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ABSTRACT 
Sulfur is one of the most versatile elements in life. It functions in fundamental processes such as electron 
transport, structure, and regulation. In plants, additional roles have developed with respect to 
photosynthetic oxygen production. Sulfate uptake, reductive assimilation, and integration into cysteine 
and methionine are the central processes that direct oxidized and reduced forms of organically bound 
sulfur into its various functions. Sulfite reductase (SIR) is a key enzyme in higher plants in the 
assimilatory sulfate reduction pathway. The reduction of SIR activity caused chlorotic and necrotic 
phenotypes in tobacco leaves, but with varying phenotype strength even among clones and increasing 
from young to old leaves. The levels of downstream metabolites were reduced, such as cysteine, 
glutathione (GSH) and methionine. This metabolic signature resembles a sulfate deprivation phenotype 
as corroborated by the fact that O-acetylserine (OAS) accumulated. In addition, chlorophyll contents, 
photosynthetic electron transport, and the contents of carbohydrates such as starch, sucrose, fructose, 
and glucose were reduced. Amino acid compositions were altered in a complex manner due to the 
reduction of contents of cysteine, and to some extent methionine. Interestingly, sulfide levels remained 
constant indicating that sulfide homeostasis is crucial for plant performance and survival  
      
Keywords: Importance of sulfur, Sulfur transporter, (Cys) Cysteine, (Mys) Methionine. (Gys) 

Glutathione 
 
Introduction 

Recent studies have demonstrated that sulfur is important\for the proper growth, metabolic 
activities, and development of plants. Sulfur is one of the most essential macronutrients required by the 
plants, as it is an important constituent of amino acids such as cysteine and methionine and in many 
metabolites Leustek and. Saito (1999).Cysteine, as the first organic reduced sulfur compound, and 
methionine and its derivatives contribute to life not only as building blocks in proteins and their activity, 
but also as precursors for the synthesis of glutathione (GSH), cofactors (like Fe-S clusters, heme, 
siroheme, molybdenum centres, and lipoic acid) Fig.(1). 

Essential vitamins (biotin and thiamine), sulfur esters (coenzyme A), and sulfur derivatives. 
Sulfur is also an important constituent of several coenzymes, thioredoxins, and sulpholipids. Sulfur is 
also an important constituent of some compounds with may be involved in defense mechanisms against 
herbivores, pests, and pathogens or constituents to the special taste and odour of food plants Bennett 
and Walls grove (1994). Glutathione is a major thiol containing metabolite often present in millimolar 
concentrations and associated with the defense system. Sulfur is available primarily in the form of 
anionic sulfate (SO4

−2) to plants which is transported through roots and then distributed via xylem to 
stem and other parts of plants Leustek and. Saito (1999).Visible symptoms of sulfur deficiency such as 
chlorosis appear first in young leaves while older leaves remain green, suggesting that sulfur is 
immobile in older leaves. Insoluble sulfur deficient conditions Sunarpi and Anderson (1996), Sulfur 
deficiency also affects CO2 assimilation rates and rubisco enzyme activities and protein abundance 
Gilbert et al. (1997). Reactive oxygen species (ROS) are generally produced during cellular metabolism 
and cells are always ready to cope up with this condition through their antioxidative machinery and 
scavenging enzymes. Nutrient deficiencies are also responsible for ROS production Mittler (2006) 
Jaspers and. Kangasj (2010) Chloroplast is an important source of producing ROS like superoxide (O-

2) and hydrogen peroxide (H2O2) during reduced rate of photosynthetic carbon fixation Takahashi and 
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Murata (2008).Chloroplast can also produce ROS like singlet oxygen (1O2) through excited chlorophyll 
molecule Triantaphylid`es and Havaux, (2009).Mitochondria and peroxisomes are also responsible for 
ROS production. In addition to these, ROS like hydroxyl radical (OH-) can be formed from H2O2 and 
O-2

 through Haber-Weiss reaction M ّ◌ller et al. (2007) Fig. (2). 
 

 

Fig. 1: Common types of Fe-S clusters found in the plastid. 
(a) Classic 2Fe-2S coordinated by four Cys residues, as in the plant-type Fd (ferredoxin). 
(b) NEET-type 2Fe-2S coordinated by three Cys and one His residues, as in NEET. 
(c) Rieske-type 2Fe-2S coordinated by two Cys and two His residues, as in PetC 
(Photosynthetic electron transfer C). 
(d) 3Fe-4S coordinated by three Cys residues as in Fd-GOGATs (ferredoxin-dependent 
(Gln oxoglutarate aminotransferases). 
(e) 4Fe-4S coordinated by four Cys residues, as in PsaA, PsaB, and PsaC 
(Photosystem I proteins A–C). 
(f) 4Fe-4S coordinated by four Cys residues with a thiolate ligand serving also for siroheme, as in NiR 
(nitrite reductase) and SiR (sulfite reductase). In Fe-S clusters, the oxidation state of Fe could be Fe +2 
or Fe +3 while the oxidation state of S » s-2 
   
 

Fig. 2: Fenton (decomposition of hydrogen peroxide to highly reactive hydroxyl radical in presence of 
iron); ETC (electron transport chain) 
 

1- Sulfur is an essential element 
Improving crop productivity through the adoption of high-yielding varieties and multiple cropping 
systems, fertilizer use has become more and more important to increase crops yield and quality. Sulphur 
is an essential plant nutrient for crop production. For oil crop producers, Sulphur fertilizer is especially 
important because oil crops require more Sulphur than cereal grains. For example, the amount of 
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Sulphur required to produce one ton of seed is about 3-4 kg Sulphur for cereals (range 1-6); 8 kg Sulphur 
for legume crops (range 5-13); and 12 kg Sulphur for oil crops (range 5-20). In general, oil crops require 
about the same amount of Sulphur as, or more than, phosphorus for high yield and product quality. In 
intensive crop rotations including oil crops, Sulphur uptake can be very high, especially when the crop 
residue is removed from the field along with the product. This leads to considerable Sulphur depletion 
in soil if the corresponding amount of Sulphur is not applied through fertilizer. Sulphur is increasingly 
being recognized as the fourth major plant nutrient after nitrogen, phosphorus and potassium. The 
importance of Sulphur in agriculture is being increasingly emphasized and its role in crop production 
is well  
Recognized Jamal et al., (2005), (2006a); (2006b); (2006c); (2009); (2010); Scherer, (2009). Sulphur 
is best known for its role in the formation of amino acids methionine (21% Sulphur) and cysteine (27% 
Sulphur); synthesis of proteins and chlorophyll; oil content of the seeds and nutritive quality of forages 
Tandon, (1986); Jamal et al., (2005), (2006a); (2009) Fig.(3). 
 
 

Fig. 3: Schematic chart represented the role of Sulphur on plant biochemical formation 
 

Although Sulphur is one of the essential nutrients for plant growth with crop requirement similar 
to phosphorus, this element received little attention for many years, because fertilizers and atmospheric 
inputs supplied the soil with adequate amounts of Sulphur Fig. (4). 

 

  
Fig. 4: Schematic diagram represented  Sulfur Cycle 

 
Now, areas of Sulphur deficiency are becoming widespread throughout the world due to the use 

of high-analysis low Sulphur fertilizers, low Sulphur returns with farmyard manure, high yielding 
varieties and intensive agriculture, declining use of Sulphur containing fungicides and reduced 
atmospheric input caused by stricter emission regulation. An insufficient Sulphur supply can affect 
yield and quality of the crops; caused by the Sulphur requirement for protein and enzyme synthesis as 
well it is a constituent of the amino acids, methionine and cysteine Fig.(5).  
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Fig. 5: Represents SDI1 and SDI2 are TPR proteins induced by sulfur deficiency in Arabidopsis. (A) 
Schematic representation of the TPR domain that exists in Arabidopsis SDI proteins. TPR-like helical domains 
detected by InterPro scan [pale gray bar Lamb, et al. (1995), TPR motifs; black bar with TPR, TPR1, and 
PF00515] and nuclear localization signals (dark gray bar with N, NLS_BP, and PS50079) detected by Motif Scan 
(64) were indicated. Numbers on the right represent amino acid length of each protein. Scale bar, 50 amino acids 
(AA). (B) Phylogenetic relationships of SDI family proteins in Arabidopsis. Protein sequences of SDI1 
(At5g48850), SDI2 (At1g04770), At3g51280, MS5 (At4g20900), and MS5-like (At5g44330) were obtained from 
The Arabidopsis Information Resources (TAIR) (www.arabidopsis.org). They were aligned using a Clustal W 
program, and an unrooted phylogenetic tree was drawn by neighbor-joining methods using the Geneious software 
(Biomatters Ltd.). (C) Induction of SDI1 and SDI2 by sulfur deficiency. (Left) Transcript accumulation of SDI1 
(circle) and SDI2 (square) in roots of WT transferred under +S to +S (open markers) or +S to –S (filled markers) 
conditions detected by previous microarray experiments (Maruyama-Nakashita et al. (2005). (Right) Transcript 
levels of SDI1 and SDI2 in roots of WT grown under +S (1500 mM sulfate, white bars) or –S (15 mM sulfate, 
gray bars) conditions detected by previous microarray experiments [means ± SE of duplicates (Maruyama-
Nakashita et al. (2006). (D) Green fluorescent protein (GFP) accumulation in SDI1pro: GFP and SDI2pro: GFP 
plants grown under +S and –S conditions. GFP fluorescence was visualized under an image analyzer, as described 
in Materials and Methods. Scale bar, 5 mm. after Aarabi et al. (2016) 

 
Sulfur toxicity is very rare and will most likely not occur even if excessive sulfuric acid is injected 

to neutralize water alkalinity. High sulfur levels in the growing medium can compete with and induce 
nitrogen deficiency as presented in Fig. (6). To overcome the problems associated with Sulphur 
deficiency a number of Sulphur-containing fertilizers as well as other Sulphur containing by-products 
from industrial processes are available. 

