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Abstract
The sustainable cultivation of mash bean (Vigna mungo L.) holds significant importance in agricultural systems, particularly in regions challenged by soil nutrient deficiencies and climate variability. As a protein-rich pulse crop, mash bean production is often constrained by imbalanced fertilization practices and low micronutrient availability, notably nitrogen (N) and zinc (Zn). This review explores the synergistic and individual effects of urea and zinc sulphate application on mash bean physiology, growth, yield, and grain quality. Urea serves as a primary nitrogen source that boosts vegetative growth and chlorophyll synthesis, while zinc sulphate, a key micronutrient, supports enzymatic activities, protein synthesis, and reproductive development. The review synthesizes findings from recent experimental studies, including foliar and soil application strategies, nutrient uptake dynamics, and physiological responses in mash crops. Insights from zinc-coated urea and precision fertilization techniques are also included to highlight improvements in nitrogen use efficiency and crop productivity. By collating scientific evidence, this paper offers a comprehensive perspective on the effective integration of urea and zinc sulphate in mash bean agronomy, paving the way for enhanced food security, sustainable soil management, and optimized yield outcomes.
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1. Introduction
Legumes, particularly pulses such as mash bean (Vigna mungo L.), play a vital role in human nutrition and soil fertility enhancement through biological nitrogen fixation. Despite its agronomic and nutritional importance, mash bean remains underexploited in many developing agricultural systems, partly due to soil fertility constraints and improper fertilization practices. In recent years, the focus has shifted toward optimizing nutrient inputs to improve both yield and quality in pulses, with special attention to key macronutrients like nitrogen and essential micronutrients such as zinc (Madhan et al., 2024).
Nitrogen is a fundamental component of amino acids, proteins, nucleic acids, and chlorophyll. It significantly influences vegetative growth, photosynthetic efficiency, and yield potential of crops. However, in most soils, nitrogen is readily lost through leaching, volatilization, and denitrification, thereby reducing nitrogen use efficiency (NUE) and impacting crop productivity. Urea, a widely used nitrogenous fertilizer, offers high nitrogen content but suffers from rapid nitrogen loss if not managed effectively. Innovations such as foliar application and slow-release formulations (e.g., zinc-coated urea) have been developed to mitigate these losses and synchronize nutrient availability with crop demand (Mustafa et al., 2022).
Zinc, a critical micronutrient, is often deficient in calcareous and high-pH soils. It functions as a cofactor for numerous enzymes and regulates key physiological processes including chlorophyll production, protein synthesis, and carbohydrate metabolism. Zinc sulphate is the most commonly used Zn fertilizer in crop production systems. Foliar application of zinc sulphate has been shown to significantly enhance photosynthetic activity, seed setting, and grain quality in legumes, particularly in mash bean under zinc-deficient conditions (Fatima et al., 2021; Singh et al., 2020).
Combined application of urea and zinc sulphate, especially via foliar spray, offers potential synergistic benefits. While nitrogen drives vegetative and reproductive growth, zinc improves nutrient mobilization, stress resistance, and overall metabolic function. This integration enhances crop growth rates, leaf area index, biological yield, and harvest index, as observed in various agronomic trials on mash bean (Fatima et al., 2021).
Given the current challenges in pulse productivity, nutrient management strategies involving optimized use of nitrogen and zinc hold promise for improving the efficiency and sustainability of mash bean cultivation. This review aims to critically examine the effects of urea and zinc sulphate on mash bean, explore mechanisms of action, summarize recent field findings, and provide guidance for future agronomic practices (Ioannis Karavidas et al., 2022).
2. Overview of Mash Crop Agronomy
Mash bean, also known as urd bean or black gram (Vigna mungo L.), is a short-duration legume crop cultivated primarily in South and Southeast Asia. Known for its high protein content and soil-enhancing properties, mash bean is an integral part of crop rotation systems, especially in marginal and rainfed regions. It is cultivated under varied agro-climatic conditions and serves both nutritional and ecological roles. The crop contributes to sustainable agriculture by fixing atmospheric nitrogen through symbiotic bacteria in root nodules, thereby reducing the need for synthetic nitrogen fertilizers in subsequent crops (Soumare et al., 2020).
