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Global food security concerns impact greatly on the United Nation's Sustainable Development Goals, which are heavily focused on eradicating hunger by 2030. The Global Food Security Index of 2019 has reported that 88% of countries claim their is enough food supply in their countries, but it is a dreadful reality that every one in three countries is facing insufficient availability of food supply as per the index, meaning more than 10% of the population is malnourished. Since nutrition is one of the main factors in maintaining a healthy lifestyle and meeting the requirements of food security, several national nutrition surveys conducted in various countries have provided an avenue for governments to assess malnutrition problems across the population. For example, the National Nutrition Survey carried out in 2011 in Pakistan indicated that more than 50% of the population was food insecure based on the nutritional status of available food. This survey also highlighted the acute deficiency of micronutrients in the diet resulting in several disorders, especially among the female population. In view of these facts, efforts are being made globally to enhance the nutritional value of our agricultural products, especially staple crops, by using several biotechnological approaches.
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INTRODUCTION

Biofortification of crops generally refers to their production with enhanced nutritional value. This can be achieved either by using conventional selective breeding or through genetic engineering. Biofortification differs from fortification because it aims to make plant foods naturally more nutritive rather than adding nutrient supplements to the foods during food processing.

According to an estimate, almost 800 million people all over the world are malnourished, around 98% of whom are residing in developing countries (Sinha et al., 2019). In addition to this, around 2 billion people globally experience another type of hunger, known as hidden hunger, which is caused by poor intake of essential micronutrients in the everyday diet (Muthayya et al., 2013; Gillespie et al., 2016). A feasible and cost-effective strategy of delivering micronutrients to the populations of developing countries is through biofortified crops. The people of these countries may have restricted access to other micronutrient interventions and diverse diets. Improved varieties can be shared internationally. Biofortified seeds may have an indirect effect in agriculture, as higher concentrations of minerals in seeds provides better protection against different biotic and abiotic stresses, resulting in the enhancement of yield (Welch and Graham, 2004).

In recent years, micronutrient malnutrition has increased exponentially, especially in developing countries. According to the World Health Report, vitamin A, iron, zinc, and iodine deficiencies are the most prevalent deficiencies; these deficiencies contribute substantially to the various health conditions (Allen et al., 2006) that are discussed below.



MICRONUTRIENT MALNUTRITION ASSOCIATED HEALTH PROBLEMS

Human bodies are complicated, and they need two types of nutrients for proper functioning and survival: micronutrients and macronutrients. The basis of this division is the quantity of a nutrient that the body needs. Micronutrients are required in small quantities and macronutrients in large.

Micronutrients play an important role in the human body and are involved in mental and physical development (White and Broadley, 2005). Many micronutrients work as cofactors in the proper functioning of different enzymes in the human body and thereby regularize vital functions and metabolic processes. Their deficiencies adversely affecr more than 2 billion individuals, or one in three persons all over the world (Welch and Graham, 2004). These deficiencies occur when the intake and absorption of minerals and vitamins are too poor to sustain good health and development. According to the United Nations World Health Organization, the main challenge in developing countries is not famine, but poor nutrition, and the absence of nutrients essential for the growth and maintenance of important functions. The reasons for malnutrition are inadequate macronutrient consumption, disease, and other factors such as household food security, health services, maternal and childcare factors, and the environment. The problem of malnutrition is further magnified by an increasing world population, which will reach 8 billion by 2030. The bulk of this rise (93%) will occur in the developing world (Cheema et al., 2008). Micronutrients are not farmed in the body and must be derived from the diet. Crucial micronutrients include iodine, iron, zinc, and vitamins (A, B, and C). Although any individual can encounter micronutrient deficiency, in pregnant women and children the chances of developing deficiencies are at a maximum. This is not only due to low dietary intake but also due to the higher physiological demands of pregnancy and childhood development. Almost 38% of pregnant women and 43% of pre-school children are suffering from micronutrient deficiencies worldwide. More than 30% of the world's population is affected by hidden hunger. Deficiencies in micronutrients like iodine, iron, zinc, and vitamin A can have a devastating effect on health (Cheema et al., 2008).


