root and in the whole plant (Maruyama-Nakashita et al. 2004; 
Buchner et al. 2004; Kataoka et al. 2004; Hawkesford 2003; Hawkesford 
et al. 2003; Saito 2000, Chapter 1). Excess sulfate is either channeled to 
sulfolipids (Benning 1998; Harwood and Okanenko 2003; Frentzen 2004) 
or reduced to sulfide and incorporated into cysteine while the remainder is 
stored in the vacuole. Cysteine is an integral part of proteins determining 
structure and function, for example being involved in redox reactions. 
Further, cysteine is converted to the nutritionally important amino acid 
methionine, as well as to a wide range of sulfur-containing metabolites, 
predominant among them are glutathione (GSH) and S-adenosylmethionine 
(SAM) (Hesse et al. 2004a; Hesse and Hoefgen 2003; Matthews 1999; 
Hell and Rennenberg 1998; Hell 1997; Azevedo et al. 1997; Anderson 
1990). The control of cysteine and methionine biosynthesis has been the 
target of numerous studies at the biochemical and molecular biology level 
(Riemenschneider et al. 2005b; Hesse et al. 2004a; Wirtz et al. 2004; Hell 
et al. 2002; Nikiforova et al. 2002; Galili and Höfgen 2002; Berkowitz  
et al. 2002; Höfgen et al. 2001). These proteinogenic amino acids are 
essential for humans and livestock such as monogastric animals and birds 
(Hawkesford et al. 2006). Further, enzyme activities depend on Fe/S 
clusters as prosthetic groups and vitamin cofactors such as biotin and 
thiamine. Numerous derived compounds such as GSH, phytochelatins(PCs), 
thioredoxins, sulfated and sulfonated compounds, Co-enzyme A, SAM, 
and S-methylmethionine (SMM) have essential functions in plant 
metabolism. In relation to thiol-based activation of metabolites, the thiol 
group of Coenzyme A (CoA) for example, is involved in numerous 
cellular processes where activation of molecules is necessary to allow 
further reactions. Examples include the serine activation to O-acetylserine 
to form cysteine, or pyruvate activation catalyzed by pyruvate dehydro-
genase converting pyruvate to the versatile metabolic precursor acetyl-
CoA, which feeds into the tricorboxylic acid (TCA) cycle and indirectly 
through these anaplerotic reactions into numerous compounds such as 
amino acids, pyrimidines, alkaloids, porphyrins, fatty acid and terpene 
biosynthesis, or protective agents such as cyanogenic glucosinolates. Fatty 
acid biosynthesis would be impossible without binding of the growing 
fatty acid chain to a thiol group of the acyl carrier protein and the repetitive 
delivery of acetyl-CoA. Fragrances and tastes are often determined 
through sulfur-containing compounds or their breakdown products.  
 In order to dissect this complex integrated system, genomics 
approaches provide tools for analysis. Ideally, high-throughput analytical 
technologies provide systematic unbiased data sets of multiple parallel or 
sequential samples. Data analysis should enable a systems level interpretation 
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of the different functional components of plant cells, organs, and entire 
plants by predicting their properties through quantitative simulation 
models. To reach systems level knowledge, mathematical and compu-
tational methods for modeling and simulating complex biological systems 
have to be employed. The ideal result would be detailed, accurate and 
quantitative predictions of the behavior of biological systems, including 
predictions of the effects of systems modifications, i.e. simulations. These 
predictions can be tested to refine the model and allow ingenious 
optimization of plant processes through plant breeding, either by classical 
or transgenic means. At the analytical level, systems biology relies on the 
comprehensive profiling of large numbers of elements. These approaches 
are commonly referred to as transcriptomics (Holtorf et al. 2002; Oliver et al. 
1998), proteomics (Blackstock and Weir 1999; Thiellement et al. 1999; van 
Wijk 2001), and metabolomics (Fiehn et al. 2000; Trethewey et al. 1999; 
Trethewey 2001, 2004). The use of these “omics” technologies to gain 
comprehensive data sets has increased rapidly during recent years, 
especially with respect to studying mechanisms underlying plant growth 
and plant responses to perturbations. The new high-throughput tools of 
genomics have provided the potential to systematically analyze perturbed 
biological systems and monitor the responses. The challenge of systems-
based approaches now lies in extracting information from the multivariate 
experiments and in building models that incorporate all of the data. With 
the development of computational-based statistical methods, it is now 
possible to extract the maximum amount of information from experiments 
involving genome-scale data. In systems biology, bioinformatic tools are 
not only required to analyze the genomic data but, most importantly, to 
determine the experimental parameters needed for model building. Testing 
the derived models in vivo with mutants completes the circle. Thus, by 
combining new tools in genomic biology and bioinformatics, systems 
biology paves the way to comprehend complex biological systems. 
 The knowledge provided through these molecular analyzes and 
interpretations will have a bearing on plant breeding strategies and 
agricultural practices and, hence, environmental and ecological issues 
(Figure 1). In agricultural practice even moderate sulfate limitation leads to 
effects on yield and plant performance such as stress and pathogen 
resistance, or more generally, insufficient sulfate availability impairs the 
ability of plants to cope with additional stresses. Severe insufficiencies 
lead to acute growth and yield depressions often coupled to inappropriate 
fertilizer use regimes which may negatively affect the environment 
(Haneklaus et al. 2003; Hesse and Hoefgen 2001; Blake-Kalff 2000). 
Despite this importance for plant biochemistry, plant sulfur metabolism 
has been much less thoroughly investigated than that of carbon, nitrogen, 
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or phosphorus metabolism in plants. It has, however, gained much more 
attention in the past three decades after the unexpected observation of 
sulfur limitation affecting agricultural production due to reduced air 
pollution by SO2, mainly derived from fossil fuels, i.e. of biogenic origin 
again being converted to sulfuric acid when dissolved in water (Chapter 4). 
 
