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Abstract  

Micronutrient deficiency, often termed "hidden hunger," poses a significant threat to both crop development and human health. This condition 
leads to stunted growth and diminished nutritional quality in crops, ultimately impacting food security and public health. Addressing this 

challenge requires innovative solutions, with agronomic biofortification emerging as a cost-effective and rapid strategy. However, agronomic 

biofortification faces several hurdles, including variable soil conditions, interactions between nutrients and environmental risks associated with 
excessive application, along with lack of awareness among farmers hampers its adoption. Also, few studies have looked at the combined effects 

of micro-nutrients on field crops; most research on agronomic bio-fortification of crops has focused on administering one or, in rare instances, 

two micronutrients. Thus, further research is essential to optimize these methods and ensure their efficacy and safety. Numerous studies have 

highlighted advancements in biofortification techniques since 2015; however, a comprehensive comparative analysis of micronutrient 
bioavailability remains scarce. Understanding these dynamics is crucial for improving crop nutrition and addressing the pressing issue of hidden 

hunger. By synthesizing existing research, we can identify gaps and propose enhanced agronomic practices that will contribute to healthier 

crops and improved nutritional outcomes for populations reliant on staple foods. Therefore, research was conducted with the objective of  

using of zinc (Zn), iron (Fe), and selenium (Se) to increase field crop yield and fortify them for long-term, high-quality output. Thus to increase the 
nutritional content of edible plant portions, this method applies micronutrient fertilizers via foliar sprays, soil application, chelated 

formulations, nanoparticles, and the employment of helpful microbes. The review findings indicated in order to address nutritional security in 

the realm of agriculture, the usage of agronomic fortification techniques were applied to generate biofortified crops . It provides scientists with 

information on the substantial potential of biofortification to boost agricultural yields while providing crops with more nutrients.   

Keywords : biofortification; biosynthesis; hidden hunger; integration; micronutrients  

Introduction 

Second, only after moisture stress the most significant factor 

limiting crop productivity in these soils are nutritional problems. 

Deficits in phosphate and nitrogen are the main issues, but 

recent studies have shown that micronutrient issues are also 

impeding crop productivity. Through our past review, it tends to 

be seen that the utilization of natural and inorganic manures in 

the mix can altogether upgrade the effectiveness of local and 

applied supplements, at last prompting more significant returns 

and better yield quality (1-10). In agricultural contexts, 

micronutrient deficiencies in the soil can severely limit crop yields 

and the nutritional quality of produce (11-13).  

 Zinc is the most deficient nutrient in Indian soils and has 

been examined in every crop and cropping system in the nation 

followed by iron. Indian soils now have 48.1 % and 11.2 % of 

extractable zinc and iron (DTPA) deficient, respectively (14). It has 

also been reported that climate change threats are leading to 

selenium deficiency (15).  

 Soil deficient in micronutrients not solely restricts crop 

productivity but also affects the dietary best of foods, leading to 

malnutrition in the human populace (16). Low soil levels of Zn, Fe 

and Se can stunt plant growth and yield nutritionally deficient 

crops, contributing to human malnutrition. As a result of this, 

over 2 billion people globally experience the end result of 

attaining deficiencies in iron (Fe), zinc (Zn) and other 

micronutrients viz. selenium (Se). Micronutrients are necessary 

for plants, they are needed in comparatively lesser amounts at 

100 µg/g of dry matter as compared to the 1000 µg/g 

requirement of macronutrients (17). But the importance of their 

participation cannot be overstated. When it comes to 

micronutrients, the range of sufficiency is less than that of 

macronutrients since even a small excess or shortfall can cause a 

decrease in output. The nutritional security of humans and cattle 

is also determined by its influence on the quality of the product 

Improving the soil's micronutrient level is crucial for the long-

term sustainability of soil fertility and productivity (18). 

Addressing the 'hidden hunger' of micronutrient deficiencies is 

essential for improving crop productivity and human health. To 
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mitigate these limiting factors, biofortification has proved as a 

suitable tool to enhance the bioavailability of essential nutrients 

in edible plant parts (19). Biofortification involves enhancing the 

nutritional content of food crops through traditional plant breeding, 

improved agricultural methods and advanced biotechnology. This is 

achieved without compromising the characteristics preferred by 

both consumers and farmers (20). 

 Under the aspect of  improved agricultural methods, the 

research work done evidence underscores the importance of 

addressing micronutrient deficiencies through sustainable 

agricultural practices. By optimizing biofortification through 

nutrient management techniques for micronutrients, farmers can 

achieve higher yields, better profitability, and improved soil health, 

thereby contributing to overall food security and nutritional 

quality. Thus, to adjourn the gap the review paper is taken in to 

consideration. 

 The integration of organic and inorganic nutrient sources 
has been shown to enhance both the yield and quality traits of 

crops. For instance, a study conducted on fodder oat (Avena 

sativa L.) varieties under integrated management techniques in 

Jammu demonstrated that combining organic fertilizers with 

inorganic ones significantly improved green and dry fodder 

yields as well as forage quality traits such as crude protein 

content (21). Furthermore, this issue is also addressed through 

integrated nutrient management, which combines organic and 

inorganic fertilizers to enhance soil fertility and crop yields. A 

study conducted on the intercropping of maize with rajmash 

(Phaseolus vulgaris) demonstrated the effectiveness of such an 

approach (22). The maize + rajmash (1:1) intercropping system 

produced the highest maize equivalent yield (MEY) of 7772 kg/ha, 

with substantial net returns and a benefit-cost (B:C) ratio of 1.81, 

according to the results of the experiment, which compared 

various cropping systems and nutrient management strategies. 

Under new recommendations, which included the application of 

75 kg/ha urea, 68 kg/ha DAP, 25 kg/ha MOP, and 3 t/ha farmyard 

manure (FYM), further validation through on-farm trials (OFTs) 

revealed a 46.27 % increase in MEY, a 55.64 % increase in net 

returns, and a 23.83 % improvement in the B:C ratio. This 

integrated approach not only improved productivity but also 

enhanced soil fertility through balanced fertilizer application, 

organic manure usage and including micronutrients, for crop 

production.   

 Agronomic biofortification has remained primely active in 

providing Zn, Fe and Se based nutritive support where the use of 

Se-enriched manures can increase the Se levels in crops such as 

maize and wheat (23). In the current scenario, managing the 

overall plant nutrient availability (including Zn, Fe, Se and other 

micronutrients) in food based crops is trivial. For instance, crops 

plagued by zinc (Zn) deficiency endure a cascade of detrimental 

effects: stunted growth, suppressed tillering, and the emergence of 

smaller, chlorotic leaves that signal distress. The repercussions 

extend to delayed maturation, compromised fertility, and 

ultimately, diminished product quality (24). The agricultural 

sector’s research and innovation efforts are intensely concentrated 

on Zn, recognizing its pivotal role in both amplifying crop yields 

and addressing widespread nutritional shortfalls in populations. 

Groundbreaking research in Turkey, has illuminated the profound 

impact of Zn fertilization, which not only bolsters yields but also 

enriches grain Zn content in both cereals and dicotyledonous 

crops, heralding a significant stride in combating Zn deficiency 

(25). Field research in India has revealed a remarkable tripling in 

rice yields and zinc (Zn) content in grains when Zn-enriched urea is 

utilized (26). Similarly, a study across ten African nations found that 

Zn-enriched fertilizers boosted Zn levels in maize, rice and wheat 

(27). The increases were notable: 23 % in maize, 7 % in rice, and 19 % 

in wheat with soil application; and 30 % in maize, 25 % in rice, and a 

striking 63 % in wheat with foliar application. This Zn enrichment 

also reduced phosphorus uptake and phytate accumulation in 

grains, potentially enhancing Zn's bioavailability for human 

consumption. A modelling study in the same African countries, all 

facing Zn deficiencies, assessed the impact of Zn-enriched manures 

(27). The discoveries recommended that such composts could 

increment dietary Zn by 5 % and decline handicap changed life years 

(DALYs) lost to Zn lack by 15 % in Malawi. However, more research is 

needed to validate agronomic biofortification's effectiveness, 

particularly concerning micronutrient bioavailability and the 

metabolic pathways that affect absorption and health benefits. 

 Iron (Fe) presents challenges in agronomic biofortification 
due to its insoluble forms, which plants struggle to absorb from soil 

(28). The significant impact of nutrient fortification on nutrition and 

health is evident, yet only one case has been documented where 

agronomic biofortification has definitively improved human 

micronutrient levels. This case comes from Finland, where since 

1985, a nationwide program has fortified fertilizers with selenium, 

leading to a marked increase in Se levels in cereals, and 

consequently, in human and animal diets (29). This has greatly 

reduced Se deficiencies among the Finnish population. The safety 

and efficacy of using sodium selenate in fertilizers have been 

thoroughly researched and confirmed, with over 70 % of the 

increased Se intake coming from animal-based foods. Despite 

these advances, there remains a gap in research directly linking 

agronomic biofortification to dietary micronutrient intake and its 

subsequent health effects, barring the use of genetically 

biofortified crops (30). Agronomic biofortification may be a viable 

approach to combating micronutrient deficiencies, according to 

modelling studies (31). For example, applying just 5 g of Se per 

hectare to maize crops in Malawi could potentially raise daily Se 

intake by 0.04 mg for those on a maize-centric diet. This highlights 

the untapped potential of agronomic biofortification in improving 

dietary micronutrient levels and enhancing public health. As Se 

plays a vigorous role in plant development by contributing to cell 

wall formation, maintaining tissue structure, and facilitating the 

transport of nitrogen, phosphorus and potassium (32). 

 Selenium (Se), like Zn and Fe, plays a vital role in 

metabolic processes, including DNA synthesis, respiration and 

photosynthesis (33). A fifteen-fold rise in the Se content of cereal 

crops has resulted from Finland's widespread use of Se to NPK 

fertilizers, exceeding nutritional guidelines (34).  

 Yet, litter fertilization and foliar application of mineral Fe 

have emerged as promising methods to enhance Fe content in 

crops. Studies indicate that foliar nutrient application can enrich 

wheat and rice grains with iron, although some reports suggest 

no impact from foliar-applied inorganic and chelated iron 

fertilizers (35, 36). In Australia, applying Se to soil or as a foliar 

spray has significantly increased wheat grain Se concentrations, 

with a 133-fold increase from soil application and a 20-fold 

increase from foliar application (37). Research has established a 

direct correlation between the application of selenium (Se) and 
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the increase in Se content in maize grains, as well as its enhanced 

bioavailability in wheat flour and bread (38, 39). Studies 

conducted recently suggest that applying Zn, I, or Se topically 

has more effective effects than applying it in the soil, especially 

when it comes to increasing grain concentrations. (40). For 

example, adding zinc to nitrogen (N) and foliar spraying wheat 

grain and flour increases zinc concentration and bioavailability, 

indicating a potential strategy for wheat zinc fortification (41). 