Iron

In the human body, iron is present in every cell and plays an important role in various cell functions. Being a key component in hemoglobin protein, the most important function of iron is the transportation of oxygen from the lungs to tissues. Moreover, iron is also part of many enzymes that perform vital cell functions (Jimenez et al., 2015). In developing countries, iron deficiency is the most common condition and is the leading cause of anemia, which especially affects young women and children. According to the World Health Organization, over 2 billion people are affected by anemia worldwide, exhibiting symptoms of tiredness and problems in metabolism. Anemia is the primary clinical classification of iron deficiency in half of the population (Benoist et al., 2008). About 30–40% of preschool children and pregnant women suffer from iron deficiencies in developed countries. The number of people suffering from iron deficiencies in developing countries is even higher (Lucca et al., 2006). Anemia is the most prevalent condition caused by iron deficiency, however, its deficiency may result in other complications such as fatigue, hair loss, pagophagia, pallor, and restless leg syndrome. Severe or untreated iron deficiency may lead to morbidity and death (Dosman et al., 2012; Miller, 2013).



Zinc

The human body requires a variety of minerals and vitamins to remain healthy. Zinc is one of the essential minerals that the body needs for various biological processes, such as cell division, cell growth, and immune function (Maret and Sandstead, 2006). The body does not require a large amount of zinc, however, unlike other fat-soluble vitamins, the human body does not store zinc for long periods of time. So, there is a constant need for a zinc-enriched diet to prevent its deficiency (Frassinetti et al., 2006). Worldwide, about 1.1 billion people are affected by zinc deficiency due to a poor dietary intake (Kumssa et al., 2015). Zinc deficiency is related to many diseases which include night blindness, weight loss, impaired taste acuity, emotional disturbance, dermatitis, delayed wound healing, poor appetite, alopecia, and poor immunity (Evans, 1986).



Iodine

Iodine is an essential mineral for human health, as it is required for the biosynthesis of the thyroid hormones triiodothyronine (T3) and thyroxine (T4). Globally, more than 2 billion people are affected by an insufficient intake of iodine (Delange, 1994; Zimmermann and Boelaert, 2015). These two hormones, triiodothyronine (T3) and thyroxine (T4), have a vital role in the regulation of metabolism. Iodine deficiency results in a decreased production of these hormones that eventually causes the enlargement of thyroid tissue, a condition known as goiter. As of 2010, more than 187 million individuals are affected by goiter due to iodine deficiency (Greer et al., 1968; Vos et al., 2012). Moreover, iodine deficiency during pregnancy may result in impaired neurodevelopment of the offspring, whereas, during childhood, it affects somatic growth and cognitive functions (Zimmermann and Boelaert, 2015).



Vitamin A

Vitamin A, a fat-soluble vitamin, is required for a healthy immune system, growth of epithelial cells, eyesight, reproduction, and regulation of genes (Beyer, 2010). Vitamin A deficiency is most prevalent among preschool-aged children, especially in developing countries. It affects almost 100–400 million children throughout the world and every year 20,000–50,000 preschool children lose their sight. Among pregnant women, its deficiency also causes night blindness, maternal mortality, and other poor consequences in pregnancy and lactation. Vitamin A is essential for the normal functioning of the visual system, epithelial integrity, immunity, reproduction, and the maintenance of cell growth and function. Many developing countries depend on plant foods to meet their vitamin A requirement (Simpson et al., 2011).



Vitamin B

Vitamin B, which is water soluble in nature, has eight forms: vitamin B1, B2, B3, B5, B6, B8, B9, and B12. All these forms act as co-factors in different metabolic mechanisms, such as carbohydrate metabolism and protein synthesis. Since each form of vitamin B is involved in different mechanisms, they all have different deficiency symptoms. Vitamin B6, e.g., is necessary for protein metabolism, healthy immune system, the formation of neurotransmitters, and the synthesis of enzymes required during the synthesis of other types of vitamins. However, humans are unable to synthesize it and depend on plants. Unfortunately, the rate of vitamin B6 deficiencies is increasing. Some of the symptoms of vitamin B6 deficiency include skin inflammation, a weak immune system, fatigue, and depression (Bryan et al., 2002).