 
PLANT SULFUR NUTRITION 
 
On a wider level, nutrient availability in general has an impact on diversity 
and productivity of vegetation and, hence, fauna in ecological systems 
(Scherber et al. 2006; Kahmen et al. 2005, 2006; Palmborg et al. 2005; 
Perner et al. 2005). For example, iron is generally limiting in oceans and 
thus import of iron from rivers or Sahara storms trigger algal blooms, 
experimentally validated through “seed” experiments dumping tons of iron 
into aquatic systems allowing primary producers to build up enormously 
harnessing these resources (Jickells et al. 2005; Morel and Price 2003; 
Siegenthaler and Sarmiento 1993). As well in terrestrial systems nutrient 
management and understanding nutrient fluxes is an integral part of 
ecosystem development (Figure 1). There are intentions to put this on a 
basis that allows calculation by ecological programs such as the 
SAVANNA model for wildlife conservation areas (Coughenour 1992, 
Christensen et al. 2003; Augustine 2004, 2003). For example, the coexistence 
of Maasai population and wildlife in the Serengeti produces accumulation 
of nutrients in Maasai settlements, called Bomas, where livestock drops 
faeces and, when abandoned in regular shifts of the half-nomad lifestyle, 
this allows the development of bush islands which would normally not 
occur in the open savannah steppe. These islands foster plant and animal 
life locally and in the savannah through provision of a more complex 
ecosystem – based on an improved supply of plant available nutrients. The 
influence of N and P has been investigated, though it can well be 
speculated that also S plays a major role, as sulfur import by rain is 
extremely scarce in the semidesert environment far from the sea.  
 Quantitatively, plant need for sulfate is about 10% that of nitrogen for 
optimal plant growth. Probably, this is one of the reasons for under-
estimating the importance of sulfate in agriculture as this is already in the 
area of contaminations in classical nitrogen phosphor potassium (NPK) 
fertilizers or farm manure (Blake-Kalff 2000). Fertilization and resource 
management of other plant nutrients, N, P, and K were long established – 
the importance of the macronutrient S has long been underestimated as 
being in abundance through air pollution. Natural sources of sulfate are 
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Figure 1. Plants are complex systems within a complex multifactorial 
environment and have evolved the ability to respond to various resources and 
input situations to achieve competitiveness and to propagate in a complex 
ecosystem comprised of abiotic and biological factors. Sulfate metabolism as an 
integral part of plant metabolism is influenced by and influences itself plant 
metabolism. As a macronutrient sulfate availability has a significant impact on the 
physiological responses of the plant to environmental factors and is a crucial 
integral determinant of plant vigor, yield, viability and propagation. 
 
 
bacterial degradation of deteriorating plant material, gaseous compounds 
from volcanoes (SO2) or marine algae (DMS) being deposited by rainfalls 
as sulfite or sulfate, resulting in an ocean-cloud-land-ocean sulfur cycle. 
Gaseous air pollutions from fossil fuels throughout the industrial 
revolution attained wide interest as causing sulfuric rains and water body 
acidification (Curtis et al. 2005). The resulting massive ecological 
problems stirred a public debate forcing political decisions culminating in 
clean air acts effectively reducing total SO2 output from industries. Only 
then, the agronomical importance of sulfate provision to the crop plant was 
realized as decreasing S inputs to the fields resulted in agronomical 
problems of reduced yields and plant health. This agronomical interest 
together with the progress in plant biochemistry, molecular biology, and 
physiology boosted our knowledge on details of sulfur metabolism in 
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plants, though the basic principles had been worked out earlier, often in 
bacterial systems (Bryan 1980, 1990). 
 Plants are able to adapt to and cope with a variety of soil-borne nutrient 
conditions. Under natural conditions characteristic plant associations 
develop on certain stands as the most adapted plants compete more 
efficiently leading to typical associations of seaside vegetation, nutrient 
rich or nutrient poor meadows, vineyards, etc. Under agricultural condi-
tions crop species artificially dominate the ecosystems and though often 
not being competitive under “natural” conditions the agricultural practice 
as well as the use of herbicides allow them to establish. Further, high-
yielding elite crop varieties are bred to fit to certain agricultural practices, 
e.g. short straw wheat’s would normally be overgrown by tall grasses or 
they need high fertilizer dosages for optimal growth. Changes in 
agricultural practices such as organic farming, no tilling, use of marginal 
lands, reduction of fertilizer and pesticide inputs either due to economic or 
environmental concerns and altered consumer behavior ask for a better 
understanding of plant physiology, biochemistry and molecular biology to 
eventually provide breeders with opportunities to breed new, and better 
varieties.   
 Above all, the major pressure on agricultural practices and policies will 
be the need to feed a growing world population which is expected to reach 
10 billion in 2050 asking for an increase of 100% of agricultural primary 
production, i.e. another “green revolution” (Cakmak 2002). For example 
wheat yield in a long-term experiment could be increased from 3 ton ha–1 
on average before 1920 to 10 ton ha–1 nowadays (Miflin 2000). The 
challenge is even bigger as increasingly arable land is lost due to 
urbanization, desertification, salinization, or global climate changes. On 
the other hand, the need for high-quality protein increases with more 
countries advancing from developing to threshold or industrialized countries, 
thus asking for higher yielding crop cultivars and more plant-based-high 
protein feed for increased livestock production (FAO 2002). As the impact 
of cropping techniques and agrochemicals cannot be assumed to further 
increase substantially, future potentials to increase yield and quality of 
crops have to be mainly expected from plant breeding and green bio-
technology. The luxury attitude of the consumers in some of the developed 
countries, e.g. with respect to nonacceptance of GMO-based plant 
products, just ignores immanent world wide tendencies and camouflages 
problems necessary to be solved pragmatically. Not meeting this challenge 
will lead to malnutrition, especially negatively affecting children under 5 
years leading to retarded physical and mental development (Tabe and 
Higgins 1998; Pinstrup-Andersen 2002). Understanding sulfate meta-
bolism and its integration into plant metabolism will contribute to improve 
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plant agricultural performance, yield, plant vigor, and product quality at 
various aspects as nutritional quality or low fungal toxin contaminations. 
 