  
Fig. 6: Illustrates toxicity symptoms of Sulphur 

Sulfur toxicity is very rare and will most likely not occur even if excessive sulfuric acid is injected 
to neutralize water alkalinity. High sulfur levels in the growing medium can compete with and induce 
nitrogen deficiency. To overcome the problems associated with Sulphur deficiency a number of 

Sulphur Toxicity Sulphur Toxicity 
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Sulphur-containing fertilizers as well as other Sulphur containing by-products from industrial processes 
are available. 

Sulfur is a crucial microelement for plant nutrition, required by the biosynthesis of sulfolipids, 
antioxidants, cofactors, secondary metabolites, and amino acids that are strictly or conditionally 
essential for human nutrition (cysteine and methionine) Hawkesford, and De Kok (2006), Stipanuk 
(2004). In addition, grain S content is essential to form protein disulfide bridges and dictates flour-
processing properties (such as dough extensibility) in bread, pasta or biscuit industry Zhao et al. (2011). 

 
Fig. 7: Represents rationale of metabolic interactions between photorespiration and S assimilation in plant 
leaves. Schematic diagram shows photorespiration could be beneficial to sulfur assimilation. Photorespiration drives 
the production of serine that is used to synthesize cysteine de novo. In addition, photorespiration involves C1 
metabolism from which methyl-tetrahydrofolate (H4F) can be used to synthesize methionine de novo. OAS O-
acetylserine,PEPC phosphoenolpyruvate carboxylase, PGA 3-phosphoglycerate, RuBP ribulose 1,5-bisphosphate, 
SAM S-adenosyl methionine, SMM Smethylmethionine,TCAP tricarboxylic acid pathway (“Krebs cycle”). For 
simplicity, the SAM-SMM cycle that can reform methionine  

 
It is often assumed that S assimilation positively correlates with photosynthesis, because sulfate 

incorporation is stimulated by sugars in plant roots Brunold, (2003) Fig. (7), and inhibited under non-
physiological conditions where CO2 is omitted from the atmosphere (CO2-free air) Kopriva, (2002). 
Nevertheless, the relationship with photosynthesis has never been tested experimentally and thus it is 
presently uncertain as to whether Sulphur assimilation can be impacted by environmental conditions 
that affect photosynthetic metabolism. As mentioned above, solving the question of a possible 
correlation between photosynthesis and S metabolism in the long term is critically important because 
CO2 mole fraction in Earth’s atmosphere inexorably increases and favours plant photosynthesis, and 
also current metabolic engineering aims to increase photosynthesis by suppressing photorespiration 
Kulick,(2013), South(2019). In the past 20 years, it has been found that plants cultivated in a CO2-
enriched atmosphere contain less elemental Sulphur Jia, (2010), Ågren, and Weih,(2012) including in 
grains, thereby affecting flour quality Högy, and Fangmeier (2008) Högy,(2009). Accordingly, 
cultivation under CO2-enriched conditions has been found to alter the content in Sulphur containing 
antioxidant (glutathione) Badiani et al. (1993) Schulte, et al. (2002). Therefore, present atmospheric 
changes (probable CO2 doubling by 2100) seem to be detrimental to Sulphur metabolism. This problem 
may worsen in the near future because of limited available Sulphur in the environment, due to decreased 
pollution-driven SO2 emissions and lower utilization of Sulphur containing fertilizers (such as 
superphosphate). However, possible mechanisms explaining the lower Sulphur content when plants are 
subjected to high CO2 have not been studied. 

Possible correlation between photosynthesis and Sulphur assimilation in the short term is also 
important since in the field, photosynthesis can vary considerably depending on environmental 
conditions, and thus plant Sulphur nutrition could be affected accordingly. Furthermore, Sulphur 
metabolism is involved in electron consumption and redox metabolism in illuminated leaves and thus 
can affect leaf photosynthetic capacity Chan, et al. (2013). In principle, changes in S metabolism when 
photosynthesis varies could stem from metabolic interactions with photorespiration. The key enzymatic 
activity of photo respiratory metabolism is the conversion of glycine to serine. In this biochemically 
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complicated reaction, a glycine molecule is cleaved thereby liberating CO2 and ammonium NH4, and a 
one-carbon unit is fixed onto another glycine molecule to form serine. This reaction involves 
tetrahydrofolate (H4F) as a cofactor to transfer the one carbon unit Douce et al. (2001). One-carbon 
(C1) metabolism is thus directly involved in photorespiration (due to H4F requirement) and this is 
visible in, e.g., mutants affected in formyl tetrahydrofolate deformylases (which regenerates H4F) that 
have growth defects and accumulate glycine to very high levels under photo respiratory conditions 
Collakova (2008). In addition, C1 metabolism is essential not only for photorespiration but also for 
many one-carbon requiring reactions of metabolism, including methionine synthesis21. The 
involvement of N-containing compounds (ammonium, glycine, and serine) in photorespiration explains 
why photorespiration is intimately linked to enzyme activities of N assimilation and how it may 
stimulate nitrate reduction Bloom et al (2010), Rachmilevitch, et al (2004). There is no such direct 
relationship with sulfur but presumably, photorespiration may stimulate Sulphur assimilation because 
serine and one-carbon units are the building blocks used to synthesize S-containing amino acids 
methionine and cysteine. 
 
2-1 Physiological Functions of Sulfur 

Sulfur is of elemental importance for life due to its versatility and reactivity in different oxidation 
and reduction states. In phototrophic organisms in general, the redox properties of sulfur in proteins and 
in sulfur-containing metabolites are important as mediators between the reductive assimilation 
processes of photosynthesis and reactive oxygen species that arise as byproducts of electron transport 
chains. Reduced sulfur compounds have been assumed as early energy donors and, together with iron, 
may have contributed to early electron transport processes in proto-life Martin et al. (2003). The 
reductive conditions before the invention of oxygenic photosynthesis probably allowed the evolution 
of processes based on the redox properties of sulfur Fig. (8). 

 

 
Fig. 8: Schematic diagram of light and dark reaction 

 
Schematic drawing shows light energy conversion processes carried out in photosynthetic 

membranes of oxygenic phototrophs, such as plants. Plant photosynthesis is a complicated series of 
redox reactions, using light energy from the sun and electrons donated from the splitting of water, that 
produce bioenergy (ATP-adenosine triphosphate) and reducing equivalents (NADPH-the reduced form 
of nicotine adenine dinucleotide phosphoric acid), which are subsequently consumed in the reduction 
of carbon dioxide to produce a fuel (carbohydrates). During these processes, molecular oxygen is 
produced as a final by-product. In other words, photosynthesis produces all the food that is eaten and is 
the origin of all food chains. It also produces all the oxygen that we breathe. Therefore, photosynthesis 
is ultimately the source of all life inhabiting the Earth. Light harvesting pigment-protein complexes 
(also called photosynthetic antenna proteins) absorb light energy from the sun to initiate the above-
mentioned photosynthetic reactions.  
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Thus, harvested solar energy is transferred in the form of excitation energy to one of two reaction 
center (RC) complexes, either Photosystem II (PSII) or Photosystem I (PSI). In these RC complexes, 
an electric charge separation reaction takes place through the subsequent redox reactions and 
electromotive force is accumulated. The synthesis of ATP and NADPH are dependent upon this 
electromotive force. PSII holds an oxidation catalyst and PSI holds the reduction catalyst. PSII has the 
Quinone type RC that is similar to purple photosynthetic bacteria and PSI contains the iron-sulfur cluster 
type RC that is similar to green sulfur bacteria. A remarkable feature of PSII is that the oxidative 
splitting of water molecules fills the positive ‘hole’, produced on the P 680 + Chl dimer because of the 
loss of an electron during electric charge separation. This reaction is unique in biology and is performed 
by a biocatalyst. 

These sulfur-based reduction systems remained when the atmospheric environment became 
oxidative because of the effective development of photosynthesis in bacteria and later in algae and 
plants. It was suggested that this transition promoted the evolution of oxygen dependent pathways as 
basis of subsequently complex organismal development Falkowski (2006). In addition to iron-sulfur 
clusters, the catalytic abilities of reduced sulfur are documented in the cofactors and ligands coenzyme 
A, biotin, thiamin, lipoic acid, and others. They are of fundamental importance to all cells since the very 
origin of life and have essential functions as vitamins in mammals. In proteins, the structural role of 
disulfide bridges is well established and may be renewed in this chapter by the discovery of two 
functionally important disulfide bridges in plant g-glutamylcysteine ligase (GSH1), the first enzyme of 
GSH biosynthesis Jez et al. (2004); Hothorn et al. (2006); Gromes et al. (2008). Regulatory functions 
of disulfide bridges in plants are prominent in enzymes of the Calvin Cycle but are found in increasing 
numbers in control switches such as NPR1 in pathogen defence Tada et al. (2008) and transcription 
factors Ndamukong et al. (2007). Monothiol-and dithiol mediated transfer processes are essential in 
these highly specific and directed processes that include GSH, NO, thioredoxins and glutaredoxins 
Meyer and Hell (2005); Meyer et al. (2008). These primary cellular functions are, in plants, 
complemented by the so-called secondary sulfur compounds. Many of them have roles in plant defence 
processes against hytopathogenic microbes and pests, such as the phytoalexin camalexin, sulfur-rich 
peptides of the thionin and defensin groups, and glucosinolates in the Brassicaceae family Rausch and 
Wachter (2005). Lack of these compounds reduces the defence capabilities, while their formation upon 
attack goes along with an activation of primary sulfur metabolism. Since the synthesis of these defence 
compounds seems to partially depend on optimal sulfate supply, the term sulfur enhanced defence” has 
been coined Kruse et al. (2007). The many aspects of sulfur function in phototrophic organisms have 
recently been comprehensively reviewed Dahl et al. (2008).  
 
