



Shaping Nutritional Sustainability in Wheat: The Crucial Role of Agronomic Biofortification in Zinc Enhancement
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ABSTRACT 
	Triticum aestivum L. (wheat) is the world's most important source of calories, but inherent micronutrient deficiencies, especially in zinc (Zn), cause dietary zinc deficiency—in susceptible groups. Agronomic biofortification, a targeted intervention using micronutrient-enriched fertilizer regimes (specifically, ZnSO₄ foliar and integrated soil-foliar applications), has become a viable, scalable, and affordable way to increase the concentration of zinc (Zn) and its bioavailability in wheat grain tissue, circumventing genotype- and soil-related barriers to micronutrient uptake. Modern approaches that address anti-nutritional antagonists like phytic acid and show increased efficacy for Zn translocation and remobilization into edible endosperm include source-sink optimization, integrated nutrient management (INM), nano-chelated Zn carriers, and targeted application during critical phonological stages. The paper thoroughly summarizes developments in mineral solubilization, rhizosphere engineering, and foliar nutrition. It also incorporates data from case studies that highlight the best fertilizer formulation, timing, and physiochemical soil limits on zinc bioefficacy. The requirement for regionally tailored 4R nutrient stewardship (appropriate source, rate, time, and place), clarifying the relationships between genotype, environment, and management, and reducing the environmental and toxicological hazards associated with extended micronutrient input are among the remaining obstacles. By improving food nutritional density, addressing dietary zinc deficiencies quickly and sustainably, and assisting with international public health campaigns, the strategic use of agronomic biofortification is in line with the Sustainable Development Goals.
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Introduction 
Wheat (Triticum aestivum L.) is one of the most important agronomic crops globally and a primary staple food for millions of people. It contributes approximately 35% of the world’s dietary food supply, making it indispensable for global food security (Mohammadi-Joo et al., 2015). Wheat is widely cultivated across diverse climates and soil types, demonstrating its resilience and adaptability to different environmental conditions. The grain is composed of three key components: bran, endosperm, and germ, each with unique nutritional properties.
The bran is rich in insoluble carbohydrates, proteins, and trace amounts of B vitamins and minerals. However, it also contains anti-nutritional factors such as phytic acid, which can hinder the absorption of certain micronutrients. The endosperm, which makes up most of the grain, is primarily composed of starch and protein. Meanwhile, the germ contains significant amounts of vitamins B and E, unsaturated fats, protein, and essential minerals (Lephuthing et al., 2017). Although wheat possesses valuable nutrients, these are often present in trace amounts, limiting its ability to meet the nutritional requirements of populations heavily reliant on wheat-based diets.
This dietary dependence on wheat, particularly in low- and middle-income regions, has contributed to widespread malnutrition and micronutrient deficiencies. Known as “hidden hunger,” micronutrient malnutrition affects over 2 billion people globally (FAO, 2013). Vulnerable populations, including pregnant women and children under five, are particularly at risk. Malnutrition accounts for approximately 45% of childhood mortality and can lead to long-term developmental impairments (World Health Statistics, 2022).
“Wheat consumption is prevalent in various forms across cultures, including chapati, bread, biscuits, pasta, and fermented products” (Mallick et al., 2013). Despite this widespread consumption, the nutritional profile of wheat is inadequate to address critical micronutrient needs, particularly for zinc (Zn), iron (Fe), and vitamin A. Zinc deficiency is a major concern. It impairs immune function, stunts growth, and increases susceptibility to infections. Addressing this deficiency through direct supplementation or industrial fortification has yielded limited success in sustainable development contexts due to logistical and financial constraints.
Global wheat production has seen significant growth, reaching an estimated 793 million metric tons in 2024 (FAOSTAT, 2024). “However, this increase in quantity has not been paralleled by an improvement in nutritional quality. Following the Green Revolution, agricultural productivity surged, yet nutrient content in staple crops did not keep pace with the growing demand for balanced diets. This discrepancy has exacerbated micronutrient deficiencies, particularly in resource-poor regions where cereal-based diets predominate. India has achieved a record wheat production of 112.92 million tons during 2023-24” (Progress Repot 2023-24, IIWBR).
“Biofortification, an innovative agricultural approach, seeks to address these deficiencies by enhancing the micronutrient content of food crops through genetic and agronomic interventions. While genetic biofortification focuses on breeding crop varieties with higher inherent nutrient levels, agronomic biofortification relies on improved fertilization techniques to increase nutrient uptake and accumulation during crop development. The latter approach is particularly promising for rapidly addressing malnutrition since it can be implemented without the need for extensive breeding programs” (De valenca at al., 2017).
“Agronomic biofortification typically involves applying micronutrient-rich fertilizers—either to the soil or directly to the plant through foliar sprays—during critical growth stages. This process enhances nutrient bioavailability in edible plant parts and supports the soil-to-plant-to-human nutrient cycle. By optimizing nutrient management strategies, agronomic biofortification can provide a sustainable and cost-effective solution for improving the nutritional quality of wheat and other staple crops. Recent advancements, such as nanoscale chelators and integrated nutrient management (INM), have further increased the efficacy of this approach” (Cakmak, 2010).
“Given the critical role of wheat in global nutrition and the growing need to combat micronutrient deficiencies, this review focuses on agronomic biofortification as a sustainable strategy for enhancing Zn content in wheat. Specifically, it explores the application methods, crop growth stages, and fertilization techniques that influence Zn accumulation and bioavailability. The review also assesses the effectiveness of combining genetic and agronomic biofortification approaches to achieve long-term nutritional security. By addressing these issues, agronomic biofortification can contribute to meeting the United Nations Sustainable Development Goals (SDGs) aimed at eradicating hunger, malnutrition, and poverty by 2030.
Global status of zinc deficiency
[image: ][image: ]In wheat plants a mature leaf exhibits irregular light brown lesions, and medium leaves show interveinal chlorosis. bordered by a dark brown margin. Affected plants are paler in colour than normal and the leaves have a purplish tint. Necrotic spots (often light brown with dark margin) occur on the older leaves. Growth is also reduced due the effect of zinc on chlorophyll function. Internodes are shortened.
Fig. 1 a.) Wheat leave shows the irregular brown spots and, b.) Wheat leave shows the interveinal chlorosis Tagliavini and Toselli, 2005

