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Unlocking Potential: The Role of Zinc Fortification Combating Hidden Hunger and
Enhancing Nutritional Security

ABSTRACT

Micronutrient shortage is rapidly becoming apparent have drawn more attention in the
cultivation of crops. The main causes of this deficit are the introduction of:high-yielding
varieties, an intensified cropping strategy, and advanced irrigation systems etc. A further aspect
contributing to this issue is the increased use of high analysis chemical fertilizers instead of
organic plant nutrition (composts, farmyard manure, etc.). Most countries have acute shortages
of micronutrients due to the significant depletion of soil reserves caused by current agricultural
production technologies. In order to increase. both the quantity and quality of crops,
micronutrients are crucial. Through the integration of agronomic, breeding and transgenic
techniques, researchers seek to strengthen the zinc concentration in field crops, so improving
their nutritional value and mitigating the risk of zinc deficiency in human diets. The availability
and absorption of micronutrients in crops are improved by agronomic techniques such as foliar
spraying,and soil fertilizer treatment including organic amendments. Meanwhile, biofortification
of vegetable and fruit-crops has also been achieved by transgenic and breeding strategies. In
other hand, Rhizobacteria-based biofortification, Chelated Zn biofortification, nutri-priming are
also important techniques in Zinc fortification programs to ensure food security and nutritional
quality, bio-fortification of micronutrients in crops is vital.In addition, bio-fortification improved
qualityand crop,output, reducing hidden hunger and demonstrating that it was a viable and
economical approach. The present review addresses several aspects of zinc insufficiency in
human populations, including public health and socioeconomic issues, bio-fortification and ferti-
fortification studies, and future efforts to mitigate zinc deficiency in soil and the population at
large.
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1. INTRODUCTION

Sufficient diets of zinc are necessary for human health. Daily requirement of Zn is 4-25,
8 and 13 mg/day: for infants and children, women and man respectively (Senguttuvelet al.,
2023)but unfortunately - this requirement is not fulfilled due many factors contributing
significantly to. malnutrition, including a lack of availability to adequate quantities of nutrient-
dense food, unbalanced diet, lack of nutritional variation, and other issues. In underdeveloped
countries, zinc deficiency was the fifth highest illness risk factor and about one-third of the
world's population lacks zinc (Brown et al., 2004). Bio-fortification may be the most sustainable
strategy to boost food yield by producing, protecting, and improving agricultural agronomic
features and food security while eliminating human vitamin deficiencies. Zn is found in organic
protein complexes in animal products and inorganic ions in plants (Lim et al. 2013).
Physiological factors affect Zn absorption and availability. Mother's tissues, developing fetus,



and nursing child may require increased fractional Zn absorption in humans.Zinc levels in Indian
soils ranges from 0.01 to 52.9 mg/kg. Among the micronutrients, Zn deficiency (Figure2.)
prevails more after boron in Indian soils conditions (Singh, 2008).

;
I L /
z SH

Micronutrients
Fig. 2. Deficiency of micronutrients in the soil

In most Indian agricultural areas, multi-nutrient deficiencies reduce crop vigour, crop vyield,
quality, and monetary gain (Mondalet al. 2015). High-yielding crop cultivars and an acute
shortage of organic resources like farmyard manure (FYM) and composts have exacerbated the
problem (Murmuet al. 2014). Micronutrient management in agricultural systems must be
improved to combat the widespread shortage of micronutrients (mainly zinc), as 49% of soils are
zinc-deficient (Singh,.2008). Zinc is found in soil as the divalent cation Zn?*. Increasing the zinc
content of fooed crops using various agricultural approaches is known as zinc bio-fortification.
More and more people are opting to fortify or biofortify their diet with zinc. Nevertheless,
micronutrient deficits have frequently been found in various crops despite the relatively high
total levels because of the low availability of accessible micronutrients (Shukla and Tiwari,
2016).Zinc deficiency (Table 1) is a major public health concern worldwide but it is especially
prevalent in underdeveloped nations where people eat a lot of staple foods and don't get enough
variety in their diets.



Table 1. Causes of zinc deficiency in humans

Particulars

Comments

References

Inadequate dietary
intake

Insufficient intake of zinc-rich foods (e.g., meat,

shellfish, legumes, seeds, nuts).

Prasad (2012)

Malabsorption

syndromes

Conditions like Crohn's disease, celiac disease, and

short bowel syndrome reduce zinc absorption.

Wapnir (2000)

Increased
physiological needs

Higher zinc requirements during pregnancy,

lactation, and childhood growth spurts.

King (2000)

Chronic IlInesses

Conditions such as diabetes, chronic “ kidney

disease, and liver disease can affect zinc levels.

Hambidge (2000)

High phytate diet

Diets high in phytate (found in grains and legumes)

inhibit zinc absorption.

Gibson and
Ferguson (1998)

Alcoholism

Excessive alcohol consumption can impair zinc

absorption and increase zinc excretion.

Hambidge (1987)

Vegetarian or Vegan
Diets

Plant-based diets can be low. in bioavailable zinc,

requiring careful planning to.meet needs.

Foster and
Samman (2015)

Genetic disorders

like
caused by mutations affecting zinc absorption.

Conditions acrodermatitisenteropathica,

Kury et al (2002)

Food quality affects many people's health because plants are their main source of food.

Research has produced more productive staple food crops. Essential micronutrients are

frequently lower in staple foods. Diverse food sources are a sustainable solution, but they are

expensive. for impoverished people facing risk of hunger and malnutrition. Farmers primarily

rely on. macronutrients (N, P, and K) hence, zinc (Zn) and other micronutrient deficiencies are

becoming more prevalent (Banerjee et al., 2017) in the soil. The country's areas are experiencing
acute deficit (8%), deficiency (29%), and latent shortage (15%) of Zn. On the other hand, less
than ten percent of the soils in states such as Mizoram, Uttarakhand, Tripura, Nagaland,

Arunachal Pradesh, Meghalaya and Himachal Pradesh had zinc deficiencies (Shukla et al. 2018).

Micronutrient content of soil (Alloway, 2008; Shukla et al., 2016) affected by numerous factors,

including parent material, soil type, intrinsic soil properties like pH and soluble salt




concentration (EC), the quality and quantity of soil organic matter and calcium carbonate
content, trace elements provided by manures and fertilizers, the content of available
macronutrients, micronutrient relations, and vegetation. The loss of micronutrients through
leaching, liming of the soil, insufficient application of organics (green manuring and overuse or
devoid of micronutrient fertilizers) exacerbates the depletion of accessible micronutrients in the
soil. Zinc deficiency resulted in khaira disease in rice, rosetting in wheat, white buds in maize,
small leaves and mottling in vegetables, and reduced fruit production in ¢itrus fruits. The
response to applied zinc received in a variety of crops and cropping systems.across the country
indicates the impact of zinc deficiency on agricultural productivity (Singh,.2009; Shukla and
Behara 2012). This review focuses on the use of zinc bio-fortification for improved
micronutrient availability in food crops through the use of fertilizers, organic amendments,
Rhizobacteria-based biofortification, biological chelation of Zn, nutri-priming, nano and micro-
encapsulation for successful agronomic, breeding, and transgenic fortification of important

crops.
2. INNOVATIVE BIO-FORTIFICATION APPROACHES

There are two main categories of biofortification: agronomical approaches, which include
traditional plant breeding techniques, and transgenic approaches, which involve biotechnological
techniques (e.g., genetic changes). Both methods are utilized to improve the micronutrient levels
in food crops. Important biofortification techniques, (transgenics, agronomic practices, and
traditional plant breeding).have transformed staple foods (maize, rice, wheat, sorghum, chickpea
and potatoes etc. (Garg et al. 2018).