 
SULFUR ASSIMILATION AND REDUCTION 
 
The primary source of sulfur for plants is sulfate, though plants are also 
able to take up gaseous sulfur compounds and either incorporate them 
(H2S, SO2) immediately into cysteine or to retrieve it through catabolic 
processes (sulfite oxidases; Hänsch et al. 2006; Hänsch and Mendel 2005; 
Durenkamp et al. 2005; Riemenschneider et al. 2005a; Yang et al. 2006; 
Durenkamp and De Kok 2005). In general, after uptake and activation of 
the almost inert sulfate molecule, plants reduce sulfate to sulfide and 
synthesize the thiol amino acid cysteine as the first common intermediate 
of all downstream reactions. An important branch is the use of activated 
sulfate without further reduction to synthesize sulfonates such as 
sulfolipids or sulfate metabolites (Figure 2). 
 Sulfate in soils moves with the capillary water. Interestingly, a 
substantial amount of sulfate in rich organic soils is bound in the organic 
material fraction rather than the mineral constituents and is released 
through the deteriorating activity of bacteria (Kertesz and Mirleau 2004). 
Whether plants are able to actively stimulate beneficial bacterial 
associations by providing, e.g. carbohydrates is still unknown. While bacteria, 
fungi, and seawater organisms use ATP-binding cassette (ABC) sulfate 
permeases, plants have developed highly specific sulfate transporters 
which can grossly be grouped into high (Km 1 – 10 µM) and low (Km 0.1 – 
1 µM) affinity proton/cotransporters (Anderson 1990; Hawkesford 2000; 
Saito 2000; Grossman and Takahashi 2001, Chapter 1). The uptake and 
transport of sulfate within the plant probably takes the same combined 
apoplastic/ symplastic route as nitrate and phosphate. Sulfate is either 
reduced and incorporated into organic molecules, central among them the 
thiol amino acid cysteine, or it can be deposited to substantial amounts in 
vacuoles then being much less mobile than other ions. Here then, it might 
be retrieved under insufficient supply situations from the soil or during 
grain filling. 
  Prior to reduction the sulfate ion is activated (by binding to ATP) by 
ATP sulfurylase to form adenosine 5′-phosphosulfate (APS; Figure 2). 
ATP sulfurylase (ATP-S) isoforms in plants are located either in plastids 
or in the cytosol. The APS serves as a substrate for two branches: sulfate 
reduction or phosphorylation by APS kinase to yield 3′-phosphoadenosine  
x 
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Figure 2. The core of the sulfur biosynthetic pathway comprises the uptake of 
sulfate through the plant membrane, the activation of the inert molecule to form 
APS and either its further activation to PAPS serving as precursor for sulfate 
transfer reactions or its reduction to sulfide and incorporation into serine to form 
cysteine, the central precursor of all plant metabolites containing reduced sulfur 
moieties. Furthermore the central pathway culminates in synthesis of methionine 
and the eventual pathway end product, S-adenosylmethionine (SAM). Numerous 
compounds are derived from this primary pathway and, hence, numerous 
functions can be assigned to the various metabolites within plant metabolism. 
 
 
5′-phosphosulfate (PAPS). PAPS is the substrate of sulfotransferases, 
which catalyze the sulfatation of a range of metabolites including plastidial 
sulfolipids, flavanols, choline, betaines, and glucosides. In the reductive 
pathway, APS bound sulfate is reduced to sulfite by the plastid-localized 
APS reductase (APR) probably with GSH as a reductant, as a domain of 
the enzyme resembles a GSH-dependent reductase. APR is highly regulated 
at the molecular and biochemical level through numerous stimuli such as 
sulfate availability, hormones, nitrogen and others, obviously integrating 
various signal inputs of various parallel primary anabolic pathways. Sulfite 
is reduced to sulfide in a ferredoxin-dependent reaction by plastidial sulfite 
reductase (SIR). O-acetyl serine-(thiol) lyase (OAS-TL) eventually 
transfers sulfide to an activated serine, O-acetyl serine (OAS), resulting in 
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cysteine (2-amino-3-mercapto-propionic acid) formation. Cysteine is the 
common precursor of all following metabolic steps employing reduced 
sulfur. Serine acetyltransferase (SAT) catalyzes the formation of the 
activated OAS and is located in the cytosol, chloroplasts, and mitochondria 
and feedback inhibited by micromolar concentrations of cysteine. Upon 
sulfur starvation the mRNA levels of plastid SAT increase. SAT is 
associated with OAS-TL in the cysteine synthase complex to synthesize 
OAS. The complex, though, is inefficient in synthesising cysteine and 
rather free OAS-TL appears to be responsible for cysteine synthesis. 
 The sulfate reduction pathway is present in different cellular 
compartments, the cytosol, plastids, and mitochondria, though partially 
incomplete in the cytosol and mitochondria. The reason for this is not 
unequivocally proven but might have to do with necessary detoxification 
mechanisms of released sulfide resulting from catabolic processes. A 
complex regulatory pattern, first at the biochemical, and second at the 
molecular level, results in a strict regulation of sulfate uptake and 
assimilation adapting biosynthesis to sink demands. For example, heavy 
metal treatment increases GSH and phytochelatin biosynthesis (Cobbett 
2000a,b; Cobbett and Goldsbrough 2002) 
 