The viability of foliar application relies upon elements, for 

example, plan type, source, and molecule size. Soluble Zn 

solutions (like ZnSO4.7H2O and ZnCl2) and chelated Zn 

formulations like Zn-EDTA are two types of Zn foliar sprays that 

are frequently used (42, 43). Another potential option is Zn 

conjugated chitosan nanostructures (Zn-CNPs) (44). Selenium is 

usually applied as selenate, selenite, selenomethionine (SeMet), 

methio-seleno-cysteine (MeSeCys) and nano-Se are the principal 

Se-forms applied to cereal crops (45). In an open field, controlled 

greenhouse, or in vitro experiment, the growth conditions are 

maintained by preparing the growth media with soil, 

hydroponics, or artificial growth media. These are the methods 

for prime application (45). However, despite diverse studies 

conducted the best suitable highly responsive methods of 

providing Zn, Se and Fe for enhanced nutrient support are 

tabulated and shown in Table 1. For  combating worldwide 

malnutrition of zinc (Zn), iron (Fe) and selenium (Se), there is 

need to study the effects of soil, foliar or nano chelated 

treatments on concentrations of Zn, Fe, Se, N in crops and 

further on their bioavailability in grains. Hence a review was 

taken on the biofortification of crops with an objective to use  Zn, 

Fe and Se for enhancing  yield and grain their absorption in grain, 

which could further increase agricultural output and incomes of 

smallholder farmers' and thus sustained agricultural industry 

more economically as a result of these developments. 

 

 

Case studies on biofortification        

Zinc fortification in rice crop 

A field study evaluating the effects of several zinc (Zn) fertilization 

methods on aromatic hybrid rice was performed at the IARI 

research farm in New Delhi in the monsoon seasons of 2007 and 

2008 (46). As shown in Fig. 1, the study included seven different Zn 

treatments, ranging from no fertilization to the application of Zn-

enriched urea (ZEU) and soil applications of Zn compounds. 

Significantly outperforming previous treatments, the application 

of ZEU (2.0 %) with zinc sulphate produced a biological yield of 

19.22 t/ha and a grain production of 7.53 t/ha. The trial 

demonstrated that the solubility of Zn sulphate-enriched urea, 

along with the additional sulphur it provides, was more active in 

improving grain yield contrast to ZnO-enriched urea. The 

continuous release of nitrogen and Zn from the ZEU throughout 

the crop's growth period was key to achieving these results. The 

application of 2.0 % ZEU with ZnSO4.7H2O resulted in the greatest 

Zn concentrations in the grain and straw, according to the study. 

This suggests that the treatment allowed the rice plants to absorb 

zinc for a longer period and more efficiently. As a result, the 

biomass above ground and the root system both increased, 

improving the plants’ total absorption of zinc. The research 

highlighted the positive interaction between nitrogen and Zn 

fertilization, suggesting that the acidifying effect of nitrogen in the 

soil enhances the availability of Zn, thereby contributing to the 

synergistic benefits observed in crop yield and nutrient content. 

 Higher Zn availability to plants in treated plots compared 

to control (no Zn) plots may potentially be the cause of the 

improvement in rice quality metrics following Zn fertilization 

caused photosynthates to go to reproductive portions  which in 

turn resulted to increased Zn absorption and biomass 

production. This may be due to  impact of zinc synthesis on 

photosynthesis, sugar conversions and seed development, zinc 

influences the metabolism of carbohydrates. Also  protein serves 

as a zinc sink in grains and  increase crude protein content after  

 

Fig. 1. Effect of Zn fertilization on yield and Zn concentrations of aromatic hybrid rice (pooled data of 2 years). Treatments Details: T1- Absolute 
control (Zero N & Zn); T2- Control (only N); T3- 2.0 %ZEU* (ZnSO4.7H2O); T4-2.0 %ZEU (ZnO); T5- 5.0 kg Zn/ha(ZnSO4.7H2O); T6- 5.0 kg Zn/ha 

(ZnO); CMCU**; Sem± (46).  
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Micronutrient Role in plant Deficiency /Excess effects Sources (Dosage) Method of 
application 

Reference 

Zinc (Zn) 

Plant metabolism, the role of enzymes, and 
ion transport 

As a component of more than 300 enzymes 
from all six enzyme classes, zinc plays a 

significant role. All six classes of enzymes-
lyases, transferases, hydrolases, 

isomerases, oxidoreductases, and ligases-
share this element alone. As a basic or 

catalytic enzyme, zinc affects the folding, 
structural integrity, and activity of many 

proteins 
Zn in plants include gene regulation and 

activation, synthesis of proteins, 
involvement in phosphate 

and carbohydrate metabolisms, a key 
factor for ribosomal structural integrity, 
functional and structural involvement in 

bio-membranes. 
The multifunctionality of Zn in plant 

defense, involved  superoxide dismutases 
(SODs) and zinc finger proteins. SODs 

altering reactive oxygen species catalyze 
the conversion of superoxide radicals to 
hydrogen peroxide, which is involved in 
abiotic and biotic stress .  Further, Zinc 

finger binding domains are present in the 
well-known plant resistance proteins NBS-
LRRs (nucleotide binding sites-leucine rich) 
that are involved in the effector-triggered 

immune response. 
Zn supply increases the expression of 

various antioxidant systems detoxifying 
the harmful level of free radicals upon 
infection thus promote plant’s defence 

mechanism and reducing the severity of 
diseases. 

Slowed development, chlorosis, 
lesser leaves, spikelet sterility 

Both Zn excess and Zn 
deficiency cause Zn to become 

prooxidant 
Under Zn-deficient conditions, 
reactive oxygen species (ROS) 

are considered to be the primary 
factor responsible for plant 

growth inhibition 
In tropical regions, where soil 

zinc availability is often limited 
or imbalanced, the PGPB, 

through different mechanisms 
such as Zn solubilization; 

siderophore production; and 
phytohormone synthesis, 
supports Zn uptake and 

assimilation, thereby facilitating 
the adverse effects of zinc 

deficiency in plants  
Excess Zn can provoke oxidative 
damage by enhancing the levels 

of reactive radicals 
Zinc toxicity provokes deficiency 

of other essential nutrients 
owing to similar ionic radii and 

interfering with their 
phytouptake and movement 

inside plants 

ZnSO4.7H2O, ZnO 
and ZnCl2 and 

chelated Zn 
formulations Zn 

oxide nanoparticles 
(ZnO-NPs) 

Dosage 25-50 kg per 
ha as soil tender 452 

mg kg–1 as foliar 
spray 

Soil/Foliar (77–84) 

Iron (Fe) 

Iron is an essential cofactor in cellular 
redox reactions due to its ability to 

transition between ferrous and ferric 
oxidation states with moderate oxidation 

potential and its broad range of ligand-
binding capabilities 

It is the chemically functional component 
of mononuclear iron complexes, dinuclear 

iron complexes, (2Fe-2S) and (4Fe-4S) 
clusters, (Fe-Ni-S) clusters, iron 

protophorphyrin IX, and many other 
complexes in protein biochemistry. 

Cells prioritize delivery of Fe to 
mitochondria to maintain the proper 

functioning of iron-requiring biochemical 
processes such as Fe-S cluster 

biosynthesis, apoptosis, and respiration. 
Numerous respiratory complex subunits 
utilize iron (Fe-S clusters, heme, and/or 

non-heme iron) as their cofactors. It readily 
accepts and donates electrons, and 

functions as a part of redox centers where 
it serves as a cofactor for various enzymes 

and proteins. 
The iron homeostasis network is 

sophisticatedly interwoven with the uptake 
and transport of other mineral nutrients . 
interactions between iron and phosphate 

and found that deficiencies in one nutrient 
resulted in transitory induction of the 

expression of genes encoding proteins 
involved in the uptake of the other. An 

antagonistic crosstalk between iron and 
phosphate signalling was also reported 

with respect to the accumulation of 
catecholic coumarins. whereas,  silicon 

improved root-to-shoot iron translocation, 
resulting in an increased iron content in 

the youngest leaves. 

Iron chlorosis is a widespread 
agricultural problem occurring 
in about 30–50 % of cultivated 

soils 
Many crops are sensitive to the 

iron chlorosis, such as citrus and 
fruit trees 

In response to iron limitation, 
phytosiderophores (PSs) are 

exported by transporter of 
mugineic acid (TOM1) and Fe-PS 

complexes are subsequently 
imported by YS1, a member of 
the oligopeptide transporter 

family 
Iron deficient plants may 

overaccumulate heavy metals 
such as cadmium 

Iron deficiency in the root 
proteome may  produced 

morphological changes that  
include swelling of root tips and 
formation of lateral roots, root 

hairs, and transfer cells that 
increase the root's surface area. 
Biochemical changes result in an 

increased ability to acquire Fe, 
and include the induction of a 

plasma-membrane Fe (III)-
reductase and an Fe (II) 

transporter, an enhanced proton 
extrusion capacity, and the 

release of low molecular weight 
compounds such as 

carboxylates, flavins and 
phenolic compounds. Excess, 
iron can react with hydrogen 

peroxide and trigger the 
formation of harmful hydroxyl 

radicals. 

1 to 1.5 lb Fe per acre 
(IFSA) Fe-

sequestrene, 0.25 % 
as foliar spray of Iron

- EDTA 
iron-humic 
complexes 

Iron humic nano-
fertilizers 

Iron fertilizers based 
on HSs extracted 

from lignites, such as 
leonardite, are used 
in the Mediterranean 

area (as liquid 
concentrates) in drip 

irrigation 

Soil/Foliar 
(85,86,95,96,

87-94) 

Table 1. Micronutrient role and mode of application 
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Zn application. Zinc plays a crucial part in protein synthesis, and 

applying zinc fertilizers to the soil boosted the amount of zinc 

availability to plants (47). 

Zinc biofortification and yield of baby corn 

In 2018, during the Kharif season (September to November), a 

significant field experiment was conducted at the Tamil Nadu 

Agricultural University (TNAU) in Coimbatore (48). The 

experiment took place in Tamil Nadu's Western Agro Climatic 

Zone. Ammophilous mud soil with a pH of 8.74, moderate 

basicity (0.53 %), low convenient nitrogen (202 kg/ha), medium 

applicable dawn (20 kg/ha), and high accessible potassium were 

used in the experiment. All along the cutting season, a total of 

324.4 mm of rain raze over 31 days. The experiment employed 

the baby corn mixture G-5414, which was planted at a 45 cm by 

25 cm spacing. The plan employed a Randomized Complete Block 

Design, accompanying nine situations and three replications. Fig. 2 

depicts the situations, that are different from foliar spraying ZnSO4 

and administering soil application indifferent consolidations to 

asking for no metallic mineral (control). The appropriate NPK 

portion of the drug or other consumable of 150:60:40 kg/ha was 

diffused everywhere in the form of muriate of dressing to aid the 

production of crops, urea, and sole super phosphate. Nitrogen and 

potassium were used in two equal splits, while the complete 

dosage of Planet seen at dawn was used as a basic quantity. 

