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ABSTRACT
Rice (Oryza sativa L.) is a staple crop vital for India’s food security. However, intensive cultivation practices such as reliance on high-yielding varieties, reduced organic manure use, and excessive chemical fertilizer application—have led to widespread zinc (Zn) deficiency in Indian soils. Zinc is an essential micronutrient that supports photosynthesis, carbohydrate metabolism, and protein synthesis, and its supplementation enhances both yield and grain nutritional quality. A field experiment was conducted during Kharif 2020 at RARS, Nandyal (ANGRAU), to evaluate the effect of zinc application methods on rice performance and grain zinc enrichment. Among 4 varieties, NDLR-8 recorded the longest panicle length (24.17 cm) and highest grain (6698 kg ha⁻¹) and straw (7089 kg ha⁻¹) yields, followed by NDLR-7, while BPT-5204 performed lowest. Post-harvest soil analysis showed that NDLR-8 maintained the highest residual N (200 kg ha⁻¹), P (52.12 kg ha⁻¹), Fe (44.04 mg kg⁻¹), and Zn (8.12 mg kg⁻¹).Among treatments, Zn₂ (100 kg ha⁻¹ soil application) significantly enhanced soil Zn (8.84 mg kg⁻¹) and Fe (51.17 mg kg⁻¹) compared with other methods. The results highlight the importance of optimized zinc management and varietal selection in improving rice yield and grain micronutrient content.
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1.INTRODUCTION
The Green Revolution significantly enhanced cereal production, particularly in developing countries, by introducing high-yielding varieties and intensive cultivation practices. However, this yield-oriented approach prioritized productivity over nutritional quality, leading to soil nutrient depletion and a decline in the nutrient density of staple grains. Consequently, micronutrient malnutrition—often referred to as “hidden hunger”—has become a global concern, affecting more than two billion people, predominantly in low-income populations of developing nations. 
According to Wu et al., (2022), over 60% of the global population is iron-deficient, more than 30% suffer from zinc deficiency, and approximately 30% lack adequate iodine intake. Among these micronutrients, zinc (Zn) plays a vital role in human health and plant metabolism. Zinc deficiency in soils, particularly in rice-growing regions of India, not only limits crop yield but also reduces grain zinc concentration, directly affecting dietary zinc intake Boddu Archana et al., (2024). Therefore, improving zinc availability through appropriate fertilization strategies and selecting zinc-efficient rice varieties are crucial for enhancing both agronomic performance and grain nutritional quality. This study evaluates the effects of different zinc delivery methods and varietal responses on the growth, yield, and grain zinc content of rice (Oryza sativa L.), aiming to identify effective approaches for sustainable biofortification.




Zinc fortification studies in paddy crop primarily aim to enhance grain zinc concentration and improve human bioavailability through agronomic biofortification (soil and foliar application) or post-harvest processing techniques such as parboiling. Research indicates that foliar sprays of zinc at critical growth stages, particularly booting and milking, significantly increase grain zinc concentration, yield, and protein content. Post-harvest interventions like parboiling and soaking further enhance zinc density in rice, with more than half of the applied zinc retained even after simulated washing (Gamit et al., 2025).
“Rice genotypes exhibit substantial variability in their tolerance to soil zinc (Zn) deficiency. However, the extent to which this genetic variation contributes to grain Zn accumulation under Zn-deficient conditions remains inadequately understood. In wheat, studies have shown that the genetic mechanisms governing Zn deficiency tolerance and grain Zn accumulation are distinct” (Cakmak et al., 2004). Moreover, Cakmak et al. (2004) reported a potential inverse relationship between Zn-deficiency tolerance and grain Zn concentration. This effect may arise from a dilution phenomenon, wherein Zn-efficient genotypes produce higher grain yields under deficient conditions, thereby reducing Zn concentration per unit grain mass.
Compared with soil application, foliar Zn application has been found to be more effective in enhancing grain Zn concentration (Yilmaz et al., 1997; Cakmak et al., 2010a; Mathpal et al., 2015; Wu et al., 2022). However, the efficiency of foliar Zn application depends largely on factors such as the timing and frequency of application. In wheat, for instance, the greatest seed Zn concentrations were observed when Zn was applied after flowering rather than before. In rice, however, limited information is available on the optimal timing of foliar Zn application and its impact on Zn accumulation in different grain fractions (paddy, brown rice, and husk). Furthermore, the potential role of elevated seed Zn concentration in enhancing subsequent seedling vigor remains insufficiently explored.
Therefore, the present study aimed to identify the most effective rice cultivar and the optimal timing of foliar Zn application.