 
METHIONINE BIOSYNTHESIS 
 
Methionine is synthesized in three steps in the chloroplast catalyzed by 
cystathionine γ-synthase (CGS), cystathionine β-lyase (CBL), and 
methionine synthase (MS; Ravanel et al. 2004; Hesse and Hoefgen 2003; 
Ravanel et al. 1998). Free methionine only occurs in marginal amounts in 
plants. About 20% of the methionine is incorporated into proteins while 
80% is converted to SAM, thus essentially constituting the end product of 
the methionine biosynthetic pathway. CGS catalyzes the formation of the 
thioether cystathionine from the substrates cysteine and O-phosphoho-
moserine (OPHS). The common branchpoint at OPHS of the methionine 
and threonine biosynthetic pathway in plants requires an effective 
regulation. There is no evidence suggesting the occurrence of feedback 
inhibition of CGS activity by either methionine or SAM. However, in 
Lemna and Arabidopsis the stability of the CgS mRNA, respectively, 
seems to be regulated by methionine/SAM levels as shown through 
feeding studies with methionine in Lemna paucicostata (Thompson et al. 
1982; Giovanelli et al. 1985a,b) and the analysis of an A. thaliana 
mutant, mto1, in which a mutation of the CgS gene increases the stability 
of the mRNA in the presence of increased levels of methionine (Inaba et al. 
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1994; Chiba et al. 1999). Potato CGS RNA stability, however, appeared 
not to be regulated by methionine (Zeh et al. 2001; Kreft et al. 2003). 
However, threonine synthase (TS) activity is positively regulated by S-
adenosyl-methionine (SAM), a direct product of methionine and to be 
imported from the cytosol (Ravanel et al. 2004), thus favoring carbon flow 
into threonine biosynthesis when sufficient SAM is available. Under these 
conditions the Km-values of TS for OPHS have been shown to be 250- to 
500-fold lower as compared to the competing enzyme, CgS (Madison and 
Thompson 1976; Curien et al. 1996; 1998, Laber et al. 1999; Giovanelli  
et al. 1985b). Regulation of TS occurs at the level of enzyme activity 
rather than at the level of gene expression (Casazza et al. 2000). This 
suggests an autoregulation of methionine synthesis by modulating 
metabolite flux via the TS/CgS branch point, but plant specific differences 
have to be considered for applied exploitation. Likewise, spatial and 
developmental differences in TS and CGS expression have to be taken into 
account (Casazza et al. 2000; Bartlem et al. 2000; Inaba et al. 1994). 
 CBL is essential but not rate limiting for methionine biosynthesis.  
A Met mutant was isolated from protoplast cultures of Nicotiana 
plumbaginifolia that was severely stunted in growth and development 
(Negrutiu et al. 1985). Complementation of the plant mutant with a 
plastidially targeted bacterial CGS restored the wild-type phenotype 
(Frankard et al. 2002). This finding is supported by the observation that 
transgenic potato plants expressing antisense CbL RNA showed a 
comparable phenotype resulting in increased levels of the upstream 
metabolites cysteine, cystathionine, and homoserine, while threonine 
remained constant and methionine was only slightly reduced (Maimann 
et al. 2000). Overexpression of CBL had no effect on metabolite 
composition (Maimann et al. 2001).  
 The last step of methionine synthesis is localized in the plastids and in 
the cytosol and is catalyzed by cobalamine-independent methionine MS, 
which methylate homocysteine to form methionine, using polyglutamated 

The function of this enzyme is on the one hand the de novo synthesis of 
methionine in the chloroplast and on the other hand the regeneration of 
SAM from S-adenosylhomocysteine after methylation reactions or after 
ethylene biosynthesis. Sucrose or photoassimilates seem to regulate MS 
gene expression in C. roseus and Solanum tuberosum (Eckermann et al. 
2000; Zeh et al. 2001). The whole system seems to be highly and 
independently regulated at the transcriptional and posttranscriptional level 
 

N5-methyltetrahydrofolate as a methyl group-donor and SAM as a cosub-  
strate as shown in Catharanthus roseus and A. thaliana (Ravanel et al. 2004). 
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and to be indispensible as neither overexpression nor down regulation by 
antisense could be achieved in potato. 
 
 
METABOLISM OF CYSTEINE AND METHIONINE 
 
Cysteine is converted to GSH, both metabolites apparently being in 
equilibrium (Figure 2). GSH is a tripeptide synthesized through the 
sequential activity of γ-glutamyl-cysteine synthase and GSH synthase. 
Further, phytochelatin synthases polymerize multiple blocks of this basic 
unit to synthesize PCs which probably act in heavy metal scavenging and 
transport, possibly as a storage form and play a role in tolerance to some 
heavy metals such as cadmium. PCs are synthesized by a γ-glutamyl 
cysteine dipeptidyl transpeptidase transferring the glutamyl cysteinyl 
moiety of GSH on to another GSH or on to a growing PC (Zenk 1996; 
Chen et al. 1997; Cobbet et al. 1998, 2000a,b; Vernoux et al. 2000). 
Usually a degree of polymerization of 5 is reached. The terminating amino 
acid can either be glycine, glutamate, serine, or β-alanine. GSH is a less 
reactive storage form of cysteine and a transport form of reduced sulfur. It 
is involved in stress tolerance responses by directly scavenging active 
oxygen species (AOS) or indirectly by reducing oxidized ascorbate in the 
ascorbate–gluathione cycle while itself being oxidized to a GSH dimer 
linked via an S–S bridge (GSSG; Noctor 2006; Leustek et al. 2000; 
Schürmann and Jacquot 2000; Jacquot et al. 2002; Noctor et al. 2002). The 
ratio of GSH to GSSG provides information on the redox status of the cell 
and, thus, stress levels. GSSG is reduced back to GSH by glutathione 
reductase and NAD(P)H. Further, cysteine serves as precursor for S-
containing metabolites such as co-enzyme A, the vitamine B1, thiamine, 
methionine and its derivatives SAM and SMM, and many secondary 
compounds such as S-methylcysteine, S-alkylcysteine, glucosinolates, and 
phytoalexins (Schmidt and Jäger 1992; Ravanel et al. 1998; Matthews 
1999; Hesse and Hoefgen 2003). 
 Methionine undergoes two major fates: first, incorporation into proteins 
or, second, conversion to SAM (Figure 2). SAM is a methyl donor used in 
DNA and RNA modification and in synthesis of abundant plant structural 
components, including lignin precursors, choline and its derivatives, 
chlorophylls, and pectin (methyl esters of polygalacturonic acid). The 
carbon skeleton of the methionine moiety of SAM is also used as a 
precursor for the plant hormone ethylene, the vitamins biotin (vitamin H) 
and thiamine (vitamin B1), and for polyamines. Radiotracer experiments 
indicate that more than 80% of the label from 14C-methyl labeled 
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methionine was incorporated into lipids, pectins, chlorophyll, and nucleic 
acids, whereas less than was found in 20% in protein (Giovanelli et al. 
1980; Giovanelli 1990). Thus, apparently the majority of methionine is 
converted into SAM for transmethylation reactions in plants. As control of 
fruit ripening is of substantial commercial interest the pathway to ethylene 
synthesis has received some attention in terms of biotech applications 
(White 2002). Furthermore, methionine is converted to SMM which 
appears to be a phloem localized transport form of reduced S in plants, as 
is GSH (Bourgis et al. 1999; Ranocha et al. 2001). The SMM to GSH 
ratios vary among different plant species. SMM is synthesized from 
methionine and SAM by SAM:methionine S-methyltransferase releasing 
S-adenosylhomocysteine (MMT). SMM can be reconverted to methionine 
by homocysteine S-methyltransferase (HMT) methylating homocysteine 
and yielding two molecules of methionine. Essentially this appears to be a 
shortcut of the SAM methylation cycle and it is speculated currently that 
its main function is the downregulation of SAM levels in plants. However, 
as SMM is also transported in the phloem it might well contribute to 
reduced sulfur supply to sinks. In plants such as wheat, substantial 
amounts of reduced sulfur are transported as SMM from source leaves to 
sink tissues. 
 
