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Sulfur is a growth-limiting and secondary macronutrient as well as an indispensable component for several cellular

components of crop plants. 

sulfur  sulfate transporters  seed storage proteins

1. Introduction

Sulfur is an essential macronutrient; according to its chemical nature it plays important roles in various cellular

metabolic processes . As an organic thiol it is incorporated in essential amino acids such as cysteine, methionine

and different co-enzymes (biotin, coenzyme A, iron-sulfur proteins, ethylene, thiamine pyrophosphate and lipoic

acid), and thioredoxins and sulfolipids are often responsible for the structure and biological activity of proteins .

It has been noted that a deficiency of sulfur in soil is a problematic issue which leads to reduction in yield and

quality of seeds. Day by day the concentration of sulfur in soil is decreasing due to the increasing proportions of

high analysis and sulfur-free fertilizers and the decreasing use of traditional organic manures in agricultural land.

Sulfur is taken up by a plant’s roots in the form of sulfate from the soil, which is also a transportable form in the

plant system . Moreover, Abou Seeda et al.  revealed that the primary uptake mechanism of sulfate takes place

via roots, and afterwards, it is translocated to various locations within the plant body through xylem. Assimilation of

sulfur is occurring in the form of cysteine; it acts as a precursor/donor of reduced sulfur mostly for other several

organic sulfur compounds present in plants . In rice plants leaf, a significant increment in carbohydrates (starch)

was noted when the plants were grown in sulfur deficient soil .

2. Source to Sink Relationship

Sulfur is taken up from the rhizospheric region by plant roots as sulfate and distributed within the tissues in this

form. Moreover, Tabe and Droux  depicted that the dominant form of sulfur is sulfate and it is translocated via

phloem, supplied in pods during the time of lupin (Lupinus albus L.) seed development, then the seed is able to

reduce and assimilate sulfate. Within the plant tissue, including the developing phase of seeds, if sulfate is not in a

reduced form, then the excess amount of sulfate is stored in the vacuole . In developing seeds of M.

truncatula, a transcriptomic analysis revealed that within the seed tissues sulfur assimilation takes place by

following two distinct pathways (Figure 1). In most of the cases, sulfate enters the embryo and is utilized for the

biosynthesis of cysteine (Cys) and gets incorporated into proteins, while in another pathway sulfate enters into the

seed coat and endosperm. The latter is preferentially involved in the biosynthesis of defense-related sulfur
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compounds . This kind of partitioning of sulfur in between the seed compartment implies an active exchange of

sulfate.

Figure 1. A schematic representation of source-sink relationship of sulfur (S) in plants: an insight in uptake and

transportation of sulfate (SO ) in different plant parts by various transporters (SULTRs) and its assimilation,

accumulation of S-containing seed storage proteins (SSPs) and regulation of S-mediated seed germination.

(Abbreviations: OAS, O-acetylserine; SDI genes, sulfur deficiency induced genes; MYB28, myeloblastosis28;

MYC2, master regulator of cell cycle entry and proliferative metabolism2; ABA, abscisic acid).

3. Sulfate Transporters: Regulate the Sulfur Translocation in
Seeds
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The beginning of the sulfate uptake mechanism by the root tissue from the surrounding environment and the

translocation of sulfate between different cell compartments is facilitated by specific sulfate transporters (SULTR)

(Figure 1). The expression levels of these transporter genes in specific organs, cell types and subcellular

compartments are regulated by the transcriptional and post transcriptional mechanism which maintains the

homeostatic balance between the uptake of sulfate and internal tissue distribution on the basis of sulfate availability

and on-demand organic sulfur metabolites biosynthesis . SULTR, a large gene family, is involved in encoding

this transporter which consists of 14 members in Arabidopsis and rice (Oryza sativa L.). According to phylogenetic

studies this gene family can be categorized into 4 closely related groups (SULTR1 to 4), each containing 12

membrane-spanning domains and a STAS (sulfate transporter and anti-sigma antagonist) domain at the carboxy-

terminal end , and a fifth member of this group is SULTR5, distinct from the other, lacking that STAS domain .

