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Effect of Nitrogen and Potassium Fertilization Strategies on Biochemical Constituents of Pearl Millet (Pennisetum glaucum L.)

Abstract 
A field experiment was conducted during the Kharif season of 2023 at MJRP College of Agriculture and Research, Jaipur, to investigate the influence of nitrogen and potassium fertilization strategies on grain biochemical quality and nutrient uptake in pearl millet (Pennisetum glaucum L.) grown under semi-arid conditions. The experimental design consisted of eight treatments laid out in a Randomized Block Design with three replications. The treatments included a control (no fertilizers), recommended dose of fertilizers (60 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 20 kg K₂O ha⁻¹), combinations of increased nitrogen (80 and 100 kg ha⁻¹) and potassium (20 and 40 kg ha⁻¹), and a site-specific soil test-based nutrient application (78 kg N ha⁻¹ + 21 kg P₂O₅ ha⁻¹ + 14 kg K₂O ha⁻¹). Grain samples were analyzed for total protein, amino acid, and carbohydrate content, while nutrient content and uptake (N, P, and K) were measured at harvest. The results indicated that grain quality parameters significantly improved with increased nitrogen and potassium application. The treatment receiving 100 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 40 kg K₂O ha⁻¹ recorded the highest total protein (14.47%), total amino acids (743.85 mg 100g⁻¹), and total carbohydrates (69.55 g 100g⁻¹), along with the maximum uptake of N, P, and K. The soil test-based treatment also showed favorable responses, demonstrating the efficacy of tailored nutrient management. The study underscores the importance of balanced and site-specific fertilization in improving the nutritional quality and nutrient use efficiency of pearl millet, promoting sustainable intensification in dryland agriculture.
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Introduction 
Pearl millet (Pennisetum glaucum L.), commonly known as bajra, is one of the most resilient cereal crops adapted to dryland farming systems and is the fifth most important cereal in the world after rice, wheat, maize, and sorghum. Grown predominantly in arid and semi-arid regions, particularly in Sub-Saharan Africa and South Asia, pearl millet thrives under harsh agro-climatic conditions where other cereals fail to perform, making it a staple food for millions of people in water-scarce and marginal environments. The global cultivation of pearl millet spans approximately 29 million hectares, with Africa contributing around 60% of the area and Asia 35%, while minor cultivation is also observed in parts of Europe and North America, primarily for forage (Jukanti et al., 2016). In India, which ranks as the leading producer, pearl millet is cultivated over 9.3 million hectares with an annual production of 9.3 million tonnes, averaging a productivity of 1044 kg ha⁻¹ over recent years (Malik, 2020). It is the second most important millet after sorghum in India and serves as an essential component in food, fodder, and feed systems. Major pearl millet growing states include Rajasthan, Maharashtra, Gujarat, Uttar Pradesh, and Haryana, with Rajasthan having a substantial share though still lagging in productivity compared to Haryana and Madhya Pradesh.
Pearl millet's grain is not only rich in carbohydrates (60–78%) and protein (11–19%), but also contains substantial amounts of fat (3.0–4.6%), phosphorus, and iron, contributing to its nutritional superiority over many other cereals. Its importance in addressing food and nutritional security under climate-vulnerable ecosystems has gained prominence, especially given its high tolerance to drought, heat, and poor soils. However, despite its inherent hardiness and genetic potential, the yield levels in many regions remain sub-optimal, largely due to inadequate nutrient management strategies, particularly under rainfed conditions.
Among the essential macronutrients, nitrogen (N) and potassium (K) play a central role in influencing the physiological functions and biochemical synthesis within pearl millet plants. Nitrogen is crucial for vegetative growth, chlorophyll formation, and protein synthesis, whereas potassium contributes significantly to osmotic regulation, enzymatic activation, grain filling, and translocation of photosynthates (Jiaying et al., 2023). Deficiencies or imbalances of these nutrients can lead to poor grain development, lower protein accumulation, and compromised crop quality. Furthermore, biochemical constituents such as protein, amino acids, and carbohydrates are key indicators of nutritional and industrial value, and their expression in pearl millet is closely regulated by the availability and uptake of N and K.
