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ABSTRACT 

	A field experiment was conducted at Bhola Paswan Shastri Agricultural College Farm in Purnea, Bihar during the rabi season of 2021-22 to investigate the effects of different levels of sulfur (0, 20, 40, and 60 kg/ha) and zinc (0, 5, and 10 kg/ha) on the productivity and nutrient uptake of linseed (Linum usitatissimum L.) during the 2021-22 rabi season. The soil was characterized as sandy loam with neutral pH, low organic carbon and available nitrogen, medium available phosphorus and potassium, and deficiencies in available sulfur and zinc. The treatments were arranged in a factorial randomized block design with three replicates. The application of sulfur up to 60 kg/ha significantly increased seed and stover yields, with the highest yield observed at 60 kg S/ha. Zinc application at 10 kg/ha resulted in the highest seed and stover yields, with a significant difference in seed yield compared to the control. The oil content was the highest in the 60 kg S/ha and 10 kg Zn/ha treatments. Sulfur and zinc uptake by plants 90 days after sowing and harvest was significantly influenced by sulfur and zinc application rates, with the highest uptake observed at 60 kg S/ha and 10 kg Zn/ha, respectively. Soil properties such as pH, available nitrogen, and available sulfur and zinc were affected by the treatments, whereas electrical conductivity, organic carbon, available phosphorus, and potassium remained unaffected. The study concluded that the application of sulfur up to 40 kg/ha with zinc at 5 kg/ha can improve linseed productivity and oil content, while the highest nutrient uptake was observed at 60 kg S/ha and 10 kg Zn/ha.



Keywords: Linseed, Sulfur, Zinc, Yield, Nutrient uptake, Soil properties and Oil content 


1. INTRODUCTION
 
Linseed, or Linum usitatissimum  L., is a rabi oilseed and fiber crop belonging to the Linaceae family. It is grown for its seeds and fibers, which are essential for linen production (Iab et al., 2024).The seeds contain high oil content, varying from 33% to 47% among the different varieties. This oil is not only suitable for consumption but is also used in the manufacture of paints, varnishes, printing ink, oil cloth, soap, and waterproof materials. Flaxseed contains 33-45% edible oil and 24% crude protein, making it a valuable herbal source of Omega-3 and Omega-6 fatty acids, which are highly beneficial for health. However, linseed productivity in Bihar is relatively low at 540 kg/ha compared to the potential demonstrated in frontline trials. There is significant potential to boost linseed productivity under irrigated conditions through effective input management and balanced fertilizer application. Recently, sulfur deficiency has become more pronounced, mainly because of the extensive use of high-yield crop varieties in multiple cropping systems and the continuous application of fertilizers, insecticides, and fungicides that lack sulfur, leading to sulfur depletion in soils. Sulfur deficiency significantly impairs plant growth, particularly leaf development (Henriet et al., 2019; Ranadev et al., 2023; Shukla et al., 2021a). Sulfur is crucial for synthesizing sulfur-containing amino acids, such as cystine, cysteine, and methionine. Soils with high sand content typically have low levels of native organic matter and remain dry for most of the year, reducing the microbial activity needed to release sulfur from organic matter and making them more prone to deficiency than soils with medium or heavy textures (Zhou et al., 2024). Sulfur exists in various oxidation states and undergoes significant transformations through chemical and microbiological processes in the soil, making it available to plants (Potarzycki & Wendel, 2023). The behavior of sulfur in soil is closely linked to the soil's physical and chemical properties, as well as the types of crops grown on it. 
Shukla et al. (2021b) report that approximately 51.2% of Indian soil is deficient in available zinc, with more than half of Bihar's soil lacking this essential nutrient. Zinc is vital for crop growth and quality and acts as a key catalytic component of numerous enzymes, including alkaline phosphatase, carbonic anhydrase, Cu-Zn superoxide dismutase, and alcohol dehydrogenase. Furthermore, zinc is crucial for nitrogen metabolism and the synthesis of various biomolecules, such as proteins, lipids, and auxins, and it plays a significant role in the metabolism of plant nucleic acids (Kishorekumar et al., 2019; Tariq et al., 2023). Zinc deficiency in plants initially manifests in the lower leaves, causing interveinal chlorosis, stunted growth, and eventually leaf necrosis. In this area of study, our research gaps, including a lack of comprehensive investigations into how different dose of applying sulfur and zinc, such as foliar spraying or soil application, affect linseed nutrient uptake efficiency. Additionally, there is a lack of studies examining the economic viability of various sulfur and Zn application rates across different agroclimatic zones. Furthermore, research on the potential environmental consequences of prolonged sulfur and zinc use in linseed cultivation is scarce. Consequently, the application of sulfur and zinc is crucial for maximizing the linseed yield. In response, a study titled “Studies on different levels of Sulfur and Zinc on productivity of Linseed (Linum usitattissimum L.)  in Purnea, Bihar” was launched. This study aimed to explore the impact of varying sulfur and zinc levels on linseed productivity and oil content and assess the crop response and nutrient uptake of linseed grown under different sulfur and zinc conditions.

