


Sulphur-Cycling Microbiomes: Biogeochemical Transformations, Stress Resilience and Next-Generation Tools for Improving Oilseed Crop Yield and Quality

Abstract
Sulphur (S) is an essential secondary macronutrient that plays a wonderful role in measuring the oil content, yield, and quality of crops. It is integral part of protein synthesis, enzyme activation, oil biosynthesis, chlorophyll formation, and sulphur-containing production of secondary metabolites like glucosinolates. In nowadays, sulphur deficiency has emerged as a major nutritional restriction in oilseed-based agroecosystems due to exhaustive cropping, decreasing atmospheric sulphur emission, extensively use of sulphur-free fertilizers, and reducing organic inputs. Soil sulphur exists in multiple organic and inorganic forms that undergo continuous biogeochemical transformation processes broadly controlled by soil microbes. Sulphur-cycling based microbiomes mediate mineralization, immobilization, oxidation, and reduction, thereby regulating sulphur availability and plant acquisition. Beyond nutrition, sulphur plays a vital role in enhancing resilience to stresses through regulation mechanism of redox homeostasis, antioxidant and induce systemic defense systems. Recent advancement of in next-generation technology, especially next-generation sequencing (NGS), multi-omics, metagenomics, transcriptomics, and precision nutrient management strategies, have revolutionized the studying of sulphur-cycling microbial community assembly and their important functions in oilseed cropping. This review highlights current understanding on sulphur biogeochemistry, sulphur-cycling based microbiomes, stress resilience systems, and advancing next-generation technology, exposing their integrative potential for enhancing and improving oilseed crop yield, quality in sustainable agriculture, and eco-sustainability.
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Introduction
Oilseed crops including groundnut, soybean, rapeseed–mustard, sunflower, safflower, sesame, and linseed play an essential role in worlds food security, minerals and nutritional health, and industrial development as reported by Rathnakumar and Sujatha (2022). The yield and quality of oilseed crops are affected by optimized nutrient management, among which sulphur (S) have a unique rank (Zenda et al., 2021). Sulphur is the 4rth most essential secondary macronutrient after nitrogen, phosphorus, and potassium according to crop need, mainly for oilseed crops that exhibit a more sulphur demand as compares cereals crops (Mishra et al., 2023).
Sulphur (S) is a wonderful and unique plant mineral nutrient that plays a key role in increasing the production, yield, and quality of oil crops (Zende et al., 2021; Dawar et al., 2023). It has known as a fundamental element for plant growth promotion, particularly in oilseed crops, due to its contributions in primary metabolism and oil biosynthesis pathways (Patel et al., 2019; Chahal et al., 2020; Zende et al., 2021). Sulphur is a structural backbone of the sulphur-related amino acids cystine, cysteine, and methionine, which are indispensable for protein formation and enzymatic action (Dordevic et al., 2023). Its involvement in key metabolic functions such as chlorophyll and essential oils synthesis, cellular structures stabilization, and development of oil-storage tissues, mainly oil glands (Singh et al., 1999; Singh et al., 2000). In addition, sulphur participates to increased abiotic stress resistance (cold, drought), and overall cellular development in plants (Zenda et al., 2021; Shah et al., 2022).
The nutrient is also critically contributed in chloroplast synthesis, redox reactions, and protein folding through disulphide bonds that maintain protein stability and integrity (Fu et al., 2022). Sulphur affects root growth and plays a crucial role in the synthesis of enzymes, vitamins, and co-factors, thereby maintaining various physio- biochemical processes in plants (Yu et al., 2020). Furthermore, sulphur offers important element for the production of glucosides and glucosinolates, secondary metabolites predominantly found in oilseed crops that participate to plant defense system mechanisms and nutritional quality (Singh et al., 1999; Patel et al., 2019; Chahal et al., 2020; Karmakar et al., 2024).
India is endowed vegetable oil resources, with oil being extracted from nine major oilseed crops along with several crop species (Suryawanshi et al., 2025). Traditional oilseed crops like groundnut, rapeseed-mustard, sesame, niger, linseed, castor, and safflower have been grown for centuries, while soybean and sunflower represent with recent introductions (Rathnakumar and Sujatha, 2022; Srivastava and Srivastava, 2023; Khan et al., 2024). The national oilseed economy mainly based on seven edible and two non-edible oilseeds (castor and linseed) (Chauhan et al., 2021; Tiwari, 2022). Nowadays, India produces approximately 37.50 million tonnes of oilseeds from an area of 29 Mha, with an average 1280 kg ha⁻¹ productivity (Mathur et al., 2023).