Agronomically, mash bean prefers well-drained loamy soils with a pH range of 6.0 to 7.5. It is highly sensitive to nutrient deficiencies, particularly nitrogen and zinc, which are essential for its vegetative and reproductive phases. Poor soil fertility, micronutrient imbalance, and suboptimal fertilization practices are the primary constraints affecting its productivity. As a kharif (monsoon) or summer crop, mash bean is typically sown in March-April or July-August, depending on the region. The seed rate ranges from 20 to 25 kg/ha, and it usually matures within 75 to 90 days (Green & Green, 2022).
The crop exhibits good compatibility with intercropping and mixed cropping systems. Its ability to improve soil organic matter and biological activity makes it a preferred choice in integrated nutrient and pest management systems. In recent years, the yield potential of mash bean has been augmented through the introduction of improved varieties such as 'Chakwal Mash' and refined agronomic practices including precise irrigation, weed control, and balanced nutrient management (Kaul et al., 2020).
Nutrient application, particularly through foliar means, has shown promising results in addressing soil-related constraints. Recent field trials have demonstrated that foliar application of micronutrients such as zinc, manganese, iron, and boron can significantly enhance physiological parameters and yield indices in mash bean (Fatima et al., 2021). Therefore, there is a growing consensus on the need to integrate micronutrient management with traditional macronutrient application to optimize mash bean productivity (I. Karavidas et al., 2022).
In light of these developments, this paper further explores the individual and combined roles of urea and zinc sulphate in mash bean cultivation, emphasizing both soil and foliar applications and their impact on crop physiology, growth metrics, and final yield (Yeboah et al., 2021).
3. Role of Urea (Nitrogen) in Crop Physiology
Nitrogen (N) is the most critical macronutrient influencing plant growth, yield, and biochemical attributes. In crop plants like mash bean, nitrogen enhances chlorophyll formation, protein synthesis, and vegetative development. The role of urea, a highly concentrated nitrogen source (46% N), has been extensively studied for its rapid assimilation and effectiveness in supplementing crop nitrogen needs (Mustafa et al., 2022). 
Conventional urea, however, presents challenges in terms of nutrient loss via volatilization, leaching, and denitrification. These losses are particularly prevalent in sandy or alkaline soils where urea hydrolysis leads to rapid ammonia volatilization, especially when not incorporated into the soil. To mitigate these inefficiencies, coated formulations such as sulfur-coated and zinc-coated urea have been introduced, which release nitrogen gradually and enhance NUE (Mustafa et al., 2022).
Foliar application of urea has emerged as a practical alternative to soil application, particularly under drought-prone or nutrient-deficient conditions. The use of low-biuret urea for foliar feeding is known to enhance leaf nitrogen status, delay senescence, and support reproductive growth. In pulses, including mash bean, urea foliar spray during flowering and pod development stages significantly increases grain protein content and yield attributes (Singh et al., 2021). 
Despite its benefits, foliar-applied urea must be used judiciously to avoid phytotoxicity. Excessive concentrations can lead to leaf scorching and reduced photosynthetic efficiency. Research indicates that optimal foliar concentrations (typically 1–2% urea solution) ensure effective uptake with minimal damage (An Introduction of Plant Nutrients and Foliar Fertilization, 2021). The timing, concentration, and frequency of application are crucial for achieving the desired agronomic outcomes.
4. Role of Zinc Sulphate in Crop Development
Zinc (Zn) is an essential micronutrient required in trace amounts but plays a pivotal role in plant physiological and metabolic activities. It functions as a structural and catalytic component in numerous enzymes and is critical for protein synthesis, carbohydrate metabolism, auxin regulation, and membrane integrity (Mustafa et al., 2022). Zinc deficiency in mash bean is common in calcareous and alkaline soils, leading to stunted growth, chlorosis, reduced seed formation, and lower yield potential (Fatima et al., 2021).