Vitamin C

Vitamin C is also a water-soluble vitamin and is mostly obtained from plant sources. It is very well-known for its role in boosting the immune system, especially against allergies due to its antioxidant properties. It also acts as a co-factor in the synthesis of collagen, cholesterol, and certain amino acids (Perez-Massot et al., 2013; Maggini et al., 2017). It is also involved in energy metabolism. Its deficiency results in joint pains, bone and connective tissue disorders, poor healing, and a weak immune system (Maggini et al., 2017).



Vitamin E

Vitamin E is another fat-soluble vitamin obtained from food sources rich in oil content such as peanuts, sunflower, soybean, and maize. It can be stored in the fat reserves of the body and thus is not required in the daily diet. The recommended dietary intake is 15–22.4 mg. It is an antioxidant, helps in the regulation of membrane lipid-packaging, prevents platelet aggregation, helps in eyesight, and is required for the prevention of multiple diseases, such as cancer and cardiovascular diseases. Vitamin E deficiency normally occurs in people with disorders of fat metabolism and can result in muscle weakness, hemolytic anemia, immune system changes, and neurological and ophthalmological disorders (Fitzpatrick et al., 2012; Rizvi et al., 2014).




FACTORS AFFECTING MICRONUTRIENT AVAILABILITY

Humans depend on plants directly and indirectly for food. Almost all food webs begin with plants, the primary producers. Soil is a reservoir of different types of elements that are essential for the development of a healthy plant. Micronutrients follow a track from the soil to the human body via crop and food. Various critical factors influence the nutrient phytoavailability at each stage, which is discussed below.


Soil and Plant Factors Affecting Micronutrient Phytoavailability

Plants uptake mineral nutrients from the soil through the roots. The efficiency of nutrient acquisition from the soil to plants is determined by various soil and plant factors. The most important soil factors are its texture, organic matter content, pH, moisture, temperature, soil aeration, farming practice, and interactions with other elements (Alloway, 2009). The composition and chemistry of some soils can make it difficult for plants to uptake nutrients. In certain soils, the nutrients may not be available or may be available in forms that the plants cannot uptake. Nutrient uptake by plants is affected by the amount of root/mycorrhizal surface area (Smethurst and Comerford, 1993; Williams and Yanai, 1996). Some plants change their root structure in nutrient-limited soils, with the most common change being an overall increase in root surface area or elongation of the root system to gain access to new nutrient sources. Some plants can alter the rhizosphere by excreting organic acids or H+ ions that increase the availability and uptake of micronutrients (Zhang et al., 2010; Marschner, 2012).



Effect of Diet-Related Factors in Plant Foods That Affect Bioavailability

Various dietary factors may affect the bioavailability of nutrients from plant foods when they are consumed by humans. These factors include the chemical form of the nutrient in the food, the nature of the food matrix, and interactions between other organic components and nutrients that increase or decrease absorption in the gastrointestinal tract. The most essential factor is the dietary intake, as micronutrient bioavailability depends on the chemical form and amount consumed (Gibson, 2007). The bioavailability of iron can be increased by enhancers like ascorbic acid and can be decreased by inhibitory compounds like polyphenols and phytic acid. The inhibitory compounds form complexes with Zn and Fe and restrict uptake by the human body. In addition to this, an individual's age, health, nutrient status, genotype, physiological state, and ethnicity also affect the bioavailability of micronutrients from foods to the human body (Gibson, 2007). The uptake of micronutrients by the human body is often controlled tightly by the status of micronutrients in the individual. During Fe or Zn deficiency the absorption of Fe and Zn is increased (Hallberg and Hulthen, 2000). Micronutrient absorption is decreased in infections and parasitic attacks and, further, they enhance the risk of malnutrition, whereas malnutrition itself makes an individual more vulnerable to infections and parasites (Johnson et al., 2008).

In this scenario, food fortification, a process of adding essential nutrients to food, is the best way to prevent micronutrient malnutrition on a global level without doing substantial changes to food consumption (Allen et al., 2006). In fact, food fortification has been extensively used by industrialized countries to prevent micronutrient malnutrition (Yip, 1994). In addition, developing countries are now also considering or are committed to food fortification programs to fight against micronutrient malnutrition. In Pakistan, several food fortification programs have been initiated, like the Food Fortification Program (FFP) and Global Alliance for Improved Nutrition's (GAIN) programs, whose main goals are to fortify wheat flour and edible oil with micronutrients (Awan et al., 2013). The final task of biofortification is to produce enough nutritive food. Currently, several strategies are being used for food fortification.