 
GENOMICS OF PLANT SULFATE METABOLISM – 
SULFUR AS PART OF METABOLIC NETWORKS 
 
In order to resolve plant sulfate metabolism at a systems level, high- 
throughput genomics technologies such as transcript, metabolite, and 
protein profiling are applied (Figure 3). To deduce the systems response, 
controls with sufficient sulfate supply are compared to plants or tissues 
grown under varied sulfate availability conditions or mutants in genes 
putatively affecting sulfur metabolism in plants. The first aim is the 
collation of a parts list, essentially a list of responding elements 
(transcripts, metabolites, proteins, or other determinants), which is followed 
by attempts to model the system and thus predict metabolic and physio-
logical responses. 
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Transcriptome analysis of Arabidopsis thaliana in response to sulfur 
deprivation 
 

Genomics tools, such as DNA microarrays (DNA chips), have enabled the 
simultaneous measurement of multiple gene expression changes in 
response to an experimental treatment (i.e. system perturbation) or to 
developmental changes (endogenous programmes). In A. thaliana, more 
than a dozen studies have been reported using chip technology to describe 
the transcriptome of exogenously perturbed systems or ontogenetic 
programs. Examples include analysis of the circadian rhythm (Harmer  
et al. 2000); hormone action (Goda et al. 2002; Müssig et al. 2002; Rashotte 
et al. 2003), stress response (Kreps et al. 2002; Seki et al. 2002; Hammond 
et al. 2003; Oono et al. 2003), cell cycle (Menges et al. 2002), 
developmental programs (Menges et al. 2002; Tepperman et al. 2001; Che 
et al. 2002; Honys and Twell 2003; Köhler et al. 2003), responses to 
pathogens (Puthoff et al. 2003; Tao et al. 2003), plants with altered 
metabolism (Laule et al. 2003), and plants under different nutrient regimes 
such as nitrogen (Wang et al. 2000, 2001; Colebatch et al. 2002), phosphate 
(Wang et al. 2002), iron (Thimm et al. 2001; Negishi et al. 2002; Wang 
et al. 2003), potassium (Wang et al. 2002; Maathuis et al. 2003), and sulfate 
alterations (Hirai et al. 2003; Maruyama-Nakashita et al. 2003; Nikiforova 
et al. 2003).  
 Transcriptome profiling of Arabidopsis subjected to changing sulfur 
availability has been used to provide a systems-level description with the 
aim of identifying novel Arabidopsis genes that respond to minus sulfur 
treatment (Figure 4). Consistent with previous reports, genes encoding 
proteins that are directly involved in sulfate transport, reduction, and 
assimilation are induced. Sulfate starvation results in the depletion of 
endogenous vacuolar stores and of derived organic compounds due to 
impaired biosynthesis of the respective metabolites. In sulfate-deprived 
plant tissues, sulfate levels, total elemental sulfur levels and the levels of 
the main organic molecules carrying reduced sulfate, i.e. cysteine, GSH, 
and proteins are reduced (Nikiforova et al. 2003, 2004, 2005a). The system 
aims at retaining metabolic homeostasis or constant fluxes through finely 
tuned biosynthetic (Riemenschneider et al. 2005a; Hesse et al. 2004a; 
Hesse and Hoefgen 2003; Matthews 1999; Hell and Rennenberg 1998; 
Hell 1997; Miflin and Lea 1990) or catabolic processes to balance pool 
sizes (Galili and Höfgen 2002). 
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Figure 3. High-throughput analytical tools allow resolution of the multifaceted 
response of plant metabolism to alterations in sulfate nutrient availability. 
Transcriptomics allows scoring for changes in gene expression levels, 
metabolomics investigates the steady state pools of cellular compounds, i.e. 
essentially the result of adaptation processes to external conditions or 
developmental programs, and proteomics analyses reports changes in protein 
abundance as a result of altered transcript availability or alterations in protein 
stability and turnover. These data will allow a description of the systems response 
to sulfate in the environment. 
 
 
 When the regulatory capacities of the enzymatic machinery can no 
longer cope with the accumulating disbalances due to enduring starvation, 
the induction of further adaptation mechanisms involving alterations in 
gene expressions is observed (Saito 2000, 2004; Nikiforova et al. 2003, 
2004, 2005a; Kutz et al. 2002; Hirai et al. 2003; Maruyama-Nakashita  
et al. 2003).  Recently, a sulfur-related cis-element in the promoter of some 
sulfur responsive genes has been identified (Maruyama-Nakashita et al. 
2005). In the case of sulfate deprivation of Arabidopsis plants in 
hydroponic cultures, changes in gene expression seem to be triggered 
about 2 days after onset of starvation and with continuing starvation the 
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number of induced genes further rises and increasingly involves pathway 
unrelated genes (Nikiforova et al. 2004). The accumulation of 
“downstream” effects is probably caused by cross influencing “linked” 
pathways due to the lack of metabolites or accumulation of pathway 
intermediates, eventually resulting in the induction of downstream 
processes in a snowball-like effect (Nikiforova et al. 2003, 2004, 2005a; 
Hirai and Saito 2004). Thus, the analysis of the response at the gene 
expression level (transcriptome analyzes using array technologies) in 
response to sulfate availability provides insights in the response 
mechanisms (Nikiforova et al. 2003, 2004; Saito 2004; Hesse et al. 2004b; 
Hirai et al. 2003; Maruyama-Nakashita et al. 2003; Kutz et al. 2002). 
 