Zinc sulphate is the most commonly used fertilizer to correct Zn deficiency, available in both monohydrate and heptahydrate forms. Foliar application of zinc sulphate provides rapid correction of Zn deficiency symptoms and is particularly effective when root uptake is constrained by adverse soil conditions. In mash bean, a 0.5% foliar spray of zinc sulphate at 25 days after sowing (DAS) significantly improved plant height, number of pods per plant, pod length, seed weight, and overall grain yield (Mwami, 2017).

The physiological role of Zn in chlorophyll synthesis and photosynthesis is well documented. Zinc stabilizes chloroplast membranes and activates carbonic anhydrase, a key enzyme for CO₂ fixation. In mash bean, zinc application enhances photosynthetic efficiency, resulting in improved biomass accumulation and grain filling (An Introduction of Plant Nutrients and Foliar Fertilization, 2021). Additionally, Zn facilitates the synthesis of tryptophan, a precursor for indole-3-acetic acid (IAA).
Zinc's role in stress tolerance is also notable. Adequate Zn levels enhance antioxidant defense mechanisms, mitigate oxidative stress, and improve plant resistance to environmental challenges such as drought and salinity. Zinc-deficient plants are more susceptible to biotic and abiotic stresses, resulting in premature senescence and poor seed development. By regulating gene expression and protein synthesis, zinc ensures proper cell division and reproductive success (Garner et al., 2021).
Collectively, the foliar application of zinc sulphate in mash bean has been proven to enhance both physiological and reproductive growth metrics. This highlights the importance of integrating zinc nutrition into the overall fertilization strategy for sustainable pulse production (Madhan et al., 2024).
5. Mechanisms of Nutrient Uptake
The effectiveness of nutrient application, whether through soil or foliage, is largely determined by the mechanisms of uptake and assimilation within the plant system. Nutrient uptake involves both passive and active transport processes regulated by root and leaf surface structures. For nitrogen in the form of urea, uptake primarily occurs through the roots where urea is hydrolyzed by the enzyme urease to release ammonium ions, which are then assimilated into amino acids and proteins (Mustafa et al., 2022).
In foliar applications, nutrients must first penetrate the cuticle, a waxy hydrophobic layer on the leaf surface. Penetration occurs via stomata, trichomes, or micro-cracks in the cuticle. The absorption process is influenced by the physicochemical properties of the nutrient solution, environmental factors (humidity, temperature), and plant species. Urea, being a small uncharged molecule, can readily pass through the cuticular pores and is rapidly assimilated in leaf tissues (Singh et al., 2021). This efficiency makes foliar-applied urea an effective supplement, especially during periods of low soil nitrogen availability.
Zinc uptake, in contrast, is more complex due to its ionic nature. Zinc ions (Zn²⁺) are absorbed via specific transporter proteins in the root cortex and leaf epidermis. In the foliar pathway, Zn must bypass the cuticle and enter through the stomatal aperture or cuticular cracks. Once inside the apoplast, Zn is taken up by ZIP (Zrt-, Irt-like Protein) transporters and subsequently distributed to various plant organs. The use of chelated Zn formulations or surfactants in foliar sprays can enhance zinc mobility and uptake (Alexander & Hunsche, 2016).
Several factors affect the efficacy of nutrient uptake: soil pH, organic matter content, microbial activity, leaf age, and environmental conditions. For instance, alkaline soils inhibit Zn availability, while acidic conditions promote its solubility. Foliar applications are particularly beneficial in such scenarios, as they bypass soil-related constraints. Similarly, dry and compact soils reduce urea mobility and root absorption, making foliar feeding a practical alternative under drought or suboptimal irrigation conditions (Bodner et al., 2015).
Table no. 1 Profile of various coated urea in soil.
	Coated urea 
	Function
	Release mechanism
	Longevity
	References

	Sulfur-Coated urea 
	Nitrification inhibitor
	Microbial activity
	45–180 days
	Baboo, 2016

	Zinc-Coated urea 
	Urease inhibitor
	Diffusion
	20–140days
	Moosa et al.,2021

	Neem-Coated urea 
	Nitrification inhibitor
	Diffusion
	15–90days
	Shilpha et al 2017

	Polymer-Coated urea 
	Control release urea
	Temperature, Soil moisture
	10–75days
	Osman, 2017

	Carbon-Coated urea 
	Urease inhibitor
	Cation exchange capacity (CEC), Acid buffering capacity
	10–120days
	Jia et al., 2021