Oils and fats derived from oilseed crops constitute an integral part of human nutrition diet and industrial applications (Abiodun, 2017; Bobo et al., 2021). They offer as important raw materials manufacture like soaps, varnishes, paints, lubricants, textiles, cosmetics, pharmaceuticals, biodiesel, and other industrial products (Ramchuran et al., 2023; Kesarwani et al., 2024). Oilcakes and meals, nutrients rich, are largely used as organic fertilizers and animal. Moreover, oils rich in polyunsaturated fatty acids are known for their therapeutic quality in decreasing the coronary heart diseases risk, thereby involving beneficially to human health and wellbeing (Nagaram, 2020; Achaw and Danso-Boateng, 2021).
Characteristics and Contribution of Sulphur
Sulphur is the thirteenth richest element in the Earth’s crust, involving approximately 0.10% of its total composition. In case of plants, sulphur concentration varying from 0.1 to 0.5% of its dry matter (Zenda et al., 2021; Shah et al., 2022). Among various crop families, sulphur content primarily increases in the order: Gramineae < Leguminosae < Cruciferae, influencing the higher sulphur demand of oilseed and cruciferous crops (Meena, 2022; Mishra et al., 2023). Another side in soils, sulphur content ranges generally follow the way: calcareous soils > peat soils > marshy soils > grey-brown podzolic soils > podzolic soils. Sulphate form of sulphur (SO₄²⁻) is abundant in arid and semi-arid areas due to limited leaching effects (Khalane, 2011).
Sulphur derives its name from the Latin term sulphonium and naturally presences in the solid phase. It has a relative atomic weight of 32.06 (Szydło, 2023). Elemental sulphur has a approximately melting point (MP) of 115°C and a boiling point (BP) of 444 °C, affecting its physicochemical rigidity under environmental situations (Yermukhambetova, 2017).
Sulphur deficiency has become increasingly mostly in oilseed-growing areas over worldwide. This type of trend is attributed to intensive cropping systems, lower use of organic manures, enhanced reliance on sulphur-free fertilizers, and environmental regulations that have reduced atmospheric sulphur emissions (Mishra et al., 2023). Parallel, understanding the function of sulphur and its integrations with soil microbiomes is important for increasing oilseed productivity, quality, and stress resilience under changing environmental conditions.
Sources of Sulphur Nutrition
Sulphur founds naturally in the atmosphere, lithosphere, and biosphere. In case of igneous and sedimentary rocks, sulphur is generally present in sulphide and sulphate forms (Bharathi, 2010). Major sulphur-containing minerals occurs in rocks and soils like gypsum, mirabilite, epsomite, pyrite, cobaltite, chalcopyrite, and galena. The atmosphere also offers as a significant sulphur reservoir both wet and dry deposition (Baijuan et al., 2025).
Currently, in the Suran et al. (2023), the sulphur inputs through the atmosphere are in the varies of 4–5 kg per hectare yearly. The mineral particles participate approximately 5–10% of the total sulphur in soil, with mineral sulphate (SO₄²⁻) anions form playing a crucial role in plant nutrition. These mineral sulphates found in three different forms, of which the water-soluble form is the most easily available to plants and about 1% of the total sulphur composition. According to PDA reports, organic materials contents are essential sources of sulphur; cattle/pig manure consist approximately 35%, cattle FYM 15%, pig 25 FYM 15%, biosolids 20%, livestock manures 5 about-10%, and poultry manure of 60 % SO₃ and current reports according to Teagasc Technical Bulletin (2022) of organic fertilizers in table 1 represents the sulphur values in totals and available as per tonne/1,000gals. In addition, several sulphur mineral fertilizers available and supply in the form of sulphates, sulphides, elemental sulphur, or liquid formulations.