2.1 AGRONOMICAL BIO-FORTIFICATION

Zinc treatment via foliar spraying has the potential to increase efficiency with which
plants absorb zinc, which in turn can lead to increased crop development and production. The
micronutrient zinc is an essential component for plants, as it plays a significant part in a variety
of physiological processes. These processes include the activation of enzymes, the synthesis of
proteins, and the metabolism of carbohydrates. The delivery of zinc through foliar spraying is
particularly useful in circumstances in which the availability of zinc in the soil is restricted, or in

which the pH of the soil, the amount of organic matter present, or other variables may prevent



the uptake of zinc by the roots of the plant. Additionally, timing, concentration, and frequency of
application are crucial for maximum effects and phytotoxicity prevention. ZnSO, has 23%
elemental Zn, making it a possible food fortifier to counteract Zn deficiency (Rosado 2003). Zinc
citrate (ZnCi) is rarely added to meals, but recent clinical research shown that young adults
taking ZnCi absorbed more Zn than those taking ZnO (Wegmulleret al. 2014). Thus, agronomic
and genetic biofortification and functional food additives can reduce micronutrient deficit.
Another way to raise the zinc content of crops is to use fertilizers that contain zinc but to prevent
soil zinc accumulation and environmental contamination, this methodmust be. properly
controlled. In fortifications, the zinc compounds (sulphate, gluconate, oxide, chloride, and
stearate combinations) are most frequently utilized. Zinc fortificants are chemicals.that are white
or colourless, and they have a lower likelihood of generating physical alterations. However, their
insoluble nature can lend unacceptable tastes to food (Dary and Hurrell 2006). In spite of the fact
that it is less soluble than zinc fortificants, zinc oxide is the most extensively utilized of the zinc
fortificants since it is the least expensive. Furthermore, besides being added directly to food, zinc
oxide nanoparticles have shown promising.results when added to soil samples that are used to
grow sorghum (Dimkpa et al. 2019). In recent years, biofortification through microbes is
expanding in prominence as a method of increasing Zn and other micronutrient levels in grain
crops. In this context, Gopalakrishnanet al. (2016) identified species from the genera
Pseudomonas, Brevibacterium, Bacillus, Enterobacter and Acinetobacter as viable candidates
for plant biofortification and.biocontrol aligns with current research trends. Each of these
bacterial genera has heen recognized for its potential benefits in promoting plant growth,
enhancing nutrient uptake, and providing protection against pathogen. The aforementioned
microbes.can also incorporate micronutrients into eatable plant tissues by solubilizing their
indigenous insoluble sources found in the soil (Khalid et al., 2015). These microorganisms assist
plants in absorbing more Zn from the soil by solubilizing Zn via organic acid secretions (Hussain
et al., 2015) and increasing root surface area through auxin synthesis in the rhizosphere.

2.1.1 FERTI-FORTIFICATION

2.1.1.1 FOLIAR SPRAYING



Plants are able to circumvent the restrictions of the soil and more quickly absorb the
micronutrient zinc when it is applied directly to the surfaces of the leaves and readily absorbed
and translocated to other parts of the plant, which facilitates its incorporation into essential

enzymes and metabolic pathways(Fig.3).
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Fig.3. Pathways of zinc delivery through foliar spraying

Reddy et al. (2023) in their study found that foliar spray of zinc influences the zinc concentration
in finger millet grains.Sai Divyaet al. (2021) also revealed that zinc spray effective for
enhancing concentration in grain upto 40 percent. Study conducted by Fang et al. (2008)
discovered that zinc concentration was higher in foliar applied zinc rice crop.Studies by Jiang et
al. (2018) demonstrated that zinc nanoparticles (ZnO NPs) applied as foliar sprays significantly
increased zinc uptake in cucumber plants compared to traditional soil application methods.
Research conducted by Hussain et al. (2016) found that the application of zinc nanoparticles
improved the bioavailability of zinc in plants. The study showed that foliar application of ZnO
nanoparticles led to higher zinc concentrations in plant tissues compared to larger conventional
zinc sources, indicating enhanced nutrient efficiency.According to Khan et al. (2020), the



application of zinc nanoparticles not only improved zinc uptake but also stimulated physiological
responses in plants, such as increased chlorophyll content and enhanced photosynthetic activity.
This, in turn, can lead to improved plant growth and productivity. Further, study conducted by
Nadeem et al. (2019) highlighted that foliar application of zinc nanoparticles provides a rapid
delivery system for micronutrients, allowing plants to access essential nutrients quickly,
especially during critical growth stages when nutrient demand is high. Additionally, it helps to
avoid interactions with soil components that may inhibit zinc uptake, such as high pH or high
levels of certain soil minerals. Foliar spraying zinc can fix zinc shortages in‘crops, but it should
be used as part of an integrated nutrient management approach that addresses soil fertility and
other nutrient availability variables.

2.1.1.2 SOIL FERTILIZER TREATMENT

According to Baddar and Unrine (2018), the use of dextran-coated zinc oxide
nanoparticles on developing wheat seeds resulted in a similar rise in the amount of zinc found in
the seeds. The findings of these research collectively. point to a less expensive technique of
biofortifying zinc, which may be-more advantageous to the process of food fortification in sub-
Saharan Africa and other places that are struggling with micronutrient deficiency. Zinc oxide
seems to be popular in food fortification since it absorbs similarly to zinc sulphate, the most
soluble zinc fortifier (Rosado et al. 2012). Earlier research by Romanaet al. (2003) showed that
fortified wheat bread and porridge absorbed zinc oxide and zinc sulphate similarly; however, the
authors found that bread absorbed zinc at a far faster rate than porridge. This proves that
different kinds of food and different matrices have different effects on micronutrient absorption.
Additionally, the authors concluded that the reduced zinc absorption from porridge was due to
the increased phytate level in comparison to bread, even though they did not measure the phytate
concentrations. It is possible that the phytate-zinc complexes were broken down by the high
temperatures that occurred during baking (Romanaet al. 2003).

2.1.1.3 ORGANIC AMENDMENTS

A number of researches on impact of zinc concentration by the application of organic

amendments have been conducted as depicted in Table 2. For Instance, Poultry Manure-amended



soils induced higher zinc accumulation compared to sewage sludge applied in the wheat crop
(Boudjabi and Chenchouni 2023). Another research showed that cow dung amended plots
showing higher concentration (Aina et al. 2018). Study at Madhya Pradesh on Organic farming
revealed that organic wheat contained more Zn despite same yield level due to higher nutrient
efficiency (Helfenstein et al. 2016). Field study conducted at two diverse locations (Peshawar
and Charsadda) and indicated that grain Zn content of maize and succeeding wheat significantly
affected by Zn application and organic amendments and it was observed highest values when
applied poultry manure at Peshawar calcareous soil. Organic manure. plays a vital role in
improving zinc availability in soils while also enhancing soil microbial activity. Salwar et al.
(2020) studied different sources of organic fertilizers in maize and found out that highest zinc
(%) in maize was observed in the crops produced in biochar treated plots.



Table 2. Organic amendments affect the Zinc availability in different crops

Citations

Organic source

Crop tested

Effects

Rathod et al. (2012)

Farmyard Manure

Wheat

Increased soil Zn availability:

Tabassum et al. (2014)

FYM, Press mud and
Green Manure

Rice, Chickpea

Improved zinc bioavailability in soil

Mishra et al. (2009) Vermicompost Various Positive correlation between organic matter and Zn levels
Ali et al. (2013) Poultry Manure Maize Increased concentration of zinc in plant tissues
Akinrinde et al. (2020) | Cow Manure Soybean Higher soil zinc levels observed

Gupta et al. (2016) Compost Mustard Enhanced Zn uptake in plant tissues

Sharma et al. (2015) Organic Fertilizer Tomato Elevated soil and fruit Zn levels

Ramesh et al. (2018) Green Manure Cowpea Increased Zn levels in soil and plants

Kumar et al. (2019) Biochar Spinach Elevated soil Zn availability

Singh et al. (2020) Integrated Organic Inputs | Barley Improved soil Zn and Fe levels

Zhao et al. (2021) Green Manure Peas Increased soil Zn levels and improved nutrient uptake
Xie et al. (2017) Biochar Lettuce Enhanced soil properties and increased Zn bioavailability
Bashir et al. (2019) Farmyard Manure Potato Increase in soil Zn content and plant growth parameters
Nayak et al. (2020) Compost Groundnut Improved Zn concentration in pods and overall yield
Khan et al. (2018) Poultry Manure Sorghum Enhanced soil Zn availability and increased biomass




2.1.1.4 RHIZOBACTERIA-BASED BIOFORTIFICATION

Synthetic and natural sources fertilizers, as well as microorganisms, augment
micronutrient acquisition, resulting of higher levels of micronutrients, particularly Fe and Zn in
plants (Shivay et al., 2010). A balanced nitrogen application, in conjunction with other
macro/micronutrients, proves crucial to ensuring optimum grain production and superior quality
(Zebrathet al., 2009). White and Broadley (2005) studied that the interaction between PGPR and
plants can be complex and multifaceted. While PGPR can enhance nutrient availability and
uptake for plants, the specific effects on biofortified supplements may depend on. various factors
such as the type of supplement, the specific strain of PGPR used, .soil conditions, and the plant
species involved (Nuttall et al., 2017). The selection of specific strains within these genera is
crucial, as different strains can exhibit varying levels of effectiveness.in promoting plant growth
and providing biocontrol. Moreover, considerations such-as environmental conditions and the
target plant species should be taken into account for successful application in agriculture. The
findings underscore the importance of harnessing the potential of beneficial bacteria for
promoting both plant nutrition and health in agricultural systems. Further research into the
mechanisms of action and optimization of microbial inoculation strategies can help unlock the
full potential of biofortification.and:biocontrol approaches for sustainable crop production.In
agriculture, zinc (Zn) availability to.plants is:a common concern, especially in places with low
zinc soils or where soil pH, organic matter concentration, or specific soil features can limit its
availability (Sharmaet al., 2013). However, Zn deficiency in Indian soils is primarily triggered
by their calcareous and alkaline nature. The use of zinc-solubilizing Plant Growth-Promoting
Rhizobacteria (PGPR) can be a valuable strategy for enhancing zinc availability to plants and
facilitating "its absorption (Rana et al., 2012). The use of zinc-solubilizing Plant Growth-
Promoting Rhizobacteria (PGPR) can be a valuable strategy for enhancing zinc availability to
plants and facilitating its absorption (Rana et al., 2012). Zinc deficiency causes growth
retardation and immune system dysfunction; these symptoms can be alleviated by increasing the
zinc content of certain crops. include supplementing plants with zinc in chelated or nanoparticle
forms, which plants absorb more effectively.Zinc deficiency causes growth retardation and
immune system dysfunction; these symptoms can be alleviated by increasing the zinc content of
certain crops include supplementing plants with zinc in chelated or nanoparticle forms, which
plants absorb more effectively.