 2-2 Symptoms of Sulfur Deficiency 

The numerous functions of sulfur in plants give rise to a characteristic long-term deficiency 
phenotype: chlorosis of interveinal sections of young leaves Photo. (1). 
The lack of reduced sulfur for iron-sulfur clusters in photosynthesis is presumably one reason that gives 
rise to chlorophyll oxidation; degradation of photosynthetic proteins to regain reduced sulfur is another 
Ferreira and Teixeira (1992); Gilbert et al. (1997). In contrast to nitrate metabolism, where mature 
leaves under nitrogen starvation turn chlorotic because they export nitrate to young sink leaves for 
growth, the young leaves react first and strongest to prolonged sulfate deficiency. The reason for this 
difference is seen in a slow release of sulfate stored in the vacuoles of mature leaves Bell et al. (1994). 
In comparison, the mobility of nitrate between vacuole and cytosol upon demand is much higher Miller 
et al. (2009). The activation rate of sulfate seems to be connected to nitrogen availability and growth 
rate Blake-Kalff et al. (1998); Dubousset et al. (2009). This physiological feature gives rise to problems 
with early diagnosis of sulfur deficiency in agriculture. Determination of free sulfate in leaves is not 
indicative of the sulfate supply of a crop. Leaf sulfate contents may still be high, but are of only limited 
use, while the plant already suffers from sulfate deficiency in the soil solution Blake-Kalff et al. (1998). 
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Tobacco plant Tobacco plant 

Corn plant Corn plant 

Citrus plant Mango plant 

Cereal plant Cereal plant 
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Photo.1: Illustrates some deficiency symptoms of elemental sulphur 
 

Marcell Nauman (2018) reported that in the Sulfite reductase (SIR) Co-suppression lines E2, P2, 
and P3 metabolites of the primary sulfate metabolism were determined in order to investigate the effect 
of the introduced bottleneck in the primary sulfur assimilation pathway. Free ionic sulfate levels 
increased significantly in most samples in comparison to WT. Increases were insignificant only in 

Tomatoes plant Marijuana 

Cotton plant  

Canola plant Spinach plant 

Rice plant Rice plant 

Tomatoes plant Marijuana 
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young, i.e., sink leaves, probably provided by sulfate transport from mature leaves of E2, P2, and P3 
Fig. (7). 

 

 
Fig. 9: Sulfite reductase (SIR) co-suppression tobacco lines.  
(A) Leaf numbering indicates the consecutive numbering of leaf samples for harvesting from youngest 
leaf (L1) to oldest leaf harvested (L7). 
(B) Tobacco plants at the harvesting stage (approximately 2-month-old plant). Each panel shows a 
representative plant. Starting with L5 leaf chlorosis becomes visible. The phenotype actually resembles 
that of sulfate starvation as around vasculature tissue remains greener than between veins. In some 
cases, a retarded growth phenotype was observed. This P2 plant displays strong chlorosis and necrosis 
associated with older leaves after Marcell Nauman (2018). 
 

Sulfate levels in tobacco control plants (WT) were strictly controlled between about 25 and 50 
µmol.g-1 FW with slight increases toward older leaves. In lines E2, P2, and P3 this control is abrogated 
as sulfate accumulates with increasing leaf age, reaching between 75 and 100 µmol/g FW in E2 and P2, 
and more than 150 µmol.g-1 activity can be assumed to result in a reduced flux to sulfide for cysteine 
biosynthesis. This pattern resembles that of sulfate starvation, despite of the fact that the transgenic 
plants over accumulate sulfate. This conclusion is supported by the fact that O-acetylserine (OAS) as 
the second precursor of cysteine biosynthesis next to sulfide tends to accumulate in E2, P2, and P3, 
though the increases were not as high as under sulfate starvation conditions. It might be speculated that 
the remaining SIR activity is just sufficient to provide sulfide for downstream synthesis of sulfur 
compounds to facilitate survival.. Homocysteine levels increased in leaves of mature WT tobacco 
plants. In E2, P2, and P3, homocysteine levels were comparably low in young leaves and remained low 
in older leaves displaying clear tendencies when comparing the medians. Methionine levels varied quite 
substantially and with no obvious pattern in WT leaves. The transgenic lines displayed reduced contents 
of methionine, especially in younger leaves. Sulfide contents, at 25–30 µmol.g-1 FW, were much higher 
in tobacco than reported for example for tomato (3–6 µmol/g FW; Yarmolinsky et al., (2014), 
Arabidopsis approximately 10 µmol/g FW; Hubberten et al., (2012b). This puts an additional pressure 
on the transgenic plant lines, as tobacco seems to have a higher need for available sulfide. In summary, 
a picture emerges that sulfate, as an upstream component relative to the SIR bottleneck, accumulates. 
In parallel, thiosulfate accumulates, which is normally hardly detectable in tobacco leaves. Sulfite levels 
showed a tendency to increase, especially with increasing leaf age. Metabolites downstream of SIR 
displayed in SIR co-suppression lines a pattern resembling sulfate deprivation responses Nikiforova et 
al., (2005) while sulfide levels remained stable despite reduction of SIR activity. 

As observed for many nutrient deficiency responses, the shoot/root ratio decreases during 
prolonged sulfate starvation. Interestingly, the morphological phenotype also includes changes in root 
architecture, where reactive oxygen species are produced in response to sulfate deprivation Schachtman 
and Shin (2007). The precise developmental response depends on the plant species, but in Arabidopsis, 
lateral root initiation is enhanced but not elongation Kutz et al. (2002). At least Arabidopsis roots are 
also able to grow toward sulfate-rich zones as has been observed for Arabidopsis and several crop plants 
in response to nitrate, phosphate or potassium rich patches of soil (Robinson (1994). Since sulfate 
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belongs to the six essential plant nutrients, its availability has strong impact not only on plant growth 
and development, but also on crop yield and quality. Optimized sulfate fertilization that is in equilibrium 
with nitrogen application is of great concern in agriculture Hell and Hillebrand (2001); Howarth et al. 
(2008); Dubousset et al. (2009). Since the decline of atmospheric intake of SO2 due to clean air acts in 
the 1980s, the recognition of sulfate deficiency and precise fertilization regimes for sulfate has not only 
become a requirement in high yield agriculture, in particular for oilseed rape, but also cereals and sugar 
beet. Today, addition of 20–40 kg S/ha are regular measures to optimize yield in sulfur deficient soils. 
The timing of application is important, for example, before the onset of seed filling, because, in marked 
difference to nitrogen metabolism, the current availability of stored sulfate and less its reactivation 
defines the availability to the seeds 
Walker and Boothe (2003). 

Naveen et al (2019), they reported that ¥-Glutamylcyclotransferase initiates glutathione 
degradation to component amino acids L-glutamate, L-cysteine and L-glycine. The enzyme is encoded 
by three genes in Arabidopsis thaliana, one of which (GGCT2;1) is transcriptionally upregulated by 
starvation for the essential macronutrient sulfur (S). Regulation by S-starvation suggests that GGCT2;1 
mobilizes L-cysteine from glutathione when there is insufficient sulfate for de novo L-cysteine 
synthesis. The response of wild-type seedlings to S-starvation was compared to ggct2;1 null mutants. 
S-starvation causes glutathione depletion in S-starved wild-type seedlings, but higher glutathione is 
maintained in the primary root tip than in other seedling tissues. Although GGCT2;1 is induced 
throughout seedlings, its expression is concentrated in the primary root tip where it activates the c-
glutamyl cycle. S-starved wild-type plants also produce longer primary roots, and lateral root growth is 
suppressed. While glutathione is also rapidly depleted in ggct2;1 null seedlings, much higher 
glutathione is maintained in the primary root tip compared to the wild type. S-starved ggct2;1 primary 
roots grow longer than the wild type, and lateral root growth Fig.(8 a,b). 

 

 
Fig.8a: Primary root growth phenotype of Arabidopsis ggct2;1 mutants. Arabidopsis seedlings were 
germinated and grown for 6 d on the indicated medium, and then photographed. (a) +S medium, (b) _S. 
Bar in (a), 1 cm. (c) Primary root length. Values are the means of 25 seedlings SD. Values denoted with 
different letters are significantly different at P < 0.01. Root Length was measured over 12 d on +S and 
S and the ratio of ggct2;1-2 root length divided by wild-type (WT) root length was plotted (d). The 
values for ratio calculations were the means from 25 seedlings, 
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Fig. 8b: Lateral root phenotype of Arabidopsis ggct2;1 mutants. Arabidopsis Seedlings were germinated 
and grown for 9 d on the indicated medium, and then photographed. (a) +S medium, (b) S. Bar in (a), 1 
cm. (c) Total length of lateral roots; (d) number of visible lateral roots. Values are the means of nine 
seedlings SD. Values denoted with different letters are significantly different at P < 0.01. WT, Wild 
type. Naveen et al. (2019) 
 