2.MATERIALS AND METHODS:
2.1.Experimental site and soil characteristics
Field experiments were conducted during the Kharif season of 2020–2021 at the Regional Agricultural Research Station (RARS), Nandyala, Andhra Pradesh, under irrigated conditions. The soil at the experimental site was medium-deep black soil, characterized as low in organic carbon (0.36%), low in available nitrogen (116kg ha⁻¹), high in available phosphorus (P₂O₅ – 69.5kg ha⁻¹), and high in available potassium (K₂O – 536kg ha⁻¹). A composite soil sample was collected from a 0–20cm depth before sowing and analyzed in the laboratory. Soil pH and electrical conductivity (EC) were determined using a 1:2 soil–water suspension with standard pH and EC meters (Jackson, 1973). Organic carbon content was estimated by the rapid titration method (Walkley and Black, 1934). Available nitrogen was determined using the alkaline permanganate method (Subbaiah and Asija, 1956), available phosphorus by Olsen’s method (Olsen et al.1954), and available potassium by the ammonium acetate extraction method (Jackson, 1973). Micronutrients such as zinc (Zn), copper (Cu), iron (Fe), and manganese (Mn) were extracted using DTPA and analyzed with an Atomic Absorption Spectrophotometer (AAS) as per the procedure described by Lindsay and Norvell (1978).
2.2.Experimental design and treatments
The experiment was laid out in a split-plot design with three replications. The treatments consisted of:
Main plots – Four rice genotypes:
o	V₁: BPT 5204
o	V₂: NDLR-7
o	V₃: NDLR-8
o	V₄: NLR 34449
Subplots – Four zinc treatments:
o	Zn₀: Control (no Zn)
o	Zn₁: Zinc sulphate @ 50kg ha⁻¹ (soil application)
o	Zn₂: Zinc sulphate @ 100kg ha⁻¹ (soil application)
o	Zn₃: Foliar spray of ZnSO₄ @ 0.2%

Rice varieties were sown in the second week of July and transplanted in the second week of August with a spacing of 15×15cm using three seedlings per hill. Fertilizers were applied according to the treatment protocols. All crop management practices were carried out as per standard agronomic recommendations for rice. The crop was harvested at 145 days after sowing. Grain and straw samples were collected at harvest, oven-dried at 70°C, and analyzed for total nitrogen (N), phosphorus (P), potassium (K), zinc (Zn), copper (Cu), iron (Fe), and manganese (Mn) using standard analytical procedures. Growth and yield parameters, including plant height and yield components, were recorded from ten randomly selected plants per plot. Grain and straw yields were recorded from the net plot area and expressed as kg ha⁻¹. All collected data were statistically analyzed using appropriate analysis of variance (ANOVA) techniques to evaluate the significance of treatment effects.