Given the increasing demand for nutrient-rich cereals in a climate-resilient food system, it becomes imperative to understand and optimize the role of nitrogen and potassium in enhancing both the quantitative and qualitative performance of pearl millet. While much research has focused on agronomic yields, there remains a gap in understanding how fertilization strategies influence biochemical traits under specific agro-ecological conditions. Hence, the present investigation was undertaken to assess the effect of varied nitrogen and potassium fertilization levels on the biochemical constituents of pearl millet under the semi-arid conditions of Jaipur. The study aims to provide insights into nutrient-responsive modulation of protein, amino acids, and carbohydrate content in grains, which could inform improved nutrient recommendations for quality enhancement and sustainable millet production systems.
MATERIAL AND METHODS
The field experiment was conducted during the Kharif season of 2023 at MJRP College of Agriculture and Research, Jaipur, Rajasthan. The site is located in a semi-arid subtropical region at 30°23' N latitude and 76°47' E longitude, with an elevation of 264 meters above mean sea level. The weather data during the cropping period were recorded from the college meteorological observatory. The weekly mean maximum temperature ranged from 30.54 °C to 38.50 °C (average 34.40 °C), while the weekly mean minimum temperature ranged from 23.41 °C to 27.93 °C (average 25.30 °C). Relative humidity varied between 63.43% and 91.43% (mean 79.09%). Total rainfall received during the crop period was 456 mm over 6 rainy days. Evaporation ranged from 3.19 to 10.79 mm day⁻¹, with an average of 5.93 mm day⁻¹, and sunshine hours ranged from 0.61 to 7.56 hrs day⁻¹ (average 3.74 hrs day⁻¹). Initial soil analysis of the experimental site indicated a sandy loam texture with neutral pH (7.35), normal electrical conductivity (0.068 dS m⁻¹), medium organic carbon content (0.63%), low available nitrogen (150.52 kg ha⁻¹), high available phosphorus (159.97 kg ha⁻¹), and high available potassium (422.01 kg ha⁻¹), as per standard soil testing protocols (Jackson, 1973).
The experiment was laid out in a Randomized Block Design (RBD) with eight treatments replicated three times. Treatments consisted of various combinations of nitrogen (60, 80, 100 kg ha⁻¹), phosphorus (30 kg P₂O₅ ha⁻¹), and potassium (20 or 40 kg K₂O ha⁻¹), including one treatment based on soil test values (78 kg N ha⁻¹, 21 kg P₂O₅ ha⁻¹, 14 kg K₂O ha⁻¹). The plot size for each treatment was 5.0 m × 4.5 m (22.5 m²). The test hybrid used was PHB-3.
Sowing was done on 17th June 2023 using a seed rate of 4 kg ha⁻¹, with seeds treated using carbendazim @ 2 g kg⁻¹. The field was prepared by ploughing twice, harrowing, leveling, and forming furrows at 45 cm spacing. Urea (46% N) was used for nitrogen, applied in two splits (basal and 30 DAT); single super phosphate (16% P₂O₅) and muriate of potash (60% K₂O) were applied basally for phosphorus and potassium, respectively.
Manual weeding was carried out at 15 DAS. A light irrigation was applied three days after sowing for proper establishment, and the crop was subsequently grown under rainfed conditions. Pest control included spraying chlorpyriphos @ 2.5 ml L⁻¹ against stem borer. Bird scaring was practiced from the milky stage (65 DAS) to harvest. Harvesting occurred on 23rd September 2023 (crop duration: 79 days), and ear heads and straw were dried separately and weighed after threshing.
Plant samples were taken at 30 and 60 DAT and at harvest, divided into leaf, stem, and ear head, oven dried at 60 °C, and ground using a Willey mill. For nutrient analysis, samples were digested using concentrated H₂SO₄ with a catalyst mixture (K₂SO₄-Se) for nitrogen and a triacid mixture (HNO₃:H₂SO₄:HClO₄::9:4:1) for phosphorus and potassium. Nitrogen content was determined using the Kjeldahl method (Jackson, 1973), phosphorus via the vanadomolybdo phosphoric acid yellow colour method (Jackson, 1967), and potassium using a flame photometer. Nutrient uptake was calculated by multiplying dry matter with respective nutrient contents and expressed in kg ha⁻¹.