Metallic mineral sulphate was applied as per the situations, two 

together as a basic and foliar use. The experiment written 

miscellaneous limits to a degree plant altitude, dry matter 

production, green forage yield and chlorophyll content of baby 

grain leaves. The number of days between seeding and when 50 

% of the plants had projected tassels was also observed. Zinc 

fertilization resulted in a considerable increase in both green cob 

and green fodder production. The maximum green cob yield of 

18637 kg/ha was achieved by applying 37.5 kg/ha of ZnSO4 to the 

soil, followed by a 0.5 % foliar spray 20 and 40 days after sowing 

(DAS). This was comparable to the treatment that involved 

spraying 1 % foliar spray at 20 and 40 DAS and applying 37.5 kg/

ha of ZnSO4 to the soil. The control treatment without zinc 

application had the lowest green cob yield of 13578 kg/ha. The 

increase in yield might be attributed to the influence of zinc 

fertilizer on auxin and starch synthesis, administered both in soil 

and as a foliar spray. This led to favorable crop development, 

including increased plant height, dry matter production, and 

chlorophyll content, all of which improved yield qualities and 

yield, which can be compared to the previous report that was 

provided (49, 50). Green fodder output increased in tandem with 

green cob yield. This increase in green portion harvest was 

deducible to the revised switch of photosynthates, resulting in 

larger result of green forage accompanying appropriate amounts 

of metallic mineral as soil and foliar use (51, 52).  

 However in some studies of bioavailability it has been 

seen that the presence of anti-nutritional factors Phytic acid 

generate insoluble complexes and reduce the bioavailability of 

zinc and iron particularly found in legumes and cereals, this can 

be mitigated through genetic and agronomic biofortification 

where higher concentration of micronutrients in the edible 

portion vis a vis lowering the quantity of phytic acid prevent 

them from being absorbed and thus reducing the chelating  and 

binding action of cationic minerals (zinc and iron) with phytins 

and thus increase their bioavailability in both ruminants and 

nonruminants (53).  

Micronut
rient 

Role in plant Deficiency /Excess effects Sources (Dosage) Method of 
application 

Reference 

Selenium 
(Se) 

Reduces the harm that harsh weather, 
heavy metals, drought, and salinity 

brought on by climate change may do. 
Se concentration found to be higher in 

younger leaves as compared to older ones 
during seedling growth. Se is mostly 

accumulated in their vacuoles and can be 
effluxed through sulphate transporters 

present in the tonoplast 
Selenoproteins act as powerful 

antioxidants in plant metabolism through 
the glutathione peroxidase (GSH) 

pathway, and provide an increased 
activity for enzymatic (SOD, CAT, and APX) 

and non-enzymatic (ascorbic 
acid, flavonoids, and tocopherols) 

compounds that act in reactive oxygen 
species (ROS) scavenging system and cell 
detoxification. Selenium helps to inhibit 

the damage caused by climate 
changes such as drought, salinity, heavy 
metals, and extreme temperature. Also, 

Se regulates antenna complex 
of photosynthesis, protecting 

chlorophylls by raising photosynthetic 
pigments 

Se application at low concentration 
enhance photosynthesis in plants due to 
increase protection of antenna complex 

and induced the conversion of 
chlorophyll a into chlorophyll b and also 

increased carotenoids and pheophytin co
ncentration As a phytofortifier, Se may 
improve the nutritional quality of food 

crops and fodder  Se can access the 
sulphur (S) assimilation pathway and 

incorporated into the Se-amino acids Se-
cysteine (SeCys) and Se-methionine 

(SeMet) 

Se stress decreased level of 
glutathione, Increased lipid 

peroxidation 
 

Se at excessive 
concentrations leads to 

toxicity in plants, resulting 
in chlorosis and necrosis as 

well as restricted growth and 
reduced protein 

biosynthesis. 

For wheat crops, 21 g Se ha-1, 
and for rice crops, 100 g Se ha-1 
of sodium selenite 100-200 g of 
sodium selenite containing Se 

ha–1.For maize crop Na2SeO4 
Foliar Se application at the 

concentration 50 g ha-1 applied 
as sodium selenate increases 

the antioxidant, 
photosynthetic metabolism, 

and yield of several crops 
Selenium nanoparticles (Se NP) 
have a larger advantage. Se NP 

is more bioactive and has 
enhanced solubility than bulk 

Se. 

Soil/Foliar (97–103) 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/selenoprotein
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/glutathione-peroxidase
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/flavonoid
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/climate-change
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/heavy-metal
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/photosystem
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/photosynthetic-pigment
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/carotenoid
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chlorosis


KOUR  ET AL  6     

https://plantsciencetoday.online 

Zinc based fortification in edible grain 

A previous study undertook a comparative analysis of various 

zinc-based nutrient treatments, focusing on their economic 

returns (54). Their findings, depicted in Fig. 3, revealed that the 

treatment termed T5   was the most economically viable. This 

treatment involved the soil application of 7.5 kg of Zn/ha using 

ZnSO4 (containing 21 % Zn). T5  yielded a gross return of ₹117003 

per hectare, a net return of ₹86605 per hectare, and a benefit-to-

cost (B:C) ratio of 3.85. These impressive results were primarily 

driven by a significant increase in grain yield and gross income, 

which effectively offset the cultivation costs. The elevated B:C 

ratio in T5 can be attributed to two key factors. Firstly, there were 

savings in input costs, likely due to the efficient use of zinc-based 

nutrients. Secondly, the treatment led to higher yields, which 

resulted in additional returns. This combination of cost savings 

and increased returns contributed to the higher B:C ratio (55). In 

another way, the situation popular as T6, that involved the soil 

request of 1 kg of Zn/ha through chelated metallic mineral (Zn 

EDTA), earned the best help cost at ₹29517 per hectare. The high 

cost of the fertilizer itself is primarily to blame for this rise in costs. 

(56). 

 

Fig. 3. Effect of metallic mineral fortress on worth of edible grain (54).  

 

Fig. 2. Zinc fertilization's impact on baby corn's green cob and green fodder yields. Treatments details were followed from a previous study(48).  
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Iron deficiency leads on chlorophyll and N2 metabolism in 

Areca catechu L.         

The extensive research investigation involved employing of 

seedlings of the A. catechu cultivar (Reyan No.1), a variety created 

by the Coconut Research Institute (CRI) of the Chinese Academy 

of Tropical Agricultural Sciences (57). The Coconut Research 

Institute's A. catechu nursery is where these four-month-old 

seedlings were produced. Each seedling, which had three 

completely grown leaves, was placed in a plastic container with a 

growth medium made of silica sand, perlite and vermiculite. The 

seedlings were grown in a controlled environment within a 

growth chamber, which maintained a constant photoperiod of 16 

hr of light and 8 hr of darkness, and an average temperature of 27 

°C. A specially formulated nutrient solution for A. catechu was 

used, and three different iron concentrations were applied: 0.5 

µM, 50 µM and 150 µM for iron deficiency (ID), normal level (CK) 

and as excessive iron (EI) respectively with pH value ~5.8. For each 

treatment, twenty seedlings were prepared. During the 

experiment, the nutrient solution was replenished every three 

days, and excess salt was removed every ten days. Leaf samples 

were collected 28 days after the start of the treatment. The results 

indicated that chlorosis, or yellowing of the leaves, wasn’t 

evidenced in A. catechu seedlings under N and Zn deficiency till 80 

days into the experiment. In contrast, deficiencies in boron, 

magnesium, and potassium resulted in slight chlorosis after 80 

days. Chlorosis due to iron deficiency became apparent after just 

15 days and intensified after 20 days. This chlorosis typically 

begins in the youngest leaf and gradually spreads to the older 

leaves. Seedlings exhibiting yellowing showed slow growth and 

did not develop further. A mineral analysis revealed that, except 

for iron, most elements did not show a significant difference 

between normal and yellowing leaves. Further experimentation 

with different iron levels confirmed that iron deficiency induced 

physiological chlorosis, while excessive iron led to high iron 

toxicity. Supplement examination uncovered that the degrees of 

nitrogen, iron and manganese were decreased in the aerial pieces 

of the plant under a lack of iron, while the degrees of nitrogen, 

potassium, magnesium and boron were diminished in the 

underground parts. Extreme iron brought about decreased levels 

of nitrogen and iron in the aerial parts and diminished levels of 

potassium, magnesium and copper in the underground parts. 

Ammonium nitrate and nitric oxide help to alleviate iron 

deficiencies in pears         

Researchers from Qingdao Agricultural University independently 

produced (P. communis L. x P. bretschneideri Rehd.) 'Qingzhen D1' - 

a pear variety (58). Shoots on a ingraining medium improved 

accompanying 0.2 mg/L naphthalene tart acid (NAA), 1.5 mg/L 

indolebutyric acid (IBA), organic compound composed of carbon 3 

% (w/v), and 0.7 % (w/v) agar were used to develop the "Qingzhen 

D1" pear artificial. Later 20 days, seedlings presenting identical 

development and growth were picked for supplementary 

treatments, that endure for 60 days. The following directions were 

attended for the 20-epoch NO-removal exploratory situations: Fe + 

c PTIO (1 µmol/L Fe(III)-EDTA + 100 µmol/L 2-(4-carboxyphenyl) -Fe 

(1 µmol/L Fe(III)-EDTA), c PTIO (NO rat; tetramethylimidazoline-1-

oxyl-3-oxide), -Fe + AN (1 µ mol/L Fe (III)-EDTA + 6.85 mmol/L 

NH4NO3) and -Fe + AN + c PTIO (1 µ mol/L Fe(III)-EDTA + 6.85 mmol/

L NH4NO3 + 100 µmol/L  c PTIO). 

 Fig. 4 shows the environments under which the 

sophistications were of age: relative moisture (RH) ~65-85 %, light 

force grazing from 6K to 8K (lx), and hotness range of 22-27 °C with 

a 14-moment photoperiod. The educations were preserved in NN 

69 medium accompanying pH 5.8 enriched accompanying 0.3 % 

(w/v) agar. From that time forward, the samples were fast 

stopped in liquid nitrogen and retained for further test at -80 °C. 

 Nitric oxide (NO) levels rose in the presence of ammonium 

nitrate when there was an iron shortage. Following that, an 

investigation utilizing exogenous NO therapy was carried out to 

assess the effect of NO. The observations demonstrated that ferric 

chelate reductase activity was enhanced by both NH4NO3 and NO. 

Furthermore, NO promoted the expression of several IRT genes, 

which helped iron move across membranes. It has been shown 

that ammonium nitrate and NO improve the capacity for 

absorbing nitrogen and activate the enzymes involved in nitrogen 

assimilation. These substances also increased the activity of 

glutamine synthetase. In the end, ammonium nitrate and NO 

application led to enhanced chlorophyll synthesis, which in turn 

improved plant photosynthetic capability and boosted biomass 

accumulation. 

 

 

Fig. 4. Effect of ammonium nitrate and nitric oxide on Fe deficiency in pear.  
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Impact of sulphur on biofortification and speciation of 

selenium in wheat grain grown in selenium-deficient soils          

In this comprehensive research study, the top 15 cm of surface soil 

was collected from agricultural land in Condo Bolin, New South 

Wales, Australia, as documented in a previous research (59). The soil 

samples underwent a meticulous preparation process, which 

included the removal of extraneous debris, air-drying, sieving to a 

uniform size of 4 mm and thorough homogenization. 