3.RESULTS AND DISCUSSION
Table 1 reveals no significant treatment effects on plant height, productive tillers per hill, or grain number per panicle. NDLR-8 exhibited the longest panicle (24.17cm), closely followed by NDLR-7 (23.50cm), with both being statistically comparable. The shortest panicle length (19.81cm) was recorded in BPT-5204, potentially due to suboptimal zinc application.
3.1.Grain yield and straw yield
The application of zinc fertilizers during the Kharif season proved crucial in elevating rice grain yields by meeting crop-specific nutrient requirements. Rice grain yields ranged from 5,296 to 6,698kg ha-1, with lower performances recorded in NLR-34449 and BPT-5204, likely due to inadequate zinc nutrition. On the contrary, NDLR-8 achieved the highest productivity, registering 6,698kg ha-1 in grain and 7,089kg ha-1 in straw yield. This was closely followed by NDLR-7, suggesting an efficient response to nutrient optimization. Zinc applications between 50 and 100kg ha-1 yielded the most favorable outcomes, even under limited rainfall conditions. The physiological basis for this increase lies in improved cellular activity, prolonged chlorophyll retention, and superior panicle formation, all contributing to greater grain filling. Furthermore, greater zinc inputs enhanced biomass and nutrient uptake efficiency, confirming Keram et al. (2013), Boonchuay
 et al. (2013) and Ramaiyan et al. (2023) assertion that moderate zinc rates suffice for significant yield gains. The absence of zinc led to the lowest productivity, reinforcing its essential role in auxin synthesis and reproductive initiation. Maximal zinc absorption was seen at 20 kg ha-1. Further validated by studies such as Poblaciones and Rengel (2017); Alvarez and al. (2019) and Mamunur Rashid and Talukder (2024), which linked zinc to enhanced protein synthesis and dry matter accumulation.
3.2. Soil nutrient status after crop harvest
According to data presented in Table 2, Varietal Effect: Among the varieties, NDLR-8 (V3) showed the highest available nitrogen (200kg ha-1), phosphorus (52.12kg ha-1),iron(44.04mgkg-1), zinc (8.12mg kg-1), copper (3.83mg kg-1), and manganese (9.59mg kg-1) levels in soil after harvest, indicating a better residual nutrient status or influence on soil nutrient dynamics. BPT 5204 (V1) and NLR 34449 (V4) showed moderate to lower nutrient availabilities with significant differences in Fe, Zn, and Mn. Significant varietal differences were observed for available N, P2O5, Fe, Zn, and Mn; however, available K2O and Cu did not vary significantly among varieties. 
3.3.Zinc treatment effect
The highest soil Zn concentration (8.84mg kg-1) and Fe (51.17mg kg-1) were recorded in the Zn2 treatment (100kg ha-1 soil Zn application), which significantly differed from the control and other treatments. Available N and P2O5 varied significantly with Zn treatments, with Zn2 having the highest N (196kg ha-1) but not always the highest P2O5. Foliar Zn spray (Zn3) showed moderate Zn availability but lower available N and K2O than Zn2. Copper and manganese showed no significant differences with Zn treatments. The interaction between variety and zinc treatment (V x Zn) was statistically non-significant for all soil parameters, indicating independent effects of variety and Zn treatments on soil nutrient status. “Although xylem transport of Zn has been indicated to be more important for Zn accumulation in rice grain than re-translocation of Zn from the leaves” (Palmgren et al., 2008; Ei, H.H., Zheng et al., 2020; Srinivasan et al., 2023), the results of this study, however, suggested that phloem transport of Zn from leaf and stem tissue may also play a greater role in enrichment of grains with Zn.
It seems that “the growth conditions have an important role in the contribution of xylem (root uptake) and phloem transport (remobilization) to grain Zn accumulation. Under conditions with complete Zn supply during the whole growth stage (e.g., greenhouse and growth chamber experiments) continuous root uptake and transportation of Zn into seeds would be a dominant pathway for Zn accumulation in grain. However, in the case of limited Zn supply to roots (e.g., dry field conditions), remobilization of Zn from the vegetative tissues into seeds would be a more relevant method for grain Zn accumulation” (Waters and Grusak 2008; Cakmak et al., 2010a ;Shahane et al., 2022). The application of Recommended Dose of Fertilizers (RDF) combined with zinc also improved the availability and bioavailability of major nutrients (NPK) and zinc, while the addition of farmyard manure (FYM) contributed to an increase in soil organic matter (SOM), further enhancing nutrient availability (Pooniya et al., 2019; Biswakarma et al., 2021).

As shown in Figure 1, the rice variety NDLR-8 had higher zinc and iron content, while NDLR-7 and BPT-5204 were richer in protein and iron. Even small increases in zinc concentration resulted in a marked improvement in total zinc uptake, which may be biologically significant in combating widespread zinc deficiency in soils and plants (Guo et al., 2016 ; Choudhary et al., 2022).

	Table 1: Influence of Zinc Fortification on Yield and Yield-Attributing Characters of Different Paddy Varieties during Kharif 2020–21.

	Treatments
	Plant height (cm)
	No. of production
tillers per hill
	No. of grains per panicle
	Panicle length (cm)
	Grain yield (kg/ha)
	Straw yield (kg/ha)

	Main plots
	
	
	
	
	
	

	V1 - BPT 5204
	83.27
	18.20
	196.35
	19.81
	6256
	6491

	V2 - NDLR -7
	97.76
	19.16
	201.60
	23.50
	6324
	6574

	V3 - NDLR -8
	100.70
	18.54
	201.60
	24.17
	6698
	7089

	V4 - NLR 34449
	74.34
	18.64
	202.65
	22.05
	6220
	6712

	SEm+
	2.05
	0.44
	4.6
	0.66
	152
	174

	CD @0.05
	6.11
	NS
	NS
	1.81
	402
	488

	CV (%)
	8.2
	7.84
	7.2
	9.3
	11.46
	12.63

	Subplots
	
	
	
	
	
	