STRATEGIES FOR FORTIFICATION

Different strategies for the fortification of food are in use. The most used strategies are shown in Figure 1 and discussed below.
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FIGURE 1. Strategies of food fortification to improve micronutrient content.



Micronutrient Fortification

Micronutrient fortification is a process of adding one or more micronutrients to foods that are commonly consumed by the general population, such as milk, oil, cereals, and condiments. It is also possible to fortify staple foods such as wheat flour or edible oil (Mass fortification) (Dary and Hainsworth, 2008), or the food which is consumed by a specific population, such as complementary diets for displaced individuals and young children (Targeted fortification). In addition, food manufacturers can also fortify food that is available in the open market. Different micronutrients such as riboflavin, niacin, Zn, and iron were used to fortify wheat products. The supplements are added to the food in the best form to maintain the food's appearance, consistency, and taste. However, for each micronutrient fortification is different. Iron fortification is difficult due to its rapid oxidation. The compounds that have low sensitivity for oxidation are easy to handle in food fortification. This type of fortification is generally designed, mandated, instigated, and regulated by the government. Mass fortification of staple foods is the best option when a large portion of the population is or is becoming deficient in specific micronutrients (Bernier et al., 2008). Mass fortification is extensively employed to prevent clinical and physiological consequences, such as goiter through the iodization of table salt (Zimmermann et al., 2005), neural tube defect by fortifying wheat flour with folic acid, and anemia by fortifying cereals with vitamins and iron (Hurrell, 1997). Food fortification is appealing as there is no need to change the diet of target groups. It is also an effective way of handling micronutrient deficiencies in a larger population. The label must provide information on fortification to the consumers.



Dietary Diversification and Supplementation

The most sustainable strategy to overcome micronutrient malnutrition is dietary diversification. In this, an attempt is made to consume a variety of different healthy foods, like fruits and vegetables and different grains. Different factors are involved in the success of this approach, such as affordability, dietary habits, accessibility, living style, and bioavailability. In this aspect, awareness in the population can be raised about nutrition by using radio and television programs. Diversity in diet can be enhanced in different ways like improving agricultural production, by producing a good variety of foodstuffs, by using sound food processing and preparation methods, and through multi-sector nutritional advice and training in schools. Moreover, a combination of supplementation (in the form of tablets or packages, either solid or semisolid) and fortification (De-Regil et al., 2013) can be used to improve specific micronutrient deficiencies in the population (Lee et al., 2011).



Biofortification Through Agronomic Practices

The main source of nutrients for humans is agriculture, specifically for the population of developing countries (Graham et al., 2001; Schneeman, 2001). In most countries, cereals such as wheat, maize, rice, and cassava serve as a primary dietary source. These are not rich sources of several vitamins and micronutrients. Agronomic biofortification can be used to enhance the micronutrient contents of staple crops. This is generally done by using some of the micronutrients as fertilizers to increase their uptake by the plant. These micronutrients are also required by various metabolic processes of the plant.

Amendments to the soil, use of modern tillage technology, and irrigation are some of the agriculture practices implemented so far (Ahmad et al., 2017). The plant must release certain enzymes and organic acids to degrade the organic matter of the soil. It also releases some specific signaling compounds such as flavonoids to attract certain kinds of microbes to aid in nutrient acquisition and provide protection against abiotic/biotic factors (Wood and Baudron, 2018; Lyu et al., 2020). The addition of plant growth promoting bacteria (PGPR) to the soil is a popular method as microbes benefit plants by restoring the quality of the soil, help in the assimilation of nutrients, and provide improved water uptake and growth of a plant by releasing hormones, antibiotics, and secondary metabolites (Goicoechea and Antolín, 2017; Backer et al., 2018).

A fast and effective method to fix soil is agronomic biofortification which helps to maintain the fertility of the soil by enriching fertilizers with micro-nutrients for plants in order to enhance the nutritional value of staple crops such as rice, millet, sorghum, wheat, maize, cassava, and sweet potato (De Valença et al., 2017).