 
 

 
 

Figure 4. Transcriptomics allows the comparison of the transcriptome, the sum of 
all expressed genes, between plants or tissues under varying conditions. Here a 
comparison of plants under sulfate starvation with controls on sufficient sulfate 
supply provides a signature of expressed genes under both conditions depicted as 
hybridization patterns or as scatter plots of both conditions. Application of 
thresholds accounting for the natural occurring variability in gene expressions 
(fluctuation and noise) result in a set of genes showing significant diversity of 
expression levels between both states. The number of genes and the ratios of their 
expression differences depend on the time, strength, and nature of the challenging 
treatment. Here sulfate starvation resulted in 1,562 genes showing differential 
expression of which 345 and 160 were significantly up-or downregulated, 
respectively. 
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Proteome analysis of Arabidopsis thaliana in response to sulfur 
deprivation 
 

Proteome analysis would provide information on changes in protein 
abundance in response to, here, sulfate starvation. However, currently 
there are no systematic proteome studies reported on plants subjected to 
changing environmental sulfate conditions. Detailed targeted studies have 
been performed using antibodies against specific proteins, performing 
enzyme activity assays or providing local and not proteome wide 
information, for example in plasma membranes (Hawkesford and Belcher 
1991). Studies which have been executed on agar grown seedlings on 
sulfate starvation (Nikiforova et al. 2003) resulted in a general reduction of 
the total protein content, however, only in marginal changes in the content 
of single proteins, despite the observed significant changes in transcripts 
and metabolites (R. Hoefgen, personal communication). 
 
Metabolome analysis of Arabidopsis thaliana in response to sulfur 
deprivation 
 

Metabolomics intends to qualitatively and quantitatively determine the 
levels of as many low-molecular weight compounds as possible through 
ideally unbiased analytical techniques. Determination of ions and elements 
is sometimes termed ionomics (Lahner et al. 2003; Salt 2004), but is 
subsumed here into the wider term metabolomics. Metabolomics intends to 
provide the complete metabolic profile of the cell, the metabolome, 
comprising the steady state of metabolic and physiological processes. 
Thus, measurements of the metabolome in different physiological states 
are likely to be more indicative for the purposes of systems-oriented 
studies than transcriptome analyzes (Hesse and Hoefgen 2006). 
Eventually, this would ideally lead to a nearly complete molecular picture 
of the state of a particular biological system at a given time. The current 
status of metabolomics is summarized in several reviews (e.g. Fiehn 2002; 
Sumner et al. 2003; Stitt and Fernie 2003). Profiling schemes for 
Arabidopsis and other plants have been developed in recent years 
(Roessner et al. 2000; 2001; Fiehn et al. 2000; Wagner et al. 2003). 
However, major technological limitations still need to be overcome. For 
instance, the chemical diversity of the metabolome necessitates the use of 
different analytical techniques to cover different polarities and molecular 
sizes. Further, annotation of identified metabolite peaks is still incomplete. 
In this study for example of the detected peaks in GC-MS 43% and of the 
LC-MS 5% could be assigned to specific compounds. Experimental tools 
in use are element analysis via ICP-AES, ion analysis via HPLC or CE, 
specific HPLC analyses as, e.g. for amino acids and thiols, and highly 
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random, high-throughput approaches mainly based on mass spectrometry 
combined with various prior separation tools such as GC-MS, GC-TOF, 
LC-MS (Roessner et al. 2000; Fiehn 2002; Fiehn and Weckwerth 2003; 
Wagner et al. 2003) or others as NMR techniques (Ward et al. 2003; Ott  
et al. 2003; Defernez and Colguhoun 2003; Le Gall et al. 2003). Further-
more, the coupling of electrospray ionization (ESI) MS with CE (Soga  
et al. 2002) and hydrophilic interaction chromatography (Tolstikov and 
Fiehn 2002) has been successfully applied to metabolomics problems. First 
efforts have been made by the plant metabolomics community to agree on 
conventions for data formats and the description of metabolomics experi-
ments (Bino et al. 2004; Jenkins et al. 2004). Furthermore, a platform for 
mass spectral and retention time indices has been established and will be 
extended (MSRI, www.csbdb.mpimp-golm.mpg.de/gmd.html; Schauer et al. 
2005). 
 The response of the metabolome of plants to sulfur starvation has been 
studied in various independent approaches, mainly in Arabidopsis. 
Metabolite pools have been determined by GC-MS or LC-MS based 
metabolite profiling (Nikiforova et al. 2003, 2005b; Fiehn et al. 2000, 
2001; Hirai et al. 2003; Maruyama-Nakashita et al. 2003, 2004, 2005). 
The reduced sulfate availability provides a block for cysteine synthesis as 
insufficient amounts of sulfide are provided through the uptake and sulfate 
reduction pathway (Figure 2). This leads to a reduction of the immediate 
products, cysteine and GSH, while the precursors, O-acetylserine and 
serine accumulate (Nikiforova et al. 2005b; Riemenschneider et al. 
2005b). As serine is linked closely to glycine formation (Li et al. 2003; 
Bauwe and Kolukisaoglu 2003) the concurrent accumulation of glycine is 
following expectations. Cysteine itself serves as precursor of methionine 
through a transsulfuration reaction (Hesse et al. 2004a; Hesse and Hoefgen 
2003). Unexpectedly though, methionine levels are not significantly 
reduced but kept relatively constant with minor reductions over a wide 
time range of sulfate and thus cysteine reduction (Nikiforova et al. 2005b). 
The main endpoints of methionine synthesis are on the one hand 
incorporation into proteins and on the other hand the biosynthesis of the 
main plant C1-metabolism methyl donor, SAM. Usually SAM is recycled 
and resynthesized. Both, protein and SAM are significantly reduced upon 
S-starvation which we hypothesize to be the main effector of the various 
downstream pleiotropic effects. Sulfur deprived plants show an accumu-
lation of phenolic compounds as is typical for all nutrient starvations and 
various other environmental stresses such as cold, drought, or high light 
and is easily observable through changes of the leaf color (Noctor and 
Foyer 1998; Nikiforova et al. 2003, 2004, 2005a,b; Hirai et al. 2003, 2005; 
Hirai and Saito 2004). These phenolic compounds, e.g. anthocyanin, are 
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derived from the aromatic amino acids, tyrosine, phenylalanine, and 
tryptophan. Under sulfur stress a slight increase of the common precursor 
shikimate and of the aromatic amino acids is observed which is in 
concordance with the accumulation of their downstream, secondary 
products. While sulfate assimilation is impaired, nitrogen assimilation 
continues (Hesse et al. 2004b; Kopriva and Rennenberg 2004). The 
relative ratio of N to S is shifted toward an excess of N. Reduced nitrogen 
is bound to asparagine and glutamine seemingly buffering an excess of 
reduced nitrogen under sulfur limiting conditions.  
 