	Zn0 – Control
	86.31
	17.93
	191.10
	21.84
	5111
	5263

	Zn1 - 50Kg ha-1
	89.99
	19.08
	202.65
	23.18
	5539
	5925

	Zn2 – 100Kg ha-1
	90.09
	19.08
	210.00
	22.07
	6614
	7112

	Zn3 – Foliar spray of ZnSO4 @ 0.2%
	89.88
	18.46
	200.55
	22.46
	5296
	5524

	SEm+
	2.22
	0.72
	3.8
	0.87
	144
	180

	CD @0.05
	NS
	NS
	11.6
	NS
	415
	522

	CV (%)
	6.43
	9.90
	6.3
	10.1
	9.42
	10.16

	Interaction VxZn
	NS
	NS
	NS
	NS
	NS
	NS

	Interaction VxZn
	NS
	NS
	NS
	NS
	NS
	NS




	Table 2. Effect of Zinc Fortification on Post-Harvest Soil Fertility Status in Paddy Crop During Kharif 2020–21

	
Treatments
	Avail N
[bookmark: _Hlk210648005](kg ha-1)
	
P2O5
(kg ha-1)
	K2O
(kg ha-1)
	Fe
(mg kg-1)
	Zn
(mg kg-1)
	Cu
(mg kg-1)
	Mn
(mg kg-1)

	Main plots
	
	
	
	
	
	
	

	V1 - BPT 5204
	187
	50.28
	495
	42.31
	7.01
	4.62
	8.88

	V2 - NDLR -7
	174
	45.94
	501
	40.08
	5.98
	2.60
	6.09

	V3 - NDLR -8
	200
	52.12
	491
	44.04
	8.12
	3.83
	9.59

	V4 - NLR 34449
	185
	45.42
	508
	37.04
	5.00
	2.81
	5.47

	SEm+
	2.88
	2.28
	5.22
	1.08
	0.42
	0.10
	0.18

	CD @0.05
	8.74
	6.71
	NS
	2.25
	1.61
	NS
	0.42

	CV (%)
	9.42
	7.82
	6.2
	7.2
	7.3
	7.8
	8.2

	Subplots
	
	
	
	
	
	
	

	Zn0 – Control
	189
	54.63
	501
	44.41
	7.49
	2.93
	6.33

	Zn1 - 50Kg ha-1
	180
	45.07
	495
	40.16
	5.01
	2.71
	6.27

	Zn2 – 100Kg ha-1
	196
	49.73
	501
	51.17
	8.84
	2.65
	6.34

	Zn3 –Foliar spray
of ZnSO4 @ 0.2%
	173
	50.04
	483
	40.26
	7.05
	2.74
	6.53

	SEm+
	3.03
	0.65
	5.8
	1.26
	0.66
	0.18
	0.16

	CD @0.05
	8.18
	1.65
	NS
	4.22
	1.72
	NS
	NS

	CV (%)
	7.45
	8.37
	7.4
	8.2
	8.22
	6.16
	6.3

	Interaction VxZn
	NS
	NS
	NS
	NS
	NS
	NS
	NS

	Interaction VxZn
	NS
	NS
	NS
	NS
	NS
	NS
	NS
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Figure 1. Iron and Zinc Concentrations in Paddy Grain Samples at Harvest
Kharif 2020-21


































4.CONCLUSION : 
In conclusion, NDLR-8 demonstrated superior performance among all varieties, exhibiting the longest panicle length (24.17 cm) and the highest grain yield (6,698 kg ha-1) and straw yield (7,089 kg ha-1). It was closely followed by NDLR-7 (23.50 cm), with both varieties showing statistically similar results in panicle length. The lowest panicle length (19.81 cm) was recorded in BPT-5204, which could have been due to inadequate zinc fertilization. Post-harvest soil analysis revealed that NDLR-8 (V3) also maintained the highest residual soil nutrient levels, including nitrogen (200 kg ha-1), phosphorus (52.12 kg ha-1), iron (44.04 mg kg-1), zinc (8.12 mg kg-1), copper (3.83 mg kg-1), and manganese (9.59 mg kg-1).Among the zinc treatments, Zn2 (100 kg ha-1of soil-applied zinc) resulted in the highest soil zinc (8.84 mg kg-1) and iron (51.17 mg kg-1) concentrations, significantly outperforming other treatments and the control. Zinc fertilization significantly influenced the availability of nitrogen (N) and phosphorus (P₂O₅), with Zn2 recording the highest N levels (196 kg ha-1). Although foliar spray (Zn3) showed moderate zinc availability, it was comparatively less effective in enhancing nitrogen and potassium content than Zn2.This study confirmed that foliar application of zinc, particularly after flowering, was effective in enhancing zinc concentration in rice grains. Such biofortification practices not only improved agronomic performance but also offered nutritional benefits, especially in regions where dietary zinc deficiency was prevalent. With strategic implementation, agronomic biofortification could serve as a cost-effective approach to combat malnutrition in India and significantly improve public health outcomes.
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