“Zinc deficiency is a global health problem. Despite proven benefits of adequate Zinc nutrition, approximately 2 billion people remain at the risk of Zinc deficiency. Zinc is supplied to the body through a diversified diet including meats, nuts, eggs, spinach, fish, mushrooms etc. which are seen to be inaccessible to people in developing countries. Children are especially vulnerable to Zinc deficiency which weakens their immune system making them prone to diarrhoea and pneumonia which are most common causes of death in developing countries. Surprisingly, India contributes to the largest child deaths in the world. Zinc deficiency also leads to retarded growth & development and stunting with life-long impacts on health, productivity, and income” (Cakmak, 2010).
According to Food and Health Organization (FAO), “one third of the world population lives in countries that have high risk of Zinc deficiency, India being one of them. The most vulnerable are infants, young children, pregnant and lactating women due to their elevated requirements for Zinc. Affordable approaches to eliminate Zinc deficiency exist and need to be implemented urgently. Zinc can be added to mineral pre-mixes used in fortification programs and preventive Zinc supplementation to be given to children of less than 5 years age in high-risk countries. Exclusive breastfeeding during first six months to a child is an excellent source of Zinc. Also, by applying agricultural and food processing technologies, the amount of absorbable Zinc can be increased in staple foods”.
In humans, Zn deficiency was first identified in the early 1960s, initially described in an adolescent Iranian male and 3 years later in an Egyptian boy. In 1969 and 1972, Zn deficiency was reported in young children from the United States.
The populations at the highest risk of Zn deficiency are concentrated in South and South East Asia, Sub-Saharan Africa, Central America, and the Andean region of South America where the diets are mostly plant based and the intake of animal sourced foods is low (Fig. 2). Additionally, in recent years, Zn deficiency has become progressively more apparent in developed countries
[image: ]“Zn deficiency generally exists due to one or more reasons: insufficient Zn intake, interference of other dietary factors with the absorption and bioavailability of dietary Zn, enlarged losses of Zn, reduced utilisation, and increased requirements for Zn under physiological conditions such as periods of rapid growth, pregnancy, and lactation. Currently used cut-offs of plasma Zn concentrations for assessing the risk of Zn deficiency are presented elsewhere” (Cakmak, 2010).