Table 1. Sulphur levels organic fertilizers
	Manure Type 
	Dry Matter % 
	Total S (kg/m³ or ton) 
	1,000gals or Tonne)

	Cattle Slurry 
	6.3 
	0.3 
	 0.6 unit

	Farm yard manure
	20 
	0.9 
	 0.35 unit

	Pig Slurry 
	3.2 
	0.4 
	0.7 unit

	Broiler Manure 
	60
	3.2 
	1.3 units

	Mushroom Compost 
	35
	6.6 
	2.6units

	Layer Manure
	55 
	2.5 
	1 unit

	* S availability= Assumes 20%



Sulphur as an Essential Source as Plant Nutrient
Sulphur (S) is one of the most important essential elements in seventeen elements necessary for normal plant growth and development, fourth most important secondary macronutrient after nitrogen (N), phosphorus (P), and potassium (K) in terms of the quantity required by crops in cereals especially in maize (Zenda et al., 2021; Shah et al., 2022; Dawar et al., 2023). Plants require sulphur mainly in two forms one is anion sulphate sulphur (SO₄²⁻) and another neutral elemental sulphur (S⁰). Sulphate sulphur is available for immediate plant uptake, whereas elemental sulphur must undergo biological oxidation reaction in the soil before becoming available, thereby offering as a delayed source of sulphur (Vishnu et al., 2026). Other side plant roots uptake mostly sulphur sulphate (SO₄²⁻) anion form and trace gas form sulphur dioxide (SO₂) absorbed through plant leaf surfaces, its actively participation to overall sulphur nutrition is less (Rahman and Husen, 2022). Parallelly, all soil sulphur must ultimately be transformed into the sulphate form to be absorbed efficiently by plants.
Elemental sulphur is the most concentrated and neutral form of sulphur fertilizer with advantages viz., lower transportation costs and minimal dilution of accompanying nutrients than sulphate-based fertilizers (Seaman, 2017). However, the elemental sulphur oxidized into plant-available sulphate is a crucial step that maintains sulphur availability throughout the cropping time (Degryse et al., 2016; Zenda et al., 2021). This oxidation process is affected by many types of factors for examples soil characteristics, environmental influences, and fertilizers (Li et al., 2023; Jia et al., 2022).
Factors Affecting Oxidation of Elemental Sulphur
The elemental sulphur is oxidized by mainly microbial-mediated actions that requires optimum moisture and oxygen availability in soil. During this process, elemental sulphur is transformed into sulphate form, which may be uptake by plant roots, fixed by soil microbes, leaching losses, mainly in coarse-type soils and high rainfall areas. A broad range of soil microbes such as bacteria and fungi, are able to oxidation of elemental sulphur, denoting that the process does not influence by a single group of sulphur-oxidizing microorganisms (Malik et al., 2021; Jiang et al., 2024; Xia et al., 2025).
Overall, sulphur oxidation is a biological, environmental and soil factors must favor microbial activity to ensure a precise range of conversion. Soil factors like temperature, aeration, moisture status, particle size, soil pH, and organic matter play a dynamic role in maintaining the effectivity of sulphur oxidation conversion and its subsequent availability to crops throughout the growing duration (Zhao et al., 2017).
Environmental and Soil Factors Affecting Elemental Sulphur Oxidation
The oxidation of elemental sulphur (S⁰) in soil is mainly affected by environmental and soil conditions. Oxidation proceeds more fastly in warm and moist soils with high organic matter content, conditions favor microbial activity responsible for sulphur conversion. Soil temperature and pH are the main factors maintaining the rate of elemental sulphur oxidation. Generally, oxidation process processed on more rapidly in alkaline soils as compare acidic soils, due to increased microbial action with favourable chemical conditions. Ambient soil moisture and aeration are essential, as sulphur oxidation by aerobic microbes; water stress or oxygen deficiency can significantly decrease oxidation rates (Ismail, 2025; Vishnu et al., 2026).
Fertilizer Amounts Affecting Elemental Sulphur Oxidation
In addition to environmental and soil conditions, the properties of sulphur- fertilizers play a key role in measuring the rate of oxidizing elemental sulphur. Among these properties, particle size and sulphur concentration within the fertilizer granule are essential.
Elemental sulphur is a surface-dependent oxidation process, and the rate increases accordingly as particle size decreases due to the correspondingly increases in surface area of soil created by microorganisms (Lewis et al., 2019; Teng et al., 2019). When elemental sulphur is dispersed soil, oxidation process occurs higher in smaller particles as compared to larger particles. Conversely, in co-granulated fertilizers form where elemental sulphur is coated with macronutrients- nitrogen, phosphorus, and potassium, led to oxidation rates are slow (Degryse et al., 2021). This reduction is not causing chemical inhibition by macronutrients, but reduced surface area of sulphur particles interacts with soil.