2. material and methods 

A field experiment was conducted at the Bhola Paswan Shastri Agricultural College Farm in Purnea, Bihar during the rabi season of 2021-22. This site is located at 250 13' 80" N latitude, 860 59' 06" E longitude, and an elevation of 42.0 meters above sea level in Bihar's Kosi region. The soil in this experimental field is characterized by sandy loam texture, neutral pH, low organic carbon (0.35%), and available nitrogen (189 kg/ha), with medium levels of available phosphorus (43.60 kg/ha) and potassium (148.60 kg/ha), as well as available sulfur (10.80 mg/kg) and zinc (0.41 mg/kg). The experiment included treatments with four sulfur levels (0, 15, 30, and 45 kg ha-1) and three zinc levels (0, 5, and 10 kg ha-1), arranged in a Factorial Randomized Block Design with three replications. Uniform application of nitrogen, phosphorus, and potash was carried out at 80 kg N + 30 kg P2O5 + 20 kg K2O/ha across all treatment plots using UREA, DAP, and MOP fertilizers, respectively. Half of the nitrogen, along with the full doses of P2O5 and K2O, was incorporated into the soil before sowing, whereas the remaining nitrogen was applied at the flowering stage. Sulfur was applied according to the treatment using bentonite sulfur granular fertilizer (90% S), and zinc was administered as zinc sulphate monohydrate (33% Zn) per the treatment. The linseed variety "Sabour Tisi-1" was sown at 25 kg seed ha-1. The seeds were planted on November 13, 2021, in furrows 3 cm deep and spaced 30 cm apart using a hoe for manual drilling. Plant samples were collected from a one-meter row length in the second line of each plot at harvest. These samples were dried in a hot air oven at 60 ±5 °C for two days for further analysis. Plant samples were digested in a 5:1 diacid mixture (H2SO4: HClO4). After digestion, the extract was turbidimetrically analyzed for sulfur and zinc (Chesnin and Yein, 1951). The oil content of the seed samples was determined using Soxhlet extraction with petroleum ether as the solvent. The following equation was used to calculate the oil content (Niu et al., 2014): Soil samples were taken from a depth of 0-15 cm before and after the crop harvest to analyze soil properties such as texture, pH, EC, organic carbon, major nutrients (available N, P, K, and S), and DTPA-Zn. Various forms of native soil sulfur were examined before and after crop harvest. Soil organic carbon was estimated in the processed soil sample using the Walkley and Black method (1934), phosphorus was estimated using the Olsen method (Olsen et al., 1954), and potassium was measured using a flame photometer (Hanway and Heidel, 1952). DTPA-zinc was estimated by Lindsay and Norvell (1978) using an Atomic Absorption Spectrophotometer. 