 A subset of this prepared soil was then subjected to a 

detailed physicochemical analysis following the protocols 

established in an earlier research (60). This analysis involved the 

use of a CNS analyser (LECO, TruMac CNS) to measure the levels 

of organic carbon, total nitrogen and total sulphur. A gravimetric 

approach was employed to quantify the concentration of easily 

soluble sulphur (as sulphate), employing a 1:5 solid-solution ratio 

using both water and a 10 mm CaCl2 solution (61). It is interesting 

to note that the calcium in the salt extract was not anticipated to 

have any effect on the solubility of sulphate in this particular soil 

sample (62). 

 To investigate the adsorption behavior of selenium in its 

hexavalent state (SeVI), the team followed the procedure outlined 

in a previous research with minor modifications (63). To sum up, a 

0.01 M MES buffer (pH 6) and a 0.01 M NaCl suspension were 

combined to create a SeVI-enriched solution, which was applied 

to 1 g of soil and left for 24 hr. In the form of MgSO4, two quantities 

of sulphate (SO4) were added to each sample: 0 (control) and 100 

µM. Introduced as sodium selenate, the quantities of SeVI varied 

from 0 µm (control) to 200 µm. The reaction containers were 

stirred for 24 hr at a constant temperature of 23  °C using a rotary 

shaker set at 150 rpm. Following agitation, the samples were 

centrifuged at 5000 rpm for 20 min. For each sample, a 10 mL 

aliquot was taken, filtered to a size of 0.22 µm and the measured 

amount of dissolved selenium was treated with an Inductively 

Coupled Plasma Mass Spectrometer. Later, the sorption 

isotherms were modeled using Langmuir's Equation and a non-

linear fitting process in SAS (SAS, version 9.4). The results of the 

study provided a detailed breakdown of the percentage 

distribution of different selenium (Se) species in wheat grains after 

enzymatic digestion. The species that could be quantified 

included selenocysteine (SeCys), selenomethionine (SeMeCys), 

and selenate (SeVI), with two unidentified peaks observed at 12 to 

14 min retention time under all treatments. Statistical analysis 

revealed significant differences (***p ≤ 0.001) in the percentages 

of Se species between treatments with selenium and sulphur (S) 

amendments compared to control treatments.  

 Se-treated wheat increase total nitrogen and carbohydrate 

contents and  lessen oxidative stress damage and preserve cellular 

homeostasis, which is crucial for maintaining cell membrane 

permeability, thus increased activity of the ascorbate peroxidase 

enzyme (APX enzyme) can be advantageous for phytomass 

production and accumulated Se in wheat grain (64). 

Wheat biofortification through integration of zinc and iron         

Wheat remains a staple crop for millions of people across most 

regions of the Indian sub-continent including arid landscapes of 

the Shivalik foothills. Typically, in Shivalik foothills, the growth 

and productivity of wheat in this region are often hindered by the 

lack of essential micronutrients such as zinc (Zn) and iron (Fe) in 

the soil. These micronutrients play a crucial role in plant growth 

and development and their deficiency can have significant 

impacts on crop yields and quality. In an effort to address this 

issue, researchers conducted a comprehensive study to 

investigate the influence of Zn and Fe nutrition on the growth, 

yield, and quality of wheat in the Shivalik foothills (65). The 

researchers designed a rigorous field experiment, involving four 

treatments: a control plot, plots receiving Zn alone, plots receiving 

Fe alone, and plots receiving a combination of Zn + Fe. The 

experiment was conducted over two consecutive years, with 

multiple replications to ensure the reliability and reproducibility 

of the results. The researchers measured a wide range of growth 

parameters, including plant height, number of tillers per plant, dry 

matter accumulation at different growth stages, and leaf area 

index. They also determined the grain and straw yield, as well as 

the Zn and Fe concentrations in the grains and straw. Additionally, 

they assessed the impact of Zn and Fe nutrition on important 

grain quality parameters such as protein content, sedimentation 

value, and gluten content. Compared to the control, Zn 

application alone or with Fe increased Zn concentration in wheat 

grains by 20-25 % and in straw by 15-20 %, while Fe application 

alone or with Zn increased Fe concentration in wheat grains by 18

-22 % and in straw by 15-20 %. These improvements in grain and 

straw nutrient concentrations were accompanied by substantial 

increases in grain and straw yield, with improvements of 12-15 % 

and 10-12 % respectively over the control. The researchers also 

found that Zn and Fe nutrition significantly enhanced plant growth 

parameters, including plant height, tillers per plant, dry matter 

accumulation and leaf area index. Moreover, the utilization of Zn 

and Fe nourishment further developed significant grain quality 

boundaries, for example, protein content, sedimentation worth 

and gluten content. The researchers observed that Zn and Fe 

nutrition increased protein content by 5-7 %, sedimentation value 

by 10-12 % and gluten content by 8-10 % compared to the control. 

These improvements in grain quality are significant, as they can 

have important implications for the nutritional value and 

processing characteristics of the wheat. 

Sweet corn biofortification through integration of zinc and 
iron         

During the 2017 Kharif season, a study experiment on sandy 

loam soils was conducted at S.V. Agricultural College's wetland 

farm in Tirupati. The research "Output and character of Sweet 

grain (Zea mays L.) as affected by Country Citadel accompanying 

Metallic mineral and Iron" aims to scrutinize the influence of 

metallic mineral and iron reinforcement on the yield and 

condition of sweet grain (66). As shown in Fig. 5, the trial followed 

a randomized block design with ten treatments, each replicated 

thrice. The treatments included a control (T1), recommended 

dose of fertilizer (RDF) alone (180-60-50 kg N, P2O5 and K2O ha-1), 

and various combinations of soil application with spray based 

application of ZnSO4 & FeSO4. The results showed that the 

treatment combining 0.5 % foliar application of ZnSO4 and 0.2 % 

FeSO4 at booting and silking stages, along with RDF (T10), 

resulted in the highest zinc content (83.1 mg kg-1) in the seed. 

This was significantly superior to the rest of the micronutrient 

management tried. The high zinc content may be the result of an 

increased zinc concentration in the seed as a result of the high 

mobility of foliar applied zinc ions within the plants. Foliar use of 

ZnSO4 prompts an expansion in the grouping of zinc in both seed 

and vegetative pieces of the plants, which was essentially because 
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of the fundamental physiological job of zinc in the plant cell of 

seed was enlisted with a similar treatment (T10) (67). This could be 

because the leaves are better able to absorb iron that has been 

applied to the leaves, which then moves to the source and is 

mostly stored as phytoproteins, which are ferric phosphoproteins 

(68). As a result, the study sheds light on the effects of zinc and 

iron fortification on sweet corn yield and quality. The strategic 

application of these nutrients can significantly enhance the yield 

and quality of the crop, potentially leading to increased 

agricultural productivity. However, for a more comprehensive 

understanding, additional information on the long-term impact of 

these treatments and their applicability to other crop types and 

geographical locations would be beneficial. 

Rice biofortification through integration of zinc and iron         

An exploratory study was conducted at Annamalai Academy's  

urban research field during the Navarai and Kuruvai  seasons to 

assess the impact of iron and metallic mineral pollination on the 

development and incident of edible grain crop (69). The clay 

textured soil, with 234 kg ha-1  available nitrogen content of 20.50 

kg ha-1 phosphorus content and 305.7 kg ha-1  of potassium 

content (Fig. 6). The experiment consisted of thirteen treatment 

combinations viz., ZnSO4, FeSO4, Zn-EDTA and Fe-EDTA, 

arranged in a randomized block design replicated thrice. Basal 

treatment was given through ZnSO4 and FeSO4 While foliar 

sprays of Zn and Fe -EDTA were applied during the active periods 

of rice growth. The rice variety co-47 was spaced at  15 × 10 cm. 

Results disclosed that the situation place recommended 

measure of fertilizers (Radio direction finder), soil request of 

metallic mineral sulphate and iron sulphate as basic fertilizers, 

along with foliar use of metallic mineral EDTA and iron EDTA at 

the alive wheel, panicle start and milking stages were used  

surrendered the maximal seed yield of 5.82 t/ha and hay yield of        

7.85 t/ha. This might be due to integrated effect of zinc and iron, 

when provided in mixture with RDF done, promote the 

distribution of Fe and Zn within the rice plant. This classification 

happens through the xylem and re-fluctuation in the phloem, 

that increases the establishment of produce tissues and 

enhances photosynthetic venture. This in turn, boosts the 

growth of plant parts and leads to an increase in dry matter and 

ultimately promoting yield (70). Accordingly, the study specifies 

valuable understandings into the impact of metallic mineral and 

iron procreation on the development and growth of edible grain. 

The strategic application of these nutrients can significantly 

enhance the yield and quality of the crop, potentially leading to 

increased agricultural productivity. Similar findings were 

reported in an earlier research (71). 

Biofortification of millets through integration of zinc and 
iron         

Field research was performed at the Instructional Field, 

Junagadh Agricultural University, Junagadh during the summer 

season of 2019 (72). The model crop was millet (Var. GHB-732). 

The trial consisted of three foliar sprays of FeSO4 and three foliar 

sprays of ZnSO4 in a factorial randomised design, replicated 3 

times. The foliar sprays of FeSO4 and ZnSO4 were applied at 

different stages after sowing (DAS). The soil at the experimental 

site was clayey in texture, slightly alkaline with a pH of 7.9, and 

had an electrical conductivity (EC) of 0.33 dS/m. The soil had 

medium levels of available nitrogen, phosphorus, potassium, 

zinc and iron. Using a variety of methods, soil samples were 

collected and analyzed for available nitrogen, phosphorus, 

potassium, iron and zinc. Separate estimates were made of the 

plant samples' nitrogen content. The Atomic Absorption 

Spectrophotometer was used to examine the iron and zinc 

content of the grain and stover samples (73). The foliar spray of 

FeSO4 at a concentration of 1.0 % applied at 25 and 50 DAS 

resulted in the highest iron content and uptake in both grain and 

stover (Fig. 7a & 7b). Pearl millet's iron content and uptake 

increased when higher iron levels were applied via foliar spray. 

The significantly higher iron content found in both stover and 

grain accounts for the increased iron uptake (74). When iron was 

sprayed on the foliar surface more often, pearl millet showed a 

notable decrease in zinc concentration. The zinc content of the 

pearl millet was lowest when 1.0 % FeSO4 foliar spray was given 

at 25 and 50 DAS. Zinc absorption by the grain and stover initially 

rose when the foliar spray of iron increased gradually, but non-

significant effects were seen after a certain point. This could be 

 

Fig. 5. Fortification with zinc and iron as influenced by quality of sweet corn. Treatments details were followed from a previous study (66).  
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explained by iron's hostile relationship with zinc. The plants have 

less zinc available because of the restricted mobility of accessible 

zinc caused by the greater iron content (75). The application of 

FeSO4 at a concentration of 1.0 % at 25 and 50 DAS resulted in a 

notable increase in the nitrogen content and absorption in pearl 

millet. This is explained by the way that iron and nitrogen work in 

concert to promote improved root and shoot development (56).  