3 - Methods of Sulfur uptake in soils 
   
3.1 Gain of Sulfur through plant root systems  

Sulfate transporters are the most prominent group of S-metabolite transporters in plants because 
sulfate is the major source of sulfur taken up from the soil and because it is the most abundant S-
containing metabolite in plant cells. Accordingly, the first cloned gene for a transporter of sulfur 
metabolite in plants was a gene for SULTR Smith et al., (1995). In this pioneering work, the authors 
used the complementation of yeast mutant unable to take up sulfate to isolate three different cDNA 
clones for SULTRs from Stylosanthes hamate, a tropical forage legume. These cDNAs encoded two of 
high affinity transporters and one a low affinity transporter Smith et al., (1995). Functionally, these 
proteins are H+/sulfate co-transporters, which corresponds with their phylogenetic relation with 
SULTRs from other organisms. SULTRs can be divided into three major groups according to their 
mechanisms, ATP-dependent ABC type transporters, Na+(H+)/sulfate symporters, and sulfate/anion 
(Cl−, CO3-2, oxalate) antiporters Markovich and Aronson, (2007); Ohana et al., (2009); Takahashi et 
al., (2011a). The two latter groups are represented by the SLC13 and SLC26 gene families, respectively, 
Takahashi et al., ( 2011a). In higher plants, only the H+/SULTRs are present, while in green algae and 
many microalgae genes all three groups are present Takahashi et al., (2011a); Bochenek et al.,(2013). 
ABC-type of SULTRs are known to import sulfate to plastids of green algae but are not present in 
Bryophytes and seed plants Melis and Chen, 2005). Plant SULTRs are evolutionary related to the 
SLC26 group, but with a reaction mechanism of H+/sulfate symport, similar to the SLC13 group, which 
use Na+ Takahashi et al., (2011a). They are integrated into the membranes by 12 transmembrane 
regions and contain a STAS domain, found in SULTRs and with a significant similarity to bacterial 
anti-sigma factor antagonists Takahashi et al., (2011a,b). The STAS domain is important for the correct 
incorporation into the membrane, activity, and interaction with other proteins Shibagaki and Grossman,( 
2004), (2006). Already the first report of cloning of plant SULTRs demonstrated that multigene family 
Smith et al., (1995), encodes them. Arabidopsis possess 12 SULTR genes, whereas 11 genes are present 
in rice, 13 in poplar, and 5 SULTR genes are encoded in the sequenced genomes of basal plants 
Selaginella moellendorffii and Physcomitrella patens Kopriva et al., (2009); Takahashi et al., (2011a). 
The transporters can be divided in four distinct groups, which are also functionally divergent. The first 
group encodes high affinity SULTRs, group 2 are low affinity transporters, group 4 encodes vacuolar 
sulfate exporters, and the group 3 is the most diffuse from these groups, encoding transporters of the 
plastid membranes, symbiosome membranes, and others with specific or unknown functions Buchner 
et al., (2004b); Takahashi et al., (2011b). Every plant species possesses in addition one or two genes 
with a significant sequence similarity to SULTR, but lacking the STAS domain. These genes were 
traditionally included into the SULTR family as group 5, but since they were shown to be involved in 
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transport of molybdate and could never be confirmed to transport sulfate TejadaJimenez et al., (2007; 
Tomatsu et al., (2007); Baxter et al., (2008), they are not considered to be SULTRs any more Takahashi 
et al., (2011a). The SULTR family is best characterized in Arabidopsis. Three genes form the group 1, 
SULTR1;1, and SULTR1;2 are expressed in roots and are responsible for sulfate uptake from the soil. 
Plants lacking both these transporters are unable to take up sulfate in low concentrations and are strongly 
affected in growth Yoshimoto et al., (2002), (2007); Rouached et al., (2008). The transporters have 
overlapping function, but are differentially regulated, with the SULTR1;1 playing an important role 
during sulfate starvation Rouached et al., (2008). On the other hand, during normal sulfate supply, 
SULTR1;2 is the more prominent transporter, as evidenced from the experiments showing selenate 
resistance of sultr1;2 mutants Shibagaki et al., (2002). In addition, SULTR1;2 has been proposed to act 
as sensor of sulfur status of plants Zhang et al., (2014), but more evidence is necessary to dissect the 
mechanism of such sensing. SULTR1;3 is a high affinity transporter localized in phloem and important 
for source–sink redistribution of sulfate Yoshimoto et al., (2003). The two low affinity group 2 
transporters are localized in vasculature and are responsible for long distance translocation of sulfate 
Takahashi et al., (2000). Group 4 transporters are found in tonoplast and facilitate sulfate efflux from 
the vacuoles Kataoka et al., (2004b). The first group 3 transporter characterized was SULTR3;5, which 
was shown to modulate the function of SULTR2;1 but not to transport sulfate itself Kataoka et al., 
(2004a). The other members of this group were shown recently to be present in the plastid envelope and 
to catalyze sulfate import to the plastids Cao et al., (2013). Interestingly, all SULTR transcripts with 
exception of root specific SULTR1;1 were highly and coordinately enriched in bundle sheath cells of 
Arabidopsis leaves Aubry et al., (2014). Fig. (9) Shows the known (transporters 1–4) and yet to be 
identified SULTRs localized in various membranes within the plant cell. 

 
Fig. 9: Transport processes in primary sulfur assimilation after Tamara and Stanislav (2014) 

 . 
Tamara and Stanislav (2014) reported that  Sulfate is taken up by the root cells with the help of 

SULTR1;1 (1) and SULTR1;2 (2). Once crossed the plasma membrane of epidermal and cortical root 
cells, sulfate is transported through the series of sulfate transporters (SULTR) residing in various 
membranes within the plant. The SUTR4;1 and SULTR4;2 are important for the efflux from the vacuole 
into the cytoplasm (3). The transporter important for the sulfate influx into vacuole is still unknown. 
Import of sulfate into the chloroplasts is possible due to SULTR3;1 and probably other members of 
SULTR3 subfamily (4). PAPS is produced in both chloroplasts and the cytoplasm and can be exchanged 
between these compartments by PAPST/TAAC transporter (5). The known transporter of thiols (GSH 
and γEC) are chloroquine-resistance transporter (CRT)-like proteins or CRLs (6). However, an 
alternative transport system for thiols in the plastid membrane is expected to exist. In a similar way, the 
GSH transporters to the mitochondria await still the discovery. S-adenosylmethionine transporter 1 
(SAMT1; 7) is a chloroplastidic protein involved in the exchange of SAM with S-
adenosylhomocysteine, the by-product of methylation reactions that has to be regenerated to SAM in 
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the cytoplasm. This is also the case for the plasmalemma-localized transporters of S-methylmethionine 
(SMM) and GSH, which are important transport form of reduced sulfur and therefore need to be 
exported out of the cell. APS, adenosine 5 -phosphosulfate; Cys, cysteine; OAS, O-acetylserine; γEC, 
γ-glutamylcysteine; GSH, glutathione; SAM, S-adenosylmethionine; PAPS, 3 -phosphoadenosine-5 -
phosphosulfate; PAP, 3 -phosphoadenosine 5 -phosphate. Dashed lines indicate theoretically possible 
transport pathways. 

 
3-2 Order of Sulfate Transporter  

Sulfate uptake plays a major role in the control of plant sulfur homeostasis Vauclare et al., (2002). 
This is evident from the response of sulfate uptake to sulfur availability and its regulation by 
environmental conditions. Sulfate uptake is induced under sulfate limiting conditions and is repressed 
in the presence of reduced sulfur Smith et al., (1995), (1997); Takahashi et al., (1997) , (2011b); 
Yoshimoto et al., (2002). Sulfate uptake is coordinated with the uptake of nitrate, so at low nitrate levels 
and with availability of carbohydrates sulfate uptake is repressed (Smith, (1980; Brunold, (1993); 
Koprivova et al., (2000); Kopriva et al., (2002). Particular significance for overall control of plant sulfur 
nutrition has regulation by the precursor of Cys, Smith et al., (1997); Hopkins et al., (2005). Many 
experiments showed that the regulation of sulfate uptake is well correlated with regulation of mRNA 
levels of the transporters, in particular those of group 1 (Smith et al., (1997); Takahashi et al., (1997),( 
2011b); Abola et al., (1999); Yoshimoto et al., (2002); Rouached et al., (2008). Indeed, sulfate 
starvation, which results in increased sulfate uptake, induces transcript levels of Arabidopsis 
SULTR1;1, 1;2, 2;1, 4;1, and 4;2 (Takahashi et al., (1997), (2000); Abola et al., (1999); Yoshimoto et 
al., (2002); Kataoka et al., (2004b). The same is true for other plant species, increase of SULTR 
transcript levels was observed in sulfur starved Brassica, wheat, Medicago, barley, etc. (Smith et al., 
(1997); Abola et al., (1999); Buchner et al., (2004a), (2010); Koralewska et al., (2009); Casieri et al., 
(2012). OAS, which accumulates in sulfur starved plants, induces mRNA levels of SULTR genes even 
at sufficient sulfate supply (Smith et al., (1997); Hirai et al., (2003); Hopkins et al., (2005), and may so 
act as a signal in the sulfate starvation regulatory network (Hirai et al., (2005); Hubberten et al., (2012). 
The transcript levels of SULTR are rapidly reduced when sulfate is resupplied to sulfur starved plants 
Koralewska et al., (2009). Sulfate starvation is one of the best-analyzed environmental condition using 
systems biology approaches (Hirai et al., (2003); Maruyama-Nakashita et al., (2003); Nikiforova et al., 
(2003), (2004); Hubberten et al., (2012). The efforts to dissect the mechanisms of the regulation resulted 
in identification of at least some components of the regulatory circuits. One Cis and one Tran’s factor 
important for the regulation of SULTR genes have been identified. Analysis of promoter of SULTR1;1 
gene revealed a presence of a 16-bp SURE, present in promoters of many S-starvation inducible genes 
(Maruyama-Nakashita et al., (2005). The transcription factor SLIM1 has been identified by a genetic 
screen using SULTR1;2::GFP as reporter construct (MaruyamaNakashita et al., (2006). SLIM1 is a 
member of the EIL family transcription factors, ETHYLENE-INSENSITIVE3-LIKE3 (EIL3), and 
controls the sulfate starvation response of a large number of, but not all, responsive genes (Maruyama-
Nakashita et al., (2006); Kawashima et al., (2011). Since SLIM1 mRNA is not affected by S-starvation, 
the mechanisms of its action is not known, it is also not clear whether it actually binds to the SURE 
element. However, experiments with phosphatase inhibitors revealed that dephosphorylation is a part 
of the signal transduction MaruyamaNakashita et al., (2004a) and that cytokinins may be important for 
controlling SULTR1;1 expression Maruyama-Nakashita et al., (2004b). The regulation of sulfate uptake 
is, however, more complex and includes post-transcriptional mechanisms. In sultr1;1 sultr1;2 plants 
complemented by constitutively expressed SULTR1;1 and 1;2, accumulation of the transporters was 
induced by S-starvation despite the mRNA accumulation being not affected Yoshimoto et al., (2007). 
Thus, the induction of sulfate uptake is not completely derived from upregulation of the transcript but 
another, unknown, post-transcriptional mechanism is necessary for proper regulation. Another post-
transcriptional mechanism to improve sulfate uptake during S-starvation affects different SULTR 
isoform, the low affinity SULTR2;1. The SULTR2;1 is a target of microRNA miR395, which is induced 
by S-starvation in a SLIM1- dependent manner Kawashima et al., (2009), (2011). The function of 
SULTR2;1 in response to S-starvation is to increase the translocation of sulfate from the roots to the 
shoots. The mechanism of the miR395 regulation of SULTR2;1 is, however, non-canonical, as both the 
miRNA and its target are actually induced by S-starvation. The spatial expression patterns of the two 
transcripts are no overlapping, so that miR395 restricts SULTR2,1 expression to the xylem parenchyma 
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cells and prevents its accumulation in phloem companion cells. This expression pattern of SULTR2;1 
increases the efficiency of xylem loading, to increase translocation of sulfate to the leaves and prevents 
the unloading from phloem back to the roots Kawashima et al., (2009) Fig.(10). 