Fig. 2. Prevalence of Zn deficiency in developing countries. Gupta et al., (2020).

Biofortification and Nutrient Bioavailability
“The global population relies heavily on three major cereal crops—wheat, rice, and maize—which, despite their dietary importance, are deficient in essential micronutrients such as zinc (Zn), iron (Fe), and vitamin A” (Avnee et al., 2023). 
“This lack of nutrients has severe implications for human health, particularly in regions where these cereals form the dietary staple. Micronutrient deficiencies, often referred to as "hidden hunger," are associated with stunted growth, weakened immunity, developmental delays, and increased mortality rates, especially among vulnerable groups such as children and pregnant women” (Kiran et al., 2022).
“Biofortification offers a sustainable solution to address these nutritional deficits by enriching staple crops with essential vitamins and minerals. This process can be achieved through genetic, agronomic, or transgenic approaches. Among these, agronomic biofortification focuses on optimizing agricultural practices to enhance the uptake and accumulation of nutrients in the edible parts of crops. By increasing nutrient content directly at the production stage, agronomic biofortification provides long-term benefits that reduce reliance on costly external supplementation or industrial fortification programs” (Bhardwaj et al., 2022).
“The benefits of biofortification are particularly evident in the reduction of stunting and other malnutrition-related disorders. Stunting, a condition where a child's growth is impaired due to chronic malnutrition, affects millions of children globally. Enhanced nutrient availability through biofortified crops can improve both physical and cognitive development, laying the foundation for healthier and more productive societies” (Kiran et al., 2022).
“Currently, biofortified crops are being cultivated and consumed in approximately 30 developing countries, benefiting over 15 million people. Additionally, multi-location trials to test the efficacy and adaptability of these crops are underway in 25 more countries. The global expansion of biofortification initiatives highlights its potential as a scalable and sustainable intervention for nutritional security” (Bouis et al., 2017 and Talsma et al., 2017)
“To validate the nutritional efficacy of biofortified crops, researchers conduct studies on nutrient retention during typical processing, storage, and cooking practices. These studies aim to ensure that sufficient levels of vitamins and minerals remain in the final food products consumed by target populations” (De Moura et al., 2015). Factors such as nutrient stability and bioavailability i.e., the extent to which nutrients can be absorbed and utilized by the human body—are critical to the success of biofortification programs.

Nutrient Bioavailability Pathway
“The pathway of nutrient bioavailability begins with the absorption of micronutrients from the soil by plants, followed by their translocation to various plant tissues and eventual accumulation in edible grain components. This process is influenced by several factors, including soil composition, pH, moisture levels, and interactions with other elements. Once the biofortified crops are harvested and consumed, the bioavailability of nutrients to humans depends on food preparation methods, dietary composition, and the physiological state of the individual”.
For example, “in wheat, zinc bioavailability is often limited by the presence of anti-nutritional factors such as phytic acid, which binds to zinc and reduces its absorption. Agronomic biofortification can mitigate this issue by applying micronutrient-rich fertilizers, particularly through foliar sprays, at key growth stages. This practice enhances the zinc content of the starchy endosperm, the primary edible component of wheat grain. Early research suggests that these methods can raise zinc concentrations significantly, improving both grain quality and human nutrition” (Praharaj et al., 2021 and Xia et al., 2020).
[image: Fig. 3]
Fig.3 a. Depicts various methods to implement nutrient biofortification; b.–c. shows the various means of biofortification/uptake of micro and macronutrients by plant roots assisted by the competent microbiome. (Source B Naik et al., 2024)