Another interesting preparation of soil/land is tillage, which is an extensively used practice by farmers to promote better growth of plants. The timing of soil tillage is an important factor to restore the health of the soil and it must be considered once a year depending on the soil type. Tillage by mechanical means is the fastest system to mix soil with organic matter and inorganic fertilizers in comparison to human-powered tillage methods. The process makes the upper layer of the soil smooth, aids in the release of nutrients by the decomposition of organic matter, creates soil aeration, provides the perfect texture to sow seeds, and removes weeds and hard/compact soil. The combinatorial effect of tillage and use of organic fertilizers and some amount of inorganic fertilizers helps to meet the desired crop nutritional value and fertility of the soil even under unfavorable conditions (Patil et al., 2015). Due to anthropogenic activities, a decline in land for agriculture, and water bodies contamination are making the conditions unfit for plant germination and growth.

Good field nutrient management not only enhances the availability of micronutrients in the crops but also has a high ecological and economic impact. Currently, this approach is practical only for few nutrients, like iodine and zinc. It is not successful with other nutrients, like iron, due to its tendency of rapid excitation and restricted mobility in the phloem. Therefore, the success rate changes with respect to the geographical position. Few micronutrients can be distributed via irrigation water, but the toxic nature of some elements may have a negative impact on the environment. An alternative approach to fortification through agricultural management and food processing is the accumulation of micronutrients directly in cereal seeds using conventional breeding or targeted genetic engineering (Zimmermann and Hurrell, 2002).



Biofortification Through Plant Breeding

Biofortification is the most sustainable, cost-effective, and promising technology to provide micronutrients to deficient populations on a global level. Biofortification is the process of developing a crop with bioavailable micronutrients in its edible parts. The development of such crops can either be achieved by selective breeding or through modern biotechnological approaches (Garg et al., 2018). Biofortification is more economically sustainable in contrast to other fortification methods because once the crop has developed there will be no further cost for buying fortificants or their addition to foods. In developing countries, many breeding and transgenic programs are underway to enhance staple crops with micronutrients (Nestel et al., 2006; Garg et al., 2018). Selective breeding is one of the most powerful techniques used for biofortification of staple crops, which involves the crossbreeding of existing varieties enriched in micronutrients. Biotechnological approaches are also employed to assist breeding programs, such as molecular marker-assisted section (Collard and Mackill, 2008; Moose and Mumm, 2008) which significantly increases the success of breeding to enhance the nutritional value of crops. However, there are certain limitations in selective breeding, such as low heritability, a lack of genetic diversity for micronutrients, and linkage drag, which makes genetic engineering a more deliberate approach for fortification of staple crops. In the transgenic approach, genes are incorporated into the genome of the crop to produce the micronutrient e.g., golden rice (Paine et al., 2005). Moreover, the crop's genome may manipulate to increase the bioavailability of the micronutrients by reducing the anti-nutrient content. Biofortification efforts are underway in several crops.



Biofortification Through Genetic Engineering

Techniques of genetic engineering can be used to produce new cultivars with desirable attributes. It utilizes an unlimited pool of genes for the transfer and expression of desirable characteristics from one organism to another, which is evolutionary and taxonomically distinct from one another. Moreover, when a specific micronutrient is not naturally produced in crops, transgenic approaches are the only appropriate option to fortify such crops with that specific nutrient (Perez-Massot et al., 2013). Transgenic crops have been produced by introducing novel genes, overexpressing the genes already present, downregulating the expression of certain genes, or interrupting the synthesis pathway genes of inhibitors.


Iron Biofortified Plants

Several transgenic strategies have been used to increase the iron content in crops (Table 1) for uptake by humans, which are discussed below.