The foliar application of 0.5 % ZnSO4 (two sprays) resulted in 

significantly increased zinc and nitrogen content and absorption in 

pearl millet's grain and stover, as shown in Fig. 7c and 7d. The 

treatment that displayed the most elevated levels of zinc and 

nitrogen content and retention in grain and stover was the foliar 

shower use of ZnSO4 at a measurement of 0.5 % at 25 and 50 days 

in the wake of planting (DAS). Zinc sulphate treatment resulted in 

higher nitrogen and zinc content and absorption in the grain, 

which can be linked to several zinc's advantageous functions in 

plant physiology. Zinc helps increase the cation exchange capacity 

of roots, which aids in greater amount of nutrients absorption from 

the soil. Additionally, zinc plays a beneficial role in chlorophyll 

formation, regulates auxin concentrations, and stimulates various 

physiological and metabolic processes in plants. The improved 

absorption of nutrients from the soil is facilitated by these 

variables. Increased nutrient concentrations in the seeds are the 

result of zinc's beneficial effects on photosynthesis and metabolic 

activities, which include the synthesis and transport of 

photosynthates to various plant components, including the seeds.  

Similar findings were published in 2022 (76). As shown in Fig. 7c 

and 7d, foliar spraying 0.5 % ZnSO4 at 25 and 50 days after sowing 

(DAS) produced the lowest iron (Fe) content in the pearl millet 

grain and stover (76). The transfer and absorption of iron from 

the roots to the aboveground portions of the plant may have 

been hampered by the higher quantity of zinc. The antagonistic 

link between iron and zinc was noted in an earlier research (66). 

Millets frequently exhibit iron and zinc antagonism, a condition in 

which the presence of one mineral might decrease the 

absorption or availability of the other. In the root and plant 

tissues, iron and zinc compete for identical transporters, which is 

the main cause of this antagonism. Reduced availability of both 

minerals can result from excessive concentrations of one mineral 

impeding the absorption and translocation of the other. As a 

result, the incompatible interaction between these two elements 

may be used to explain the drop in iron concentration in pearl 

millet caused by the application of zinc. 

Biofortification of different maize cultivars with integrated 

foliar fertilizer applications of selenium, zinc and iron          

Embraced the field tests to research the impacts of foliar 

medicines on the centralizations of zinc (Zn), iron (Fe) and 

selenium (Se) in the grains of three particular maize cultivars filled 

in three unique areas trying to battle worldwide ailing health 

connected with these components (41). Standard ZnSO4, ZnO 

nanoparticles (ZnO-NPs), Zn complexed chitosan nanoparticles 

(Zn-CNPs) and a drink answer containing Zn, Fe, and Se were 

undeniably decided for effectiveness. All situation was executed 

topically at a 452 mg Zn L-1  + urea dosage. According to the study, 

adding urea in the form of ZnO-NPs, Zn-CNPs, or ZnSO4 and ten 

times less zinc (at a rate of 45.2 mg Zn L–1) to grain Zn 

concentrations in comparison to deionized water either had no 

effect or very slightly increased them. However, traditional ZnSO4 

was the most effective in increasing grain Zn concentration when 

combined with urea sprayed on leaves. Intriguingly, the 

application of a beverage solution to the leaves effectively 

increased grain concentrations of Zn, Fe, Se and N as a whole-

without compromising the piece result. For example, by applying a 

mixed drink arrangement topically, the typical grain focuses were 

simultaneously expanded for Zn, Fe, Se and N from 13.8 to 22.1 mg 

kg-1, 17.2 to 22.1 mg kg-1, 21.4 to 413.5 µg kg-1 and 13.8 to 14.7 g kg-1, 

respectively. The aggregation of phytic acid (PA), in addition to the 

percentages of PA/Fe and PA/Zn ingrain, was dramatically 

weakened by foliar application of the answer. Fe and Zn grant 

permission to be more bioavailable for human energy, in 

accordance with this. The study raises that applying a beverage 

resolution containing metallic mineral, iron, selenium and nitrogen 

topically was the ultimate direct habit to biofortify crops. But the 

grains with hostile yield had the topmost aggregation of these 

elements. Thus, it is owned by breed maize types that can achieve 

both extreme seed productivity and good piece pertaining to food 

character in consideration of addressing challenges connected to 

human well-being and cuisine protection.  

 

Fig. 6. Zinc and iron applied topically and in the soil affect rice yield characteristics. Treatments details were followed from a previous study (69).  
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Conclusion  

The current discourse underscores the paramount importance of 

addressing micronutrient deficiencies through biofortification, with a 

particular emphasis on agronomic approaches, as a means to 

augment crop productivity and ameliorate global nutrition. 

Micronutrient deficiencies, notably zinc (Zn), iron (Fe) and selenium 

(Se), pose a significant global challenge, impacting both crop 

development and human health. 

 Agronomic biofortification, which encompasses the 

application of micronutrient fertilizers, foliar sprays, seed treatments, 

or soil inoculation, has emerged as a cost-effective and expedient 

method to enhance the uptake and accumulation of micronutrients 

in edible plant parts. This approach holds immense potential for 

addressing the pervasive issue of micronutrient deficiencies, thereby 

contributing to improved crop productivity and human nutrition. 

 The review clarifies the essential roles of Zn, Fe and Se's in 

plant metabolism and growth. These micronutrients are essential to 

many physiological functions in plants and deficiencies in them can 

cause a variety of symptoms that negatively impact plant 

development and output. This discourse offers a thorough 

examination of the ways in which diverse application techniques, 

including as seed treatments, foliar sprays and soil application, 

might improve the micronutrient content of a variety of crops, 

including wheat, rice, and baby corn.  

 Despite the challenges and limitations associated with 

agronomic biofortification, such as soil and climatic variability, 

nutrient interactions, and potential environmental and health risks, 

the potential of this approach to improve crop nutrition and human 

health is substantial. The nationwide program in Finland, where the 

fortification of fertilizers with Se has led to a marked increase in Se 

levels in cereals and a reduction in Se deficiencies among the Finnish 

population, serves as a successful example. 

 Further research and development are necessary to 

optimize methods, evaluate efficacy and safety, and promote the 

dissemination and utilization of biofortified crops. This review 

provides valuable insights into the gaps and potential 

improvements in agronomic biofortification techniques, 

emphasizing the need for continued efforts to address micronutrient 

deficiencies and enhance global nutrition. 

 In conclusion, agronomic biofortification represents a 

promising strategy to combat micronutrient deficiencies, improve 

crop productivity, and enhance human nutrition. However, it is 

imperative to continue research and development efforts to 

optimize application methods, assess the efficacy and safety of 

biofortified crops, and promote their widespread adoption. This will 

require a concerted effort from researchers, policymakers and 

stakeholders in the agricultural sector to realize the full potential of 

agronomic biofortification in addressing global nutrition challenges.  

Fig. 7b. Effect of Foliar spray of iron form analysing nutrient content 
in millet strover; Treatments Details: F1- Control (No spray); F2- FeSO4  

at 1.0 % at 25 DAS; F3- FeSO4 at 1.0 % at 25 & 50 DAS (72). S.Em.± C.D. 
at 5 % (72).  

Fig. 7c. Effect of foliar spray of zinc form analysing nutrient content 
in millet seed. Treatments Details: Z1- Control (No spray); Z2- ZnSO4 
at 0.5 % at 25 DA,  Z3: ZnSO4  at 0.5 % at 25 & 50 DAS (72).  

Fig. 7d. Effect of Foliar spray of zinc form analysing nutrient content 
in millet stover. Treatments Details: Z1- Control (No spray); Z2-ZnSO4 

at 0.5 % at 25 DAS; Z3: ZnSO4  at 0.5 % at 25 & 50 DAS; S.Em.± C.D. at 5 
%;  C.V. % (72).  

Fig. 7a. Effect of foliar spray of iron form analysing nutrient content 
in millet seed. Treatments Details: F1: Control (No spray); F2: FeSO4  at 

1.0 % at 25 DAS; F3:FeSO4 at 1.0 % at 25 & 50 DAS (72).  

mailto:FeSO4%20@%201.0%25%20at%2025%20DAS
mailto:FeSO4%20@%201.0%25%20at%2025%20DAS
mailto:FeSO4%20@%201.0%25%20at%2025%20DAS
mailto:FeSO4%20@%201.0%25%20at%2025%20DAS


KOUR  ET AL  12     

https://plantsciencetoday.online 

Authors' contributions 

HS created the figures, contributed to the literature survey and 

drafting and performed sequence alignment. MK updated the 

tabular information, participated in the literature survey and 

drafting and worked on sequence alignment. AS contributed to 

the literature survey and drafting of the manuscript. MG was 

involved in the literature review and manuscript drafting. SS 

participated in the literature survey and contributed to 

manuscript writing. BG assisted in literature collection and 

supported the drafting process. All authors read and approved 

the final version of the manuscript.  

  

Compliance with ethical standards 

Conflict of interest: Authors do not have any conflict of 

interests to declare.  

Ethical issues: None  

 

References 

1. Khokhar A, Charak A. Production potential and economic feasibility 
of Rice Oryza sativa and maize (Zea mays) based sequences at 

Western Himalayas. Environ Ecol. 2017;35:2669–73. 

2. Kachroo D, Thakur N p., Kour M, Kumar P, Sharma R, Khajuria V. 
Diversification of rice (Oryza sativa) -based cropping system for 

enhancing. Indian J Agron. 2014;59:21–25. 

3. Kour M, Singh KN, Thakur NP, Sharma R. Crop performance, 
nutrient uptake, nitrogen use efficiency and harvest index of wheat 

(Triticum aestivum) genotypes as influenced by different sowing 
dates under temperate Kashmir and its validation using CERES 

model. Indian J Agric Res. 2012;46:119–26. 

4. Sharma AK, Thakur NP, Kour M, Sharma PK. Effect of integrated 
nutrient management on productivity, energy use efficiency and 

economics of rice-wheat cropping system. J Farming Syst Res Dev. 
2007;13:209–13. 

5. Kour M, Thakur NP, Kumar P, Charak AS. Productivity and 
profitability of maize (Zea mays) as influenced by intercropping of 
rajmash (Phaseolus vulgaris) and nutrient management techniques 

under sub-alpine conditions of Jammu, India. Legum Res. 
2016;396:970–75. https://doi.org/10.18805/lr.v0iOF.11042  

6. Kour M, Dwivedi MC, Rahimzai AA, Kour S, Singh P, Bochalya RS. 
Productivity and profitability of fodder oat (Avena sativa L.) as 
affected by integrated nutrient management: A Review. J Exp Agric 

Int. 2024;46:120–30. https://doi.org/10.9734/jeai/2024/v46i62464 

7. Charak A, Jha G, Paul N, Sharma A, Kumar R, Kour M. Economic 
impact of front line demonstrations on maize crop. Int J Res Agron. 

2024;7:1–3. https://doi.org/10.33545/2618060X.2024.v7.i5Sa.651 

8. Kour M. Standardization of fertility levels of new wheat cultivar 
JAUW-672 under different sowing dates and restricted irrigation 

Regimes. Medicon Agric Environ Sci. 2023;5:3–7. 