Grain samples were also analysed for biochemical constituents total protein, total amino acids, and carbohydrates. Total protein was estimated by multiplying nitrogen content by 6.25. Total amino acids were quantified using the method of Moore and Stein (1948), while carbohydrate content was determined by the phenol-sulphuric acid method described by Hedge and Hofreiter (1962). 
The recorded data on growth parameters nutrient uptake, and biochemical traits were statistically analysed using analysis of variance (ANOVA) for RBD, as outlined by Panse and Sukhatme (1978). Treatment means were compared using the critical difference (CD) at a 5% probability level to determine statistical significance.
Result and Discussion
Biochemical Quality
The data presented in Table 1 clearly indicate the significant influence of nitrogen and potassium fertilization strategies on the grain quality parameters of pearl millet, namely total protein content, total amino acid content, and total carbohydrate content. The treatments involving increased levels of nitrogen and potassium demonstrated notable enhancements in all quality parameters, highlighting the synergistic effect of these essential nutrients in improving the biochemical composition of pearl millet grains under semi-arid conditions. The treatment receiving 100 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 40 kg K₂O ha⁻¹ recorded the highest total protein content of 14.47%, which was significantly superior to all other treatments. This was followed by 100 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 20 kg K₂O ha⁻¹ (13.95%) and 80 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 40 kg K₂O ha⁻¹ (13.83%). The lowest protein content (9.74%) was observed in the control treatment that received no fertilizers. The increase in protein content with the application of higher nitrogen doses is in agreement with the findings of (Parihar et al., 2009) and Jadhav et al., 2011), who established that nitrogen plays a vital role in enhancing amino acid synthesis and subsequent protein accumulation in grains. Additionally, potassium facilitates the translocation of nitrogenous compounds, further enhancing protein biosynthesis (Parihar et al., 2009). A similar trend was observed in total amino acid content. The treatment 100 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 40 kg K₂O ha⁻¹ once again recorded the highest value (743.85 mg 100g⁻¹), indicating that elevated nitrogen availability, when coupled with sufficient potassium, significantly stimulates amino acid formation. The treatments 100 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 20 kg K₂O ha⁻¹ (714.04 mg 100g⁻¹) and 80 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 40 kg K₂O ha⁻¹ (705.04 mg 100g⁻¹) also exhibited substantial amino acid concentrations. On the other hand, the control (no fertilizers) produced the lowest amino acid content (573.57 mg 100g⁻¹), reiterating the importance of N and K in protein metabolism. The treatment based on soil test values (78 kg N ha⁻¹ + 21 kg P₂O₅ ha⁻¹ + 14 kg K₂O ha⁻¹) also showed relatively high amino acid content (652.94 mg 100g⁻¹), demonstrating the effectiveness of site-specific nutrient application in supporting biochemical quality (Meena et al., 2015). With respect to total carbohydrate content, the highest value (69.55 g 100g⁻¹) was again obtained with the treatment 100 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 40 kg K₂O ha⁻¹, followed by 100 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 20 kg K₂O ha⁻¹ (67.85 g 100g⁻¹) and soil test-based treatment (64.49 g 100g⁻¹). The control treatment recorded the lowest carbohydrate content of 58.47 g 100g⁻¹. The increased carbohydrate accumulation with higher potassium doses can be attributed to potassium's critical role in enhancing photosynthetic activity, translocation of assimilates, and enzymatic functions associated with carbohydrate metabolism (Parihar et al., 2009). The observed variations suggest that potassium, alongside nitrogen, supports the buildup of both structural and storage carbohydrates in pearl millet grains. A comparison between treatments with similar nitrogen levels but different potassium applications such as 100 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 40 kg K₂O ha⁻¹ and 100 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 20 kg K₂O ha⁻¹ revealed that increased potassium consistently enhanced grain protein, amino acid, and carbohydrate content. This highlights the synergistic effect of potassium in complementing nitrogen functions, consistent with the findings of (Parihar et al., 2009.) 