 

 
Fig. 10: Diagram represented regulation of sulfate to the assimilation in plant 

 
The third post-translational mechanism of regulation of sulfate uptake is the modulation of 

SULTR1;2 activity through interaction with the Cys synthase in cytoplasm. The Cys synthase binds to 
the STAS domain and reduces the activity of the transporter; at the same time the interaction results in 
increased activity of the Cys synthase as shown in fig.(9) Shibagaki and Grossman, (2010). Despite the 
impressive progress in understanding of plant sulfate transport, and the recent identification of long-
sought plastidic SULTR Cao et al., (2013), many questions remain open. The transporters responsible 
for sulfate influx into vacuoles are still not known. The redundancy of the plastidic transporters 
SULTR3;1- 3;4 is in contrast to the specific functions of the other SULTR genes and a detailed 
dissection of their individual function still has to be undertaken. Given the subtle effects of sultr3 
mutants on seeds Zuber et al., (2010), this might not be a trivial task. The possible function of 
SULTR1;2 (Zhang et al., (2014) as a sulfate sensor is intriguing, particularly as the Chlamydomonas 
regulator of S-starvation response, SAC1, is similar to SULTR of the SLC13 group Davies et al., 
(1996); Takahashi et al., (2011a). The molecular mechanisms of regulation of SULTR need to be 
elucidated; apart from SLIM1 and HY5, no other transcription factors binding the SULTR1;2 promoters 
have been reported Maruyama-Nakashita et al., (2006); Lee et al., (2011). Sulfate transport will thus 
further remain in prime focus of investigations of plant sulfur metabolism. 
 
Transport of Cysteine and Glutathione  

Intracellular transport of amino acids is essential, as in plants protein synthesis occurs in three 
organelles. In has been hypothesized, however, that this may not to be the case for Cys, as Cys synthesis 
is also localized in these three compartments, cytosol, mitochondria, and plastids Lunn et al., (1990), 
Fig. (11). However, analysis of mutants in the OASTL revealed that the Cys synthesis could be 
restricted to a single compartment without affecting survival and with only small effects on growth 
Heeg et al., (2008); Watanabe et al., (2008); Birke et al., (2012). Thus, Cys or its precursor must be 
transported across the mitochondrial and plastid membranes in both directions. Investigations of Cys 
transport across mitochondrial membrane revealed presence of multiple transport systems with different 
kinetic properties Lee et al., (2014), but specific transporters have not been reported in plants. Cys also 
undergoes intercellular transport, although its contribution to a total long-distance flow of sulfur may 
not be very high Herschbach and Rennenberg, (1995). 
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Fig.11: Sulfur assimilatory metabolism in the subcellular compartments of plant cells. Black indicates 
name of metabolites: Ac-CoA, acetyl-CoA; APS, adenosine 5#-phosphosulfate; CN-Ala, b-cyano-Ala; GSH, 
reduced glutathione; GS-X, glutathione conjugate; OAS, O-acetyl-Ser; PAPS, 3#-phosphoadenosine-5#-
phosphosulfate (3#-phosphoadenylylsulfate); SMM, S-methyl- Met. Blue indicates names of cofactors: GSH, 
reduced glutathione; Fdred, reduced ferredoxin. Red indicates the name of proteins: APK, APS kinase; APR, 
adenosine 5#-phosphosulfate reductase; APS, ATP sulfurylase; BCS, b-cyano-Ala synthase; OASTL, OAS(thiol)-
lyase; SAT, Ser acetyltransferase; SIO, sulfite oxidase; SIR, sulfite reductase; SULTR, sulfate transporter 
 

For example, seeds are able to assimilate sulfate and are therefore not dependent on transport of 
Cys Tabe and Droux, (2001). In C4 plants, however, sulfur nutrition is dependent on intercellular Cys 
transport, since sulfate is reduced in the bundle sheath cells only and Cys is the transport metabolite 
from these cells to mesophyll and other cell types of the leaves Burgener et al., (1998); Kopriva and 
Koprivova, (2005). Plants possess a large number of amino acid transporters, many of them capable of 
transporting Cys, some even with a high specificity Miranda et al., (2001); Tegeder, (2012). In yeast, 
Cys can be transported by at least eight unspecific amino acid permeases, but the major contributor is a 
specific YCT1 Kaur and Bachhawat, (2007), De Kraker (2011). In animals, multiple systems transport 
Cys rather than Cys McBean and Flynn, (2001). It is not clear whether similar specific Cys (or Met) 
transporters exist in plants or whether Cys transport is less specific through general amino acid 
permeases. Thus, the molecular nature of Cys transport into the cells as well as in mitochondria and 
plastid membranes remains to be elucidated. Cys as the first product of sulfate assimilation is used in 
many metabolic processes. Among the most important sulfur compounds in plant cells derived from 
Cys is the tripeptide GSH, γ-glutamylcysteinyl glycine Noctor et al., (2012). GSH is synthesized in two 
steps from the constituting amino acids, but in this synthesis, a transport step is of utmost importance. 
In contrast to initial reports placing GSH synthesis to both plastids and cytoplasm, the first enzyme of 
the pathway, γ-glutamylcysteine synthetase, is strictly localized in plastids, at least in Arabidopsis 
Wachter et al., (2005). GSH synthetase, on the other hand is present in both compartments but mostly 
in the cytoplasm. The intermediate γ-glutamylcysteine thus has to be exported from the plastids for 
efficient GSH synthesis Fig. (12)  

This conclusion has been confirmed by showing that cytosolic expression of GSH synthase 
rescues the seedling lethal gsh2 mutant Pasternak et al., (2008). GSH itself is present in all 
compartments, with particularly high concentration in the mitochondria Zechmann et al., (2008). Thus, 
mitochondrial GSH transporter has to be postulated for plant cells Fig. (9). In addition, GSH is one of 
the forms of reduced sulfur subjected to long-distance transport Herschbach and Rennenberg, (1995), 
with the need for plasma membrane transporters. 
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Fig. 12: Illustrates intercellular compartmentation of Sulfate Assimilation and glutathione 
biosynthesis in maize. After Silke, and Stanislav (2015) 
 

Sulfate is taken up from the soil and transported to the bundle sheath cells (BSC) through the 
xylem. The reduction of sulfate takes place exclusively in the plastids of BSC and is mediated by ATP 
sulfurylase (1), APS reductase (2), and sulfite reductase (3). Sulfide is further incorporated into the 
amino acid backbone of OAS-by-OAS (thiol) lyase (5) to form cysteine in chloroplasts, cytosol and 
mitochondria (not included) of BSC. OAS is derived from serine by serine acetyltransferase-mediated 
acetylation (4). Reduced sulfur is transported in form of cysteine to mesophyll cells where glutathione 
(GSH) synthesis is predominantly localized. GSH synthesis is driven by γ-EC synthetase (6) and GSH 
synthetase (7). APS, adenosine-5′-phosphosulfate; GSH, glutathione; OAS, O-acetylserine; γ-EC, γ-
glutamylcysteine. While the presence of such GSH transporters was long recognized, the molecular 
nature of such carriers is still far from being determined. The identification of high affinity GSH 
transporter in yeast Bourbouloux et al., (2000) triggered the search for plant GSH transporter, 
particularly as Arabidopsis possess nine homologs of the yeast HGT1 Cagnac et al., (2004). While some 
transporters of the oligopeptide transporter family indeed transported GSH Bogs et al., (2003); Cagnac 
et al., (2004); Zhang et al., (2004), Amir et al. (2002) the affinity and specificity was not as high as 
expected for the high flux of GSH within plant cells. An alternative pathway for GSH transport has 
been proposed, analogical to the animal gamma-glutamyl cycle, in which GSH is moved across the 
membrane through combination of degradation, amino acid transport, and synthesis Meister et al., 
(1981). 