2.2 PLANT BREEDING-BASED BIOFORTIFICATION

Plant breeders strive to create new crop types with improved soil-uptake and zinc-
transport efficiency so that people can eat more zinc-rich foods like grains and fruits. Zinc bio-
fortification is an effort to improving staple food nutrition, particularly those eaten by susceptible
communities, like beans, rice, wheat, and maize. If these difficulties are addressed,
biofortification becomes cost-effective because fortified crops can be grown seasonallywithout
additional adjustments.Insufficient zinc intake by humans in their standard diets‘is caused by a
zinc deficiency in the soil, which reduces the amount of zinc that is bioavailable. (Gregory et al.
2017). The treatment of this ailment can be approached from a number of various angles,
including the consumption of a diversified diet, the use of food.supplements, and the formulation
of a diet that is fortified. However, these are expensive.and unaffordable for those who are
impoverished. Within this paradigm, agronomic biofortification using zinc fertilizers is a
sustainable and effective way to alleviate micronutrient deficiencies, especially in low-income
countries worldwide (Noulaset al. 2018). Mineral fertilizers or the selection of plant varieties or
combination of these strategies may <be used synergistically to achieve optimal zinc
biofortification outcomes and address zinc deficiency in populations that rely heavily on staple
crops for their dietary zinc intake (Noulaset al. 2018). Plant breeding-based biofortification has
been previously considered as a potential strategy to address global hunger (Bouis 2000).
Biofortification aims to create safe, sustainable, ample, and nutritious food sources. Staple foods
are now the focus for maximizing the benefits (Pedersen et al. 2007). Effective biofortification in
plant breeding depends on a varied gene pool to regulate nutrient levels in the selected crop
variety. If there is a paucity of diversity, transgenic approaches may be a more appropriate option
(Zhu et al. 2007). Biofortification is considered a potential method to address micronutrient
deficiencies, particularly in underdeveloped nations where it is prevalent. To achieve success in
biofortification, a high level of expertise in plant genetics is required for effective transgenic
improvements. It is possible to boost the zinc content of plants in a straightforward and
inexpensive manner by employing this method. Although it is a time-consuming process, genetic
biofortification is an excellent strategy for reducing the likelihood of micronutrient shortages
(Kamaral et al. 2021). However, technological processing of food raw materials reduces
nutrition, resulting in inadequate mineral and vitamin intake. Several food fortification methods

remedy micronutrient deficits. the selection of mineral-containing functional food additives for



zinc biofortification relies on several critical factors, including solubility, bioavailability,
digestibility, and cost-effectiveness. (Galanakis 2021). As a result, selecting an appropriate
dietary matrix for the purpose of fortification is of the utmost importance. For products that are
designed for mass consumption or specific consumption, it is recommended to fortify them.

2.3 BIOLOGICAL CHELATING

Chelating agents are compounds that can form complexes with metal ions, effectively
sequestering them and preventing their involvement in undesirable reactions that can lead to food
spoilage or degradation and also remove unwanted metal ions from food matrices, such as heavy
metals or metal contaminants. By forming stable complexes with these ‘ions, chelators help
reduce their presence in food products, thereby enhancing food. safety and compliance with
regulatory standards.

2.3.1 CHELATED ZINC BIOFORTIFICATION

Food technology is increasingly exploring the use of biological chelating agents to
protect food from chemical, enzymatic, and oxidative processes. Food fortification with them is
still rare. Biological chelating agents, - derived. from natural sources such as plants,
microorganisms, or animal tissues, offer several advantages over synthetic chelators, including
safety, sustainability, and.-consumer acceptance. Some researchers have investigated the
biofortification of cereals and cereal-based products by chelating Zn with amino acids, peptides,
and solubilizing bacteria. Xu et'al. (2022) investigated that chelated Zn biofortification of staple
foods is less phytotoxic than conventional biofortification. It boosts plant-based product growth,
productivity, and nutrition by increasing Zn content (Bashir et al. 2021). The synthesis of metal
chelate .complexes with biological structures allows for highly stable trace element forms. Plant
polysaccharides and peptides have also emerged as promising biological materials with various
applications, including their potential as zinc chelators to enhance zinc uptake, bioavailability,
and bioactivity in both plants and humans. There are several benefits to taking a biological zinc
supplement that includes the natural polysaccharide-Zn complex. Unlike some synthetic
chelating agents, plant-derived polysaccharides and peptides are generally regarded as safe
(GRAS) and exhibit low toxicity, making them suitable for use in food and agriculture without

adverse health effects. It has been found that polysaccharide-Zn complexes have powerful



antioxidant, anti-proliferative, and anti-diabetic properties. They may be able to alleviate zinc
deficiency symptoms by regulating the immune system. Furthermore, the use of plant
polysaccharides and peptides as zinc chelators aligns with the principles of sustainability and
environmental responsibility, as they are derived from renewable plant sources and contribute to
the development of eco-friendly solutions for enhancing zinc nutrition in both plants and
humans. Recent research has studied the ability of different polysaccharide classes produced
from diverse plant and fungus species, including Zingiberofficinaleroscoe and
Dictyophoraindusiata, to successfully chelate zinc. Natural polysaccharide-chelating Zn
complexes outperformed inorganic and organic Zn supplements in in vitro and in vivo studies
measuring bioavailability and efficiency of Zn absorption. Ongoing research:in this area aims to
optimize the properties and applications of these novel biological materials for improved zinc
biofortification and nutritional supplementation strategies.

2.3.2 ZINC MICROENCAPSULATION

Enclosing zinc particles or compounds into small protective capsules or spheres is called
zinc microencapsulation. Improving - stability, regulating release, and boosting zinc's
functionality in varied applications are all goals of this approach. There are several methods for
microencapsulation, including spray drying, fluid bed coating, coacervation, and emulsion
techniques. Each method has its advantages and is chosen based on factors like the desired
particle size, release profile, and.the nature of the encapsulated material. It helps to protect zinc
from environmental factors such as oxidation, moisture, and light, which can degrade its
efficacy. This enhanced stability prolongs the shelf life of zinc-containing products and ensures
their effectiveness over time. By encapsulating zinc, it's possible to control its release Kinetics,
allowing for sustained or delayed release profiles. This feature is particularly useful in
applications. where a steady supply of zinc is required over time, such as in nutritional
supplements or agricultural fertilizers. Microencapsulation enables targeted delivery of zinc to
specific sites within the body or to particular areas in agricultural settings. For example, in
agriculture, zinc microencapsulated fertilizers can be designed to release zinc directly to the root
zone of plants, maximizing nutrient uptake and minimizing waste. Zinc can be
microencapsulated and released at a controlled rate, facilitating slow or targeted dosing
(Adinepouret al. 2022). Mineral encapsulation, including that of zinc, has been the subject of



much research and practice (Baldelliet al. 2021). The most popular method for mineral
microencapsulation is spray drying because of its high production rate and inexpensive cost.
When it comes to encapsulating a wide variety of materials, spray drying offers a number of
benefits. Thanks to these benefits, spray drying has become one of the few unit procedures that
can be easily scaled up and used on an industrial scale (Baldelliet al. 2021). Zinc
microencapsulation finds applications in various industries, including pharmaceuticals, food and
beverages, agriculture, cosmetics, and textiles. In pharmaceuticals, it can be used to improve the
bioavailability of zinc supplements or to deliver zinc-based drugs to specifie.tissues-or cells. In
the food industry, microencapsulated zinc can be added to fortify foods and.beverages without
affecting their taste or texture. Singh et al. (2021) reported a recent application of spray-dried Zn
compound microencapsulation for food fortification. Overall; zinc microencapsulation offers a
versatile approach to enhancing the stability, delivery, and efficacy of zinc-based products across
a range of industries and applications.