NPK Content and Uptake
The data presented in (Table 2) illustrate the impact of varied nitrogen (N) and potassium (K) fertilization strategies on the concentration and total uptake of nitrogen, phosphorus (P), and potassium in pearl millet at harvest. These results underline the crucial role of balanced nutrient management in enhancing nutrient accumulation and utilization efficiency in cereal crops under semi-arid agro-ecological conditions. Nitrogen content in the plant tissues at harvest showed a significant increase with the escalation of nitrogen application across the treatments. The lowest nitrogen content (1.36%) and uptake (55.79 kg ha⁻¹) were observed in the control treatment with no fertilizer application, indicating nitrogen deficiency and limited biomass accumulation. Conversely, the highest nitrogen content (1.99%) and uptake (150.19 kg ha⁻¹) were recorded under the treatment that received 100 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 40 kg K₂O ha⁻¹. These results are consistent with the findings of Singh et al. (2010), who reported a linear increase in nitrogen accumulation with rising N levels due to enhanced vegetative growth and protein synthesis. The synergistic interaction between nitrogen and potassium likely promoted better uptake efficiency and nitrogen assimilation in high-dose treatments (Yadav et al., 2011). Phosphorus content and uptake also responded positively to nutrient application. The control treatment exhibited the lowest phosphorus content (0.54%) and uptake (21.99 kg ha⁻¹), whereas the highest values were again found in the treatment receiving 100 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 40 kg K₂O ha⁻¹ (0.82% and 61.57 kg ha⁻¹, respectively). These results reflect not only the role of applied phosphorus in enhancing P content but also the indirect effect of nitrogen and potassium in improving root growth and P mobilization from the soil, as supported by Heeta and Sharma, (2010). Phosphorus uptake was consistently higher in treatments receiving increased nitrogen and potassium, suggesting a nutrient interaction effect that facilitated greater nutrient transport and utilization (Rana et al., 2009).
Potassium content and uptake followed a similar trend, with the control plot recording the lowest values (9.97% content and 409.49 kg ha⁻¹ uptake) and the treatment receiving 100 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 40 kg K₂O ha⁻¹ achieving the highest (12.88% content and 972.36 kg ha⁻¹ uptake). Treatments with increased potassium levels, such as 60 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 40 kg K₂O ha⁻¹ and 80 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 40 kg K₂O ha⁻¹, consistently showed higher potassium content and uptake compared to their respective counterparts with lower potassium inputs. This suggests that increasing potassium availability directly enhances its accumulation in plant tissues and supports the physiological functions associated with potassium such as osmoregulation, carbohydrate translocation, and enzyme activation (Yadav et al., 2011) Potassium appears to play a synergistic role in facilitating better nitrogen and phosphorus uptake, likely by improving stomatal conductance and photosynthetic efficiency (Yadav et al., 2011, Rana et al., 2009) Notably, the soil test-based fertilizer application treatment, which included 78 kg N ha⁻¹, 21 kg P₂O₅ ha⁻¹, and 14 kg K₂O ha⁻¹, also performed well, with nutrient uptake values approaching those of the higher-input treatments, particularly in nitrogen and potassium. This highlights the potential of site-specific nutrient management in maintaining productivity while optimizing input use efficiency.
Table:1 Grain quality parameters (Total protein, Total amino acid and Total carbohydrate content) as influenced by nutrient management practices
	Treatment
	Total Protein (%)
	Total Amino Acid
(mg 100g-1)
	Total Carbohydrates (g 100g-1)