Foliar versus soil based of agronomic biofortification
“The foliar application of zinc has been widely studied for its positive impact on zinc biofortification in wheat, enhancing both grain zinc content and overall agronomic performance” (Sattar et al., 2022) demonstrated that foliar zinc application under water stress improved wheat’s morpho-physiological traits and antioxidant defences, resulting in grain zinc levels reaching 60 mg/kg. (Kumar et al., 2018) found that agronomic biofortification through soil and foliar applications could alleviate zinc malnutrition, with soil application reaching zinc levels of 38.86-77.17 mg/kg and combined soil + foliar application achieving 76.49 mg/kg. (Yadav et al., 2023) emphasized the role of fertilizer management, observing zinc concentrations varying between 31.0-63.0 mg/kg with foliar application. (Lyons and Cakmak., 2012) advocated for the importance of micronutrient biofortification, reporting zinc levels of 51 mg/kg in wheat grains with foliar application. (Dhaliwal et al., 2019) observed a significant increase in zinc content, with foliar application reaching 41.2 mg/kg in diverse wheat cultivars. (Afshar et al., 2020) highlighted the agronomic and economic benefits of foliar zinc application, achieving 44.3 mg/kg zinc content. (Paramesh et al., 2020 and Panhwar et al., 2024) found that combined soil and foliar zinc applications further increased zinc content, with levels reaching 58 mg/kg and 52.4 mg/kg, respectively, and also improved wheat growth. (Ciccolini et al., 2017) showed that biofortification with both iron and zinc improved wheat flour's nutritional and nutraceutical properties, with zinc content increasing by 78%. (Gomez-Coronado et al., 2016) observed a zinc concentration of 20 mg/kg from both soil and foliar applications in Mediterranean wheat cultivation. (Cakmak et al., 2010) reported a zinc concentration of 55 mg/kg in wheat grains through combined soil and foliar applications. (Hussain et al., 2012) demonstrated that foliar zinc application enhanced zinc bioavailability in wheat grains, achieving 53 mg/kg zinc concentration. (Rehman et al., 2020) observed that soil zinc application to the Zincol-2016 cultivar increased zinc levels to 53 mg/kg. (Ram et al., 2016) highlighted the global impact of foliar zinc application, with varying levels of zinc achieved across different crops, including wheat, where the concentration reached 44.3 mg/kg. These studies collectively underscore the effectiveness of foliar and combined soil + foliar zinc applications in increasing zinc content and bioavailability in wheat, significantly improving both crop yield and nutritional quality.



Table 1 : Relevant studies thon zinc biofortification with key points
	Title of study
	Methods
	Zinc level achieved 
	References 

	Foliar application of zinc improves agronomic grain biofortification of wheat

	Foliar spray 
	Maximum improvement in pn (34%), E (47) and gs (52%) relative to control were observed under water stress conditions at 15 mM Zn application 
	Sattar et. al., 2022.

	Agronomic biofortification of zinc in wheat (Triticum aestivum L.)
	Soil and foliar
	According to Arvind et al. increase the grain zn content through the soil app. 38.86-77.17 mg/kg and through the soil+foliar app. to 76.49mg/kg.
	Kumar et. al., 2018

	Agronomic Biofortification to Improve Productivity and Grain Zn Concentration
	Foliar,
Soil, and
Seed priming 
	The results indicated that maximum grain Zn concentration was noted with foliar applied Zn 60mg/kg then soil 50 and seed priming 40mg/kg.
in the wheat grain.
	Yadav et. al., 2023

	Agronomic Biofortification of Food Crops with Micronutrients
	Foliar
	According to Lyons et al app. of foliar ZnSo4 reported the 51mg/kg Zn concentration.
	Lyons et. al., 2012

	Zinc biofortification of bread wheat
	Foliar
	Through foliar zinc application observed increased zinc in grains varying from 31.0-63.0 mg kg−1 .
	Dhaliwal et. al., 2019

	Agronomic response of bread wheat to zinc application

	foliar
	With the app. of Zn at both heading and flowering, grain Zn concentration reached 44.3 and 52.4 mg/kg.
	Afshar et. al., 2020

	Role of Agronomic Fortification of Zinc

	Soil + Foliar
	According to Paramesh et al. reported the 172.6mg/kg increase Zn content  
	Paramesh et. al., 2020

	zinc improves with agronomic grain biofortification of wheat under water stress
	foliar
	Increased the zinc contents in grains about 36.9% as compared to control treatment where Zn was not applied
	Sattar et. al., 2022

	Biofortification of wheat
	foliar
	Higher grain Zn concentrations were recorded with foliar Zn alone (41.2 mg kg−1) 
	Ram et. al., 2016

	Zinc biofortification of wheat with zinc sulphate application in soil and foliar nano zinc fertilisation

	Soil and foliar
	Combined foliar and soil Zn application increased grains Zn concentration and accumulation with greater dry matter grain yield (9.8 and 11%) of wheat 
	Dhaliwal et. al., 2022