9. Kour M, Sharma BC, Singh Bindra H, Singh A, Singh P. Indian 
agriculture with special reference to Jammu and Kashmir- An 

overview. Biol Forum. 2023;15:308. 

10. Kumar P, Thakur NP, Gupta AK, Archana KM, Sharma R, Khajuria V, 
et al. Energetics of different cropping systems as affected by 

resource conservation practices under sub-tropical conditions of 
Jammu Region. AMA, Agric Mech Asia, Africa Lat Am. 2022;53:6459–

67. 

11. Rohit S, Dileep K, Rajeev B, Thakur NP, Kour M. Role of irrigation 
scheduling, puddling intensity and source of nutrients on yield of 

rice (Oryza sativa) and its residual effect on succeeding wheat under 
irrigated agro-ecosystems of Jammu. J Soil Water Conserv. 

2015;14:56–62. 

12. Kachroo D, Thakur NP, Kour M, Sharma R, Kumar P, Gupta AK, et al. 

Conservation tillage and planting practices in rice (Oryza sativa)  
and wheat (Triticum aestivum) cropping system for sustainable 

agriculture. Indian J Agron. 2001;62:16–24. https://
doi.org/10.59797/ija.v62i1.4268 

13. Charak AS, Kour M, Khokhar A, RAK. Productivity, profitability, 

energetics and nutrient use efficiency of maize (Zea mays L.) 
cultivars at different fertility levels under rainfed conditions in 

temperate zone of Jammu and Kashmir. Crop Res. 2013;46:44–47. 

14. Porkodi G, Ramamoorthi P, David Israel MM. Effects of iron on crops 
and availability of iron in soil: A review. Biol Forum. 2023;15:71–78. 

15. Jones GD, Droz B, Greve P, Gottschalk P, Poffet D, McGrath SP, et al. 
Selenium deficiency risk predicted to increase under future climate 

change. Proc Natl Acad Sci. 2017;114:2848–53. https://

doi.org/10.1073/pnas.1611576114 

16. Koç E, Karayiğit B. Assessment of biofortification approaches used 
to improve micronutrient-dense plants that are a sustainable 

solution to combat hidden hunger. J Soil Sci Plant Nutr. 2022;22:475
–500. https://doi.org/10.1007/s42729-021-00663-1 

17. Reddy SR. Principles of agronomy. New Delhi: Kalyani Publishers; 
2019. 

18. Jayara AS, Pandey S, Kumar R. Micronutrients: Role in plants, their 
spatial deficiency and management in Indian soils: A review. Agric 
Rev. 2021;44:199–206. https://doi.org/10.18805/ag.r-2162 

19. Gonzali S, Kiferle C, Perata P. Iodine biofortification of crops: 
Agronomic biofortification, metabolic engineering and iodine 
bioavailability. Curr Opin Biotechnol. 2017;44:16–26. https://

doi.org/10.1016/j.copbio.2016.10.004 

20. Nestel P, Bouis HE, Meenakshi J, Pfeiffer W. Biofortification of staple 
food crops. J Nutr. 2006;136:1064–67. https://doi.org/10.1093/

jn/136.4.1064 

21. Ali ZAI, Abdul A, Kour M, Sharma BC, Thakur NP, Sharma R. Yield and 
forage quality traits of fodder oat  (Avena sativa L .) varieties under 

integrated management techniques in irrigated Sub-Tropics of 
Jammu region. 2021;13:10953–56. 

22. Kour M, Sharma BC, Thakur NP, Sharma R, Charak AS, Kumar P, et 
al. On farm validation of technology for enhancing the productivity 
and profitability of maize intercropped with rajmash under high 

hills of north-western India. AMA, Agric Mech Asia, Africa, Latin 
Am. 2022;53:6559–69. 

23. Szerement J, Szatanik-Kloc A, Mokrzycki J, Mierzwa-Hersztek M. 
Agronomic biofortification with Se, Zn, and Fe: An effective strategy 
to enhance crop nutritional quality and stress defense- A review. J 

Soil Sci Plant Nutr. 2022;22:1129–59. https://doi.org/10.1007/s42729
-021-00719-2 

24. Kirkby E, Nikolic M, White PJ, Xu G. Mineral nutrition, yield, and source–
sink relationships. In: Marschner P, editor. Marschner’s Mineral 
Nutrition of Higher Plant. Elsevier; 2023, p. 131–200. https://

doi.org/10.1016/B978-0-12-819773-8.00015-0 

25. Rehman A, Farooq M, Ozturk L, Asif M, Siddique KHM. Zinc nutrition 
in wheat-based cropping systems. Plant Soil. 2018;422:283–315. 

https://doi.org/10.1007/s11104-017-3507-3 

26. Dogra P, Kumawat C, Omprakash, Parashar A, Parashar K. Zinc 
fertilizer : Potent public health intervention under COVID-19. Int J 

Plant Sci. 2022;17:109–16. https://doi.org/10.15740/has/
ijps/17.1/109-116 

27. Joy  EJM, Stein AJ, Young SD, Ander EL, Watts MJ, Broadley MR. Zinc
-enriched fertilisers as a potential public health intervention in 
Africa. Plant Soil. 2015;389:1–24. https://doi.org/10.1007/s11104-

015-2430-8 

28. Dhaliwal SS, Sharma V, Shukla AK, Verma V, Kaur M, Shivay YS, et al. 
Biofortification-A Frontier novel frontier approach to enrich 

micronutrients in field crops to encounter nutritional security. 
Molecules. 2022;27:1340. https://doi.org/10.3390/

molecules27041340 

https://plantsciencetoday.online
https://doi.org/10.18805/lr.v0iOF.11042
https://doi.org/10.9734/jeai/2024/v46i62464
https://doi.org/10.33545/2618060X.2024.v7.i5Sa.651
https://doi.org/10.59797/ija.v62i1.4268
https://doi.org/10.59797/ija.v62i1.4268
https://doi.org/10.1073/pnas.1611576114
https://doi.org/10.1073/pnas.1611576114
https://doi.org/10.1007/s42729-021-00663-1
https://doi.org/10.18805/ag.r-2162
https://doi.org/10.1016/j.copbio.2016.10.004
https://doi.org/10.1016/j.copbio.2016.10.004
https://doi.org/10.1093/jn/136.4.1064
https://doi.org/10.1093/jn/136.4.1064
https://doi.org/10.1007/s42729-021-00719-2
https://doi.org/10.1007/s42729-021-00719-2
https://doi.org/10.1016/B978-0-12-819773-8.00015-0
https://doi.org/10.1016/B978-0-12-819773-8.00015-0
https://doi.org/10.1007/s11104-017-3507-3
https://doi.org/10.15740/has/ijps/17.1/109-116
https://doi.org/10.15740/has/ijps/17.1/109-116
https://doi.org/10.1007/s11104-015-2430-8
https://doi.org/10.1007/s11104-015-2430-8
https://doi.org/10.3390/molecules27041340
https://doi.org/10.3390/molecules27041340


13 

Plant Science Today, ISSN 2348-1900 (online) 

29. Alfthan G, Eurola M, Ekholm P, Venäläinen E-R, Root T, Korkalainen 

K, et al. Effects of nationwide addition of selenium to fertilizers on 
foods and animal and human health in Finland: From deficiency to 

optimal selenium status of the population. J Trace Elem Med Biol. 
2015;31:142–47. https://doi.org/10.1016/j.jtemb.2014.04.009 

30. Stangoulis JCR, Knez M. Biofortification of major crop plants with 

iron and zinc - Achievements and future directions. Plant Soil. 
2022;474:57–76. https://doi.org/10.1007/s11104-022-05330-7 

31. de Valença AW, Bake A, Brouwer ID, Giller KE. Agronomic 

biofortification of crops to fight hidden hunger in Sub-Saharan 
Africa. Glob Food Sec. 2017;12:8–14. https://doi.org/10.1016/

j.gfs.2016.12.001 

32. Lynch JP. Roots of the second green revolution. Aust J Bot. 
2007;55:493. https://doi.org/10.1071/BT06118 

33. Adnan M. Role of micronutrients biofortification in agriculture: A 
review. Int J Environ Sci Nat Resour. 2020;24(3):556141. https://

doi.org/10.19080/ijesnr.2020.24.556141 

34. Kihara J, Bolo P, Kinyua M, Rurinda J, Piikki K. Micronutrient 
deficiencies in African soils and the human nutritional nexus: 

Opportunities with staple crops. Environ Geochem Health. 
2020;42:3015–33. https://doi.org/10.1007/s10653-019-00499-w 

35. Lian J, Cheng L, Zhai X, Wu R, Liu W, Pan J, et al. Foliar spray of 
combined metal-oxide nanoparticles alters the accumulation, 
translocation and health risk of Cd in wheat (Triticum aestivum L.). J 

Hazard Mater. 2022;440:129857. https://doi.org/10.1016/

j.jhazmat.2022.129857 

36. Niu J, Liu C, Huang M, Liu K, Yan D. Effects of foliar fertilization: A 
review of current status and future perspectives. J Soil Sci Plant 
Nutr. 2021;21:104–18. https://doi.org/10.1007/s42729-020-00346-3 

37. Wang M, Ali F, Wang M, Dinh QT, Zhou F, Bañuelos GS, et al. 
Understanding boosting selenium accumulation in wheat (Triticum 
aestivum L.) following foliar selenium application at different 

stages, forms and doses. Environ Sci Pollut Res. 2020;27:717–28. 

https://doi.org/10.1007/s11356-019-06914-0 

38. Ciccolini V, Pellegrino E, Coccina A, Fiaschi AI, Cerretani D, Sgherri C, 
et al. Biofortification with iron and zinc improves nutritional and 
nutraceutical properties of common wheat flour and bread. J Agric 

Food Chem. 2017;65:5443–52. https://doi.org/10.1021/

acs.jafc.7b01176 

39. Sui W, Zhou X, Su H, Wang G, Jiang W, Liu R, et al. Multi-fractal 
structure features of corn stalks and their correlation with 

pretreatment homogeneity and efficacy. Bioresour Technol. 
2022;346:126573. https://doi.org/10.1016/j.biortech.2021.126573 

40. Cakmak I, Kutman UB. Agronomic biofortification of cereals with zinc: 
A review. Eur J Soil Sci. 2018;69:172–80. https://doi.org/10.1111/

ejss.12437 

41. Xue YF, Li XJ, Yan W, Miao Q, Zhang CY, Huang M, et al. 
Biofortification of different maize cultivars with zinc, iron and 

selenium by foliar fertilizer applications. Front Plant Sci. 2023;14. 

https://doi.org/10.3389/fpls.2023.1144514 

42. Palacio-Márquez A, Ramírez-Estrada CA, Gutiérrez-Ruelas NJ, 
Sánchez E, Barrios DLO, Chávez-Mendoza C, et al. Efficiency of foliar 
application of zinc oxide nanoparticles versus zinc nitrate 

complexed with chitosan on nitrogen assimilation, photosynthetic 

activity and production of green beans (Phaseolus vulgaris L.). Sci 
Hortic (Amsterdam). 2021;288:110297. https://doi.org/10.1016/

j.scienta.2021.110297 

43. Veena M, Puthur JT, Stępień P, Kalaji HM. Minerals profile and 
nutraceutical factors in landraces and hybrid varieties of rice: A 

comparison. Food Biosci. 2023;53:102779. https://doi.org/10.1016/
j.fbio.2023.102779 

44. Deshpande P, Dapkekar A, Oak MD, Paknikar KM, Rajwade JM. Zinc 

complexed chitosan/TPP nanoparticles: A promising micronutrient 
nanocarrier suited for foliar application. Carbohydr Polym. 