	T1: Control (no fertilizers).
	9.74
	573.57
	58.47

	T2: 60 kg N ha-1 + 30 kg P2O5 ha-1 + 20 kg K2O ha-1(RDF)
	11.99
	595.16
	60.60

	T3: 80 kg N ha-1 + 30 kg P2O5 ha-1 + 20 kg K2O ha-1
	12.95
	654.03
	63.01

	T4: 100 kg N ha-1 + 30 kg P2O5 ha-1 + 20 kg K2O ha-1
	13.95
	714.04
	67.85

	T5: 60 kg N ha-1 + 30 kg P2O5 ha-1 + 40 kg K2O ha-1
	12.05
	605.07
	61.14

	T6: 80 kg N ha-1 + 30 kg P2O5 ha-1 + 40 kg K2O ha-1
	13.83
	705.04
	62.90

	T7: 100 kg N ha-1 + 30 kg P2O5 ha-1 + 40 kg K2O ha-1
	14.47
	743.85
	69.55

	T8: Application of N, P2O5 and K2O based on Soil Test Values.
	13.04
	652.94
	64.49

	SEm±
	0.263
	3.559
	0.901

	CD (P = 0.05)
	0.807
	10.898
	2.759




Table:2 Nitrogen, Phosphorus and Potassium content (%) and uptake (kg ha-1) at different stages of crop growth as influenced by nutrient management practices
	Treatment
	At harvest

	
	Nitrogen content (%)
	Nitrogen uptake (kg ha-1)
	Phosphorus content (%) at harvest

	Phosphorus uptake (kg ha-1)

	Potassium content (%)
	Potassium uptake (kg ha-1)


	T1: Control (no fertilizers).
	1.36
	55.79
	0.54
	21.99
	9.97
	409.49

	T2: 60 kg N ha-1 + 30 kg P2O5 ha-1 + 20 kg K2O ha-1(RDF)
	1.59
	92.78
	0.63
	36.67
	10.75
	626.77

	T3: 80 kg N ha-1 + 30 kg P2O5 ha-1 + 20 kg K2O ha-1
	1.62
	104.44
	0.65
	41.93
	11.33
	732.15

	T4: 100 kg N ha-1  + 30 kg P2O5 ha-1 + 20 kg K2O ha-1
	1.94
	137.67
	0.74
	52.29
	12.23
	869.60

	T5: 60 kg N ha-1 + 30 kg P2O5 ha-1 + 40 kg K2O ha-1
	1.59
	95.20
	0.65
	38.63
	11.42
	683.03

	T6: 80 kg N ha-1 + 30 kg P2O5 ha-1 + 40 kg K2O ha-1
	1.84
	122.95
	0.72
	48.39
	11.83
	792.43

	T7: 100 kg N ha-1  + 30 kg P2O5 ha-1 + 40 kg K2O ha-1
	1.99
	150.19
	0.82
	61.57
	12.88
	972.36

	T8: Application of N, P2O5 and K2O based on Soil Test Values.
	1.72
	110.43
	0.64
	40.83
	11.25
	723.42

	SEm±
	0.012
	1.693
	0.005
	0.678
	0.052
	9.701

	CD (P = 0.05)
	0.037
	5.185
	0.015
	2.077
	0.158
	29.712



Conclusion
The present investigation clearly demonstrated that nitrogen and potassium fertilization significantly influenced the grain quality attributes and nutrient uptake in pearl millet under semi-arid conditions. Among the treatments, the application of 100 kg N ha⁻¹ + 30 kg P₂O₅ ha⁻¹ + 40 kg K₂O ha⁻¹ proved most effective, resulting in maximum total protein, amino acid, and carbohydrate content, as well as highest uptake of nitrogen, phosphorus, and potassium at harvest. The enhanced grain quality under this treatment may be attributed to the synergistic effect of nitrogen and potassium in promoting protein synthesis, nutrient assimilation, and photosynthetic efficiency. Furthermore, the soil test-based nutrient management approach also yielded appreciable biochemical quality, highlighting the potential for input optimization without compromising output. Thus, balanced and site-specific fertilization strategies should be promoted to improve both productivity and nutritional quality of pearl millet in dryland agro-ecosystems.
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