2.3.3ZINC NANOENCAPSULATION

The study of substances centered. on the atomic and molecular dimensions is the primary
emphasis of nanotechnology, which has become an emerging area of research. (sizes 1-100 nm).
There have been recent applications of nanoscale zinc in the food business, particularly in
processing and packaging (Espitiaet al. 2016). A number of physical and chemical methods have
been devised for the synthesis of zinc nanoparticles (Zn NPs), such as hydrothermal procedures,
laser ablation, vapour deposition, and precipitations (Mandal et al. 2022). However, there is a
danger to human and environmental health from these procedures. A green manufacturing
approach_has been devised to decrease the toxicity of Zn NPs (Alhujailyet al. 2022). In order to
produce.nanoparticles, the environmentally friendly approach makes use of natural components
that are derived from bacteria and plants (Ashwiniet al. 2021). This method is not only less
hazardous to the environment, but it also has a cheaper cost than the traditional chemical and
physical procedures compared to the alternatives (Pouresmaeilet al. 2021). The process of
encapsulation involves the creation of a protective barrier around the zinc, which helps to
prevent interactions with other components of the meal that could potentially impair the zinc's
bioavailability (Younet al. 2022). Udechukwu et al. (2016) define chelation is the building of
stable zinc-molecule complexes.The formation of chelate complexes of metals with biological



structures extracted from plants (peptides and polysaccharides), highly stable and encapsulating
mineral elements in microcapsules that protect against food system interaction and prevent
digestive tract destruction, and using nanoparticles as food additives are promising trends in food
fortification/biofortification with Zn. Encapsulation and chelation could differ depending on the
food matrix and fortification method, so further investigation needs to be conducted to determine
the best ways to increase zinc bioavailability in fortified foods and zinc nutrition.

2.4 Biotechnical/ transgenic approaches for Zn fortification

Forward and reverse genetics approaches are two major biotechnical approaches utilized
for crop improvement programs and the development of zinc-fortified crops (Tierney et al.,
2005; Kumari et al., 2018). Forward genetics approaches; Molecular mapping, marker-trait
association studies, Eco-TILLING, Subtractive Hybridisation, Gene trapping, RNA seq
approaches, Fine mapping, etc. are the biotechnological tools and techniques that search for the
genetic basis of a particular trait and phenotypes. Reverse genetics approaches; TILLING,
Knock-out approaches, Homologous recombination, insertional mutagenesis, gene silencing,
Knock-down approaches, Knock-On and Knock-In approaches are used to generate variation in
the target gene to ascertain the function of the gene for the particular mechanism and phenotype.
Various genes have been mapped for zinc enhancement in crop plants (Keshari et al., 2023). The
zinc fortification through the grain depends upon; the uptake of Zn from soil to the root,
transportation of Zn to the grain, and the availability of Zn in the grain. The uptake of minerals
from the soil depends upon the pH of the soil and the interaction of Zn with other minerals
present in the soil such as the presence of Cd in the soil affects the uptake of Mn, Zn, and Ca
(Kothari et al., 2024). Biotechnical approaches are looking for the transporter promoting the

accumulation of dispensable minerals in soil and resisting co-transportation of heavy metals.

The transporter genes are widely being mapped for Zn uptake and transportation to the
grain for the enrichment of Zn (Table 1). While the genes responsible for the accumulation of
anti-nutritional factors are also being identified. Their expressions are being modulated using
CRISPR/Cas approaches to enhance the availability of Zn in the grain (Kumari et al., 2021). The
OsNAS gene has been edited to enhance the bio-availabilities of Fe and Zn in rice and wheat
(Duenas et al., 2021). While GmIPK1 gene has been edited for the resistance of the accumulation
of phytic acid in soybean seed that interferes with the bioavailability of Zn (Song et al., 2022).



The expression of genes responsible for Zn enhancement in seed grain is regulated by the
signalling components, transcription factors, and regulatory proteins which convey the message
of Zn-deficiency and Zn-availabilities in the soil. The seed quality attributes are regulated by the
plant growth-promoting regulators. Exogenous application of growth regulators enhances the
seed quality attributes in peas enhancing the efficient signalling module for better nutrition

uptake and transportation (Singh et al., 2018).

Table 1. Transporter genes and their role in Zinc transportation.

SI. Target Gene Role References

No.

01 Zinc-regulated Uptake from soil and translocation | Grotz et al.,
transporter (ZRT)/ 1998
or ZRT and iron-
regulated transporter
(IRT)-related protein
(ZIP)

02 Heavy metal ATPase | Involved in active transportation of | Arguello et al.,
transporter (HMA) Zn across membrane and vacuolar | 2007

sequestration

03 Metal tolerance | Sequestration of Zn into subcellular | Ricachenevsky
proteins (MTP) and | compartmentalization such | etal., 2013
Cation diffusion | as vacuole, endoplasmic reticulum
facilitator (CDF) and Golgi body

04 Vacuolar Iron | Involved in uptake and | Che et al,
Transporter (VIT) transportation to seed grain 2021

05 Natural  Resistance- | Intracellular transportation and | Wang et al,
Associated 2019 Zhou et




Macrophage Protein | enhanced uptake by root al., 2023

(NRAMP)
06 Yellow Stripe-Like | Involved in zinc uptake and | Sinclair et al.,
proteins (YSLs) / Oligo | transportation to the grain 2012

peptide transporter
(OPT)

2.5NUTRI-PRIMING

In recent years, imbalanced and inappropriate« macronutrient application, organic
fertilizer constraints and manures, and reduced plant residue retention have resulted in
micronutrient deficiencies in India's soil. Nano or microcapsules can be effective for bio-
fortification of crops. These are small particles made of aishell material that contain active
components like vitamins, minerals, bioactive chemicals, and even helpful microbes. These
encapsulated components can be released gradually or in response to specified triggers, ensuring
regulated delivery and tailored functionality.Utilizing nano or microcapsules presents a
multifaceted and efficacious strategy for attaining food fortification, biofortification, and
enhancements in food product packaging and coating. This presents an abundance of prospects
for innovation and sustainability within the domains of agriculture and the food sector.According
to Farooq et al. (2019), much of the research on nutri-priming has concentrated on cereals and
leguminous grain crops, with the primary goals being to enhance germination, seed vigor, and
growth under stress conditions, as well as to meet biofortification requirements. Biofortification
aims to improve the nutritional quality of grains produced from nutrient-primed seeds, making
them richer in essential nutrients. Additionally, seed nutri-priming has been suggested as an
effective method to enhance the bioaccessibility and bioavailability of essential minerals, such as
zinc and iron, particularly in soybean sprouts. Research by Zou et al. (2014) highlighted that
during the nutrient priming process, soaking seeds can lead to the leaching of antinutrient
compounds, such as phytic acid. This reduction in phytic acid is noteworthy because phytic acid
can inhibit the absorption of essential minerals, thus improving their bioavailability. However,

Zou et al. (2014) also noted that there is a lack of research on the biofortification of vegetables



via nutrient priming. This gap highlights an area for future investigation, as improving the
nutritional quality of wvegetables through nutri-priming could significantly contribute to

addressing micronutrient deficiencies in human diets.

3. ZINC FORTIFIED CROPS

Bio-fortified crops are agricultural crops that have been conventionally bred or
genetically modified to contain higher levels of essential nutrients. Bio-fortified crops are often
developed to address specific nutrient deficiencies prevalent in certain populations. Bio-
fortification can be applied to a wide range of staple crops, includingrice, wheat, maize, cassava,
beans, and sweet potatoes, among others. The choice of crops depends on their significance in
local diets, agricultural suitability, and the feasibility of introducing.and promoting bio-fortified
varieties. For instance, Bio-fortified crops, such as orange-fleshed sweet potatoes or golden rice,
which is a genetically engineered rice type that contains beta-carotene, have been produced to
provide a source of provitamin A. This is because vitamin A insufficiency is a significant public
health issue in numerous underdeveloped countries. The estimated daily intake of zinc by the
consumption of zinc-biofortified rice was 2.9 g per person. This estimation was calculated based
on a daily rice consumption of 220 g.per.person (Rao et al., 2020). Wang et al. (1997) reported
an average Zn content of 3.34 mg/100 g, which varied between 0.79 to 5.89 mg/100 g in 57 rice
genotypes.Based on a comprehensive analysis of multiple studies, it has been noticed that brown
rice exhibited the greatest variability in zinc content, ranging from 6.2 to 71.6 mg/kg
(Anuradhaet al.,-2012).According to the study conducted by Senguttuvelet al. (2023), percent
distribution of zinc (Zn) in different parts of rice grain (hull, bran and starch endosperm together
with embryo) are.approximately 19.6, 23.8 and 56.6 % respectively. Akramet al. (2019) noted in
their experiments in Pakistan that small core hybrid rice exhibited a 1.08, 2.48 and 2.47-fold
increase in grain yield, Zn concentration in grain, and Zn uptake after soil Zn application (ZnSO4
@ 10 kg Zn/ha). Further, a 2.06-fold increase (4.27 mg/300 g/day) in average Zn bioavailability
was observed during field trials by employing foliar applications of zinc oxide nanoparticles
(ZnO NPs) at concentrations ranging from 20 to 60 mg/L. When compared to ZnSO, alone, the
combination treatment with ZnO NP40 (40 ppm ZnO NPs) increased yield, NPK absorption, and
grain Zn content (Elshaybet al., 2021). High-zinc wheat cultivars development is crucial towards

combating malnutrition under Indian situations. Due to its better agronomic features, high-zinc