3. results and discussion

Effect on yield and oil content
The application of sulfur at levels up to 60 kg/ha led to a notable increase in both seed and stover yields compared to the control, although the seed yield alone was similar at 40 kg S/ha (Table1). Specifically, seed yields increased by 17.9%, 13.6%, and 9.7% with the application of 60, 40, and 20 kg S/ha, respectively, compared with the control. This enhancement in seed yield is likely due to the vital role of sulfur in various physiological functions, including the formation of co-enzyme A, biotin, thymine, vitamin B1, and glutathione, which are essential for growth and yield. Additionally, sulfur nutrition supports cell division, elongation, and expansion and boosts chlorophyll production, resulting in deep green leaves and improved dry matter distribution compared to plants lacking sulfur. These results are consistent with findings of Mehriya and Khangarot’s (2000). Optimal vegetative growth and yield in mustard crops were achieved with the application of 60 kg S/ha (Sipai et al., 2015). 
Table 1: Effect on yield (q/ha) and oil content (%) in linseed
	Treatment
	Yield (q/ha)
	Oil content
(%)

	
	Grain
	Stover
	

	Control
	8.53
	30.47
	31.61

	Sulfur 20kg/ha
	9.36
	34.95
	34.11

	Sulfur 40kg/ha
	9.69
	35.26
	36.84

	Sulfur 60kg/ha
	10.05
	35.72
	36.98

	SEm±
	0.14
	0.52
	0.39

	CD ( P=0.05)
	0.42
	1.54
	1.14

	Control
	8.81
	31.63
	33.83

	Zinc 5kg/ha
	9.53
	34.62
	35.12

	Zinc 10kg/ha
	9.88
	36.05
	35.70

	SEm±
	0.12
	0.45
	0.34

	CD ( P=0.05)
	0.37
	1.33
	0.99

	S x Zn

	SEm±
		0.25	
	0.91
	0.68

	CD ( P=0.05)
	0.73
	2.67
	1.98



In terms of zinc application, 10 kg/ha resulted in the highest seed and stover yield for linseed, with a significant difference in seed yield compared to the no-zinc treatment. However, this treatment produced seed yield comparable to those obtained with 5 kg/ha zinc application. This could be attributed to the role of zinc in the biosynthesis of indole acetic acid, a growth hormone, and its involvement in the initiation of primordial for productive parts and the partitioning of photosynthesis. Similar findings were reported by Mishra et al. (2016), Kaur et al. (2017), and Nawaz et al. (2012). The response to Zn increased with higher Zn levels, but diminished when Zn levels exceeded 5 kg/ha in mustard (Jat and Mehara, 2007). The highest oil content was recorded with the 60 kg S/ha treatment, significantly exceeding that of the control and 20 kg S/ha treatments. This increase in oil content may be due to the presence of sulfur-containing compounds, such as S-adenosylmethionine, formyl methionine, lipoic acid, and sulfolipids, which are integral to the oil composition. Applying 10 kg/ha Zn to the soil resulted in the highest oil content, which was significantly higher than that of the control, but like that of 5 kg Zn/ha. This may be because zinc is involved in the formation of phosphor di ester bonds and contributes to a higher seed yield. Deo and Khandelwal (2009) found that increasing Zn levels significantly enhances oil content in mustard seeds up to 5 kg/ha of zinc application.	
Effect on Sulfur and Zinc uptake
At 90 days after sowing (DAS) and during the harvest period, the absorption of sulfur and zinc was significantly influenced by different levels of sulfur application (Table 2). 
Table 2: Effect of sulfur and zinc application on nutrient uptake at different growth stages in linseed  
	Treatment
	Nutrient Uptake (kg/ha)