Elemental sulphur concentration rate within fertilizer granules further affects oxidation rate of reaction. Higher rate of sulphur concentrations reduced soil interaction per unit of sulphur, thereby delaying the oxidation process (Fontaine et al., 2021). Consequently, according to study of conducted by Dawar et al. (2023) concluded that fertilizer formulations form, decrease sulphur concentration with finer particle size led to increase more precise and accurately timely supply of sulphur availability. Similarly, Sharma (2025) also supported that through predictive tools integrating with environmental, soil, and fertilizer-based parameters have been developed to predict sulphur oxidation concentration under changing various agro-climatic conditions, demonstrating substantial variability based on fertilizer formulation and soil environment factors.
Seasonal Availability of Sulphur from Combined Forms
Fertilizers containing both form sulphate sulphur (SO₄²⁻) and elemental sulphur (S⁰) provide an agronomically best effective practice for recurring crop sulphur demand via the cultivating season. Sulphate sulphur is rapidly available to plants and favoured in early-season growth stage, while elemental sulphur processed gradual microbial oxidation and supplying sulphate during later growth stages. This dual-source approaches improves sulphur-use efficiency by uniformly nutrient availability according to crop need (Verma, 2020).
Smaller and synchronise supplied of elemental sulphur provide more accurate microbial oxidation in cropping season. In opposite, fertilizers based larger elemental sulphur particles size may require many seasons for complete oxidation process, limiting their short-time duration. Therefore, formulation accord with particle size distribution technology are determinants of sulphur mineralization dynamics process (Degryse et al., 2021; Zenda et al., 2023).
Sulphur Cycling Microbes
The conversion and sulphur availability in soils are controlled by many biochemical processes that maintain its cycling organic as well as inorganic pools prospectus (Saha et al., 2018).
Mineralization
According to Yasin (2024), soil organic matter content denotes the principal source of sulphur in soils mostly agricultural soils. Mineralization process defined as the microbial conversion of organic sulphur complex compounds into inorganic sulphate (SO₄²⁻), the form easily absorbed by the plants. Organic matter residues with low amount sulphur content less than 0.15% generally produce smaller quantities of sulphate mineralization process. The sulphur mineralization rate is affected by soil factors like moisture, aeration, temperature, and pH, all of which under controlled microbial activity.
Immobilization
Mitchell (2024) strongly suggested that limited sulphur availability conditions with carbon-rich organic substrates, soil microorganisms most effectively fix mineralized sulphur for their own growth and development. This process, well known as immobilization, temporarily decreases sulphur availability meet to crops and subsequently result in show sulphur deficiency symptoms. Immobilization is a reversible convergent phase, where sulphur returning available again through microbial actions.
Oxidation–Reduction Reactions
Zhou et al. (2025) reviewed that sulphur occurs in many oxidation states in soil and undergoes continuous oxidation–reduction or redox transformations. These reactions are occurring biochemical and govern by specialized microbial community assembly. In case of anaerobic conditions like waterlogged soils, marshlands, and lowland rice fields sulphate offers as an electron acceptor for sulphate-reducing bacteria, belonging to the Desulfovibrio and Desulfotomaculum and aerobic conditions, sulphur compounds are oxidized by autotrophic bacteria belonging to the Thiobacillus genus synthesizing sulphate ions.  In anaerobic process, sulphate is reduced to sulphite and sulphide, with sulphate being the final ion to undergo reduction process. Intermediate compounds viz., thiosulphates and polythionates are generally synthesized during these redox transformations.
Factors Affecting the Availability of Sulphur in Soils
The amount of sulphur in soils is controlled by a complex interaction of biochemical, and nutritional factors that affects the conversion of native as well as applied sulphur as presented in fig.1. Among these, nutrient interactions play a key function in controlling sulphur absorption by plants as supported by multiple studied of conducted by Saha et al. (2018); Rai et al. (2020); Shah et al. (2022); Zenda et al. (2023); Yasin (2024).