	Biofortification and Localization of Zinc in Wheat Grain
	foliar
	With two times foliar Zn application first the booting and second the milking stages) increased grain Zn concentration, on average, from 28-58 mg/kg.
	Cakmak et. al., 2010

	Study on Foliar Application of Zn (Fortification) in wheat
	Foliar 
	According to Panhwar the extractable zinc content was noted to be marginal at 1.35 µg -1 or 1350mg/kg.
	Panhwar et. al., 2024

	Biofortification with Nutritional Properties of Common Wheat Flour

	Foliar 
	Biofortification increased the concentration of Zn +78 per cent and its bioavailability +48 per cent in the flour
	Ciccolini et. al., 2017

	Zinc (Zn) concentration of bread wheat

	Soil and Foliar
	By the Coronado et al. observed gains zinc content 20 mg/ kg obtained from both with foliar and soil+foliar Zn applications.
	Gomez-Coronado et. al., 2016

	Zinc fertilization approaches for agronomic biofortification
	Soil 
	Soil Zn application increased whole-grain Zn concentration 95 per cent and whole-grain estimated Zn bioavailability 74 per cent. and
Through the foliar Zn application at heading also increased Zn bioavailability in the plant.
	Hussain et. al., 2012

	Agronomic Biofortification of Zinc in Pakistan
	Soil
	By the study of Rehman et al in a glasshouse experiment, Soil Zn application (6 mg Zn/kg soil) to Zincol-2016 (wheat cultivar having high intrinsic Zn concentration) augmented the Zn concentration by 53 mg/kg in wheat grain 
	Rehman et. al., 2020



Why foliar application is better over soil application 
“Foliar zinc application is generally considered better than soil zinc application because it allows for faster and more direct absorption of zinc by the plant, leading to a higher concentration of zinc in the edible parts of the crop, especially when dealing with zinc deficiency, as the nutrient is readily available to the leaves and can be quickly transported throughout the plant via the phloem, unlike when applied to the soil where uptake can be limited by soil conditions and availability to the roots; this makes foliar application a more efficient method for increasing zinc content in the harvested product” (Zhao et al., 2014; Doolette et al., 2018, and Chattha et al., 2023). According to economic point of view, “foliar application are better options because these are economical than soil application”. (Farooq et al., 2011). “Agronomic biofortification via Zn fertilization, especially by foliar Zn application, is thought to be the most useful, cost-effective, and applicable solution for achieving Zn biofortification in wheat” (Cakmak et al., 2018). “With foliar application, Zn is absorbed by the leaf epidermis and easily transferred to the developing grain through the phloem” (Curie et al., 2009). Thus,” foliar application of Zn is more effective in increasing grain Zn concentration than soil application” (Cakmak et al., 2012 and Saha et al., 2017). “Foliar zinc application offers several advantages for plant growth and nutrition. When applied directly to the leaves, zinc is readily absorbed by the plant, bypassing the need for root uptake and overcoming potential soil availability issues. This method results in a faster response to zinc deficiency, as the nutrient becomes quickly accessible to the plant tissues. Additionally, foliar application allows for targeted delivery, ensuring that zinc is directed to the actively growing parts of the plant where it is most needed. Research has also shown that foliar zinc application can significantly improve the zinc concentration in the grains of cereal crops, such as wheat and rice, compared to soil application” (Sánchez-Palacios et al., 2023 and Khan et al., 2023).

Soil factors affect the Zn bioavailability and movement of zinc from soil to crop 
“The various soil factors viz., pH (promote higher Zn availability as Zn is more readily soluble in acidic conditions and decrease Zn availability due to the formation of insoluble zinc compounds like zinc carbonates and hydroxides alkaline soils), soil aeration (Adequate aeration allows for healthy root development, which is crucial for efficient nutrient uptake, including Zn.), moisture (Optimal moisture levels facilitate the movement of Zn ions through the soil profile, enabling roots to access it more easily.), organic matter (High organic matter content can bind to Zn, reducing its availability in some cases, but can also help chelate Zn and make it more accessible to plants depending on the organic matter composition), and elemental interactions  (In certain conditions, high levels of iron and manganese oxides can bind to zinc, making it less available to plants.) affect the bioavailability of Zn to crop plants” (Adeleke et al., 2017). Soils in many cereal-growing areas have several chemical and physical issues that diminish Zn solubility and hinder root absorption (Fig.4). “The rhizosphere can be changed through the excretion of organic acids or H+ ions by some plants to enhance nutrient availability and uptake (Adeleke et al., 2017). The soluble, exchangeable, and organically bound Zn pools form the potentially bioavailable portion of Zn. In plants, Zn is absorbed by roots in the form of Zn2+ from the soil solution. The pH of soil regulates the bioavailability of Zn to plants, as with the increase in pH, its availability decreases. When soil pH is above 8, calcites bound the Zn more strongly, making it less available to plants. Increased soil pH stimulates Zn adsorption to soil constituents (e.g., metal oxides, clay minerals) and lowers adsorbed Zn desorption. A very minor gain in Zn enhancement through soil fertilization of Zn fertilizer in wheat” (Zou et al., 2012).