Table 1. Transgenic biofortified crops with enhanced iron, zinc, and iodine.
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Insertion of iron-binding protein gene

The first transgenic approach involves the insertion of an iron-binding protein gene (lactoferrin) under the control of an endosperm specific promoter to achieve Fe accumulation in the seed which is consumed by humans. For this purpose, plants or crops that store iron in their seeds are targeted. Rice is one such example where many attempts have been made to increase its grain iron content. Rice is favorable for many reasons, such as its low allergenic properties and the absence of toxic compounds that interfere with the expression (Suzuki et al., 2003). Researchers were successful in expressing human lactoferrin in dehusked rice using a strong endosperm specific promoter. It resulted in an increase of 120% in iron content which was suitable for supplementing infants; however, it was still not enough to meet the daily requirements of adults as one molecule of lactoferrin binds to only two ferric ions (Suzuki et al., 2001).

As an alternative, ferritin gene was expressed in rice. Ferritin is known to bind 4,500 ferric ions per molecule (Theil et al., 1997). Iron in the ferritin form is good for human absorption as in the human intestine it is not inhibited by iron absorption inhibitors such as phytate (Theil, 2011). In transgenic rice, a 2 to 3-fold increase in iron content has been achieved by expressing soybean ferritin under the control of rice seed-storage protein glutelin promoter, GluB-1 (Goto and Yoshihara, 2001). Iron in soybean ferritin is reported to be readily absorbed by the human gut (Lonnerdal, 2003). Some studies reported an increase in iron content of rice plants: a 2-fold increase in dehusked rice using rice glutelin promoter (Lucca et al., 2001) and a 3.7-fold increase in Indica cv. IR68144 seeds (Vasconcelos et al., 2003). In addition to rice, ferritin and human lactoferrin genes are reported to increase Fe content in maize grains (Drakakaki et al., 2005), tomato fruits, potato tubers, and lettuce leaves (Goto and Yoshihara, 2001). A factor affecting ferritin over-expression leading to iron accumulation might be soil composition (Vansuyt et al., 2000). Endosperm-specific expression of wheat and soybean ferritin in wheat led to a 1.5 and 1.9-fold increase in iron content, respectively (Borg et al., 2012; Xiaoyan et al., 2012).



Insertion of an iron-chelator gene

Nicotianamine (NA) is known to chelate iron and plays a key role in Fe homeostasis and assimilation (Curie et al., 2009). The Ferritin gene co-expressed with the nicotianamine synthase (NAS) gene in rice (Table 1) is reported to show a 6-fold increase in Fe content, which is higher when compared to the single gene approach (Wirth et al., 2009). In another study, a 7-fold increase in Fe content in transgenic rice seeds was observed by expressing NAS, OsNAS3. Anemic mice fed with these transgenic rice seeds for 4 weeks recovered from iron deficiencies and anemia, while no change was observed in mice fed with non-transgenic rice seeds. Transgenic rice containing HvNAS1 over-expressed by OsActin1 promoter/35S promoter showed a 5- to 10-fold increase in endogenous NA levels in the shoots and seeds, leading to 3-fold higher increase in Fe concentration in the T1 seeds (Masuda et al., 2009). Similarly, transgenic tobacco over-expressing nicotianamine synthase (AtNAS1) showed increased Fe levels (Douchkov et al., 2005).

An increase in iron has also been reported in biofortified pearl millet, an amount 2-folds higher than in most modern wheat varieties. An increase in iron absorption by 5–10% in around 35 million people consuming biofortified pearl millet has been reported (Cercamondi et al., 2013; Sahu, 2017).



Overexpression of the iron reductase gene

Iron reductase genes are involved in the reduction of ferric [Fe (III)] to ferrous [Fe (II)]. This conversion process is necessary for the incorporation of iron into cellular components (Schroder et al., 2003). Over-expression of Fe (III) reductases in non-graminaceous plants (Morrissey and Guerinot, 2009) can increase the synthesis of phytosiderophores along with the over-expression of YSL proteins. This can help in increasing Fe uptake from iron-deficient soils (Douchkov et al., 2005). Pea (brz and dgl) and Arabidopsis (frd3/man1) mutants expressing Fe (III) reductase constitutively accumulate Fe. They also contain high nicotianamine levels (Rogers and Guerinot, 2002).



Over-expression of already present proteins for iron-binding and accumulation

Leghemoglobin is an example of a protein that is already present in plants and binds to iron in the form of heme, a form that is not affected by anti-nutrients and can make iron readily available for human consumption (Lehtovaara and Ellfolk, 1975; Hallberg, 1981). There is a need to create methods through which the gene for leghemoglobin synthesis would be expressed in edible plant parts. A study on potato tubers expressing the soybean leghemoglobin gene resulted in poor growth of tubers, proving this to be a difficult task (Chaparro-Giraldo et al., 2000).