	
	Sulfur
	Zinc

	
	90 DAS
	At harvest
	90 DAS
	At harvest

	Control
	6.09
	9.38
	180.31
	611.54

	Sulfur 20kg/ha
	6.30
	11.14
	194.50
	728.56

	Sulfur 40kg/ha
	6.52
	11.71
	208.33
	768.19

	Sulfur 60kg/ha
	6.73
	12.30
	212.32
	816.15

	SEm±
	0.02
	0.17
	1.84
	10.03

	CD ( P=0.05)
	0.05
	0.49
	5.41
	29.42

	Control
	6.25
	9.90
	187.22
	643.34

	Zinc 5kg/ha
	6.31
	11.33
	203.76
	742.99

	Zinc 5kg/ha
	6.67
	12.17
	205.62
	807.00

	SEm±
	0.01
	0.14
	1.60
	8.69

	CD ( P=0.05)
	0.04
	0.42
	4.68
	25.47

			SXZn

	SEm±
	0.03
	0.29
	3.19
	17.37

	CD ( P=0.05)
	0.08
	0.85
	9.37
	50.95



The maximum uptake of these nutrients was observed at a sulfur application rate of 60 kg S/ha, which was statistically different from the other sulfur levels, except for zinc uptake at 40 kg/ha of sulfur. However, notable differences in sulfur and zinc uptake at harvest were associated with sulfur application in crops. This is likely due to the increased availability of sulfur at higher application rates and the dilution effect of zinc (Dixit et al. 2012; Verma et al. 2012; Zizala et al. 2008). Chauhan (1998) also discovered that higher sulfur concentrations in grains and stover resulted from enhanced partitioning and translocation linked to sulfur application in oilseed crops. Applying zinc at a rate of 10 kg/ha led to greater sulfur and zinc uptake at 90 DAS and harvest; however, the difference was not significant compared to 5 kg Zn/ha, except for zinc uptake at harvest. This increase in uptake may be attributed to vigorous vegetative growth and higher nutrient concentrations. Seed and stover yields could be crucial factors in determining nutrient uptake. These findings are consistent with those of Verma et al. (2012) and Zizala et al. (2008), who reported greater sulfur uptake by grains (up to 7.5 kg Zn/ha) in mustard compared to 5 kg Zn/ha. Zinc application at either 5 or 10 kg/ha resulted in significantly higher sulfur and zinc uptake by linseeds than in the control at 90 DAS. This could be due to the increased availability of sulfur and Zn to plants, which enhances water absorption and nutrient utilization for optimal growth and development, leading to a higher stover yield (Maharudra, 2020).
Effect on soil properties 
The addition of sulfur and zinc to linseed did not have a notable impact on the electrical conductivity or organic carbon levels of the soil. The highest pH level in the soil was recorded when neither sulfur nor Zinc was added. As the sulfur application increased from 20 to 60 kg/ha, there was a numerical decline in soil pH. This drop in pH is due to the conversion of sulfur compounds into sulfate, which reduces the soil pH. Jamal et al. (2010) also observed a decrease in soil pH with the use of fertilizers containing sulfur. 
Table 3: Soil properties as influenced by application of sulfur and zinc in linseed
	Treatment
	Soil Properties

	
	pH
	EC (dS/m)
	Organic carbon (%)