This conclusion has been confirmed by showing that cytosolic expression of GSH synthase 
rescues the seedling lethal gsh2 mutant Pasternak et al., (2008). GSH itself is present in all 
compartments, with particularly high concentration in the mitochondria Zechmann et al., (2008). Thus, 
mitochondrial GSH transporter has to be postulated for plant cells. In addition, GSH is one of the forms 
of reduced sulfur subjected to long-distance transport Herschbach and Rennenberg, (1995), with the 
need for plasma membrane transporters. While the presence of such GSH transporters was long 
recognized, the molecular nature of such carriers is still far from being determined. The identification 
of high affinity GSH transporter in yeast Bourbouloux et al., (2000) triggered the search for plant GSH 
transporter, particularly as Arabidopsis possess nine homologs of the yeast HGT1 Cagnac et al., (2004). 
While some transporters of the oligopeptide transporter family indeed transported GSH Bogs et al., 
(2003; Cagnac et al., (2004); Zhang et al., (2004), the affinity and specificity was not as high as expected 
for the high flux of GSH within plant cells. An alternative pathway for GSH transport has been 
proposed, analogical to the animal gamma-glutamyl cycle, in which GSH is moved across the 
membrane through combination of degradation, amino acid transport, and synthesis Meister et al., 
(1981). The key enzyme of this cycle, the GGT is present in plants and has been shown to be important 
for recovery of apoplastic GSH Ferretti et al., (2009), its contribution to total GSH uptake has, however, 
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not been clarified. Since GGT is localized on the apoplast side of plasma membrane or in the tonoplast, 
it cannot be responsible for the intracellular GSH transport Fig. (13) The first step to understanding the 
molecular nature of GSH movement between the organelles was identification in Arabidopsis of a small 
family of genes similar to chloroquine-resistance transporter of Plasmodium falciparum Maughan et 
al., (2010). These CLT were found in a genetic screen using the effect of inhibition of GSH synthesis 
on root growth Koprivova et al., (2010); Maughan et al., (2010). 

 

 
Fig. 13: Illustrates Sulfur assimilation 

 
The first step to understanding the molecular nature of GSH movement between the organelles 

was identification in Arabidopsis of a small family of genes similar to chloroquine-resistance 
transporter of Plasmodium falciparum Maughan et al., (2010). These CLT were found in a genetic 
screen using the effect of inhibition of GSH synthesis on root growth Koprivova et al., (2010); Maughan 
et al., (2010). All three CLTs are found in chloroplast membranes and affect the distribution of GSH 
between plastids and cytoplasm. They facilitate transport of GSH and γ-EC, probably as export from 
the plastids Maughan et al., (2010). Loss of CLTs results in sensitivity to cadmium, increased 
susceptibility to Phytophora, and affects root architecture Maughan et al., (2010); Schnaubelt et al., 
(2013). However, Arabidopsis mutants devoid of all three CLTs are viable, so alternative transport 
systems for thiols in the plastid membrane have to exist. Similarly, GSH transporters to the 
mitochondria await discovery. Glutathione is not only the most important redox buffer, it is also the 
precursor for synthesis of PC, small peptides involved in binding and detoxification of heavy metals 
Vatamaniuk et al., (1999). Since it had been long known that the last step of detoxification is the 
transport of the PC-metal complexes into the vacuole, the corresponding transporters have long been 
sought for Hall, (2002). In fission yeast, an ABC transporter present in the tonoplast is responsible for 
such transport and its loss results in cadmium sensitivity Ortiz et al., (1992). Plant possess a large 
number of ABC transporters with potentially the same function, therefore, first plant ABC transporters, 
importing PC-As complexes into the vacuole, have been identified only recently Song et al., (2010). 
Loss of two ABC transporters, AtABCC1 and AtABCC2, results in reduced arsenic tolerance, and on 
the other hand, their expression in yeast increases as tolerance. The AtABCC1 and AtABCC2 are 
involved also in detoxification of cadmium and mercury Park et al., (2012). The identification of these 
transporters is particularly important for engineering heavy metal tolerant and perhaps phytoextracting 
organisms. PCs are, however, also important for long-distance transport of metals, it remains to be 
shown, whether the same or other ABC transporter participate in such transport.  
 
Transport of Methionine and its Derivatives  

Methionine is another S-containing amino acid with a complex demand for inter- and intracellular 
transfer, particularly when its derivatives are taking into account. Similar to Cys, Met has to be present, 
and/or transported, to all compartments with protein synthesis Fig. (14). 
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Fig. 14: Sulfur assimilatory metabolism in the subcellular compartments of plant cells. Black indicates 
name of metabolites: Ac-CoA, acetyl-CoA; APS, adenosine 5#-phosphosulfate; CN-Ala, b-cyano-Ala; GSH, reduced 
glutathione; GS-X, glutathione conjugate; OAS, O-acetyl-Ser; PAPS, 3#-phosphoadenosine-5#-phosphosulfate (3#-
phosphoadenylylsulfate); SMM, S-methyl-Met. Blue indicates names of cofactors: GSH, reduced glutathione; Fdred, reduced 
ferredoxin. Red indicates the name of proteins:APK, APS kinase; APR, adenosine 5#-phosphosulfate reductase; APS, ATP 
sulfurylase; BCS, b-cyano-Ala synthase; OASTL,OAS(thiol)-lyase; SAT, Ser acetyltransferase; SIO, sulfite oxidase; SIR, 
sulfite reductase; SULTR, sulfate transporter. After Kazuki Saito (2004) 

 
In addition, traditionally it was thought that Met synthesis in plants requires transport of 

homocysteine from plastids to the cytoplasm; as the activity of the last enzyme of the biosynthetic 
pathway, MS, was found in this compartment only Eichel et al., (1995). However, a plastid localized 
MS has been described leading to the conclusion that plastids are autonomous for Met synthesis and 
that cytosolic MS is involved predominantly in regeneration of Met for SAM synthesis in the SAM 
cycle Ravanel et al., (2004); Sauter et al., 2013) and for the biosynthesis of Met-derived GSL Schuster 
et al., (2006). However, interestingly, no reports on the importance of the plastidial MS and the 
possibility of complementation of its function by the cytosolic isoform are available. SAM is a methyl 
donor and cofactor in numerous cellular processes and its synthesis uses some 80% of newly 
synthesized Met Hesse et al., (2004). SAM is required in all organelles and has to be transported across 
plastidic and mitochondrial membranes, since it is synthesized only in the cytoplasm Wallsgrove et al., 
(1983); Shen et al., (2002). The SAM transporter (SAMT) has been identified in Arabidopsis by 
Bouvier et al. (2006) This transporter, similar to yeast mitochondrial SAM carrier, was shown to be 
additionally localized in mitochondria, and to contains five transmembrane helices Bouvier et al., 
(2006); Palmieri et al., 2006). The SAMT1 catalyzes exchange of SAM with S-adenosylhomocysteine, 
the byproduct of methylation reactions that has to be regenerated to SAM in the cytoplasm. SAMT1 is 
important, but not essential, as demonstrated by survival and setting seeds, but strong morphological 
phenotypes of the corresponding T-DNA line Bouvier et al., (2006). Another Met derivative, SMM is 
found in the phloem as an important transport form of reduced sulfur Bourgis et al., (1999); Fig. (15). 
Plant SMM transporters are not known, but expression of a yeast SMM transporter in pea resulted in 
improved sulfur and nitrogen content of the seeds Tan et al., (2010). The yeast SMM transporter is 
distinct from the SAMT described above and does not have clear homologs in plants Rouillon et al., 
(1999). How is SMM unloaded into the phloem in plants, therefore, still needs to be clarified. 
CHLOROPLASTIDIC TRANSPORTER IN THE BIOSYNTHESIS OF MET-DERIVED GSLs 
Glucosinolates are a group of amino acid derived secondary compounds, important for plant defense 
against various pests but also for human nutrition as determinants of taste and smell of crucifers and 
because of their anticancer genic properties Sonderby et al., (2010).  
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Fig. 15: Long distance transport in sulfur metabolism. Sulfate is taken up by the roots by SULTR1;1 and 
SULTR1;2. Root-to-shoot transfer of sulfate is facilitated by SULTR2;1 and SULTR3;5 Transport of sulfate to 
phloem is possible due to SULTR1;3 are transporters of GLS known as GTRs (glucosinolate transporters). They 
mediate the bidirectional long distance transport of GLS between roots and shoots via both phloem and xylem; 
facilitate the phloem loading, transport of GSL from the source to the sink tissue and import of GLS into the seeds. 
S-methylmethionine (SMM) and GSH are also important transport form of reduced sulfur found in phloem. How 
SMM and GSH are loaded into the phloem in plants, remains now unknown. The long distance transporters of 
flavonoids have been also predicted to exist but still await an identification. After Tamara and Stanislav (2014) 
 

Enzymes required for the biosynthesis of GSLs core structure have been identified and shown to 
be localized in cytoplasmic compartment. In brief, the amino acid is converted to aldoximes by 
CYP79Fs converting Met derivatives Hansen et al., (2001); Chen et al., (2003). Next, aldoximes are 
oxidized to either nitrile oxides or aci-nitro compounds with CYP83A1 Bak and Feyereisen, (2001); 
Hemm et al., (2003); Naur et al., (2003). Following fusion of the activated aldoximes to GSH, the 
produced S-alkylthiohydroximates are converted to thiohydroximates by the C-S lyase SUR1 
Mikkelsen et al., (2004). The last but one reaction in GSL biosynthesis is the S-glycosylation of 
thiohydroximates by glucosyltransferases of the UGT74 family, with UGT74C1 recently shown to 
glucosylateMet-derived substrates Douglas Grubb et al., (2014) Fig. (16). 