Insertion of transporter gene

The amount of iron that accumulates in seeds is dependent on how much of it is absorbed by the plant and transported to the required plant part (Welch, 2002). Mineral ions need to pass through the root-soil interface, accumulate in the apoplasm so that these ions are sufficiently collected, and finally transported to the required edible plant parts (Schroeder et al., 2013).

In plants, the P1B-type heavy metal ATPases (HMA) family are important transporters of transition metal ions and are diverse in metal specificity, subcellular localization, and tissue distribution (Li et al., 2015). HMAs are divided into two subgroups on the basis of metal specificity: a zinc (Zn)/lead (Pb)/cadmium (Cd) group and sliver (Ag)/copper (Cu) group (Takahashi et al., 2012). Functional studies have demonstrated that P1B-ATPases control the root-shoot transportation of Zn (Palmgren et al., 2008). In rice, OsHMA1 plays an important role in Zn transportation as its expression is highly upregulated in shoot tissues under Zn deficiency. On the other hand, overexpression of OsHMA3 decreased the concentration of Cd in shoots and grains while increasing the accumulation in roots (Lee et al., 2007).

Another important metal transporter, the HMT (heavy metal transporters) family, encodes for halide ion methyltransferase in roots and leaves and has a key role in the distribution of metal ions in plants (Schwartz et al., 2010). Studies have found that phytochelatin synthases and HMT-1 are required for detoxification of Cd. In another recent transgenic approach, biofortification of iodine in the leaves and fruits of tomato were reported by the expression of HMT, S3H, and SAMT genes (Halka et al., 2019). Therefore, manipulation of HMA and HMT genes can be a promising approach for the biofortification of Zn and detoxification of Cd.

The OsYSL2 gene in rice was identified from vascular bundles of leaves, seeds, and flowers, indicating its role in Fe transport (Koike et al., 2004). Expression of Fe (II)-NA transporter gene OsYSL2 in rice showed an enhanced iron influx to the seeds (Ishimaru et al., 2010). The rice OsNAC5 gene plays a role in senescence and metal re-mobilization and therefore can be over-expressed for meeting iron requirements (Ricachenevsky et al., 2013). Many vacuolar transporters with altered activity have been shown to increase iron content in seeds: AtNRAMP3 and AtNRAMP4 increase mobilization of vacuolar iron stores in Arabidopsis' early development (Lanquar et al., 2005) and vacuolar iron uptake transporter VIT1 in Arabidopsis (Kim et al., 2006). These vacuolar Fe transporters involved in maintaining Fe homeostasis can be used to produce Fe nutrient-rich seeds by use of biotechnological approaches. Over-expression of Vacuolar Iron Transporter TaVIT2 under the control of an endosperm-specific promoter showed an increase of 2-fold iron content in wheat (Triticum aestivum) (Connorton et al., 2017). Increased Fe levels in barley (Hordeum vulgare) was observed by overexpression of Arabidopsis Zn2C transporter (AtZIP1) in roots (Ramesh et al., 2004).

The transcription factors (TFs) and Iron deficiency responsive element binding factor (IDEF) are the deficiency induced TFs and key regulator genes in the uptake and utilization of iron (Fe) in plants (Itai et al., 2013). In the transgenic line, the upregulation of OsIDEF1 under Fe stress suggests its transcriptional role in Fe deficiency (Kobayashi et al., 2009). A similar report demonstrated that spatial expression patterns of IDEF1 and IDEF2 during vegetative and reproductive stages are related to Fe deficiency or sufficiency (Kobayashi et al., 2010). In transgenic rice, improved early growth and reduced leaf chlorosis were observed when IDEF1 expressed under the control HvIDS2 promoter. IDEF also positively regulates various Fe transporter genes (e.g., NAS, IRT1, IRO2, DMAS, and YSL). Conversely, RNA interference (RNAi) IDEF mutant lines showed hypersensitivity in Fe deficient conditions (Kobayashi et al., 2009). Thus, IDEF TFs are a potential candidate in terms of biofortification for food crops.