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Fig. 2: Depicting sulphur availability in soil
Nutrient Interactions
Various studies of reviewed by Liu et al. (2020); Verma et al. (2020); Shah et al. (2022); Wang et al. (2023) suggested that the interaction between nitrogen and sulphur is known as synergistic results. Application of nitrogen increases sulphur concentration when absorbed by crops, and conversely, optimum supply of sulphur enhances nitrogen-use efficacy. Another a synergist interaction exists between sulphur and phosphorus (P) where phosphorus enhances root growth and their proliferation, led to enhancing the uptake of both ways native as well as applied sulphur from the soil. these multiple studies have represented that the percentage utilization of applied sulphur enhances beneficially effect with phosphorus uses, whereas only application of sulphur often exerts a comparatively little effect.
According to Chorianopoulou and Bouranis (2022), micronutrients also affect sulphur availability for examples when application of zinc @10 kg ha⁻¹ has been noted to increase sulphur absorption by crops, raise sulphur concentration in the soils, ensuring significant Zn–S interaction. In case of other nutrient interactions like sulphur × molybdenum, sulphur × boron, and sulphur × selenium, can also affect the availability, sulphur uptake, although their effects vary accord with types of soil and crop species.
Biogeochemical Transformations in Soil
Sulphur founds in the soils in both organic as well as inorganic forms, which together controlled its availability, viability, mobility, and transformation within the soil–plant -microbial system as reviewed by Shah et al. (2022); Lal and Bhatla (2023). 
Organic Forms of Sulphur
Organic sulphur composed a major part of total soil sulphur and provide as an essential source that becomes easily available to crops through mineralization process as described by Saha et al. (2018); Rai et al. (2020); Shah et al. (2022). 
Carbon-Bonded Sulphur
According to Tabatabai (1982), in this fraction, sulphur is directly bonded to carbon and analyzed by reduction to sulphide (Raney nickel). Carbon-bonded sulphur such as sulphur- consisting amino acids- cysteine, methionine and accounts for almost 20% organic sulphur. Consequently, compounds in this fraction viz., sulphonic acids, sulphides, and various heterocyclic sulphur compounds.
Hydroiodic Acid-Reducible Sulphur
According to Ghani (1989), this form is extracted with the help of hydroiodic acid and includes of sulphur without directly bonded to carbon. It is mainly present as sulphate esters and ethers bonds with carbon-oxygen-sulphur (C–O–S) linkages. Nearly 50% of total organic sulphur in the soils exhibits in this form, making it a significant distributer to sulphur mineralization.
Unidentified and Residual Sulphur
Kalenga (2011) concluded that organic sulphur that without extractable by either hydroiodic acid or Raney nickel reduction. It is divided as residual and unidentified sulphur. This form of constitutes nearly 30–40% of total organic sulphur and being the most stable and favoured form, it has limited immediate beneficial in crop nutrition but participates to the long-duration reserve of sulphur in the soils as also supported by Bunjaku (2013).
Inorganic Forms of Sulphur	
The inorganic forms of sulphur pool comprise multiple fractions that unique for determining in their solubility and availability of crops.
Readily Soluble form of Sulphates 
Sulphur is mainly absorbed by crops in sulphate anions (SO₄²⁻) form. in concentration of 3–5 mg kg⁻¹ in the soil is commonly consisted for most of the crops. In sulphur-poor soils or soils with less sulphur-supplying efficacy, readily soluble sulphate range 5 and 10 mg kg⁻¹. in case of course-type of soils like sandy-to-sandy loam soils, are frequently sulphur poor cause leaching losses and contain less than 5 mg kg⁻¹ sulphur amount as analysed by Rai et al. (2020).
Insoluble Sulphates and Co-precipitated sulphates
Sulphate co-precipitated with calcium carbonate compounds and other soluble forms are dominantly occur in the calcareous soils, mainly where calcium carbonate compounds found as coarse-textured soil particles as described by study of conducted by Hu et al. (2005); Zarga et al. (2013) and Degryse et al. (2021) suggested that less soluble form is considered as moderately available to crops under suitable soil conditions.
Adsorbed Sulphate
Adsorbed sulphate compounds an essential sulphur form in the soils rich in iron and aluminium hydroxides, accord with soil Oxisols, Ultisols, and Alfisols as revied by Sharma et al. (2025). This form plays a key role in meeting the sulphur needs of plants grown on highly diversified weathered soils. The adsorbed sulphate concentration increases with soil depth between 15 to 75 cm. In case subsoils, adsorbed sulphate may account for 33% of total sulphur and surface soils represents under 10% of the total sulphur content.
