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Abstract  
 

Metals are diverse substances that are intricately entwined in human bodies. 

They make vital functions like respiration, circulation, reproduction etc. 

Malnutrition due to deficiencies of some metals is becoming a major public 

health issue in all the countries and affecting the major world population 

leading to huge loss in quality of human life. The dietary supplements are 

one solution but not a permanent as it doesn‘t remove the problem from its 

root. Inculcating these deficient metals in natural diet with the concept of 

bio-fortification of crops is the best alternative to fight the menace with no 

side effects. In this review we will discuss about the effects of different 

metals (Zn, Fe, Se, Cu, and Mg etc) in human health, about their deficiency 

and how these deficiencies can be overcame by the process of bio-

fortification. 

 

Key points: Bio-fortification, malnutrition, biotechnology, essential metals, 

food crops. 

 

1 Introduction 
 

Malnutrition is increasing day by day because of deficiency of essential 

metal ions in body. Deficiency of metal is also known as ―hidden hunger‖ 

and it is affecting around 3 billion people all around the world. Hidden 

hunger causes the chances of infectious illness leading to the death of people 

due to diarrhoea, measles, malaria and pneumonia. Micronutrient deficiency 

is a silent epidemic condition—it slowly weakens the immune system, stunts  
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physical and intellectual growth, and even causes death [1]. It is therefore a 

fatal problem and is transmitting from one generation to other [2].  

These micronutrients in form of metals play vital role in myriad 

biological functions and are required by many enzymes in human system for 

their proper functioning. Essential metals (like Fe, Zn, Cu, Se,Mg, Ca etc) 

cannot be synthesized by the human body to do major physiological and 

biochemical processes, so they must be present in our diet [3]. They play 

many different roles, in dynamic life processes such as electron transfer, 

intermediary metabolism, respiration, cell signaling, neurotransmission, 

fertilization, and apoptosis etc. Excess of these metals can be toxic, but their 

importance can‘t be ignored [4]. 

Agriculture is one of the most important sector that contributes to the 

economy of the developing countries like India and the quest to inculcate 

new technologies in agriculture arises due to constant rise in human 

population, which made it necessary to improve the quality as well as 

quantity of food to get rid of malnutrition [5]. A very interesting way to 

combat malnutrition is increasing the essential metal content in the food 

crops by the process of bio-fortification. Bio-fortification is the process of 

increasing the micronutrient and vitamins of food through plant breeding, 

nutrient fertilization or biotechnology [6]. Due to its price efficiency and 

sustainability it is convenient way to produce the fortified food items for the 

poor malnourished rural people that do not have commercially fortified foods 

and supplements [7]. Micronutrient speciation and accumulation in crops is 

very important when understanding the bio-fortification efforts as it 

determines how much of the given nutrients are actually absorbed and is bio-

available when taken by the consumer [8].  

During genetic modification for bio-fortification, the plant breeders fully 

study the genetic diversity of crop, specially seed banks, to first identify 

nutrient-rich germplasm, or lines, of food crops that can be used to generate 

more nutritious varieties by cross breeding with high-yielding lines and are 

competitive with other non-bio-fortified varieties. Plant breeders can use 

both conventional plant breeding and transgenic methods to reach their 

breeding targets. Another agricultural method to increase the nutrient 

contents in food crop is agronomic bio-fortification that is done through 

fertilizer applications. For example, adding fertilizer rich in zinc to the soil 

results in its increased uptake by crops such as wheat, and also leads to 

increase in its bio-available concentration for the edible tissue of the plant 

[9]. In similar ways other essential metals can also be introduced into the 

plant to enrich it with the essential nutrients. To provide new varieties with 

increased micronutrient level at low cost without affecting their agronomic 

yield of staple crops is the main aim of bio-fortification. This review focuses 

on importance and various methods of bio-fortification of food crops with 

essential metal ions that have been reported so far. 
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2 Importance and Bio-fortification with Iron 
 

Iron is one of the most important metal ion as it do a variety of metabolic 

functions like oxygen transport and its storage, substrate oxidation reduction, 

electron transfer, DNA replication, hormone synthesis, nitrogen fixation, 

repair and cell cycle control, and protection from reactive oxygen species 

(ROS).  Iron is very helpful in neuron signaling, because it is utilized for 

myelination of spinal cord and white matter of central nervous system in 

brain [10]. Due to deficiency of iron more than two billion people are 

affected (WHO, 2016). Deficiency of iron leads to anemia, thalassemia, 

sickle cell disease and infection related anemia, such as malaria, schisto-

somiasis or hookworm etc [11].  