wheat is predicted to become more popular. Breeding programs has focused to increase the zinc
content in wheat for whichmultilocation trials are underway in India. Study on zinc spraying in
wheat leaves increases grain zinc concentration more than soil treatment, and its usage early in
seed development is beneficialas suggested by Kutmanet al. (2011) and also claimed that
repeating procedure can boost grain zinc concentration. In addition, Zhang et al. (2012) also
investigated that biofortificationof zinc in wheat increases grain and flour zinc (Zn)
concentration by 50 and 76% respectively.Agronomic biofortification should increase grain zinc
content from 35 to 45 mg kg-1 to have a significant influence on people's health (Pfeiffer and
McClafferty, 2007). A 10-year study on Zn fortification of maize in Zimbabwe found that using
NPK fertilisers and local organic nutrient resources, such as woodland leaf litter and dung from
cattle, may raise the grain Zn concentration by 19.3 mg/kg, which results in.a 55% reduction in
dietary Zn deficit. The Uttarakhand government released two early-maturing high zinc cowpea
cultivars, Pant Lobia-1 and Pant Lobia-2, in 2008 and 2010, respectively. Quality of potato and
productivity is significantlyaffected by zinc. Daily.requirement per day zinc is up to 15 mg, as
recommended by the World Health Organization.Hazraet al. (2015) revealed that potato is a
strong Zn accumulator compared to rice; which-can accumulate up to 18.6 to 28.1 mg Zn kg™ of
dry matter. Banerjee et al. (2017) reported.that the highest Zn concentration (18.46 mg kg™ dry
weight) was in potato tubers with application of recommended dose of fertilizer along with Zn
(6.0 kg ha™) accounting for28.0% greater than control. Zn ferti-fortification experiments carried
out across the world showed.that Zn loading in potato (foliar as well as soil-applied
Zn)elevatedtuber Zn ‘concentration 3-4 times (35 mg Zn kg* of dry matter), which is
significantly higher than most.commonly known crops (Murmuet al., 2014). According to the
results of the 1ZA-MOA joint study, applying ZnSO,4, H,O @ 15 kg ha™ to potatoes resulted in
the greatest percentage of increase in yield (up to 25%) when compared to other fruit and
vegetable crops.. Zn-fortified potato can be a promising approach to alleviate Zn-induced
malnutrition among underdeveloped countries (Banerjee et al., 2017).Biofortification enhances
the micronutrient content of rice grains through the application of molecular and contemporary
plant breeding techniques (Graham et al., 2001). Recent studies have yielded evidence regarding
the potential outcomes of rice biofortification, such as the identification of genetic resources,
transgenic rice, and released varieties that exhibit high cereal zinc content in conjunction with
increased grain yield (TO, 2014). In 2014, Paul et al. effectively interbred IR 68144 rice to



produce milled rice grain containing 1.54 times more zinc. IRGC 81848 and IRGC 81832, two
distinct accessions of Oryzanivara, were discovered to have zinc contents that were two to three
times greater than those of the recipient progenitor Swarna (Swamyet al., 2018). Positive
significant heterosis was observed in the Zn content in grain of fourteen hybrids, in comparison
to the standard one, Chittimuthyalu (Nageshet al., 2012). A number of studies identified about 29
zinc fortified varieties across the world. Among them 13 were reported so far from India viz.
Chhattisgarh Zinc Rice 1, CR Dhan 315, Zinco Rice-MS, Chhattisgarh Zinc Rice-2 (RRHZ-LI-
23) having 22-24, 24.9, 27.4 and 23 mg/kg Zn) by Yadav et al. (2020); DRR Dhan 45, DRR
Dhan 48, DRR Dhan 49 and Surabhi (22.3, 20.9, 26.1 and 22.8 mg/kg) by Rao et al. (2020); CR
Dhan 311 (Zn: 20.1mg/kg) by Chattopadhyay et al. (2019) and DRR Dhan 63, DRR Dhan 67
(BRRI Dhan 84) and DRR Dhan 69 (BRRI Dhan 100) (24.2, 27.6,.25.7. mg/kg (https://www.icar-
lirr.org); GR-15: 21.6 mg/kg Zn) (https://nau.in/nauvariety).

CONCLUSION

In conclusion, zinc (Zn) is a critical physiological metal necessary for the metabolism of most
living organisms, playing vital biological roles in various physiological processes. Addressing
zinc deficiencies through dietary technologies, particularly bio-fortification, represents a
sustainable and effective strategy for combating malnutrition. By enhancing the nutrient content
of staple crops, bio-fortification integrates nutrition directly into the food supply, making it more
accessible to communities without relying on external interventions such as supplementation
programs. The successful-implementation of zinc bio-fortified crops hinges on several key
factors, including consumer acceptance, market availability, and agronomic performance. To
achieve widespread adoption, it is essential to promote awareness among consumers about the
benefits.of zinc bio-fortified foods, establish strong partnerships with farmers and stakeholders,
and ensure that these crops remain affordable for all segments of the population.

Disclaimer (Artificial intelligence)

Author(s) hereby declare that NO generative Al technologies such as Large Language Models
(ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or
editing of this manuscript.



REFERENCES

1. Adinepour F, Pouramin S, Rashidinejad A, Jafari SM. Fortification/Enrichment of Milk
and Dairy Products by Encapsulated Bioactive Ingredients. Food. Res. Int. 2022;
157:111212.

2. Aina OEJO, Olowoyo LL, Mugivhisa, S. O. Amoo. Effect of DifferentSoil Amendments
on Growth Performance and Levels of Copper and Zinc in Lycopersiconesculentum.
Nature. Environ Pollu Tech: An International Quarterly Scientific J. 2018;17 (1):255-
259.

3. Ahmad M, Hussain A, Dar A, Lugman M, Ditta A, Igbal Z, Ahmad HT, Nazli F, Soufan
W, Almutairi K and Sabagh AE. Combating iron and. zinc malnutrition through mineral
biofortification in maize through plant growth promoting Bacillus and Paenibacillus
species. Front. Plant Sci. 2023; 13:1094551. doi: 10.3389/fpls.2022.1094551

4. Akinrinde AA, Adebayo 1A, Adeyemo Al. (2020). Effects of organic manure on growth,
yield, and nutrient content of soybean. African Journal of Agricultural Research, 15(1):
1-9. https://doi.org/10.5897/AJAR2019.14293.

5. Akram MA, Depar N, Irfan M. Zinc application improves productivity and
biofortification of mini core rice hybrids: Nuclear Institute of Agriculture, Tandojam,
Pakistan. Pakistan Journal of Agriculture, Agricul. Eng.Vete. Sci. 2019; 35(2):72-80.

6. Alhujaily M, Albukhaty.S, Yusuf M, Mohammed MKA, Sulaiman GM et al. Recent
advances. in plant-mediated zinc oxide nanoparticles with their significant biomedical
properties. Bioengineering 2022; 9: 541.

7. “Ali S; Ali.Q, Shakir H. Effect of organic manures on growth, yield and nutrient uptake in
maize. J Plant Nut. 2013; 36(2): 228-237.https://doi.org/10.1080/01904167.2013.733811.

8. Alloway BJ. Zinc in Soils and Crop Nutrition. International Zinc Association, Brussels,
Belgium. 2008.

9. Anuradha K, Agarwal S, Rao YV, Rao KV, Viraktamath BC, Sarla N Mapping QTLs
and candidate genes for iron and zinc concentrations in unpolished rice of Madhukar x
Swarna RILs. Gene. 2012; 508: 233-240. https://doi.org/10.1016/j.gene.2012.07.054.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Arglello J.M., Eren, E., Gonzalez-Guerrero, M. The structure and function of heavy
metal transport P1B-ATPases. Biometals 2007; 20 (3), 233.

Ashwini J, Aswathy TR, Achuthsankar SN. Green synthesis and characterization of zinc
oxide nanoparticles using cayratiapedata leaf extract. Biochem. Biophys. Rep. 2021;
26:100995.

Baddar ZE and JM Unrine Functionalized-ZnO-nanoparticle seed treatments to enhance
growth and Zn content of wheat (Triticumaestivum) seedlings. J Agric Feod Chem. 2018;
66 (46):12166-12178, https://doi.org/10.1021/acs.jafc.8b03277.

Baldelli A, Wells S, Singh PA. Impact of product formulation on. spray-dried

microencapsulated zinc for food fortification. Food Bioprocess. Technol. 2021; 14: 2286-
2301.

Banerjee H, Sarkar S, Deb P et al Zinc. Fertilization in Potato: A Physiological and Bio-
chemical Study. Inter J. Plant Soil Sci. 2017; 16(2): 1-13

Banerjee H, Sarkar S, Deb P, Dutta SK, Ray K, Rana L, Majumdar K. Impact of zinc
fertilization on potato (Solanumtuberosum L.) yield, zinc use efficiency, quality and
economics in Entisol of West Bengal. J. Indian Soc. Soil Sci. 2016; 64(2): 176—182.4.
Banerjee H, Sarkar S, Ray K, Rana L, Deb P, Chakraborty A, Chakraborty I,
Bhattacharya A, Dollui, S. Response of potato (SolanumtuberosumL.) to zinc
fertilization in trans-Gangetic plains of West Bengal. In Extended Summery of National
Symposium on sustainable agriculture for food security and better environment”.
December 17-18, 2015.