	Boron-Coated urea 
	Urease inhibitor
	Diffusion
	10–100days
	Shivay et al., 2019



6. Foliar vs. Soil Application
The method of nutrient delivery—whether through soil or foliar pathways—significantly influences nutrient use efficiency and crop response. Soil application of urea and zinc sulphate is the traditional method, providing a consistent supply of nutrients over time. However, in coarse-textured soils with low water-holding capacity, a significant portion of applied nitrogen and zinc may be lost through leaching, fixation, or volatilization. These inefficiencies necessitate higher fertilizer doses, increasing production costs and environmental risks (Chien et al., 2009).
Foliar application, on the other hand, offers several advantages. It allows for precise nutrient delivery at critical growth stages, ensures rapid uptake, and minimizes soil-induced losses. Research shows that foliar-applied micronutrients like Zn are 20 times more efficient than soil application under certain conditions (J. Singh et al., 2013). Urea foliar sprays, particularly during the reproductive phase, enhance nitrogen availability to developing seeds and improve grain protein content (Fatima et al., 2021).
Despite its benefits, foliar fertilization has limitations. The risk of leaf burn, limited nutrient mobility within the plant, and the need for repeated applications due to lower dose capacity are key challenges. Moreover, foliar uptake efficiency is influenced by environmental factors such as relative humidity, temperature, and wind speed. Application during cooler, humid conditions maximize absorption, while spraying during hot, dry periods reduces efficacy and increases phytotoxicity risk (Ramsey et al., 2005).
Integrated nutrient management strategies increasingly advocate a combination of soil and foliar applications to maximize nutrient use efficiency. For example, basal application of urea complemented with foliar Zn sprays at 25 DAS (days after sowing) has proven to be an effective regimen for enhancing mash bean yield and quality (Fatima et al., 2021). This dual approach ensures a continuous nutrient supply, improves uptake efficiency, and reduces environmental losses.
In conclusion, while soil application remains indispensable for bulk nutrient delivery, foliar application serves as a valuable tool for supplementing micronutrients and correcting deficiencies during active crop growth. The integration of both methods represents a balanced approach to sustainable mash bean production (Islam et al., 2024).
7. Combined Effects of Urea and Zinc on Mash Bean Growth
The interaction between urea (as a nitrogen source) and zinc sulphate plays a crucial role in enhancing both vegetative and reproductive performance of mash bean (Vigna mungo L.). While urea promotes vigorous vegetative growth, zinc sulphate strengthens enzymatic activities, reproductive development, and stress resilience (Rietra et al., 2017).  
Field trials conducted in Faisalabad, Pakistan, revealed that foliar application of 0.5% ZnSO₄ at 25 DAS (days after sowing), in plots previously supplied with urea, led to the highest plant height (59.26 cm), number of pods per plant (17.0), pod length (4.63 cm), and seed yield (1031.3 kg ha⁻¹) (Fatima et al., 2021). These improvements are attributed to enhanced chlorophyll synthesis, protein accumulation, and more efficient nitrogen uptake when zinc is present. Zinc facilitates the function of nitrate reductase and glutamate synthetase, crucial enzymes for nitrogen metabolism, thereby boosting nitrogen utilization from urea sources (Mustafa et al., 2022).
Moreover, the biological yield and harvest index (HI) were significantly increased when mash bean received integrated treatments of urea and zinc. This can be explained by the increased photosynthetic efficiency and biomass accumulation due to the combined action of nitrogen (supporting shoot development) and zinc (enhancing root strength and reproductive growth). The combined treatment also improved carbohydrate content (up to 60%) and protein content (23%) in seeds, contributing to better nutritional quality of the harvested produce (Zhao-Hui & Li, 2008).
Importantly, this nutrient synergy minimizes the risk of hidden hunger in both plants and humans. Zinc application enhances nitrogen use efficiency (NUE), which is critical for sustainable agriculture. A study by Mustafa et al. (2022) reported that the use of zinc-coated urea not only provided adequate zinc nutrition but also led to a more gradual and sustained release of nitrogen. This controlled-release mechanism reduces nitrogen losses through volatilization and leaching, ensuring better uptake and less environmental impact (Hiral et al., 2022).
The combination of urea and zinc is particularly effective when administered in split doses or staggered foliar applications. Foliar urea is most effective during flowering and pod development stages, whereas zinc sulphate shows optimal results when applied earlier in the vegetative phase. This timing ensures proper partitioning of assimilates and nutrient allocation to vital organs, enhancing pod formation and seed set (Bhattacharya, 2021).
Thus, the integrated use of urea and zinc sulphate enhances mash bean productivity through complementary biochemical and physiological mechanisms. Such integration is especially critical in calcareous soils with poor micronutrient availability and under climate-stressed conditions that limit root absorption (Bhattacharya, 2021).
8. Recent Findings and Experimental Evidence
Recent research has underscored the vital importance of combined nitrogen and zinc nutrition in optimizing mash bean growth. Field experiments conducted over the last decade in South Asia have established a direct correlation between foliar-applied zinc sulphate and improved physiological parameters, especially when nitrogen supply is adequate.