Interestingly, Tomatsu et al.  mentioned that the Arabidopsis Sultr5;2 gene was responsible for encoding a high-

affinity root molybdate transporter, which raises a valid question about the role of group 5 transporter genes in the

sulfate transport mechanism. Furthermore, group 1 and 2 transporters of sulfate are localized in the plasma

membrane and are considered as the best categorized groups, being subjected to several studies. Members of

group 1 sulfate transporters represent a high-affinity transport system which facilitate the uptake of sulfate by roots

(SULTR1;1 and SULTR1;2) or translocate the sulfate from source to sink tissues (SULTR1;3) . In

addition, the group 2 members consist of low-affinity sulfate transporters whose gene products may be involved in

vascular tissues transportation and facilitate the translocation of sulfate throughout the plant . The

literature suggests that group 3 is composed of low-affinity transporters localized at the plasma membrane,

showing differential expression patterns in plant tissues and not stimulated by sulphur deficiency . In addition, a

role of the SULTR3;5 transporter is noted in the transport of sulfate from root-to-shoot in cooperation with the

SULTR2;1 transporter of Arabidopsis . The last group, i.e., group 4 sulfate transporters, has been identified in

the vacuolar membrane: a study with SULTR4;1-GFP fusion protein showed that this transporter mainly

accumulated in the vacuoles of roots and hypocotyls of young seedlings . Under sulphur sufficient and deficient

conditions, the Sultr4;1 transporter gene was expressed in roots and helps to efflux sulfate (SO ) from the

vacuolar lumen to cytoplasm, and it also improved the storage capacity of sulfate in vacuoles . In contrast, gene

expression of Sultr4;2 was highly inducible by sulfur during the time of sulfur deficient condition in the same tissue.

The double knock-out mutants, i.e., sultr4;1/sultr4;2, contained higher amounts of sulfate as compared to wild-type

plants. Comparison between the single and double knock-out mutants sultr4;1/sultr4;2 demonstrated

that Sultr4;1 devotes a vital role and Sultr4;2 has a supplementary effect . Whereas the sulfate transport system

has been studied extensively in roots, to date, there are very few reports available based on the functions of

individual sulfate transporters within seeds. Moreover, vacuoles may play an important role for the purpose of

storage and unloading of sulfate within the developing seed, where the members of the SULTR4 transporters

would play a key role. In this context, the Arabidopsis Sultr4;1 gene was expressed strongly within the developing

seeds, and it was observed that its disruption significantly enhanced the content of seed sulfate, depicting that

SULTR4;1 was involved in the efflux mechanism of sulfate from vacuoles to the developing seeds. In addition, a

proteomic study of Sultr4;1 mutant seeds revealed the metabolic adjustment for the adaptations in altered sulfate

compartmentalization, which indicates a SULTR4;1-mediated sulfate transport system for the establishment of

defense mechanisms against oxidative stress during the time of seed development.
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For instance, in mature mutant seeds of sultr4;1, on average, the sulfate content was 1.7 times more than that of

wild-type plants, whereas the total sulfur content in seeds remained unchanged. In mature seeds, sulfate

contributes a significant fraction of the total sulfur content, i.e., 7.7% in wild-type and 13.24% in sultr4;1 mutant

seeds, respectively. In respect to mutant sultr4;1 plant phenotypic response, no significant difference was observed

in terms of yield parameters, leaf area and/or onset of flowering but a slight reduction in seed weight was noted as

compared to wild-type plants. The sulfur ion fluxes into the developing seeds may not be affected in

the sultr4;1 mutant, which increases the sulfate contents in seed, but there is no relation for such a drastic

perturbation of vegetative growth of this mutant. In mature seeds of the sultr4;1 mutant, a significant increment of

sulfate pool was observed, which may be related to a reduced efflux of sulfate from the vacuoles during the

development of seeds. In continuation with this, in the reproductive growth phase of Arabidopsis,

the Sultr4;1 transporter was preferentially expressed in developing seeds during the time of transition between

embryogenesis and the seed filling phase and a relatively higher amount of transcript availability was observed in

comparison to Sultr4;2, which was expressed at equal levels throughout the development of seeds. Additionally,

the transporter SULTR4;1 also maintains the redox homeostatic balance at the time of seed development if any

kind of oxidative stress outbreak takes place due to any environmental abnormalities. The proteomic study

revealed this kind of dehydration tolerance capability with the due course of their development . In a nutshell,

it can be suggested that the sulfate transporters SULTR3 and SULTR4 play a vital role in sulfate translocation,

which is associated with seed development, by suppling sulfate and different S metabolites. In this context, it can

also be noted that SULTR3 and SULTR4 homologs control the allocation of sulfate in between the seed

compartments and help to modulate S metabolites and seed protein composition in Arabidopsis .

According to Zuber et al. , it was noted that different members of the SULTR3 family were more highly

expressed at different stages of seed development of Arabidopsis than the other organs, which have the ability to

control the translocation of sulfate within developing seeds. For instance, in developing embryos of chickpea (C.

arietinum L.), various homologous members of the SULTR3 sub-type transporters were involved in sulfate

transport and delivery as reported by Tabe et al. .