	Control
	6.59
	0.12
	0.34

	Sulfur 20kg/ha
	6.55
	0.11
	0.35

	Sulfur 40kg/ha
	6.54
	0.11
	0.36

	Sulfur 60kg/ha
	6.50
	0.12
	0.36

	SEm±
	0.09
	0.003
	0.01

	CD ( P=0.05)
	NS
	NS
	NS

	Control
	6.56
	0.12
	0.34

	Zinc 5kg/ha
	6.54
	0.12
	0.35

	Zinc 5kg/ha
	6.53
	0.11
	0.37

	SEm±
	0.08
	0.001
	0.01

	CD ( P=0.05)
	NS
	NS
	NS

	SXZn

	SEm±
	0.15
	0.00
	0.01

	CD ( P=0.05)
	NS
	NS
	NS


	
The available nitrogen content of the soil increased with higher sulfur levels, likely because of increased secretion of metabolites and growth-promoting substances, as well as heightened microflora activity. Similarly, applying sulfur may enhance nutrient mineralization rates, creating favorable conditions for microbial activity in the soil. According to Maharudra (2020), zinc application improves available nitrogen in the soil through mineralization, enhancing various soil properties, and fostering positive zinc-nitrogen interactions. Different levels of sulfur and zinc application did not significantly influence the available phosphorus in the soil. The lowest phosphorus level in the soil was noted at 10 kg/ha of Zn application, likely due to the antagonistic relationship between phosphorus and Zinc. Increasing sulfur levels encourages root growth, which expands the rhizosphere and improves phosphorus availability in the soil. This may have resulted from the solubilization of native and applied phosphorus, as carbonic acid boosts microbial respiration and is protected from carbon recycling by humic, fulvic, and humin substances (Maharudra, 2020). Available potassium in the soil was not significantly affected by sulfur and zinc application. The increase in potassium among the treatments was attributed to soil pH, which plays a crucial role in potassium availability. This may be because H+, hydroxyl, and aluminum ions compete with K+ ions for exchange or adsorption sites, maintaining more K+ ions in the solution phase and reducing their fixation susceptibility (Maharudra, 2020).
 Effect on soil properties on secondary nutrients
Table 4: Soil properties as influenced by application of sulfur and zinc in linseed
	Treatment
	Soil Properties

	
	pH
	EC (dS/m)
	Organic carbon (%)

	Control
	6.59
	0.12
	0.34

	Sulfur 20kg/ha
	6.55
	0.11
	0.35

	Sulfur 40kg/ha
	6.54
	0.11
	0.36

	Sulfur 60kg/ha
	6.50
	0.12
	0.36

	SEm±
	0.09
	0.003
	0.01

	CD ( P=0.05)
	NS
	NS
	NS

	Control
	6.56
	0.12
	0.34

	Zinc 5kg/ha
	6.54
	0.12
	0.35

	Zinc 5kg/ha
	6.53
	0.11
	0.37

	SEm±
	0.08
	0.001
	0.01

	CD ( P=0.05)
	NS
	NS
	NS

	SXZn

	SEm±
	0.15
	0.00
	0.01

	CD ( P=0.05)
	NS
	NS
	NS



The use of 40 kg S/ha notably enhanced zinc availability compared to 20 kg S /ha and the control group. The effect of applying 40 kg/ha sulfur was like that of 60 kg/ha (Table 4). Zinc applied at a rate of 10 kg/ha was significantly more effective than the other treatments. This could be due to the interaction between sulfur application and zinc availability, where a higher dose of sulfur had an antagonistic effect on zinc, and vice versa (Dixit et al., 2012). The addition of Zinc fertilizer also affected Zinc levels in the soil. The sulfur content in the soil at 40 kg S/ha was comparable to that at 60 kg/ha of applied sulfur, but was statistically lower than that at 60 kg/ha of available sulfur. Similarly, applying 10 kg/ha zinc resulted in significantly more available sulfur than the control, and was like a 5 kg/ha zinc application. Nasseem and Nasrallah (1981) also noted that the highest sulfate levels were achieved with elemental sulfur because of its slow oxidation at a low rate, which may be influenced by sulfur oxidation activity in the soil. Sharma et al. (2020) also found that sulfur application increased the available sulfur content in the soil, surpassing the amount of water-soluble sulfur present.

4. Conclusion
From the ongoing discussion, It may concluded that application of sulfur up to 40 kg/ha significantly increased seed and stover yields, however it was statistically at with the highest yield that obtained  at 60 kg S/ha. Zinc application at 10 kg/ha resulted in the highest seed and stover yields and statistically similar to 5 kg Zn/ha. The oil content was the highest in the 60 kg S/ha and 10 kg Zn/ha treatments. Sulfur and zinc by plants was significantly influenced by sulfur and zinc application rates, with the highest uptake observed at 60 kg S/ha and 10 kg Zn/ha, respectively. Soil properties, such as pH, available nitrogen, and available sulfur and zinc, were affected by the treatments, whereas other properties remained unaffected. Thus application of sulfur up to 40 kg/ha with zinc at 5 kg/ha can improve linseed productivity and oil content, while the highest nutrient uptake was observed at 60 kg S/ha and 10 kg Zn/ha.
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