Both transgenic and conventional breeding methods are utilized so far for 

increasing the iron content in food crops [13]. Transgenic methods have been 

utilized for bio-fortification of crops with iron because of its low genetic 

variability in germplasm of cereal grains [12]. The main effect of traditional 

and biotechnological approaches for Fe biofortification is present in seeds 

and other tissues [14]. Iron homeostasis in plants is tightly regulated, and 

bio-fortification often requires circumventing these regulatory mechanisms to 

allow iron accumulation in a target tissue. While transgenic strategies target 

specific genes known to play a role in iron homeostasis, traditional breeding 

relies on inheritance of the high-iron phenotype, together with a particular 

genetic marker.  Many trait loci and transgenes increases both Fe and Zn by 

overlapping them in transporters and chelators, if biosynthesis of metal 

chelator nicotianamine increases it will ultimately increase the level and 

bioavailability of these micronutrients viz. Fe and Zn [15]. Masuda et al. 

described 7 transgenic methods to improve the iron content of rice crops. 

First approach is that to increase iron storage capacity in grains by the help of 

ferritin protein under endosperm specific promoters. Second approach is to 

produce natural iron chelator nicotianamine that will enhance the iron 

translocation. Approach 3 is to rise the iron inflow to the endosperm with the 

help of gene OsYSL2 along with sucrose as a particular promoter. 4
th
 

approach is to increase iron uptake and translocation with the help of gene 

IDS3 i.e. barley mugineic acid synthesis gene. The last three methods 

involved the overexpression of Fe tansporter gene OsYSL15 or OsIRT1, Fe 

deficiency-inducible bHLH transcription factor OsIRO2 and lockdown of 

transporter gene, OsVIT2 or OsVIT1Fe [16]. Two complementary approaches 

were also reported that included the agronomic approach ,to know about the 

importance of mineral fertilizers and 2
nd

 is to increase capability for minerals 

accumulation and their assimilation in plant tissues and also to increase 

concentrations of promoter substances like  ascorbate, β-carotene and 

cysteine-rich polypeptides that helps in absorption of essential elements by 

the gut [17].  
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Another method is in the form of fertilizer, iron sulfate is commonly 

added along with carrier ammonium polyphosphate fertilizer. Foliar spray of 

Fe is most effective to deal with Fe deficiencies. For example, a typical 

recommendation would be a 3% solution of iron sulfate sprayed to leaf 

wetness. Addition of 0.1% urea to the iron sulfate solution may significantly 

increase iron uptake because iron is electronically charged but urea is not. 

Urea can facilitate Fe uptake in foliar application [18]. Foliar application of 

nano-chelated iron fertilizers are also very helpful in improving the 

biological yield and iron content in rice along with increased concentration of 

N, P and K [19]. In wheat crop the calcareous soil that is affected with pH 

when Fe and biochar are applied in combined form it will increase the Fe 

content in the grain [20]. Serum ferritin concentration and total iron content 

in the crop is increased with iron biofortified interventions [21]. 

 
3 Importance and Bio-Fortification with Zinc 
 

Zinc is another important metal that helps in the functioning of large 

number of enzyme and act as stabilizer of subcellular constituents and 

membranes. Zn is important for the synthesis and degradation of proteins, 

lipids, carbohydrates, and nucleic acids. It plays an essential role in 

translation and transcription of polynucleotide, and so in the processes of 

genetic expression. It is involved in these fundamental activities that 

accounts for its essentiality in all forms of life. Zinc have an important role in 

cell proliferation, differentiation, and metabolic activity of the cells [22]. 

Deficiency of zinc leads to major problem that is retarded growth in children 

and in adults it causes delay in wound healing, reduction in the immune 

system response, and lack of appetite [23]. Many other health issues 

associated with deficiency of Zn, are stunted growth and impaired mental 

development in children, along with increased morbidity and mortality, high 

susceptibility to infectious diseases, and also poor birth outcomes in pregnant 

women [24].  