2017;165:394–401. https://doi.org/10.1016/j.carbpol.2017.02.061 

45. El-Ramady H, Faizy SED, Abdalla N, Taha H, Domokos-Szabolcsy É, 

Fari M, et al. Selenium and nano-selenium biofortification for 
human health: Opportunities and challenges. Soil Syst. 2020;4:1–24. 

https://doi.org/10.3390/soilsystems4030057 

46. jat SL, Shivay YS, Parihar CM. Zinc fertilization for improving 
productivity and zinc concentration in aromatic hybrid rice 

(Oryza sativa L). Indian J Agron. 2008;55:321–22. 

47. Ghasal PC, Shivay YS, Pooniya V, Kumar P, Verma RK. Zinc 
fertilization enhances growth and quality parameters of aromatic 

rice (Oryza sativa L.) varieties. Indian J Plant Physiol. 2016;21:323–
32. https://doi.org/10.1007/s40502-016-0243-2 

48. Amutham GT, Karthikeyan R, Thavaprakaash N, Bharathi C. 
Agronomic bio-fortification with zinc on growth and yield of 

babycorn under irrigated condition. J Pharmacogn Phytochem. 

2019;8:434–37. 

49. Chand SW, Susheela R, Sreelatha D, Shanti M, Soujanya T. Quality 
studies and yield as influenced by zinc fertilization in baby corn (Zea 

mays L.). Int J Curr Microbiol App Sci. 2017;6:2454–60. https://
doi.org/10.20546/ijcmas.2017.610.290 

50. Aravinth V, Kuppuswamy G, Ganapathy M. Growth and yield of baby 
corn (Zea mays) as influenced by intercropping, planting geometry 

and nutrient management. Indian J Agric Sci. 2011;81:875–77. 

51. Kumar B, Ram H, Dhaliwal SS., Singh ST. Productivity and quality of 
fodder corn (Zea mays L.) under soil and foliar zinc application. Int. 

Plant Nutr Colloqium, 2013:752–53. 

52. El-Azab ME. Increasing Zn ratio in a compound foliar NPK fertilizer in 
relation to growth, yield and quality of corn plant. J Innov Pharm 

Biol Sci. 2015:451–68. 

53. Kumar A, Lal MK, Kar SS, Nayak L, Ngangkham U, Samantaray S, et 
al. Bioavailability of iron and zinc as affected by phytic acid content 

in rice grain. J Food Biochem. 2017;41:e12413. https://
doi.org/10.1111/jfbc.12413 

54. Kumar R, Yadav S, Kumar M, Sharma R. Influence of different zinc 
management options on productivity, profitability and protein yield 
of basmati rice (Oryza sativa L.) in inceptisol of Western Uttar 

Pradesh. Int J Chem Stud. 2020;8:1756–61. https://

doi.org/10.22271/chemi.2020.v8.i2aa.9014 

55. Ghasal PC, Shivay YS, Pooniya V. Response of basmati rice (Oryza 
sativa) varieties to zinc fertilization. Indian J Agron. 2015;60:403–09. 

https://doi.org/10.59797/ija.v60i3.4470  

56. Abbas G, Hussain F, Anwar Z, Khattak JZK, Ishaque M. Effects of iron 
on the wheat crop (Triticum aestivum L.) by uptake of nitrogen, 
phosphorus and potassium. Asian J Agric Sci. 2012;4:229–35. 

57. Li Z, Zhang D, Shi P, Htwe YM, Yu Q, Huang L, et al. Cell wall 
lignification may be necessary for somatic embryogenesis of areca 
palm (Areca catechu). Sci Hortic (Amsterdam). 2023;307:111538. 

https://doi.org/10.1016/j.scienta.2022.111538 

58. Liu J, Wang J, Wang Z, Li M, Liang C, Yang Y, et al. Alleviation of iron 
deficiency in pear by ammonium nitrate and nitric oxide. BMC Plant 

Biol. 2022;22:434. https://doi.org/10.1186/s12870-022-03826-z 

59. Yeasmin M, Lamb D, Choppala G, Rahman MM. Impact of sulfur on 
biofortification and speciation of selenium in wheat grain grown in 

selenium-deficient Soils. J Soil Sci Plant Nutr. 2022;22:3243–53. 
https://doi.org/10.1007/s42729-022-00882-0 

60. Lamb DT, Kader M, Ming H, Wang L, Abbasi S, Megharaj M, et al. 
Predicting plant uptake of cadmium: Validated with long-term 
contaminated soils. Ecotoxicol. 2016;25:1563–74. https://

doi.org/10.1007/s10646-016-1712-0 

61. Rayment GE, Higginson FR. Australian laboratory handbook of 
soil and water chemical methods. Melbourne: Inkata Press; 

1998. (Australian soil and land survey handbook). 

62. Lebedev AL, Kosorukov VL. Gypsum solubility in water at 25 °C. 
Geochemistry Int. 2017;55:205–10. https://doi.org/10.1134/
S0016702917010062 

https://doi.org/10.1016/j.jtemb.2014.04.009
https://doi.org/10.1007/s11104-022-05330-7
https://doi.org/10.1016/j.gfs.2016.12.001
https://doi.org/10.1016/j.gfs.2016.12.001
https://doi.org/10.1071/BT06118
https://doi.org/10.1016/j.jhazmat.2022.129857
https://doi.org/10.1016/j.jhazmat.2022.129857
https://doi.org/10.1007/s42729-020-00346-3
https://doi.org/10.1007/s11356-019-06914-0
https://doi.org/10.1021/acs.jafc.7b01176
https://doi.org/10.1021/acs.jafc.7b01176
https://doi.org/10.1016/j.biortech.2021.126573
https://doi.org/10.1111/ejss.12437
https://doi.org/10.1111/ejss.12437
https://doi.org/10.3389/fpls.2023.1144514
https://doi.org/10.1016/j.scienta.2021.110297
https://doi.org/10.1016/j.scienta.2021.110297
https://doi.org/10.1016/j.fbio.2023.102779
https://doi.org/10.1016/j.fbio.2023.102779
https://doi.org/10.1016/j.carbpol.2017.02.061
https://doi.org/10.3390/soilsystems4030057
https://doi.org/10.1007/s40502-016-0243-2
https://doi.org/10.20546/ijcmas.2017.610.290
https://doi.org/10.20546/ijcmas.2017.610.290
https://doi.org/10.1111/jfbc.12413
https://doi.org/10.1111/jfbc.12413
https://doi.org/10.22271/chemi.2020.v8.i2aa.9014
https://doi.org/10.22271/chemi.2020.v8.i2aa.9014
https://doi.org/10.59797/ija.v60i3.4470
https://doi.org/10.1016/j.scienta.2022.111538
https://doi.org/10.1186/s12870-022-03826-z
https://doi.org/10.1007/s42729-022-00882-0
https://doi.org/10.1007/s10646-016-1712-0
https://doi.org/10.1007/s10646-016-1712-0
https://doi.org/10.1134/S0016702917010062
https://doi.org/10.1134/S0016702917010062


KOUR  ET AL  14     

https://plantsciencetoday.online 

63. Silva VM, Boleta EH, Martins JT, dos Santos FL, da Rocha Silva AC, 

Alcock TD, et al. Agronomic biofortification of cowpea with 
selenium: Effects of selenate and selenite applications on selenium 

and phytate concentrations in seeds. J Sci Food Agric. 2019;99:5969
–83. https://doi.org/10.1002/jsfa.9872 

64. Lara TS, Lessa JH de L, de Souza KRD, Corguinha APB, Martins FAD, 

Lopes G, et al. Selenium biofortification of wheat grain via foliar 
application and its effect on plant metabolism. J Food Compos 

Anal. 2019;81:10–18. https://doi.org/10.1016/j.jfca.2019.05.002 

65. Gul R, Gupta M, Kour S, Sharma BC. Influence of zinc and iron 
nutrition on growth and quality of wheat (Triticum aestivum L.) in 

Shivalik foot hills. Pharma Innov J. 2023;12:4325–28. 

66. Karrimi AS, Reddy APK, Reddiramu Y, Umamahesh V. 
Productivity and quality of sweet corn (Zea mays L.) as 

influenced by agronomic fortification with zinc and iron. Andhra 
Pradesh J Agril Sci. 2018;5:72–75. 

67. Alloway BJ. Micronutrient deficiencies in global crop production. 

Springer Science & Business Media; 2008. https://
doi.org/10.1007/978-1-4020-6860-7 

68. Prasad R. Zinc in soils and in plant, human and animal nutrition. 
Indian J Fertil. 2006;2:103–19. 

69. Sudhagar Rao GB, Rex Immanuel R, Ramesh S, Baradhan G, 
Sureshkumar SM. Effect of zinc and iron fertilization on growth and 
development of rice. Plant Arch. 2019;19:1877–80. 

70. Nadim MA, Awan IU, Baloch MS, Khan EA, Naveed K, Khan MA. 
Response of wheat (Triticum aestivum L.) to different micronutrients 
and their application methods. J Anim Plant Sci. 2012;22:113–19. 

71. Potarzycki J, Grzebisz W. Effect of zinc foliar application on grain 
yield of maize and its yielding compone. Plant Soil Environ. 
2009;55:519–27. https://doi.org/10.17221/95/2009-PSE  

72. Vaja RP, Bhuva HM, Jani CP, Mokariya LK. Effect of iron and zinc 
fortification on chemical properties of soil and nutrient content and 
uptake by summer pearl millet (Pennisetum glaucum (L.) R. Br. 

Emend. Stuntz). IJCS 2020;8:2179–82. https://doi.org/10.22271/
chemi.2020.v8.i5ad.10627 

73. Lindsay WL, Norvell Wa. Development of a DTPA soil test for 
zinc, iron, manganese and copper. Soil Sci Soc Am J. 
1978;42:421–28. https://doi.org/10.2136/

sssaj1978.03615995004200030009x  

74. Yadav PS, Kameriya PR, Rathore S. Effect of phosphorus and 
iron fertilization on yield, protein content and nutrient uptake in 

mungbean on loamy sand soil. J Indian Soc Soil Sci. 2002;50:225
–26. 

75. Singh M, Yadav DS. Effect of copper, iron and liming on the 
growth, concentration and uptake of Cu, Fe, Mn and Zn in 
sorghum (Sorghum bicolour). J Indian Soc Soil Sci. 1980;28:113–

18. 