The final step of GSL biosynthesis is a SOTs, which form GSL from desulfoGSL. PAPS made 
by APS kinase mainly in chloroplasts Mugford et al., (2009) provide the sulfate for the SOT reaction. 
Met is an essential constituent for the production of aliphatic GSLs in Arabidopsis thaliana. Before 
entering the GSL core biosynthetic pathway, Met undergoes chain elongation process in chloroplasts, 
which is similar to the conversion of the branched chain amino acid Val to Leu in primary metabolism. 
This process and its linkage with cytosolic GSL synthesis requires two transport steps across the 
chloroplast envelope, as the first reaction allowing Met to enter biosynthesis of GSLs is a deamination 
of Met by a cytosolic BCAT4 Schuster et al., (2006). Three following reaction are known to take place 
in chloroplasts, where the respective 2-keto-acid derived from MTOB needs to be imported. The 
MTOB-transporter was identified as BAT5 or BASS5 following its activation in trans by R2R3 MYB 
factors regulating GSL biosynthesis Gigolashvili et al., (2009). Notably, the reduction of BAT5 
transcripts in bat5 mutant resulted in up to 50% decreased levels of Met-derived GSLs, indicating a role 
of BAT5 in the transport of GS intermediates across the plastid envelope Gigolashvili et al., (2009); 
Sawada et al., (2009b). Based on the analysis of bat5, its metabolic complementation by 2-keto-acids 
and genetic complementation using chemically inducible promoter fused to BAT5 CDS, the BAT5 has 
been proposed as a facilitator of keto-acids across chloroplasts Gigolashvili et al., (2009); Sawada et 
al., (2009b). Interestingly, not only MTOB, but also other 2-keto acids like 5-methylthio-2- 
oxopentanoate (MTOP); 6-methylthio-2-oxohexanoate (MTOH), and 7-methylthio-2-oxoheptanoate 
seem to be exchanged between plastid and cytoplasm by BAT5. Indeed, feeding of wild-type and bat5 
roots of Arabidopsis with 2-keto acids with different chain-length demonstrated that they are substrates 
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of BAT5 since they could be successfully imported into chloroplasts of wild-type plants but not in the 
bat5 plants. 

 

 
Fig. 16: A conceptual model how soil S status affects GSL accumulation in Brassica crops. Under S 
deficiency, the SLIM1 TF can down regulate the expression of key GSL biosynthesis enzymes (MAMS, 
CYP79Bs, and CYP83Bs) and MYB TFs (Lewandowska and Sirko, 2008; Frerigmann and Gigolashvili, 2014b). 
Further investigation needed to understand the complete picture of regulation of MYBs targeting indole GSL 
biosynthesis (MYB34, MYB51, MYB 122) and aliphatic GSL synthesis (MYB28, MYB 29, MYB76) by SLIM1 
under different S conditions. In contrast, under S deficient conditions SLIM1 can also up regulate the expression 
of SULTRs and miR395, as well as the GSL hydrolysis enzyme (myrosinase) (Takahashi et al., 2011). In addition, 
upregulation of miR395 via SLIM1 under S deficiency can increase the expression of SULTRs and lead to 
enhanced uptake of sulfate from soil. SLIM1 can also down-regulate the expression of ATPS in the first step of S 
assimilation (Liang et al., 2010) which can affect the availability of Cys and PAPS for GSL biosynthesis. Sulfur 
deficiency has been suggested as a negative regulator of SOTs, C-S lyases, GST and AOPs enzymes of the GSL 
biosynthesis pathway (Nikiforova et al., 2005), although additional signaling molecules may be involved in this 
regulation. Moreover, we would expect the presence of additional signaling molecules and TFs, which can 
regulate both systems (S assimilation and GSL biosynthesis) under S deficiency or varying S levels of the primary 
source (soil). As seeds are the ultimate sink for GSLs, optimizing the external application of S fertilizer and 
identifying the role of tissue-specific genes of GSL biosynthesis under different S levels would provide scope for 
manipulation of seed GSL levels in brassicas. Primary and secondary sources and sinks for S and GSLs are shown 
as indicated as in Figure (15). Shapes in green indicate sources and sinks related to the sulfate system whereas 
shapes in blue indicate the GSL system. Rectangular shapes indicate primary sources, triangles indicate secondary 
sources whereas stars indicate primary sinks and diamonds indicate secondary sinks. 

 
The proteins homologous to BAT5 in Arabidopsis are obviously not important to transport GSL 

biosynthesis intermediates, as the triple bat3 bat4 bat5 mutant was not more affected in GSL 
biosynthesis than the single bat5 mutant was. Once keto-acids are imported into chloroplasts by BAT5, 
they enter several cycles of reactions including: condensation with acetyl-CoA catalyzed by a MAM, 
isomerization by an IPMI, and oxidative decarboxylation by an IPMDH Gigolashvili et al., (2009); 
Knill et al., (2009); Sawada et al., (2009 a, b). Elongated ketoacid can be again aminated by BCATs to 
yield the side-chain elongated Met (homoMet), which either is channeled into GSL biosynthesis or can 
proceed through another round of chain elongations to yield dihomoMet, trihomoMet, etc. For detailed 
review see Grubb and Abel, (2006); Sonderby et al., (2010). The obtained 2- keto-acids with longer 
carbon chain, or derived amino acid, need to be exported from the chloroplast into the cytoplasm to be 
incorporated into the GSL core biosynthetic pathway. However, the identity of this transporter, which 
is involved in the export of amino acid, is unknown. It was also not possible to analyze whether keto-
acids or amino acids are preferentially exported from the chloroplasts. Theoretically, the export of both 
types’ substrates is possible from chloroplasts as the transamination (and deamination reactions) of keto 
both chloroplastidic BCAT3 Knill et al., (2008) and cytoplasmic BCAT4 Schuster et al., (2006), could 
catalyze acids. It is rational to suppose that the BAT5, which imports the 2-keto-acid MTOB into the 
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chloroplasts, also exports the chain-elongated 2-keto-acids back into the cytoplasm. However, attempts 
to measure MTOB and homomethionine transport activity of recombinant BAT5 in vitro were not 
successful till now, as the direct measurements of transport of these substrates in artificial membranes 
is problematic due to higher hydrophobicity of substrates leading to unspecific membrane binding and 
permeation, which override the specific transport events Gigolashvili et al., (2009). New technologies 
and approaches are needed to find out whether BAT5 is a dual transporter and if not, to identify the 
exporter of the elongated Met. 
 
Catabolism, Storage and Transport of Methionine 

SAMS directs about 80% of the metabolic flux of methionine to SAM, which is used by SAM-
dependent methyltransferases (MTs) to methylate nucleic acids, proteins and cell wall components like 
lipids, lignins and pectins Shen et al. (2002); Yang et al. (2006). SAM is also substrate for nicotianamine 
synthase (EC 2.5.1.43), SAM-decarboxylase (EC 4.1.1.50) and 1-aminocyclopropane- 1-carboxylate 
synthase (EC 4.4.1.14) to produce nicotianamine, polyamines and ethylene, respectively Hesse et al. 
(2004). These results demonstrate that SAM is (1) the second most frequently used cofactor in nature, 
after ATP Cantoni (1975); Lu (2000) and (2) mandatory for proper development of plants by influencing 
metal homeostasis and hormone function Burstenbinder et al. (2007); Klatte et al. (2009). Fig. (17). 
Interestingly, SAMS1 activity can be efficiently inhibited by S-nitrosylation by the natural NO donor 
S-nitrosoglutathione, which may mediate cross talk between NO and ethylene-signaling pathways in 
plants Lindermayr et al. (2005) Two cytosolic cycles regenerate methionine and SAM. First, the transfer 
of the methyl group from SAM generates S-adenosylhomocysteine (SAH), a potent inhibitor of MTs. 
To mitigate the toxic effects of SAH on MT activity and to recycle methionine, SAH is removed by 
SAH hydrolase (EC 3.3.1.1) in a reaction generating adenosine and homocysteine Hesse et al. (2004).  

 
Fig. 17: Illustrate S-nitrosylation of target proteins in ethylene biosynthesis and salicylic acid network. 
The figure shows a schematic representation of methylmethionine cycle in the ethylene (ET) synthesis (A) and 
salicylic acid (SA) signaling networks (B). Protein S-nitrosothiols are represented by an SNO mark. References 
to physiological processes regulated by hormones, and subcellular localizations in the cell are also indicated. 
SAHase, adenosylhomocysteinase; MET synthase, cobalamin-independent methionine synthase; MAT, 
methionine adenosyltransferase; ACC, aminocyclopropane-1-carboxylic acid; SABP3, salicylic acid binding 
protein 3; NPR1, non-expresser of pathogenesis-related gene1 protein; TGA1, transcription factor TGA1 after 
Ramiro et al (2013) 

 
The latter can be used as building block for synthesis of methionine MS as described above. 