 
 
 

Figure 5. Metabolite profiling provides information on metabolites significantly 
altered in amount between various conditions. Hundreds of metabolites might be 
affected when primary environmental inputs propagate through the plant system 
and lead to downstream, often termed pleiotropic, effects. Under prolonged sulfate 
starvation a complex pattern of responses can be determined and is summarized as 
depicted. 
 
 
 In summary, metabolites directly dependent on supply of reduced sulfur 
are decreasing, while precursors accumulate. Upon depletion of affected 
precursor pools, the plant is forced into a response cascade resulting in an 
adjustment of the enzyme composition better suited to the altered 
environmental conditions (Figure 5). After sensing imbalances in nutrients 
or metabolites, alterations in gene expression are triggered. The 
transcriptional and enzymatic response of the system is eventually 
transmitted into alterations of metabolite pool sizes and/or metabolite 
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fluxes. These alterations are corresponding to an adjustment of the 
metabolite pool sizes and a rebalancing of the resources in adaptation to a 
nutrient limitation. Hence, metabolite pool sizes represent the integration 
of disturbed biosynthetic pathways, altered gene expression levels, and 
altered enzyme abundances and activities and are thus a good indicator for 
the response of the entire system.  
 
Bioinformatics: merging expressional and metabolite data 
 

Modeling of physiological processes is the ultimate goal of systems 
biology. This should greatly rationalize our attempts to understand plants. 
For example, genes with similar responses at the level of expression over a 
range of conditions are often functionally clustered together and assumed 
to be under the control of common transcription factors. Modeling of 
higher plant physiology will be especially challenging because of the 
differential responsiveness of various cell types/organs to a given 
perturbation. Collation of comprehensive data needed for modeling might 
initially be most successful using single-cell microorganisms or higher 
plant cells grown in defined liquid cultures. The modeling of Escherichia 
coli and yeast is already under way (Jönsson et al. 2003; Stelling et al. 
2002; Lee et al. 2002) which should be a blueprint the modeling of other 
organisms. To model plant response accurately, a multitude of software 
programs of the type widely used by engineers (e.g. parameter 
optimization, flux balance analysis, systems analysis, and computer model 
simulations, to name a few) need to be adapted. The derived in silico 
models then need to be tested in vivo with mutant systems or refined 
analyses. Bioinformatic tools allow biologists to move beyond cataloguing 
and simple linear interpretations to increase our understanding of how 
network components interact (Fiehn et al. 2000; Girke et al. 2000, 2003; 
Jasny and Ray 2003; Bray 2003; Alon 2003; Stitt and Fernie 2003). 
Statistical tools are available or being established to exploit, extract, and 
mine raw data to perform correlation analyses and deduce matrices and 
networks. Furthermore, as both data sets rely on ratios between an 
experimental and a control state it is possible to fuse metabolome and 
transcriptome databases (Figure 6). Combined analyses have been 
performed, however mainly with only a few metabolites or on pairwise 
correlations (Askenazi et al. 2003; Urbanczyk-Wochniak et al. 2003). 
Analytical tools to analyze with distinct statistical methods the 

MetaGeneAlyse (http://metagenealyse.mpimp-golm.mpg.de; Daub et al. 
2003), MapMan (Thimm et al. 2004), Ara-Cyc (http://www.Arabidopsis. 
org/tools/aracyc/).  

perturbation of a system in transcript and metabolic data are for example: 
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Figure 6. Bioinformatic approaches help to order and analyze the vast amount of 
high-throughput data produced. Transcriptome analyses alone provide information 
on candidate genes, while metabolomics provides information on affected 
pathways and, hence, groups of genes. Fusing these data and treating them in a 
combined matrix allows deduction of further contextual information not provided 
through either of the individual data sets. This, eventually, provides a basis for a 
systems level understanding. 
 
 
 The reconstruction of a response network is based on similarities of the 
patterns of the coherent behavior of the individual elements (Kitano 2002) 
(Figure 7). From this, the network features and elements will be deduced 
(Bray 2003). Such a network does not any longer mirror biochemical 
pathways per se (though it might in part) but rather describes families of 
cobehaving (coherent) elements (vertices, nodes) and their correlation via 
connecting lines (edges) (Jasny and Ray 2003). Typically, biological 
networks are expected to show inhomogeneous connectivity patterns 
distinct from a random network (Bray 2003) with elements of highest 
connectivity (hubs), while other elements remain lowly connected (Figure 
7). These hubs will be points of high interest for further investigations and 
often do not appear among the usually selected genes or metabolites with 
highest ratios for alteration. This will allow deduction of functional 
relations from the network. Furthermore, this approach can be easily 
applied to other nutrient and environmental stresses challenging the ability 
of a plant to adapt, or also to investigations of plant developmental 
programs.  
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Figure 7. Relations between matrix elements based on item cobehavior and 
correlation analyses can be visualized in network representations. Sulfate 
starvation data (8,000 elements) on joint transcriptome and metabolome changes 
thus resulted in a scale free network of 600 elements after extensive selection of 
significant values. Such a network comprises elements with either high or low 
connectivity and rather visualizes correlative relationships rather than pathways, 
though, as depicted here by genes and metabolites of the sulfate pathway, pathway 
elements might still be connected as they often respond coordinately (adapted 
from Nikiforova et al. 2005a). 
 