76. Hamzah Saleem M, Usman K, Rizwan M, Al Jabri H, Alsafran M. 
Functions and strategies for enhancing zinc availability in plants 

for sustainable agriculture. Front Plant Sci. 2022;13. https://
doi.org/10.3389/fpls.2022.1033092  

77. Zaheer IE, Ali S, Saleem MH, Yousaf HS, Malik A, Abbas Z, et al. 
Combined application of zinc and iron-lysine and its effects on 
morpho-physiological traits, antioxidant capacity and 

chromium uptake in rapeseed (Brassica napus L.). PLoS One. 
2022;17:e0262140. https://doi.org/10.1371/

journal.pone.0262140 

78. Cabot C, Martos S, Llugany M, Gallego B, Tolrà R, Poschenrieder C. A 
role for zinc in plant defense against pathogens and herbivores. 

Front Plant Sci. 2019;10. https://doi.org/10.3389/fpls.2019.01171 

79. Cakmak I. Tansley Review No. 111: Possible roles of zinc in 
protecting plant cells from damage by reactive oxygen species. New 

Phytol. 2000;146:185–205. https://doi.org/10.1046/J.1469-
8137.2000.00630.X 

80. Jalal A, Júnior EF, Teixeira Filho MCM. Interaction of zinc mineral 

nutrition and plant growth-promoting bacteria in tropical 
agricultural systems: A review. Plants 2024;13:571. https://

doi.org/10.3390/plants13050571 

81. Natasha N, Shahid M, Bibi I, Iqbal J, Khalid S, Murtaza B, et al. Zinc in 
soil-plant-human system: A data-analysis review. Sci Total Environ. 

2022;808:152024. https://doi.org/10.1016/j.scitotenv.2021.152024 

82. Noman A, Aqeel M, Khalid N, Islam W, Sanaullah T, Anwar M, et al. 
Zinc finger protein transcription factors: Integrated line of action for 

plant antimicrobial activity. Microb Pathog. 2019;132:141–19. 
https://doi.org/10.1016/j.micpath.2019.04.042 

83. Sturikova H, Krystofova O, Huska D, Adam V. Zinc, zinc 
nanoparticles and plants. J Hazard Mater. 2018;349:101–10. https://

doi.org/10.1016/j.jhazmat.2018.01.040 

84. Bankaji I, Pérez-Clemente RM, Caçador I, Sleimi N. Accumulation 
potential of Atriplex halimus to zinc and lead combined with NaCl: 

Effects on physiological parameters and antioxidant enzymes 

activities. South African J Bot. 2019;123:51–61. https://
doi.org/10.1016/j.sajb.2019.02.011 

85. Kosman DJ. Redox cycling in iron uptake, efflux and trafficking. 
J Biol Chem. 2010;285:26729–35. https://doi.org/10.1074/

jbc.R110.113217 

86. Frey PA, Reed GH. The ubiquity of iron. ACS Chem Biol. 2012;7:1477–
81. https://doi.org/10.1021/cb300323q 

87. Jain A, Dashner ZS, Connolly EL. Mitochondrial iron transporters 
(MIT1 and MIT2) are essential for iron homeostasis and 
embryogenesis in Arabidopsis thaliana. Front Plant Sci. 2019;10. 

https://doi.org/10.3389/fpls.2019.01449 

88. Schmidt W, Thomine S, Buckhout TJ. Editorial: Iron nutrition 
and interactions in plants. Front Plant Sci. 2020;10. https://

doi.org/10.3389/fpls.2019.01670 

89. Cakmak I. Plant nutrition research: Priorities to meet human 
needs for food in sustainable ways. Prog Plant Nutr Plenary Lect 

XIV Int Plant Nutr Colloq. 2002:3–24. https://doi.org/10.1007/978-
94-017-2789-1_1 

90. Fuentes M, Bacaicoa E, Rivero M, Zamarreño ÁM, García-Mina JM. 
Complementary evaluation of iron deficiency root responses to 
assess the effectiveness of different iron foliar applications for 

chlorosis remediation. Front Plant Sci. 2018;9:351. https://
doi.org/10.3389/fpls.2018.00351 

91. Connorton JM, Balk J, Rodríguez-Celma J. Iron homeostasis in 
plants- A brief overview. Metallomics 2017;9:813–23. https://
doi.org/10.1039/c7mt00136c 

92. Korshunova YO, Eide D, Clark WG, Guerinot M Lou, Pakrasi HB. The 
IRT1 protein from Arabidopsis thaliana is a metal transporter with a 
broad substrate range. Plant Mol Biol. 1999;40:37–44. https://

doi.org/10.1023/A:1026438615520 

93. Abadía J, Vázquez S, Rellán-Álvarez R, El-Jendoubi H, Abadía A, 
Álvarez-Fernández A, et al. Towards a knowledge-based correction 

of iron chlorosis. Plant Physiol Biochem. 2011;49:471–82. https://
doi.org/10.1016/j.plaphy.2011.01.026 

94. Zanin L, Tomasi N, Cesco S, Varanini Z, Pinton R. Humic substances 
contribute to plant iron nutrition acting as chelators and 
biostimulants. Front Plant Sci. 2019;10. https://doi.org/10.3389/

fpls.2019.00675 

95. Cieschi MT, Polyakov AY, Lebedev VA, Volkov DS, Pankratov DA, 
Veligzhanin AA, et al. Eco-friendly iron-humic nanofertilizers 

synthesis for the prevention of iron chlorosis in soybean (Glycine 
max) grown in calcareous soil. Front Plant Sci. 2019;10:413. https://

doi.org/10.3389/fpls.2019.00413 

96. Kovács K, Czech V, Fodor F, Solti A, Lucena JJ, Santos-Rosell S, et al. 
Characterization of Fe- Leonardite complexes as novel natural iron 

fertilizers. J Agric Food Chem. 2013;61:12200–10. https://
doi.org/10.1021/jf404455y 

https://plantsciencetoday.online
https://doi.org/10.1002/jsfa.9872
https://doi.org/10.1016/j.jfca.2019.05.002
https://doi.org/10.1007/978-1-4020-6860-7
https://doi.org/10.1007/978-1-4020-6860-7
https://doi.org/10.17221/95/2009-PSE
https://doi.org/10.22271/chemi.2020.v8.i5ad.10627
https://doi.org/10.22271/chemi.2020.v8.i5ad.10627
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.3389/fpls.2022.1033092
https://doi.org/10.3389/fpls.2022.1033092
https://doi.org/10.3389/fpls.2019.01171
https://doi.org/10.1046/J.1469-8137.2000.00630.X
https://doi.org/10.1046/J.1469-8137.2000.00630.X
https://doi.org/10.3390/plants13050571
https://doi.org/10.3390/plants13050571
https://doi.org/10.1016/j.scitotenv.2021.152024
https://doi.org/10.1016/j.micpath.2019.04.042
https://doi.org/10.1016/j.jhazmat.2018.01.040
https://doi.org/10.1016/j.jhazmat.2018.01.040
https://doi.org/10.1016/j.sajb.2019.02.011
https://doi.org/10.1016/j.sajb.2019.02.011
https://doi.org/10.1074/jbc.R110.113217
https://doi.org/10.1074/jbc.R110.113217
https://doi.org/10.1021/cb300323q
https://doi.org/10.3389/fpls.2019.01449
https://doi.org/10.3389/fpls.2019.01670
https://doi.org/10.3389/fpls.2019.01670
https://doi.org/10.1007/978-94-017-2789-1_1
https://doi.org/10.1007/978-94-017-2789-1_1
https://doi.org/10.3389/fpls.2018.00351
https://doi.org/10.3389/fpls.2018.00351
https://doi.org/10.1039/c7mt00136c
https://doi.org/10.1039/c7mt00136c
https://doi.org/10.1023/A:1026438615520
https://doi.org/10.1023/A:1026438615520
https://doi.org/10.1016/j.plaphy.2011.01.026
https://doi.org/10.1016/j.plaphy.2011.01.026
https://doi.org/10.3389/fpls.2019.00675
https://doi.org/10.3389/fpls.2019.00675
https://doi.org/10.3389/fpls.2019.00413
https://doi.org/10.3389/fpls.2019.00413
https://doi.org/10.1021/jf404455y
https://doi.org/10.1021/jf404455y


15 

Plant Science Today, ISSN 2348-1900 (online) 

97. Gigolashvili T, Kopriva S. Transporters in plant sulfur metabolism. 

Front Plant Sci. 2014;5:442. https://doi.org/10.3389/fpls.2014.00442 

98. Silva VM, Rimoldi Tavanti RF, Gratão PL, Alcock TD, Reis AR dos. 
Selenate and selenite affect photosynthetic pigments and ROS 
scavenging through distinct mechanisms in cowpea (Vigna 

unguiculata (L.) walp) plants. Ecotoxicol Environ Saf. 

2020;201:110777. https://doi.org/10.1016/j.ecoenv.2020.110777 

99. Lanza MGDB, Reis AR dos. Roles of selenium in mineral plant 
nutrition: ROS scavenging responses against abiotic stresses. Plant 

Physiol Biochem. 2021;164:27–43. https://doi.org/10.1016/
j.plaphy.2021.04.026 

100. Hasanuzzaman M, Bhuyan MHMB, Raza A, Hawrylak-Nowak B, 
Matraszek-Gawron R, Mahmud J Al, et al. Selenium in plants: Boon 

or bane? Environ Exp Bot. 2020;178:104170. https://

doi.org/10.1016/j.envexpbot.2020.104170 

101. The essentiality of selenium for plants and their role in plant 
physiology: A review. Middle East J Agric Res. 2020;9(1):113–22. 

https://doi.org/10.36632/mejar/2020.9.1.15 

102. Molnár Á, Kolbert Z, Kéri K, Feigl G, Ördög A, Szőllősi R, et al. 
Selenite-induced nitro-oxidative stress processes in Arabidopsis 
thaliana and Brassica juncea. Ecotoxicol Environ Saf. 

2018;148:664–74. https://doi.org/10.1016/j.ecoenv.2017.11.035 

103. Zahedi SM, Abdelrahman M, Hosseini MS, Hoveizeh NF, Tran 
LSP. Alleviation of the effect of salinity on the growth and yield 

of strawberry by foliar spray of selenium nanoparticles. Environ 

Pollut. 2019;253:246–58. https://doi.org/10.1016/
j.envpol.2019.04.078   

 

Additional information 

Peer review: Publisher  thanks Sectional Editor and the other anonymous 
reviewers for their contribution to the peer review of this work. 

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy 

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations. 

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is 
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics, 
NAAS, UGC Care, etc 
See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting 

Copyright: © The Author(s). This is an open-access article distributed under 
the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution and reproduction in any medium, provided the 
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/) 

Publisher information:  Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited, 
Thiruvananthapuram, India. 

https://doi.org/10.3389/fpls.2014.00442
https://doi.org/10.1016/j.ecoenv.2020.110777
https://doi.org/10.1016/j.plaphy.2021.04.026
https://doi.org/10.1016/j.plaphy.2021.04.026
https://doi.org/10.1016/j.envexpbot.2020.104170
https://doi.org/10.1016/j.envexpbot.2020.104170
https://doi.org/10.36632/mejar/2020.9.1.15
https://doi.org/10.1016/j.ecoenv.2017.11.035
https://doi.org/10.1016/j.envpol.2019.04.078
https://doi.org/10.1016/j.envpol.2019.04.078
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