[image: figure 2]“The movement of Zn through diffusion is impaired by soil moisture as well as low organic matter content which results in reduced accumulation of Zn in crop grains” (Rengel et al., 2015). “Soil management strategies such as the application of soil amendments like organic manures can improve the Zn bioavailability. The soil microflora has a considerable positive impact on Zn bioavailability as they take part in the biogeochemical cycling of nutrients. Nearly all metal-microbe interactions, for instance, oxidation, reduction, solubilization and complexation play a significant role in the movement of nutrients” (Gupta et al., 2022). “Soil microbes such as bacteria, fungi, mycorrhiza, and cyanobacteria could help in the precise nutrient acquisition 




Fig.4 Zn dynamics influenced by soil factors in the rhizosphere (Gupta et al., 2016)



by plants. The symbiotic association between Arbuscular mycorrhizal fungi and roots help in increasing the bioavailability and nutrient uptake of scarce soluble nutrients like Zn” (De Valençaa et al., 2017). 


Foliar spray of zinc, its absorption mechanism and factors affecting the zinc absorption
Zinc absorption by various methods such as soil, foliar, or seed treatments, focuses on increasing zinc accumulation in plants. These treatments not only raise the quality of the produce but also the grain yield. The best technique for applying Zn has been found to be the foliar application, as it is directly absorbed through the leaf surface, transported to the phloem, and then translocated to the developing grains.Absorption
1.The zinc spray is absorbed through the stomata and cuticle of the leaf.
2.The absorption is influenced by the leaf's surface characteristics, such as the thickness of the wax layer and the distribution of stomata and trichomes.
3.The absorption of zinc is also dependent on the type of zinc fertilizer used.


Translocation
1.The zinc is translocated from the leaf' epidermal cells to the vascular tissues.
2.The zinc then moves long distances within the vascular tissues.
3.The zinc is unloaded from the vascular tissues and translocated into the destination tissues.




Factors affecting zinc absorption in wheat leaves include: soil pH (Optimal zinc availability generally occurs in slightly acidic soils, while high pH can significantly reduce zinc availability.), soil zinc availability, plant growth stage (Younger leaves tend to absorb more zinc than mature ones.), application method (foliar spray vs. soil application), presence of other nutrients like phosphorus and calcium, water stress, leaf surface characteristics, and the timing of zinc application.



[image: Different steps of nutrient uptake by leaves (adapted from Roemheld and...  | Download Scientific Diagram]
Fig.5 Different steps of nutrient uptake by leaves These steps could be summarized as follows: (1) Wetting of the leaf surface with fertilizer solution; (2) penetration across the outer epidermal cell wall; (3) entrance into the leaf apoplast; (4) uptake into the leaf symplast; (5) Distribution within the leaf; and (6) transport out of the leaf. (Tagliavini and Toselli, 2005)