Second, recycling of methionine at high rates of ethylene production is achieved by the Yang- or Met-
cycle Adams and Yang (1977) Fig.(18), which converts methylthioadenosine, the byproduct of SAM 
dependent ethylene formation in four steps to methionine. Recently, analysis of methylthioribose kinase 
(EC 2.7.1.100) revealed the significance of methionine recycling under sulfur limiting conditions in 
Arabidopsis Burstenbinder et al. (2007). Besides consumption of methionine in form of SAM, 
methionine can be catabolized in the cytosol by the activity of methionine g-lyase (MGL, EC 4.4.1.11), 
which produces ammonia, 2-oxobutanoate and methanthiol Rebeille et al. (2006). Methanthiol can be 
incorporated into cysteine, while 2-oxobutanoate can serve as a precursor for isoleucine synthesis 
Rebeille et al. (2006); Goyer et al. (2007). 
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Fig. 18: Schematic representation of light-evoked impacts on ethylene biosynthetic pathway. (1) Light 
irradiation negatively affects the conversion of methionine (Met) to S-adenosyl methionine (SAM). (2) Light also 
affects the transcription of particular 1-aminocyclopropane 1-carboxylic acid (ACC) synthases (ACS), responsible 
for converting SAM into ACC. In Arabidopsis, whereas ACS2 gene transcription is negatively controlled by 
PHYBPfr, ACS8/4 gene transcription is stimulated by PIF5 and, accordingly, PIF5 protein stability is negatively 
influenced by active phytochrome B (PHYBPfr). (3) Light is also known to inhibit the transcription and activity 
of ACC oxidase (ACO), whose activity converts ACC into ethylene. (4) PHYBPfr also stimulates the conversion 
of ACC into the non-volatile ACC metabolite 1-malonyl aminocyclopropane-1-carboxylic acid (MACC) via 
MACC transferase (MACCT). Biosynthetic enzymes and metabolic substrates or products are represented with 
green and blue ovals, respectively. Light-dependent transcriptional control of particular ACS genes is highlighted 
by the gray area of the fig. After Maria et al (2014) 

 
Under normal growth, condition a knockout of methionine g-lyase activity in Arabidopsis results 

in no visible phenotype, but a tenfold accumulation of methionine under sulfate-limiting conditions 
Goyer et al. (2007). Long distance transport of methionine is achieved via the phloem after conversion 
of methionine to S-methylmethionine (SMM, see Sect. 2.2), which is also assumed to function as 
temporary storage of methionine in leaves Bourgis et al. (1999). Methionine methyltransferase (EC 
2.1.1.12) uses SAM as a methyl donor to form SMM from methionine and is unique in plants although 
it is nonessential Bourgis et al. (1999); Ranocha et al. (2000); Kocsis et al. (2005s).  
 
Conclusion  

Intense efforts have been devoted to describe the biochemical pathway of plant sulphur 
assimilation from sulphate. However, essential information on metabolic regulation of sulfur 
assimilation is still lacking, such as possible interactions between Sulfur assimilation, photosynthesis 
and photorespiration. Sulfur assimilation is stimulated by photo respiratory metabolism. Sulfur-
metabolites represent a small portion of plant metabolites, the pathways of their synthesis are complex 
and their function and homeostasis require a large number of intra and intercellular transport steps.  
Transporters have been characterized, with some of the main gaps, many other transporters still await 
discovery, above all the transporter responsible for a major flux of sulfate in the cells. Sulfur-metabolites 
represent a small portion of plant metabolites, the pathways of their synthesis are complex and their 
function and homeostasis require a large number of intra and intercellular transport steps. New tools 
and approaches, e.g., 34S labeling, exploitation of natural variation, and mathematical modeling will 
be necessary to obtain the comprehensive list of S-metabolite transporters and to understand the role 
they play in controlling sulfur metabolism and homeostasis in plants. The increased use of these 
approaches in sulfur research makes hope for a rapid progress in dissection of the network of 
transporters in sulfur metabolism. 
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	ABSTRACT
	Fig. 8: Schematic diagram of light and dark reaction
	Schematic drawing shows light energy conversion processes carried out in photosynthetic membranes of oxygenic phototrophs, such as plants. Plant photosynthesis is a complicated series of redox reactions, using light energy from the sun and electrons donated from the splitting of water, that produce bioenergy (ATP-adenosine triphosphate) and reducing equivalents (NADPH-the reduced form of nicotine adenine dinucleotide phosphoric acid), which are subsequently consumed in the reduction of carbon dioxide to produce a fuel (carbohydrates). During these processes, molecular oxygen is produced as a final by-product. In other words, photosynthesis produces all the food that is eaten and is the origin of all food chains. It also produces all the oxygen that we breathe. Therefore, photosynthesis is ultimately the source of all life inhabiting the Earth. Light harvesting pigment-protein complexes (also called photosynthetic antenna proteins) absorb light energy from the sun to initiate the above-mentioned photosynthetic reactions. 
	Thus, harvested solar energy is transferred in the form of excitation energy to one of two reaction center (RC) complexes, either Photosystem II (PSII) or Photosystem I (PSI). In these RC complexes, an electric charge separation reaction takes place through the subsequent redox reactions and electromotive force is accumulated. The synthesis of ATP and NADPH are dependent upon this electromotive force. PSII holds an oxidation catalyst and PSI holds the reduction catalyst. PSII has the Quinone type RC that is similar to purple photosynthetic bacteria and PSI contains the iron-sulfur cluster type RC that is similar to green sulfur bacteria. A remarkable feature of PSII is that the oxidative splitting of water molecules fills the positive ‘hole’, produced on the P 680 + Chl dimer because of the loss of an electron during electric charge separation. This reaction is unique in biology and is performed by a biocatalyst.
	Marcell Nauman (2018) reported that in the Sulfite reductase (SIR) Co-suppression lines E2, P2, and P3 metabolites of the primary sulfate metabolism were determined in order to investigate the effect of the introduced bottleneck in the primary sulfur assimilation pathway. Free ionic sulfate levels increased significantly in most samples in comparison to WT. Increases were insignificant only in young, i.e., sink leaves, probably provided by sulfate transport from mature leaves of E2, P2, and P3 Fig. (7).
	Sulfate levels in tobacco control plants (WT) were strictly controlled between about 25 and 50 µmol.g-1 FW with slight increases toward older leaves. In lines E2, P2, and P3 this control is abrogated as sulfate accumulates with increasing leaf age, reaching between 75 and 100 µmol/g FW in E2 and P2, and more than 150 µmol.g-1 activity can be assumed to result in a reduced flux to sulfide for cysteine biosynthesis. This pattern resembles that of sulfate starvation, despite of the fact that the transgenic plants over accumulate sulfate. This conclusion is supported by the fact that O-acetylserine (OAS) as the second precursor of cysteine biosynthesis next to sulfide tends to accumulate in E2, P2, and P3, though the increases were not as high as under sulfate starvation conditions. It might be speculated that the remaining SIR activity is just sufficient to provide sulfide for downstream synthesis of sulfur compounds to facilitate survival.. Homocysteine levels increased in leaves of mature WT tobacco plants. In E2, P2, and P3, homocysteine levels were comparably low in young leaves and remained low in older leaves displaying clear tendencies when comparing the medians. Methionine levels varied quite substantially and with no obvious pattern in WT leaves. The transgenic lines displayed reduced contents of methionine, especially in younger leaves. Sulfide contents, at 25–30 µmol.g-1 FW, were much higher in tobacco than reported for example for tomato (3–6 µmol/g FW; Yarmolinsky et al., (2014), Arabidopsis approximately 10 µmol/g FW; Hubberten et al., (2012b). This puts an additional pressure on the transgenic plant lines, as tobacco seems to have a higher need for available sulfide. In summary, a picture emerges that sulfate, as an upstream component relative to the SIR bottleneck, accumulates. In parallel, thiosulfate accumulates, which is normally hardly detectable in tobacco leaves. Sulfite levels showed a tendency to increase, especially with increasing leaf age. Metabolites downstream of SIR displayed in SIR co-suppression lines a pattern resembling sulfate deprivation responses Nikiforova et al., (2005) while sulfide levels remained stable despite reduction of SIR activity.
	Fig. 12: Illustrates intercellular compartmentation of Sulfate Assimilation and glutathione biosynthesis in maize. After Silke, and Stanislav (2015)
	Sulfate is taken up from the soil and transported to the bundle sheath cells (BSC) through the xylem. The reduction of sulfate takes place exclusively in the plastids of BSC and is mediated by ATP sulfurylase (1), APS reductase (2), and sulfite reductase (3). Sulfide is further incorporated into the amino acid backbone of OAS-by-OAS (thiol) lyase (5) to form cysteine in chloroplasts, cytosol and mitochondria (not included) of BSC. OAS is derived from serine by serine acetyltransferase-mediated acetylation (4). Reduced sulfur is transported in form of cysteine to mesophyll cells where glutathione (GSH) synthesis is predominantly localized. GSH synthesis is driven by γ-EC synthetase (6) and GSH synthetase (7). APS, adenosine-5′-phosphosulfate; GSH, glutathione; OAS, O-acetylserine; γ-EC, γ-glutamylcysteine. While the presence of such GSH transporters was long recognized, the molecular nature of such carriers is still far from being determined. The identification of high affinity GSH transporter in yeast Bourbouloux et al., (2000) triggered the search for plant GSH transporter, particularly as Arabidopsis possess nine homologs of the yeast HGT1 Cagnac et al., (2004). While some transporters of the oligopeptide transporter family indeed transported GSH Bogs et al., (2003); Cagnac et al., (2004); Zhang et al., (2004), Amir et al. (2002) the affinity and specificity was not as high as expected for the high flux of GSH within plant cells. An alternative pathway for GSH transport has been proposed, analogical to the animal gamma-glutamyl cycle, in which GSH is moved across the membrane through combination of degradation, amino acid transport, and synthesis Meister et al., (1981).
	Fig. 17: Illustrate S-nitrosylation of target proteins in ethylene biosynthesis and salicylic acid network. The figure shows a schematic representation of methylmethionine cycle in the ethylene (ET) synthesis (A) and salicylic acid (SA) signaling networks (B). Protein S-nitrosothiols are represented by an SNO mark. References to physiological processes regulated by hormones, and subcellular localizations in the cell are also indicated. SAHase, adenosylhomocysteinase; MET synthase, cobalamin-independent methionine synthase; MAT, methionine adenosyltransferase; ACC, aminocyclopropane-1-carboxylic acid; SABP3, salicylic acid binding protein 3; NPR1, non-expresser of pathogenesis-related gene1 protein; TGA1, transcription factor TGA1 after Ramiro et al (2013)