Reduced Inorganic forms of Sulphur Compounds
Reduced inorganic forms of sulphur predominantly in oxygen deficient or waterlogged or anaerobic soil conditions, where reduction of sulphate (Saha et al., 2018).
Sulphide form of sulphur- sulphide transform is most common under flooded or waterlogged or anaerobic conditions and enhanced high amount of organic matter content in the soils. However, less or negligible sulphide accumulation founds at redox potentials above 150 mV and within a pH range of 6.5 - 8.5.
Elemental form of sulphur represents an intermediate compound synthesized during the sulphide oxidation and also accumulate under alternate flooding and drying cycles, where in soils experiencing sulphur oxidation remains incomplete.
Role of Sulphur in Mitigating Abiotic Stress
According to studies of described by Zenda et al. (2021) and Ullah et al. (2025) concluded that abiotic stress represents one of the most crucial challenges facing modern agriculture, causing yield losses and reducing global food security. Day by day continuously rapidly growth of population with climate change, and anthropogenic activities have increased the frequency, intensity and abiotic stresses severity in globe. Tabinda et al. (2025) suggested that the global population growth increase nearly 900 million by 2050, crop production must enhance by an estimated of 70–100% increase, to meet future need. Recently, urbanization continues to forcing crop cultivation into marginal fertile agricultural areas, that are less suitable for optimize production and productivity.
Increasing atmospheric carbon dioxide concentrations, mainly caused by deforestation, fossil fuel combustion and anthropogenic activities have raised 1.07 °C temperature with 40% amount. Multiple study of conducted by Bierwirth (2018); Anwar et al. (2020); Adak et al. (2023) concluded that pre-industrial levels of carbon dioxide concentration increase 280 ppm to nearly 410 ppm and are expected to reach up to 800 ppm by the end of the 21st century. Climate change has also caused extreme weather cycles, abrupt temperature fluctuations, rainfall season and patterns, flooding and prolonged droughts. nowadays, cultivable land is affected by various stresses like drought, aridity stress, salinity constraint, as most crops exhibit sensitivity to electrical conductivity levels as decreases, leading to productivity reductions range effecting on salinity severity global as supported by Ahmed et al. (2022); Cotrina Cabello et al. (2023).
Additionally, human activities like urbanization, industrialization, intensive mining, and the excessive use of chemical fertilizers, fungicides pesticides and other inputs have participated to largely heavy metal ion toxicity in agricultural soils as described by Jayakumar et al. (2021); Alengebawy et al. (2021); Rashid et al. (2023). Raised concentrations of heavy metals e. g., chromium (Cr), arsenic (As), cadmium (Cd), copper (Cu), mercury (Hg) and lead (Pb) adversely effect on plant physio-biochemical functions viz., seed germination, photosynthesis, photoperiodism, respiration, and transpiration (Franić and Galić (2019); Madhu and Sadagopan (2020) evaporation, growth movement, plant water relationships, vernalization etc. 
Overall, stresses abiotic as well as biotic severely influenced by crop growth, productivity, and quality, underscoring the urgent need for adaptive and resilient agricultural management strategies as reviewed by Sharma et al. (2025) and kumari et al. (2025).
In conclusion, Sulphur plays a key role in increasing plant tolerance to abiotic stresses through its contribution in fundamental metabolic actions and defense-system related processes. 
Sulphur Deficiency and Toxicity in Plants
Sulphur Deficiency Symptoms
Sulphur is an important integral part of proteins, and its deficiency directly impact on protein biosynthesis pathways in plants. In case of sulphur-deficient conditions, non-sulphur-bearing amino acids like asparagine, glutamine, and arginine reserve in plant parts. Sulphur deficiency also results to decreased sugar content caused lower efficiency of photosynthesis process (Snowdon, 2000).
Other side in field conditions, sulphur deficiency symptoms seen those of nitrogen deficiency, marking challenging diagnosis. In sulphur-deficient plants, sulphate-sulphur concentration is reported low, while amide nitrogen and nitrate-nitrogen led to reserve (Chen et al., 2024). In other hand, nitrogen-deficient plants exhibit low nitrogen amount with correspondingly normal sulphur levels. According to Eaton (1935), visual symptoms of sulphur deficiency such as range green to yellow leaves, reduced growth, slender stems, and reduced maturity in cereals. In leguminous crops, sulphur deficiency decreases number of nodules, nitrifying enzymatic activity, and in case of reddish, pigmentation seen along leaf margins.