Fatima et al. (2021) showed that mash bean sprayed with 0.5% ZnSO₄ at 25 DAS produced significantly higher leaf area index (LAI), crop growth rate (CGR), and net assimilation rate (NAR). The CGR reached 0.4 g m⁻² d⁻¹ under optimal zinc and nitrogen regimes. These physiological improvements translated into higher seed weight and grain filling percentage, demonstrating the importance of micronutrient support alongside primary fertilization (B. Singh et al., 2010).
Mustafa et al. (2022) reviewed multiple studies demonstrating the superior performance of zinc-coated urea over conventional urea in rice, wheat, and legumes. The gradual nitrogen release pattern provided by zinc-coated urea reduced nitrogen leaching and significantly enhanced NUE. These findings highlight that the benefits observed in cereal crops can be extrapolated to pulses like mash bean, particularly in rainfed or nutrient-deficient soils (Thomas et al., 2018).
Singh et al. (2021) emphasized that foliar fertilization of both urea and zinc not only increased vegetative biomass but also influenced key yield attributes such as seed number per pod, 1000-seed weight, and harvest index. Foliar feeding proved to be 6–20 times more efficient than soil application for micronutrients, particularly under high pH conditions where root uptake is compromised.
Furthermore, zinc has been shown to improve reproductive characteristics including flower retention and pollen viability, which are crucial for yield stabilization in pulses. In mash bean, reproductive success is highly sensitive to nutrient status, and zinc deficiency can lead to excessive flower drop and poor seed set. Boron, another micronutrient studied in the same experimental design, also showed positive effects, but the response to zinc was more consistent and pronounced (Fatima et al., 2021).
The integration of these nutrients has also demonstrated economic benefits. The benefit-cost ratio (BCR) significantly improved when mash bean crops received foliar zinc and nitrogen, making the practice viable even for resource-constrained farmers. Hence, adopting an integrated nutrient management strategy that includes both urea and zinc sulphate is a scientifically validated and economically viable approach for enhancing mash bean production (Islam et al., 2024).
9. Future Prospects and Recommendations
In light of the growing demand for sustainable and efficient crop production, particularly in pulses such as mash bean, the integration of nutrient management strategies involving urea and zinc sulphate offers significant potential. As global challenges such as soil degradation, micronutrient deficiencies, and climate change intensify, nutrient-use efficiency and environmental stewardship must be prioritized in agronomic practices.
One of the most promising future directions is the adoption of precision agriculture tools to monitor crop nutrient status in real-time. Remote sensing and soil testing can guide the timing, dosage, and method of urea and zinc application to maximize yield and reduce environmental impact. Furthermore, the use of controlled-release fertilizers such as zinc-coated urea should be scaled up to improve nitrogen retention in soils, enhance zinc availability, and minimize nutrient losses through volatilization and leaching.
Breeding efforts should also be focused on developing mash bean cultivars with higher nutrient use efficiency (NUE) and greater responsiveness to foliar-applied zinc and nitrogen. Integration of biofortification traits to enhance grain Zn and protein content can help address hidden hunger in human populations, especially in regions with high dependence on plant-based diets.
From a policy perspective, extension services must be strengthened to disseminate best practices for nutrient application, including training on foliar spray techniques and integrated nutrient management (INM). Subsidies or incentives for adopting micronutrient-rich fertilizers, soil health cards, and customized fertilization plans can improve farmer adoption rates and overall pulse productivity.
In terms of research, future investigations should explore the molecular mechanisms underpinning the synergistic effect of zinc and nitrogen on plant metabolism, gene expression, and enzyme regulation. Long-term field trials across varied agro-climatic zones will also help to validate findings and refine region-specific recommendations.
In conclusion, adopting a comprehensive approach that integrates urea and zinc sulphate into mash bean cultivation is a sustainable solution to improving productivity, nutritional quality, and farmer profitability. With continued innovation, education, and policy support, the future of mash crop farming can be both productive and ecologically balanced.
10. Conclusion
Mash bean (Vigna mungo L.) is a nutritionally and agriculturally valuable pulse crop, yet its productivity is often limited by nutrient deficiencies, particularly nitrogen and zinc. This review highlights the vital role of urea and zinc sulphate in improving the physiological, biochemical, and yield-related traits of mash bean. While urea supports vegetative growth and protein synthesis, zinc enhances enzymatic activity, reproductive success, and stress tolerance.
Foliar application of these nutrients, especially when applied at optimal stages such as 25 DAS for zinc and flowering for urea, has been shown to significantly improve crop performance. The integration of soil and foliar feeding methods provides a balanced and efficient nutrient supply, reducing environmental losses and increasing benefit-cost ratios.
Recent findings support the efficacy of zinc-coated urea in enhancing nitrogen use efficiency and ensuring slow-release nutrient availability. Combined, these practices contribute to enhanced plant growth, higher grain yields, and improved seed quality. As the demand for sustainable agriculture intensifies, adopting integrated nutrient management strategies that incorporate urea and zinc will be critical to achieving food security and environmental sustainability.
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