Bashir S, Basit A, Abbas'RN, Naeem S et al. Combined application of zinc-lysine chelate
and zine-solubilizing bacteria improves yield and grain biofortification of Maize (Zea
Mays L.).:PL0S ONE. 2021; 16: e0254647.

Bashir S; Rasool R, Khan M. Impact of farmyard manure on soil fertility and crop yield
in potato cultivation. Potato Res. 2019; 62(4): 353-365. https://doi.org/10.1007/s11540-
019-09419-4.

Behera SK, Shukla AK, Lakaria BL. Deficiency of boron and molybdenum in soils and
crops in India and their amelioration. Ind Farming. 2014; 63(12), 27-29.



20.

21.

22,

23.

24,

25.

26.

27.

28.

BouisEH.Enrichment of food staples through plant breeding: a new strategy for fighting
micronutrient  malnutrition  Nutrition.  2000; 16(7-8):701-704, https://doi.org
/10.1016/S0899-9007(00)00266-5.

Brown KH, Rivera JA, Bhutta Z, Gibson RS, King J et al. International Zinc Nutrition
Consultative Group. Assessment of the risk of zinc deficiency in populations and options
for its control. Food and Nutrition Bulletin. 2004; 25(1 Suppl 2): S99-S203.
Chattopadhyay K, Behera L, Bagchi T, Sardar SS, Moharana N, Patra NR et al. Detection
of stable QTLs for grain protein content in rice (Oryza sativa L.) employing high
throughput phenotyping and genotyping platforms. Sci Rep.2019; 9: 3196.

Che, J., Yamaji, N., Ma, J. F. Role of a vacuolar iron transporter OsVIT2 in the
distribution of iron to rice grains. The New phytologist, 2021; 230(3), 1049-1062.
https://doi.org/10.1111/nph.17219.

Dary O, Hurrell R. Guidelines on Food Fortification with. Micronutrients. World Health
Organization, Food and Agricultural Organization of the United Nations, Geneva. 2006.
Dimkpa CO, Singh U, Bindraban PS; Elmer WH, GardeaTorresdey JL, White JC. Zinc
oxide nanoparticles alleviate drought-induced alterations in sorghum performance,
nutrient acquisition, and grain fortification. Sci. Total Environ. 2019; 688:926-934,
https://doi.org /10.1016/j.scitotenv.2019.06.392.

Duefias C, Jr Mota:GMB, Oliva N and Slamet-Loedin IH. Genome Engineering for
Enriching Fe .and Zn_ in Rice Grain and Increasing Micronutrient Bioavailability,”
in GenomeEngineering for Crop Improvement. 2021, 69-82.
doi: 10.1002/9781119672425.ch4.

Egli, I, Davidsson, L, Juillerat, M, Barclay, D, Hurrell, R. The influence of soaking and
germination on the phytase activity and phytic acid content of grains and seeds
potentially useful for complementary feeding.J. Food Sci. 2002; 67: 3484-3488.
https://doi.org/10.1111/].1365-2621.2002.tb09609.x

El Sayed HS, El Sayed SM, Youssef AM. Novel approach for biosynthesizing of zinc
oxide nanoparticles using lactobacillus gasseri and their influence on microbiological,
chemical, sensory properties of integrated yogurt. Food Chem. 2021; 365:130513.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Elshayb OM, Farroh KY, Amin HE, Atta AM. Green synthesis of zinc oxide
nanoparticles: Fortification for rice grain yield and nutrients uptake enhancement.
Molecules. 2021;26(3): 584

Espitia PJP, Otoni CG, Soares NFF. Zinc oxide nanoparticles for food packaging
applications. Antimicrob Food Packag. 2016; 425-431.

Farooq, M, Usman, M, Nadeem, F, Rehman, H, Wahid, A, Basra, S. M. /A, et al. Seed
priming in field crops: potential benefits, adoption and challenges. Crop Pasture
Sci. 2019; 70: 731-771. https://doi.org/: 10.1071/CP18604

Fenclova T, Chemek M et al. Effect of Bisphenol S on Testicular. Tissue after Low-Dose
Lactation Exposure. Environ. Pollut. 2022; 315: 120114.

Fang Y, Wang L, Xin Z, Zhao L, An X. Effect of foliar application of zinc, selenium, and
iron fertilizers on nutrients concentration and yield of rice grain in China. Journal of
Agricultural Food Chemistry. 2008; 56: 2079-2084. http://dx.doi.org/10.1021/jf800150z
Foster M, Samman S. Vegetarian diets.across the lifecyele: impact on zinc intake and
status. Adv Food Nutr Res. 2015; 74, 93-131.

Galanakis CM. Functionality of Food Components and Emerging Technologies.
Foods.2021; 10: 128.

Garg M, Sharma N, Sharma S, Kapoor P, Kumar A, Chunduri V, Arora P. Biofortified
crops generated by-breeding, agronomy, and transgenic approaches are improving lives
of millions of<people around the world. Frontiers Nutr. 2018; 5(2) https://doi.org/
10.3389/fnut.2018.00012:

Gibson RS, Ferguson EL. Nutrition intervention strategies to combat zinc deficiency in
developing countries. Nutr Res Rev.1998; 11(1): 115-131.

Gopalakrishnan'S, Vadlamudi S, Samineni S, Kumar CVS. Plant growth-promotion and
biofortification of chickpea and pigeon pea through inoculation of biocontrol potential
bacteria, isolated from organic soils. Springer plus. 2016; 5:1882.
https://doi.org/10.1186/s40064-016-3590-6

Graham RD, Welch RM and Bouis HE. Addressing micronutrient malnutrition through
enhancing the nutritional quality of staple foods: principles, perspectives and knowledge
gaps Advances in  Agronomy (Academic Press Inc), 2001; 77142.
https://doi.org/10.1016/S0065-2113(01)70004-1.



40

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Gregory PJ, Wahbi A, Adu-Gyamfi J, Heiling M et al. Approaches to reduce zinc and
iron deficits in food systems. Glob. Food Sec. 2017; 15: 1-10.

Grotz, N., Fox, T., Connolly, E., Park, W., Guerinot, M.L., Eide, D. Identification of a
family of zinc transporter genes from Arabidopsis that respond to zinc deficiency. Proc.
Natl. Acad. Sci. U. S. A. 1998; 95 (12), 7220.

Gupta A, Kumar A, Kumar A. Compost application improves yield and.micronutrient
status in mustard. Agron J. 2016; 108(4): 1230-1237.
https://doi.org/10.2134/agronj2015.0526.

Hambidge KM. Zinc and diarrhea. ActaPaediatr. 2000; Suppl, 89(434):82-86.

Hambidge M. Zinc deficiency in anorexia nervosa. Pediatr Ann..1987; 16(12), 924-925,
928-930.

Hazra GC, Saha B, Saha S, Dasgupta S et al. Screening of rice cultivars for their zinc bio-
fortification Potential in Inceptisols. J Indian Soc Soil Sci. 2015; 63(3): 347-357
Helfenstein J, Miller I, Griter R, Bhullar G, Mandloi L, Papritz A, et al. (2016) Organic
Wheat Farming Improves Grain Zinc Concentration. PLoS ONE 11(8): e0160729.
https://doi.org/10.1371/journal. pone.0160729

Hussain A, Arshad M, Zahir ZA, Asghar M: Prospects of zinc solubilizing bacteria for
enhancing growth of maize. Pak J Agric Sci. 2015; 52 (4): 915-922.

Hussain S, Ali M, Ullah F. Zinc nanoparticles enhance the bioavailability and uptake of
zinc in maize (Zea mays L.). J Plant Nutr Soil Sci. 2016; 179(1): 105-114.
https://doi.org/:10.1002/jpIn.201500120.

Jiang Z, Wu H, Zhao L, Yu J, Xu X. Zinc nanoparticles improve cucumber
(Cucumissativus L.) growth and enhance zinc accumulation in plants. J Nanobiotech.
2018; 16(1): 36. https://doi.org/:10.1186/s12951-018-0366-6.

Kamaral C, Neate SM, Gunasinghe N, Milham PJ, Paterson DJ, Kopittke PM, Seneweera
S. Genetic Biofortification of Wheat with Zinc: Opportunities to fine-tune zinc uptake,
transport and grain loading. Physiol Plant. 2021; 174: e13612.

Keshari AK, Singh SK, Samal D, Kumari S. Mineral Fortification of Rice Using
Biotechnology: A Technological Advancement for Better Nutrition. Biomolecule
Reports- An International e-Newsletter. 2023; 7(3):1-6.



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Khalid S, Asghar HN, Akhtar MJ, Aslam A, Zahir ZA. Biofortification of iron in
chickpea by plant growth promoting rhizobacteria. Pak J Bot. 2015; 47 (3): 1191-1194
Khan S, Igbal N, Ullah H. Effects of poultry manure on nutrient dynamics and biomass
production in sorghum. Agricul Sci. 2018; 9(1): 37-47. https://doi.org
10.4236/as.2018.91004.