        Modern cultivation technologies leads to very low concentration of Zn 

that can not fulfill the need of Zn in human body [25]. Zn biofortification can 

be done with agronomic and genetic approaches that will increases the Zn 

content in high amount. Genetic methods that increases Zn bioavailability 

includes the application of Zn in soil, loading in xylem, sequestration in 

endosperm that will enhance the Zn content in crops [26]. Novel genotypes 

bio-fortified with Zn were prepared by genetic engineering and breeding 

methods that has capability to accumulate higher amount of Zn in the grain 

improving its biological efficiency [25].  

Biofortification done with agronomic approaches utilizes use of high 

amount of metal chelating ligands like nicotianamine (NA) and 2
‘
-

deoxymugenic acid (DMA), that increases the accumulation of Zn upto 2-

fold [27]. ZnSO4 fertilizers is very useful in increasing concentration of zinc  
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in wheat grain and foliar application of zinc leads to much greater increase in 

concentration of Zn in grain than the Zn applied in the soil. Both soil and 

foliar zinc fertilization method when combined is the most effective way to 

enhance the grain zinc accumulation and significantly increases plant growth 

[28].  

Researches are more focused over expression of genes that are 

responsible for zinc uptake, transfer and accumulation in plant tissues. Crops 

produced by using the biotechnological method are with lesser accumulation 

of anti-nutrients, such as phytic acid, are also under development through the 

use of RNA technology and will make the stored Zn in staple crop more bio-

available for human diet [29]. 

ZnO nanoparticles are very effective in Zn biofortification because of 

their special physiochemical properties. These nanoparticles are even more 

significant than ZnSO4 in increasing content of grain but less effective in Zn 

content in leaf [30]. Application of ZnO-nanoparticles in maize crop even in 

low concentration is very effective in increasing the yield and enhancing the 

growth [31]. N and Zn act synergistically to each other that more supplied N 

affects the Zn-chelating nitrogenous compounds and Zn trasporters those will 

increase the Zn content in grain. Zn concentration in grain can be increased 

by soil and foliar N application [32]. Soil + foliar application of Zn at 

maximum flowering + tillering stage increases the Zn content and its 

bioavailability and it is associated with depletion in phytic acid [33]. 

Soil+Foliar application is more effective as compared to alone soil 

application in short and long duration cultivars [34]. 

 

4 Importance and Bio-Fortification with Copper  
 

Copper is an important micronutrient that is useful in many physiological 

processes, e.g., oxidation, photosynthesis, protein, and metabolism of cell 

wall as well as in symbiotic N2 fixation. However, Cu should be present in 

low levels in cells because extreme amounts of Cu can cause alterations in 

the DNA, respiration, cell membrane integrity, etc [35]. Deficiency of copper 

leads to problems including anemia, retardation in growth and development, 

and cardiac hypertrophy. It is also a reason for many other harmful diseases 

like Wilson disease, Menkes disease, Alzheimer‘s disease, diabetes, 

cardiovascular disease, cancer and angiogenesis [36]. 

Copper is highly available in soil because of industralization and use of 

insecticide, pesticide, fertilizers etc which makes the soil polluted with 

copper. Crop can accumulate copper from soil very easily and deficiency of 

copper can be overcomed easily [37]. But reason copper deficiency is its 

non-phyto available form in soil as it is present in the form of Cu
+
. Through 

fertilization with Cu or by applying CuSO4 concentration of copper can be 

increased in edible part of the crop. But regulated application of Cu is 

required as excessive amount of copper will results in toxicity and it will  
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harm both plants and animals [17]. One of the natural process reported for 

copper accumulation involves use of Fungi. Arbuscular mycorrhizal fungi 

(AMF) was found to increase the copper concentration in fruit tissues. It also 

effects the soil pH, soil texture, soil P and determine the bioavailability of 

micronutrients to the crop. The accumulation of copper by the AMF is done 

by roots in the form of Cu
+
 and Cu

2+
, after some time or with delay it is 

transported to the upper tissues by the help of plant internal processes like 

xylem and phloem [38]. Cu uptake by the roots is an active process and its 

rate is slowest among all essential elements. Cu is easily available at pH 

below 6.0 because at pH more than 7.0 Cu strongly binded with the 

componenets of soil [39]. Application of urea-fertilizers results in increased 

amount of copper in wheat straw. A tissue conentration of 20 mgkg
–1

 is the 

threshold for the Cu toxicity in most of the plants i.e. mainy never achieved 

even at addition of high rates of manure [40]. But with large addition of 

copper in fertilizers and over application through foliar sprays becomes toxic 

to the plants and causes DNA alteratio , cell membrane intergrity and also 

disturbs the structure of chloroplast, mitochondrial apparatus, nucleus, and 

other cellular organelles this will negatively affects the biomass and plant 

growth [39, 41]. Cu toxicity in the soil can be removed by application of lime 

and other organic materials in the  soil or with the help of intercropping and 

fertilization [42]. 