Practical benefits of agronomic biofortification 
“Agronomic biofortification of food grains offers a range of benefits aimed at addressing micronutrient deficiencies and enhancing the nutritional quality of staple crops. This approach helps combat micronutrient deficiencies, often referred to as hidden hunger, by enriching staple grains like rice, wheat, maize, and millets with essential vitamins and minerals such as iron, zinc, and vitamin A. This process significantly improves the nutritional intake of these nutrients, helping to alleviate common deficiencies like iron deficiency anaemia and zinc deficiency, especially among vulnerable populations such as children and pregnant women. Additionally, agronomic biofortification contributes to enhanced food security by ensuring that communities relying on these grains have access to more nutritious food, thereby reducing vulnerability to malnutrition” (Avnee et al., 2023 and Ofori et al., 2022). “Agronomic biofortification is a sustainable and cost-effective approach to enhancing the nutritional value of crops, which can significantly improve public health (Chaudhary et al., 2022). By increasing the micronutrient content of crops, biofortification helps combat malnutrition, offering a valuable solution to address micronutrient deficiencies” (Avnee et al., 2023). “This method is particularly advantageous as it does not require new seeds, making it a sustainable practice for farmers. Additionally, biofortified crops are typically grown using cultivars that farmers are already familiar with, ensuring consumer acceptance” (Chaudhary et al., 2022). “The quick results of biofortification are also a key benefit, as the micronutrient concentrations can be increased within the same growing season, providing rapid improvements in nutrition” (Bhardwaj et al., 2022). “Biofortification can be a cost-effective and sustainable way to address micronutrient malnutrition at the population level with a goal to reduce malnutrition and improve public health, particularly in populations that rely heavily on a single staple crop for their daily caloric intake” (Avnee et al., 2023). “Agronomic biofortification is done using micronutrient-enriched fertilizers, and it is a simple and quick measure to increase the nutritional status of the crop, and consumption of such crops improves human nutrition status” (Cakmak et al., 2018). 

Source–sink relationships of zinc biofortification in wheat grains
Zinc (Zn) is an essential micronutrient for the health of plants, animals, and humans (Krężel & Maret., 2016 and Marschner, 2012). The concepts of source and sink in plants were first proposed by Mason and Maskell (1928). Source is a material producer and exporter, and sink is a material importer and consumer (Foyer and Paul., 2001). “For example, mature leaves and other green tissues are a source of carbon, while root and growing tubers/fruits/seeds are a sink of C. Similarly, root is the only source of inorganic nitrogen, and mature leaves are often the major source for organic nitrogen, whereas the growing tubers/fruits/seeds are a sink for both inorganic and organic nitrogen. Stem and/or leaf sheath phloem parenchyma cells often act as a reserve pool for temporary storage of C and N before tuber/seed/fruit setting, they act as a sink, and during tuber/seed/fruit setting they often play the role of a source” (Chang et al., 2017).
It could also be applied to the study of Zn. The flow of not only photo assimilates, but also Zn, into developing grains (the sink) is determined by the source–sink relationship during the grain-filling period, and Zn may interact with photo assimilates (Liu, Zhang, Liu, Chen, & Zou, 2020). 
Increasing The Source of Exogenous Zn by Soil Application And/or Foliar Spraying
“Application of Zn fertilizer to soil ensures sufficient uptake of Zn by wheat roots, prevents Zn deficiency symptoms, and improves grain yield and nutritional quality, especially Zn and protein concentration, particularly important for calcareous soils with low soil moisture and organic matter, and high pH” (Cakmak, 2008a; Alloway, 2009; Cakmak & Kutman, 2018 and Rengel, 2015). “The optimal rate of soil Zn application and the thresholds above which Zn toxicity in soils and plant tissues occur depend on wheat cultivar, soil properties, and the timing and method of fertilization” (broadcasting or banding) (Alloway, 2008; Liu, Liu, Zhang, Chen, & Zou, 2019 and Marschner, 2011). “Besides the soil, there is another major source of Zn in the wheat grain: Zn deposited or absorbed in vegetative tissues (leaves and stems) can be remobilized and translocated into grains during the reproductive stage due to the high mobility of Zn in the phloem” (Erenoglu, Nikolic, Römheld, & Cakmak, 2002; Erenoglu, Kutman, Ceylan, Yildiz, & Cakmak, 2011; Sperotto, 2013 and Waters et al., 2009). “Therefore, providing a sufficient pool of physiologically available Zn within vegetative tissues (mainly leaves) by foliar spraying of Zn fertilizer effectively contributes to greater Zn deposition in wheat grains after flowering” (Xia, Xue, Liu, et al., 2018).
Challenges of bio fortification in wheat crop
According to the UNFAO, malnutrition affects 792.5 million people worldwide, with developing countries experiencing the greatest impact. Many individuals in these nations either struggle with hunger or lack access to nutrient-rich foods. Shockingly, hunger-related deaths claim the lives of approximately 24,000 people per day across the globe (Sedeek at al., 2019). “One-third of the world's population is experiencing a form of malnutrition known as “hidden hunger” refers to the lack of essential micro- and macronutrients such as zinc other vital nutrients in their diets” (Zulfiqar et al., 2020). “While a short-term deficiency may not have a significant impact, a prolonged lack of micronutrients can lead to numerous diseases such as anemia, beriberi, pellagra, rickets, scurvy and in some cases, prove fatal” (Ratajczak et al. 2021 and Rempel et al., 2021). “In the early 1920s, beriberi was responsible for half of all child deaths in places where rice was the major food” (Blicharz et al., 2020). “Rickets is a severe health concern affecting many communities worldwide. For example, in China, 3 % of the population is affected, while in Bangladesh, the number jumps to 13 %. In Mongolia, an alarming 25.6 % of the population is affected, and in India, the rate is 13 %. The Middle East also experiences a significant impact, with approximately 10 % of the population affected by this disease” (Bouillon et al., 2020). To overcome all these issues, bio fortification of crop is the best option that deliver healthy diets to world's population.