Sulphur deficiency declines chlorophyll biosynthesis, prevent protein, fat and carbohydrate metabolism processes, modifies protein content, slow down of mineral nutrient absorption, and reduces nitrogenase enzymatic actions in root nodules (Eaton, 1935; Chen et al., 2024). These several physiological disruptions led to result in deteriorate yield and quality. For examples, in cereals like wheat, declined sulphur bearing amino acid cysteine lowers flour baking quality due to disulphide bond synthesis during dough development is important for gluten strength (Islam et al., 2019). In Brassicaceae family crops, sulphur supply influences glucosinolate production and their volatile metabolites compounds (Ali et al., 2025). While moderate level increases in glucosinolate content may increase flavour and consumer demand, excessive reserve can decrease the quality of oilseed meals cakes for animal feed. In modern approaches low-glucosinolate varieties modified through breeding approaches are more sensitive to sulphur deficiency than traditional cultivars, due to the role of glucosinolates content as transient sulphur storage substances (Fenwick et al., 2023; Sabbahi et al., 2023).
Sulphur Toxicity in Plants
Nasar-u-Minallah et al. (2024) extremely analyzed that extreme concentration of sulphur in the sulphur dioxide form, can be toxic to crops. Similarly, Jha and Yadav (2023) concluded that atmospheric the sulphur dioxide concentrations above the critical level of nearly 120 µg m⁻³ may create plant toxic effects. Sulphur dioxide is transformed into other compounds from the atmosphere through wet deposition (precipitation) and dry deposition methods in which direct contact of gas molecules with vegetation and soil. The sulphur concentration removed via precipitation varies largely fluctuating with rainfall volume, industrial areas proximity, distance from coastal zones, and wind patterns.
According to Upadhyay (2020), in industrial areas, sulphur dioxide concentrations increased above critical levels several-fold. Sulphur dioxide gas enters through plant leaves stomata and suspense in the moist mesophyll cells, converting sulphurous acid, which break down into hydrogen ion H⁺, HSO₃⁻, and SO₃²⁻ ions (Lin ZhiFang et al., 2011). Through free radical reactions cycles, these ions converted into sulphate compounds and fixed by plants. However, at extreme levels, increase level of sulphur dioxide and sulphur anions led to disrupts photophosphorylation process and destabilizes chloroplast membranes integrity, resulting to disrupted photosynthesis (Ahmad et al., 2010; Mulenga et al., 2020).
Sulphur toxicity is display as necrotic tissues on the leaves. Moreover, the combined presence of sulphur oxides (SOₓ) and nitrogen oxides (NOₓ) in the atmosphere, led to acid rainfall, which further deteriorates soil fertility, quality and extensive damage to crops resulting losses of agricultural productivity (Saini et al., 2019).
Critical Levels of Sulphur in Soils and Plants
Zenda et al. (2021) and Nikitha et al. (2025) analyzed that chemical study of plant parts is regarded as a fast and reliable practices for diagnosing both the signs visible as well as hidden sulphur deficiencies. The critical concentration of sulphur in crops cultivated on vast range of Indian soils varies broadly depending on crop varieties, cultivar, growth stages, and plant tissues. Commonly, sulphur uptake by plants is equally distributed between grain and straw.
In case of cruciferous oilseeds crops include mustard, raya, and gobi sarson have the highest concentration of sulphur in seeds as compared to leguminous crops, and cereal seeds consist comparatively lower concentration. In general, based on multiple studies in India, sulphur concentrations vary in the youngest leaves of mustard, gram, black gram, and pea, have been reported as critical threshold levels below as supported by Meena (2022).
Sulphur deficiency signs during the early stages of crops. Consequently, soil testing may provide advantages over plant parts analysis and diagnosis their visual symptoms, for early prediction and precise nutrient management practices (Mithare, 2019; Zenda et al., 2021). The critical level sulphur in the soil differs with types of soil and the extractant applied for analysis (Uchôa et al., 2021). 