Khan Y, Ali S, Ullah F. Zinc oxide nanoparticles promote growth.and improve
physiological characteristics of tomato plants under salt stress. Sci Reports. 2020; 10(1):
12993. https://doi.org/10.1038/s41598-020-69680-6.

Khan, Y, Shah, A. A, Ullah, F. (2018). Application of zinc oxide nanoparticles in
agricultural soils: Implications for soil health and plant growth. Journal of Environmental
Management, 214: 359-366. https://doi.org/10.1016/j.jenvman.2018.03.031.

King JC. Determinants of maternal zinc status during. pregnancy. Am J Clin Nutr.2000.
71(5 Suppl): 1334S-1343S.

Kothari, S., Sharma, V.K., Singh, A.et al. Genome-wide identification, expression
profiling, and network analysis -of calcium and cadmium transporters in rice
(Oryzasativa L.). Cereal Research Communications. 2024; 52: 1689-1712

Kumar A, Singh S, Verma AK. Biochar amendments enhance the yield and nutrient
content of spinach. J = Soil Sci Plant Nut. 2019; 19(4): 829-844.
https://https://doi.org/.org/10.1007/s42729-019-00102-3.

Kumari S, Singh SK .Neutraceuticals. Biomolecule Reports- An International e-
Newsletter, 2018; BR/05/18/11.

Kumari 'S, Singh SK; Sharma VK, Kumar R, Mathur M, Upadhyay TK and Prajapati RK
CRISPR-Case: A Continuously Evolving Technology. Indian Journal of Agricultural
Sciences. 2021; 91(9): 10-15.

Kury.S, Dréno B, Bézieau S, Giraudet S, Kharfi M, Kamoun R, Moisan JP. Mutations in
the SLC39A4 gene encoding the LZT protein cause acrodermatitisenteropathica. Hum
Mol Genet. 2002; 11(7): 769-776. https://doi.org/:10.1093/hmg/11.7.769.

Kutman UB, Yildiz B, Cakmak | (2011) Improved nitrogen status enhances zinc and iron
concentrations both in the whole grain and the endosperm fraction of wheat. J. Cereal
Sci. 53, 118-125.



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Lim KHC, Riddell LJ, Nowson CA, Booth AO, Szymlek GEA (2013) Iron and Zinc
nutrition in the economically-developed world: A Review. Nutrients 5:3184-3211

Ma X, Qian M, Yang Z, Xu T, Han X. Effects of zinc sources and levels on growth
performance, zinc status, expressions of zinc transporters, and zinc bioavailability in
weaned piglets. Animals. 2021; 11:2515.

Mandal AK, Katuwal S, Tettey F, Gupta A et al. Current research en zinc oxide
nanoparticles: synthesis, characterization, and biomedical applications. Nanomaterials
2022; 12:3066.

Miquel E, Farre R. Effects and future trends of casein. phesphopeptides on zinc
bioavailability. Trends Food Sci. Technol. 2007; 18:139-143.

Mishra U, Sinha B, Gupta RK. Soil organic matter and zinc availability in soil: A review.
Soil SciSoc America J. 2009; 73(5), 1571-1583. https://doi.org/10.2136/sssaj2007.0347
Mondal SS, Patra BC, Banerjee H (2015) Micronutrient management. In: Advances in
Potato Cultivation Technology. Kalyani Publishers, New Delhi, pp. 115-121

Murmu S, Saha S, Saha B, Hazra GC. Influences on Znand B on the yield and nutri-tion
of two widely grown potato cultivars (Solanumtuberosum L.). Ann Biol.2014; 30(1):
37-41

Nadeem M, Ali S, Zafar M. Nanoparticles as a novel approach for improving the delivery
of nutrients to plants. Nano Impact. 2019; 15: 100176.
https://doi.org/10.1016/j.impact.2019.100176.

Nagesh VR, Usharani G, Reddy TD. Heterosis studies for grain iron and zinc content in
rice (Oryza sativa L.). Ann Biol Res. 2012; 3:179-184.

Nayak D, Saha R, Mondal S. Influence of compost on growth, yield, and micronutrient
status of.groundnut. J Soil Sci Plant Nutr. 2020; 20(3): 2283-2292. https://doi.org
10.1007/s42729-020-00268-1.

Noulas C, Tziouvalekas M, Karyotis T. Zinc in soils, water and food crops. J Trace Elem
Med Biol.2018; 49: 252-260.

Paul S, Ali N, Datta SK, Datta K. Development of an iron-enriched high-yielding indica
rice cultivar by introgression of a high-iron trait from transgenic iron-biofortified rice.
Plant Foods Hum Nutr. 2014; 69: 203-208. https://doi.org/: 10.1007/s11130-0140431-z



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Pedersen HB, Borg S, Tauris B, Holm PB. Molecular genetic approaches to increasing
mineral availability and vitamin content of cereals. J Cereal Sci. 2007; 46 (3):308-326,
https://doi.org/10.1016/j.jcs.2007.02.004

Pfeiffer WH, McClafferty B. HarvestPlus: breeding crops for better nutrition. Crop Sci.
2007; 47: S88-S105. https://doi.org/10.2135/cropsci2007.09.00201PBS

Pouresmaeil V, Haghighi S, Raeisalsadati AS, Neamati A, Homayouni TM. The anti-
breast cancer effects of green-synthesized zinc oxide nanoparticles using carob extracts.
Anticancer Agents Med Chem.2021; 21: 316-326.

Prasad AS. Discovery of human zinc deficiency: 50 years later. Med Clin North Am.
2012; 96(1): 317-329.

Ramesh P, Prakash S, Murthy MS. The impact of green manure on growth and nutrient
uptake in cowpea. Legume Res. 2018; 41(6): 871-875.
https://doi.org/10.18805/Ir.v0i0.13823.

Rana A, Joshi M, Prasann R, Shivay YS,Nain L (2012) Biofortification of wheat through
inoculation of plant growth promoting rhizobacteria and cyanobacteria. Eur. J. Soil Biol.
50: 118-126. https://doi.org/10.1016/}.ejsobi.2012.01.005.

Rao SD, Neeraja CN, MadhuBabu P, Nirmala B, Suman K, Rao LVS et al. Zinc
biofortified rice varieties: challenges, possibilities, and progress in India. Front Nutr.
2020; 7. https://doi.org/10.3389/fnut.2020.00026.

Rathod PD, Kachole JM; Kachole MS. Effect of organic manure on soil properties and
zinc availability.<» AgriculEcos Environ. 2012; 150: 73-80. https:// doi.org/
10.1016/j.agee.2012.01.013.

Reddy N, Reddy NYA, A.B., Nirmalakumari, A.et al. Foliar application of zinc
enhances:the grain zinc concentration, whereas the soil application improves the grain
yield. of finger millet (Eleusinecoracana L.). Plant Physiol. Rep. 2023; 28, 513-520
https://doi.org/10.1007/s40502-023-00747-3

Ricachenevsky FK, Menguer PK, Sperotto RA, Williams LE, Fett JP. Roles of plant
metal tolerance proteins (MTP) in metal storage and potential use in biofortification
strategies. Front Plant Sci. 2013; 4:144. doi: 10.3389/1pls.2013.00144.



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Romana D, Lonnerdal LDB, Brown KH. Absorption of zinc from wheat products
fortified with iron and either zinc sulfate or zinc oxide. Am J Clin Nutr.2003; 78 (2):279-
283, https://doi.org/10.1093/ajcn/78.2.279.

Rosado JL, Diaz M, Munoz E, Westcott JL. Bioavailability of zinc oxide added to corn

tortilla is similar to that of zinc sulfate and is not affected by simultaneous addition of
iron. Food Nutr. Bull. 2012; 33(4):261-266,
https://doi.org/10.1177/156482651203300406.

Rosado JL. Zinc and Copper: Proposed Fortification Levels and Recommended Zinc
Compounds. J Nutrition. 2003; 133: S2985-529809.

Sai Divya, B., Singh, R., Khan, W. Efect of foliar application of iron and zinc on yield
and economics of fnger millet (Eleusinecoracana L.). The Pharma:lnnovation Journal.
2021; 10(4), 897-899.

Saleem A, Perveen S, Muhammad D, Khan M J, Mussarat M, Muhammad N, Kaleem I,
Wahid A. Integrating Effects of Applied-Zn with Organic Amendments for Enhanced
Maize and  Wheat  Yields ~ at . Two Diverse  Calcareous  Soils.
TirkTarimveDogaBilimleriDergisi 2017; 4(2): 179-188

Saltzman A, Birol E, Bouis HE, Boy E; De Moura FF, Islam Y, Pfeiffer WH.
Biofortification: progress toward a more nourishing future Glob Food Sec. 2013; 2 (1): 9-
17, 10.1016/j.9fs.2022.12.003.

Sarkar S et al. Agronomic fortification of zinc in potato production in Indian context: A
review. J Appl. Natural Sci. 2018; 10(3): 1037-
1045. https://doi.org/10.31018/jans.v10i3.1863.