 

5 Importance and Bio-Fortification with Selenium 
 

Se is required by humans and other mammals and is incorporated as 

selenocysteine (SeCys) in essential selenoproteins which are required for 

detoxification of free radicals (potentially preventing cancer), thyroid 

activity, immune response (disease resistance), and male fertility [43]. Se is a 

co-factor of glutathione peroxidase which catalyses the reduction of 

peroxidases, and act as an antioxidant [44]. Deficiency of selenium in human 

body badly disturbs the cardiovascular functioning and cause myocardial 

infection. It also leads to the endemic diseases like Keshan and Kashin-Beck 

disease. Deficiency of Se in daily diet leads to reduced immunity, anxiety, 

depression that leads to development of Alzheimer‘s disease [45]. 

Selenium bio-fortification is necessary as it aids in overcoming Se 

malnutrition, that is reason for the sufferings of more than 1 billion people all 

over the world. Se bio-fortification produces Se-enriched biomass and crops 

become more tolerant to different abiotic stresses. Se can be fortified by 

foliar spray, hydroponics and by direct soil application, but it was found that 

foliar spray of Se is more reliable and effective than its soil application. This 

makes many crops species heat-tolerant [46]. By combining the two 

technologies of bio-fortification with Se that is utilization of Se rich 

fertilizers or growing crops in Se enriched soil. Se enriched plants obtained 

from phyto-remediation could also be used as green fertilizer in bio- 
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fortification practices [47]. Se is absorbed by the plants in the inorganic form 

and after then transformed into organic form and have greater bio-availability 

[48]. Selenium and sulfur are chemically analogous, because of this they are 

accumulated by all the plants parts up to same extent. Many plant species 

mainly accumulate organic Se so, when Se is supplied in organic form it is 

the most operative way of Se bio-fortification [49]. The elemental Se in soil 

is not much available to the plant so it is present in selenite (Se
4+

) and 

selenate (Se
6+

) among which Se 
6+

 is more phytoavailable than the Se
4+

 and 

results in higher plant Se concentration [50]. Selenate and selenite salts as 

fertilizers with basic P and N fertilizers are being used for better response in 

bio-fortification method [51]. Se when provided in soil and when applied in 

the selenate form are the best ways to increase the Se contents in the food 

crops. This process does not have any ill effect in the biomass, despite it 

reduces the accumulation of S [52]. Se as selenate even in low concentration 

is more effective in increasing Se in shoot biomass and their growth [53]. Se 

as selenate via soil enrich the storage protein with Se in leaves and grains of 

rice crop [54]. Se uptake from soil depends on the pH of soil, texture of soil, 

organic matter in soil, and presence of ions in the soil, like as the pH of soil 

increases uptake of Se increases in plant [55]. Bio-fortification of Se in a 

natural way can be done with inoculation of Se bacteria (or native soil 

bacteria can also be used) and with sodium selenate method it will help in 

improving the forage [56]. 

 

6 Importance and Bio-Fortification with Magnesium 

 

Magnesium is an alkaline earth metal that is essential for human body 

because of their vital functions. It is important for the metabolism of energy 

and for the maintaining the muscle function. Mg is present in the form of 

Mg
2+

 ion that will bind with ATP to form a complex Mg-ATP complex (i.e. 