Role of Sulphur in Crop Productivity and Sustain Soil Management
Sulphur plays a fundamental role in crop growth and productivity through its involvement in essential physiological and biochemical processes. It is a key component of sulphur-bearing amino acids, enzymes, proteins, vitamins, and chlorophyll synthesis. Sulphur is essential in leguminous crops, where it enhances nodule synthesis and increases biological nitrogen fixation (Zende et al., 2021; Shah et al., 2022; Dawar et al., 2023).
Protein synthesis, especially in case of oilseed crops, needs substantial sulphur concentration, as it is participated in the oil’s synthesis and reserves proteins within seeds. As a constituent of essential amino acids and vitamins in both plants and animals, sulphur significantly influences the nutritional quality of food and feed products. Additionally, sulphur participates to photosynthesis process, enhances winter crop hardiness, and stress resilience (Singh et al., 1999; Chahal et al., 2020; Verma et al., 2020; Zenda et al., 2021; Patel et al., 2023; Karmakar et al., 2024). An optimum supply of sulphur is crucial not only for crops with inherently high sulphur needs members of the leguminous and Cruciferae family but also for crops with higher demand of nitrogen. Sulphur deficient, crops are not able to efficiently utilize application of nitrogen, resulting in suppressed growth, yield, quality and nutrient-uptake efficiency (Singh et al., 1999; Zenda et al., 2021; Dawar et al., 2023) shown in Fig.3.
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Fig. 3: Functions of Sulphur in various ways
Fertilizer Management and Microbial Regulation of Sulphur Availability
Souri and Sayadi (2021) and Zhang et al. (2025) reviewed that sulphur is applied to soils through diverse fertilizer sources, among which bentonite sulphur is broadly used cause its high concentration of sulphur and rapidly release attributes. When bentonite sulphur application in to soil, swells and disperses, increasing microbial elemental sulphur oxidation into crop-available form of sulphate, thereby conferring sustained sulphur availability throughout the cropping season pattern (Rai et al., 2020).
Various studied conducted by Pedersen et al. (1998); Messick et al. (2005) and Verma (2020) concluded that sulphur fertilizers are used in the range of form sulphate, elemental, or both forms. Sulphate fertilizers facilitate fast availability, while elemental sulphur needs microbial oxidation. Integrated nutrient management approaches combining sulphur fertilizers with organic matter content increases microbial functions, enhances sulphur forms in the soil, and maintains long-duration soil fertility, yields and quality (Saha et al., 2018; Zenda et al., 2021; shah et al., 2022; Gerson and Hinckley, 2023). 
Next-Generation Technology for Analysing Sulphur-Cycling Microbiomes
Recently advancement of next-generation technology and multi-omics tools have analyzed sulphur research by enabling (Jones et al., 2017; Dindhoria et al., 2024; Mandal et al., 2025).
According to multiple studied of reviewed by Arunrat et al. (2025) and Qi et al. (2025) suggested that high-resolution profiling of sulphur-cycling microbial community assembly. Identification of functional genes or traits contributed in sulphur redox reaction. highlighting microbial community’s responses to sulphur fertilization and stresses. Development of precision sulphur management approaches. Additionally, multi-omics like metagenomics, meta-transcriptomics, and bioinformatics techniques offer wonderful insights into soil microbial micro environment, ecology, minerals and nutrient cycling in oilseed cropping patterns.
Karmakar et al. (2024); Kumari et al. (2024); Maffia et al. (2024); Prabhu et al. (2024); bin Radzali et al. (2025) extremely reviewed that harnessing sulphur-cycling microbiomes via balanced fertilization application, microbial bioinoculants, and next-generation technology-based precision agriculture serves a sustainable mechanism for enhancing oilseed yield, quality, and environmental stresses durability. Combination of microbial and molecular techniques can optimize sulphur use ability while declining environmental footprints.
Conclusion and Future Perspectives
Sulphur plays a multifaceted vital role in oilseed crop production nutrition, quality improvement, and stress tolerance. Soil microbes are integral part of sulphur biogeochemical cycling process and measure sulphur availability in agroecosystems sustainability. The combination of sulphur-cycling microbiomes community assembly with next-generation technology for examples next generation sequencing serves as novel opportunities for precision nutrient management and sustainable oilseed crop production. Future research mainly focuses on connecting functional microbial diversity with improve crop performance under climate resilience conditions, change scenarios and forming microbial-associated sulphur management approaches.
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