Sarwar N, Mubeen K, Wasaya A, Rehman AU, Farooq O, Shehzad M. Response of

hybrid maize to multiple soil organic amendments under sufficient or deficient soil zinc
situation. Asian J. Agric. Biol. 2020; 8(1):38-43.
https://doi.org/10.35495/ajab.2019.07.332.

Senguttuvel P et al. Rice biofortification: breeding and genomic approaches for genetic
enhancement of grain zinc and iron contents. Front. Plant Sci. 2023; 14:1138408.
https://doi.org/: 10.3389/fpls.2023.1138408

Sharma A, Patni B, Shankhdhar D, Shankhdhar SC. Zinc-an indispensable micronutrient.
PhysiolMolBiol Plants.2013; 19: 11-20. https://doi.org/: 10.1007/ s12298-012-0139-1



95. Sharma S, Singh R, Gupta V. Effect of organic fertilizers on growth and yield of tomato.
HortiSci 42(2), 2015; 113-119. https://https://doi.org/.org/10.17221/1/2015-HORTSCI.
96. Shivay YS, Prasad R, Rahal A. Studies on some nutritional quality parameters of

organically or conventionally grown wheat. Cereal Res. Commun. 2010; 38: 345-52.
https://doi.org/: 10.1556/CRC.38.2010.3.5

97. Shukla AK and Behera SK. Micronutrient fertilizers for higher productivity. Ind. J.
Fert.2012; 8(4): 100-117.

98. Shukla AK, Behera SK, Lenka NK, Tiwari PK, Prakash C, Malik RS, Sinha'NK, Singh
VK, Patra AK, Chaudhary SK. Spatial variability of soil micronutrients in the intensively
cultivated Trans-Gangetic plains of India. Soil Tillage Res. 2016; 163: 282-289.
https://doi.org/10.1016/j.still.2016.07.004.

99. Shukla AK, Behera SK, Pakhre A, Chaudhari SK. Micronutrients in Soils, Plants,
Animals and Humans. Ind J Fertilizers. 2018; 14 (4): 30-54.

100. Shukla AK, Tiwari PK. Micro and Secondary Nutrients and pollutant elements research
in India: Coordinator’s Report. AICRP on Micro and Secondary Nutrients and Pollutant
Elements in Soils and Plants, ICAR-11SS, Bhopal. 2016.

101. Sinclair, S. A., Krdmer, U. The zinc homeostasis network of land plants. Biochimica Et
BiophysicaActa, 2012; 1823(9), 1553-1567.
https://doi.org/10.1016/j.bbamer.2012.05.016.

102. Singh K, Gupta R, Kumar A. Integrated use of organic inputs improves micronutrient
status and yield “of barley. Field Crops Res. 2020; 258: 107947.
https://doi.org/10.1016/j.fcr.2020.107947.

103.Singh MV. Micronutrient nutritional problems in soils of India and improvement for
human and animal health. Ind J Fertilizers. 2009; 5(4):11-26.

104.Singh MV. Micronutrients deficiency in Indian soils and crops. In micronutrient

deficiencies in global crop production. (BJ Alloway Ed.), pp. 93-125. Springer, Dordrecht.
2008; https://doi.org/10.1007/978-1-4020-6860-7_4.

105.Singh PA, Leiva A. Double Fortified (Iron and Zinc) Spray-Dried Microencapsulated

Premix for Food Fortification. LWT. 2021; 151:112189.



106.Singh SK, Tomar BS, Anand A, Kumari S, Prakash K. Effect of growth regulators on
growth seed yield and quality attributes in garden pea (Pisumsativum var. Hortense) cv.
PusaPragati. Indian Journal of Agricultural Sciences. 2018; 88(11): 1730-1734.

107.Song, J. H., Shin, G., Kim, H. J., Lee, S. B., Moon, J. Y., Jeong, J. C., et al. Mutation of
GmIPK1 Gene Using CRISPR/Cas9 Reduced Phytic Acid Content in Soybean Seeds. Int.
J. Mol. Sci. 2022; 23, 10583. doi: 10.3390/ijms231810583.

108.Swamy BPM, Kaladhar K, Anuradha K, Batchu AK, Longvah T and Sarla N. QTL
analysis for grain iron and zinc concentrations in two o. nivara:derived: backcross
populations. Rice Sci. 2018; 25: 197-207. https://doi.org/: 10.1016/j.rsci.2018.06.003

109. Tabassum B, Shah SA, Hussain S, Bukhari NA. Impact of organic supplements on zinc
bioavailability in rice and chickpea crops. Soil ‘BiolBiochem. 2014; 70:161-170.
https://doi.org /10.1016/j.s0ilbi0.2014.01.005.

110.Tierney MB, Lamour KH. An Introduction to Reverse Genetic Tools for Investigating
Gene Function. The plant health instructor.-2005; 05.

111.TO B. Biofortification progress briefs introduction to biofortification progress briefs.
Available at: www.HarvestPlus.org. 2014.

112.Udechukwu MC, Collins SA, Udenigwe CC. Prospects of Enhancing Dietary Zinc
Bioavailability with Food-Derived Zinc-Chelating Peptides. Food Funct. 2016; 7:4137-
4144,

113.Wang N, Qiu W, Dai J; Guo X, Lu Q, Wang T, Li S, Liu T, Zuo Y. AhLNRAMP1
Enhances Manganese and Zinc Uptake in Plants. Front Plant Sci. 2019; 10:415. doi:
10.3389/1pls.2019.00415:

114.Wapnir .RA.. Zinc deficiency, malnutrition, and the gastrointestinal tract. J Nutr,
2000;130(5S Suppl): 1388S-1392S.

115. Wegmdller R, Tay F, Zeder C, Brnic M, Hurrell RF. Zinc Absorption by Young Adults
from Supplemental Zinc Citrate Is Comparable with That from Zinc Gluconate and
Higher than from Zinc Oxide. J. Nutr. 2014; 144:132-136.

116. White PJ, Broadley MR, Hammond JP, Ram-say G, Subramanian NK, Thompson J,
Wright G. Bio-fortification of potato tubers using foliar zinc-fertilizer. J HortiSci
Biotech. 2012; 87(2):123-129.



117.Xie Y, Cheng H, Li J. Biochar improves soil quality and enhances nutrient bioavailability
in lettuce. Soil Tillage Res. 2017; 165: 10-18. https://doi.org/10.1016/j.still.2016.08.005.

118.Xu SM, Du L, Liu M, Zhou J, Pan W, Fu H, Zhang X, Ma Q, Wu L. Glycine-Chelated
Zinc Rather than Glycine-Mixed Zinc Has Lower Foliar Phytotoxicity than Zinc Sulfate
and Enhances Zinc Biofortification in Waxy Corn. Food Chem. 2022; 370:131031.

119.Yadav DN, Bansal S, Tushir S, Kaur J, Sharma K. Advantage of biofortification over

fortification technologies, in Wheat and barley grain biofortificationwoodhead
publishing, 2020; 257-273.

120.Youn SM, Choi SJ. Food Additive Zinc Oxide Nanoparticles: dissolution, interaction,
fate, cytotoxicity, and oral toxicity. Int J Mol Sci. 2022; 23:6074.

121.Zebrath B, Karemangingo C, Scott P, Savoie D, Brown W. Nitrogen management for
cereal crops: General fertilizer recommendations (Canada: New Brunswick Soil and Crop
Improvement Association) 20009.

122.Zeng, H., Wu, H., Yan, F., Yi, K., Zhu,.Y. Molecular.regulation of zinc deficiency
responses in plants. J. Plant Physiol. 2021; 261, 153419.

123.Zhang YQ, Sun YX, Ye YL, Karim MR; Xue YF, Yan P, Meng QF, Cui ZL, Cakmak I,
Hang FS, Zou CQ. Zinc biofortification of wheat through fertilizer applications in
different locations of China. Field Crops Res. 2012; 125: 1-7.

124.Zhao L, Wang S, Zhang H. Effects of green manure on soil micronutrient availability and
nutrient  uptake .in . peas. ~ Field Crops Res. 2021; 263: 108059.
https://doi.org/10.1016/j.fcr.2021.108059.

125.Zhou G, An Q, Liu:Z, Wan Y, Bao W. Systematic Analysis of NRAMP Family Genes
inAreca. catechu and Its Response to Zn/Fe Deficiency Stress. Int J Mol Sci. 2023;
24(8):7383. doi: 10.3390/ijms24087383.

126.Zhu CS, Naqvi S, Gomez G, Pelacho AM et al. Transgenic strategies for the nutritional
enhancement of plants. Trends Plant Sci. 2007; 12  (12):548-555,
https://doi.org/10.1016/j.tplants.2007.09.007.

127.Zou T, Xu N, Hu G, Pang J, Xu H. Biofortification of soybean sprouts with zinc and
bioaccessibility of zinc in the sprouts. J. Sci. Food Agric. 2014; 94: 3053-3060.
https://doi.org/: 10.1002/jsfa.6658.