Another experiment depicted that, at bolting stage, previously stored sulfate in vacuole of the source leaves is

remobilized into the developing seeds of oilseed rape (B. napus L.) and an up-regulated gene expression is noted

of SULTR4;1 and SULTR4;2 transporters. These kinds of upregulated gene expression of two SULTR4-type

transporters were also observed during the vegetative growth phase in old and mature leaves  and in roots 

of oil seed rape (Brassica napus L.). In addition, Gironde et al.  revealed that at the reproductive stage, sulfate is

the main source of S remobilized from the stored vacuolar sulfate of leaves via tonoplastic SULTR4-type

transporters in S deficient condition. Moreover, Awazuhara et al.  revealed that sulfate transporter SULTR2.1 is

also involved in the transfer of S into developing seeds of Arabidopsis. In addition, when the amount of abscisic

acid (ABA) in freshly harvested seeds of sultr3;1 mutants was tested, 25–50% more ABA was found in comparison

to wild-type Arabidopsis plants; this finding established the fact that SULTR3;1 affects ABA biosynthesis not only

during the time of early vegetative growth but also in the seed filling stage .
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4. Sulfur Regulated Seed Germination

Germination is the most important and the beginning phase of any plant’s life cycle. Seed germination is divided

into three phases, during this course of time various metabolic activities take place including sulfate metabolism.

Very little information is available regarding seed germination influenced by S-containing SSP and various S-

regulated functional proteins and stored phytohormones present in seeds. Based on sulfate metabolism, seed

germination was assessed by creating multigene defective mutants under abscisic acid (ABA) and salt conditions.

In the same situation, a single mutation in SULTR3 transporters gene construct can alter seed germination

responses. A progressive reduction in germination percentage was also observed from single to SULTR3 quintuple

mutants, the latter showing the lowest rate of germination under both ABA and NaCl treatment . After 5 days of

sowing, the SULTR3 quintuple mutant showed only a 10% seed germination rate, whereas in the wild type, more

than 60% germination was recorded under 0.3 mM ABA. Furthermore, at 8 days after sowing (DAS), only 20% of

the SULTR3 quintuple mutant seeds were germinated, whereas in the wild type, more than 90% of the seeds were

germinated. A similar pattern was observed under salt stress . Consistent with alterations in Cys and ABA

content, seed germination inhibition upon treatment with exogenous ABA and salt was directly proportional to the

number of mutated SULTR3 genes, demonstrating the correlation of Cys and ABA content with the plant abiotic

stress response during germination stages (Figure 1). In SULTR3 quadruple and quintuple mutants, delayed

germination of seeds was noted under normal condition, in comparison to the wild type. In the case of triple

mutants, sultr3;1 sultr3;2 sultr3;3, but not sultr3;2 sultr3;3 sultr3;4 or sultr3;3 sultr3;4 sultr3;5, showed a delayed

germination at 3 DAS, which indicates that SULTR3;1 may play a more crucial role than other SULTR3 members

during the early stage of seed germination of Arabidopsis .

Studies depicted that H S is an essential component of sulfur and cysteine metabolism , is generated via

different enzymatic and nonenzymatic mechanisms and acts as a signaling molecule in plant cells . The

metabolic process of H S is dependent on the type of subcellular compartment and plant organ under optimal

environmental conditions, as well as in stressful situation . Seed physiological quality represented a higher rate

of seed germination and longevity, lower reserves deterioration and higher seedling vigor. A reduced physiological

quality of seeds decreases the germination percentage and vigor index of the seed , whereas the exposure of

seeds in H S under stress as well as normal conditions has generated positive effects on germination percentage

and time, seedling growth, fresh weight, root length and other metabolic changes . Moreover, Caverzan et al. 

narrate that future studies are essential to understand the interaction between metabolic pathways related to H S

and how this signaling molecule is involved in improvement of seed germination process.

Germination is a very crucial process; here, a seed starts its second generation by coping with its new ambient

conditions, which sometimes may create constrains for it. However, seed germination can be sped up via utilizing

the knowledge of a new exciting technology, named seed priming, which is easy to handle, farmer friendly and

helpful in sustaining nature, which led plant scientists to unveil a number of facts about the seeds via various

omics-related studies and finally a new term also coined as “primeomics” . However, Bose and Mishra 

observed that only 24 h of pre-sowing soaking (one kind of seed priming technique) of mustard (B. rapa; a sulfur

enriched crop) seeds with Mg(NO )  and MgSO  salts improved the percent germination; furthermore, their finding
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validated that the affectivity can be carried over from vegetative phase to yield; this experiment depicted that

NO  and/or SO  might be a responsible factor for the improvement of yield. This may give support to the

presence of low affinity sulfate transporters in seeds which may have worked effectively in the presence of

MgSO  solution, during the process of priming of mustard seeds .
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