Future Prospects 
[bookmark: _GoBack]Despite advancements in bio-fortification research, there remain essential areas that require attention or enhancement to fulfill the primary goal of agronomic bio-fortification. Initially, a thorough 4R (Right source, Right amount at the Right Place and Right time) strategy for Zn application could be developed at the regional level for different crops, aiding in identifying the optimal combination to achieve high grain Zn concentration. Additionally, specific physiological limitations on grain Zn accumulation should be recognized for various crops, and appropriate agronomic methods to address these issues can be developed to enhance the grain Zn levels. The research should concentrate on integrating agronomic and genetic approaches to boost mineral movement to phloem-fed tissues, thereby increasing the Zn levels in wheat grains. As mentioned previously, climate change may adversely affect the effectiveness of agronomic bio-fortification, necessitating the exploration of various biofortification methods under stressful conditions. Furthermore, it is essential to record these effects to aid in creating a stress-resistant bio-fortification strategy. Environmental considerations related to agronomic bio-fortification should be explored, as there could be risks of Zn toxicity from prolonged use. Given the existing bio-fortification technologies and the stakeholders who finance bio-fortification projects, it is essential to improve the planning, monitoring, and evaluation of bio-fortification programs. While the Harvest Plus consortium is performing well, there is a need for indicators to assess the effectiveness of bio-fortification programs and to establish priorities. It's essential to develop communication and marketing strategies that incorporate ethical principles regarding the production and utilization of bio-fortified wheat. Different nations may not find the same methods effective in making micronutrient-enriched food appealing and convincing people to pay for it; thus, governments ought to adopt approaches that benefit their populations. These highlighted key points could assist in enhancing the Zn levels in grains via agronomic bio-fortification.


Conclusion

This study supports the idea of agronomic biofortification of wheat to enhance both yield and quality of the crop. There is no disagreement that Zn is a crucial micronutrient for human health, as over one-third of the global population suffers from various deficiency-related diseases. In this review, we highlight different breeding and agronomic strategies for the biofortification of Zn in wheat grains as effective, affordable, and beneficial methods to enhance the Zn levels in wheat grain. It is evident that applying Zn significantly influences wheat growth and yield. Zn fertilization raises Zn levels in grains, enhancing Zn bioavailability for humans. Higher Zn accumulation is a direct sign of greater Zn bioavailability. The efficiency of Zn utilization is influenced by the rate of Zn application.

Agronomic bio-fortification is essential to address Zn malnutrition and maintain production to satisfy the continuously increasing global need for food and feed. Agronomic bio-fortification of Zn in wheat may offer an affordable, immediate remedy for Zn deficiency problems. This is the easiest and quickest method to enhance the Zn content in wheat grains. Additionally, it offers an alternative method to access impoverished rural individuals who are unable to buy mineral supplements. The Zn levels in wheat grains are affected by the method and timing of application in relation to crop growth stages. Although nutrients exist in the soil, their availability to plant roots is restricted because of unfavorable soil conditions; foliar application can assist in quick and enhanced absorption while alleviating deficiency symptoms. Zn is effectively gathered when it is applied to leaves during the post-anthesis phases. The zinc level in wheat grains can be enhanced through a blend of agronomic practices and genetic bio-fortification, which aids in reducing zinc-related malnutrition without compromising grain quality.
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