magnesium-adenosine triphosphate complex). And this complex is 

responsible for many functions such as nerve conduction, muscle contraction, 

and blood pressure regulation [57]. Mg
2+

 is the 4
th
 most common mineral in 

body and 2
nd

 most common intracellular cation. It is an important cofactor 

that is  present in more than 300 enzymes in the human body [58]. Mg is 

important as it prevent the neurological disorders such as migraine, epilepsy, 

Parkinson‘s, chronic pain, Alzheimer‘s, and stroke, as well as the commonly 

co-existing conditions of anxiety and depression. Magnesium help in 

regulation of blood pressure, muscle contraction (including that of the heart), 

insulin metabolism, and is also required for the synthesis of DNA, RNA, and 

proteins [59]. Mg also regulate glucose homeostatsis, electrical activity and 

insulin secretion in pancreatic beta-cells [60]. Mg deficiency mainly occur 

because of low magnesium dietary intake or from the diseases like ulcerative 

colitis, Crohn‘s disease, celiac disease, chronic renal disease,  short bowel 

syndrome, stress, alcoholism, type 2 diabetes or by the use some medicines  
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such as proton pump inhibitors and diuretics [61]. Deficiency of Mg leads to 

skeletal problems, cardiovascular diseases, and metabolic syndrome [62]. It 

also causes change in personality having depression, agitation, confusion, 

anxiety, apathy etc [63]. Symptoms of Magnesium deficiency and 

hypomagnesia are mostly non specific and remain asymtomatic and they are 

associated with other abnormalities like hypocalcemia, hypokalemia [64]. 

Farmers are not that much aware about the deficiency of Mg so it is 

becoming more severe [65]. To deal with increasing deficiency of Mg, 

biofortification is very effective, and it can be acheived via agronomic and 

genetic methods. Application of Mg fertilizers in the soil such as polyhalite 

(K2Ca2Mg(SO4)4·2H2O), calcined magnesite (MgO), dolomite 

(CaMg(CO3)2), and kieserite (MgSO4·H2O) increases the Mg content in the 

plant tissues. Foliar application of Mg in the form of magnesium nitrate 

(Mg(NO3)2) increases the leaf chlorophyll concentration vegetative yield of 

the crop [66]. Biofortification of crops with Mg via agronomic and breeding 

method will enhance their biomass and Mg concentration [67]. Crop 

breeding method and cultural techniques will be significant in increasing Mg 

content by knowing their availability of Mg to the crop from soil and its 

genotype [68]. Two genotypes are reported i.e. Mg-tolerant and Mg-sensitive 

from which Mg tolerant (Mg-T) genotype can easily tolerate Mg deficiency 

than Mg sensitive genotype (Mg-S) so the two transporters in Mg-T i.e. Bn 

MGT1–2 and Bn MGT6– 1 help in movement of Mg in root and shoot [69]. 

Mg is not available in its elemental form, it is present in the form of Mg
2+

 ion 

that is present in the soil and can be taken by the plants [70].  Homeostasis of 

Mg
2+

 in roots is important as it lighten the toxicity of Al and other metals 

[71]. Mg cation is very less bound to the soil charges and become very 

mobile in soil and can be leached easily from the acidic soil which makes the 

Mg very less available to the plant roots [65, 72]. Mg application has great 

effect on Mg deficirency as it improved the crop yield by more than 8.5% 

under different conditions of soil and environment. It becomes more effective 

when pH of the soil is less than 6.5. the application of MgO in low levels (0–

50 kg ha
-1

),  increases the efficiency of Mg fertilizers from 3.4kg kg
-1

 to 38.3 

kg kg
-1

 [65]. Fertilization with Mg decreases the phytotoxicity of Cu and its 

accumulation in crop [73]. It is evident that the organic fertilization with Mg 

in the soil helps to increase the Mg contents in the crop [74]. Souble sources 

and semi-soluble sources are two classes of Mg fertilizers. Kisserite (a soil 

mineral) that is occured naturally having Mg in hydrated form (MgSO4) is 

included in soluble sources of Mg fertilizers and dolomite with minimum 

processing is included in semi-soluble sources of Mg fertilizers these are 

most siutable for Mg deficient soils and will increase the Mg content in the 

crop [72]. Mg fertilizers increases the chlorophyll content that will reflect in 

increasing the rate of photosynthesis and due to this it is found that root, 

shoot and total biomass increased [75]. Foliar application of 100-200mM of 

MgSO4 through leaf surface will increase the Mg content in the crop and it  
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will be accessed through the symplastic side [76]. Mg slag (i.e. made from 

Mg and Mg alloy along with small amount of Ca, Mg, Si, Fe) fertilization 

improve the soil fertility and also improves the phytoavailability of Mg to the 

crop [77].  
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