 
 Such bioinformatical tools have been employed on transcriptome and 
metabolome data of sulfur metabolism in Arabidopsis to describe in a 
holistic way the biochemical, molecular, and physiological response of a 
plant to nutrient starvation (Hirai and Saito 2004; Nikiforova et al. 2005a; 
Hirai et al. 2005, Figure 7). It was possible to show that genes and 
metabolites involved in glucosinolate metabolism were coordinately 
modulated (Hirai and Saito, 2004). Thus, by understanding such gene to 
metabolite networks it was possible to identify gene function of three 
genes encoding sulfotransferases with previously unknown function, as 
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being involved in glucosinolate biosynthesis (Hirai et al. 2005). 
Compilation of various analyses such as GC-MS and LC-MS based 
determination of metabolites (Nikiforova et al. 2005b; Fiehn et al. 2000, 
2001) and unbiased screenings using array technologies (Nikiforova et al. 
2003, 2005a) provides a first description of the system response. Some of 
the results are obviously consistent with the expectations or corroborate 
previous findings, such as SAT induction and OAS accumulation and 
serine/glycine accumulation coupled to serine hydroxymethyltransferase 
(SHMT) induction. However, even far more reaching explanations appear 
possible. Folates are refueling the SAM-C1 transfer cycle through 
methylation of homocysteine to methionine (Zeh et al. 2002; Hesse and 
HÖfgen 2001). As SAM levels are decreasing accompanied by a reduction 
in at least one isoform of the MS, folates might accumulate and might be 
speculated to have a feedback effect on their own synthesis, again making 
the accumulation of the folate (and cysteine) precursors serine and glycine 
likely. The cysteine depletion also results in an induction of OAS-TL. 
Furthermore, S-starvation resulting in SAM depletion induces genes of 
SAM synthesis and recycling to reconvert the demethylated SAM back to 
methionine and, eventually, SAM (Nikiforova et al. 2005b). The network 
reconstruction corroborates previous findings but also provides new 
conclusions which need to be tested in in vivo systems, i.e. mutants. Thus, 
already at this level of systems analysis hypothesis generation is fostered. 
 
 
CONCLUSIONS 
 
In order to approach a real systems description, integration of mRNA, 
proteomic and metabolomic data of continuous models is required (Gill  
et al. 2002). Such data will lead to substantial improvements of the 
transcriptional and translational data interpretations in order to achieve a 
better understanding of cellular mechanisms (Hesse and Hoefgen 2006; 
Sweetlove et al. 2003; Bray 2003; Minorsky 2003; Alon 2003). The 
amount, the variability of the data, and the incomparability of experimental 
conditions provides a challenge for the analytical procedures and the data 
analysis using bioinformatics (Katagiri 2003). The goal, eventually, will be 
to describe the wiring scheme of metabolic and physiological processes in 
plants (Chong and Ray 2002; Quackenbush 2003) or even across species 
(Stuart et al. 2003). Through this, responses of plants to genetic mani-
pulations and environmental perturbations will become increasingly 
predictable. This will make systems biology attractive as a tool to create 
hypothesis. 
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Figure 8. As a result of the genomics study, a first response scheme of the order of 
events can be provided which describes the order of events how plants react and 
adapt to sulfate starvation conditions and of the various putative control loops and 
elements. This model can now be challenged and eventually refined using, for 
example, mutant analysis. When a robust state of the model is achieved allowing 
predictions, the model can be widened to include other biosynthetic pathways, 
environmental conditions, or ecological interactions. 
 
 
 At low sulfate supply, the adaptive processes of biosynthesis of 
metabolites allow plants to readjust homeostasis and to remain viable and 
produce seeds for dispersal (Figure 8). The integrity of the biosynthesis 
system is kept, although shifted from a normal to an adapted state. In case 
of continued starvation, such as the artificial zero sulfate supply situation 

leading finally to plant death, when vital components fail to be synthesized 
at all. This response is governed by three main processes. First, the lack of 
sulfate and thus reduced sulfide provision leads to a halt in cysteine 

imposed in experimental conditions, disturbances accumulate and pro- 
pagate through the system by triggering further downstream reactions 



R. Hoefgen and H. Hesse 130 

biosynthesis and its downstream sulfur-containing derivatives such as 
GSH and SAM and an accumulation of precursors of cysteine synthesis, 
O-acetylserine, serine, and glycine. These metabolic changes obviously 
impair a number of physiological processes, forcing the plant to shift to 
alternative strategies to remain viable. Second, continued carbon backbone 
provision and nitrate assimilation coupled to reductions in protein 
synthesis and further biosynthetic processes such as a reduced C1-
metabolism, chlorophyll, and lipid biosynthesis (Nikiforova et al. 2005b) 
lead to a relative imbalance of nitrogen over sulfur content. Excess 
nitrogen then triggers processes to dump reduced nitrogen into various N-
rich sink molecules as glutamine, asparagine, and ureides. It can be 
speculated that these strategies help to eventually prevent ammonia 
intoxication. Third, a lack of cysteine leads to reduced GSH levels and a 
disturbance of the central cellular active oxygen scavenging system, the 
GSH–ascorbate cycle (Noctor and Foyer 1998). Probably in order to 
maintain the ability of plants to deal with stresses (Riemenschneider et al. 
2005b; Bloem et al. 2004; Haneklaus et al. 2003) the biosynthesis of aro-
matic secondary compounds is induced which might functionally substitute 
the GSH–ascorbate cycle. 
 Yet, currently data acquisition mainly relies on describing pool sizes 
which is currently the closest approximation to determine the state of a 

and describe fluxes in order to understand the regulatory properties of 
plants with regard to resource and energy management strategies as well as 
investment priorities. Only then will it be possible to model a plant system 
and to understand how plants sustain, and steer growth and propagation 
under certain environmental parameters. 
 The aim is to describe the molecular, biochemical, and physiological 
level, even more complex interactions, such as plant associations, or whole 
ecosystems. For this challenging aim it will be necessary to merge 
biogeochemistry, ecology, and plant systems biology. 
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biological system in response to environmental conditions or deve- 
lopmental programs. It will be of increasing importance to measure 
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