However, when using Fe-transporters the iron influx can be increased but its accumulation in the required plant part is still a concern, therefore, strategies combining the right promoters with the right transporters might be a solution (Drakakaki et al., 2000).



Decreasing Fe-inhibitor/antinutrient

Phytic acid is considered an antinutrient as it inhibits the absorption of iron and zinc in humans. It is one of the major contributing factors of iron and zinc deficiencies all over the world (Simpson et al., 2011). Enhanced iron and zinc absorption are strongly correlated with a low phytate content in the diet (Bryan et al., 2002; Maggini et al., 2017). Therefore, the reduction of phytate content in staple foods is likely to improve iron and zinc status. Phytases are a special class of phosphatases that catalyze the sequential hydrolysis of phytic acid to produce fewer phosphorylated derivatives of myo-inositol and inorganic phosphate. Some researchers have transformed the phytase gene to cut down the amount of phytate in food to enhance iron and other micronutrients' bioavailability. Rice transgenic plants produced by expressing the phytase gene of Aspergillus fumigatus in rice endosperm resulted in a 130-fold increase in phytase activity in transgenic plants, which was enough to degrade the phytate content (Lucca et al., 2001). Similarly, another study indicated a 50-fold increase in the phytase activity of maize transgenic seeds (Chen et al., 2008). Transgenic wheat plants were developed by expressing the fungal PhyA gene by using two expression cassettes. In one endoplasmic reticulum (E.R), signal sequence was incorporated into one and not into the other. The transgenic plants showed a 4-fold to a 56% increase in phytase activity (Brinch-Pedersen et al., 2000). In a study, 2.5-fold higher expression of phytase was observed in transgenic soybean (Gao et al., 2007). A synthetic Phy A gene with an E.R. retention signal sequence, KDEL, resulted in the accumulation of phytase in transgenic seeds and its amount was 2.6% of the total soluble proteins (Kohli et al., 2006). Phytase transgenic wheat plants were produced by transforming phy A gene. The transgenic plants showed an increment of 18–99% in phytase activity that resulted in a 12–76% reduction of phytate in seeds (Abid et al., 2017). Similarly, the overexpression of phytase reduces phytate concentrations in the seeds of several crops including alfalfa, soybean, oilseed rape, rice, wheat, beans, and maize (Chen et al., 2008).



Increasing the synthesis of enhancers that enhance Fe absorption

Some dietary components have been known to increase iron absorption. These include vitamins such as β-carotene, ascorbic acid, α-tocopherol, and amino acids which are released from proteins during digestion. Ascorbic acid and citric acid are known to reduce Fe to a ferrous state and improve absorption in the small intestine. Therefore, transgenic approaches can be used to over-express ascorbic acid in combination with ferritin (Gropper et al., 2005). An increased cysteine content has also been shown to have a good effect on Fe absorption (Layrisse et al., 1984). A higher cysteine content (10-fold) in rice has been achieved by overexpression of a rice metallothionein-like protein. It is similar to metallothionein and contains 12 cysteine residues per mol of protein (Lucca et al., 2001). Enhanced absorption of iron has been observed in golden rice that has elevated levels of β-carotene (Beyer et al., 2002).




Transgenic Approaches for Improvement of Zinc Content in Plants

Recent advancements in plant biotechnology enables us to better understand plant metabolisms, which has made it possible to increase micronutrients contents, such as zinc (Zn), iron (Fe), and vitamin A, in staple foods to combat mineral malnutrition (Zimmermann and Hurrell, 2002). Zinc deficiency is common worldwide and is associated with various health conditions. Genetic engineering can be used in different ways to improve zinc content in staple foods (Table 1), like the introduction of the specific coding sequencing that codes for zinc-binding protein, overexpression of zinc-storage protein, and/or enhanced expression of specific proteins that are responsible for zinc uptake into plants. Moreover, zinc bioavailability can be increased by introducing a protein that helps to decrease the antinutrient content (Lonnerdal, 2003).


Overexpression of NAS gene family

Nicotianamine (NA) is a ubiquitous chelator of transition metals (such as Zn and Fe) that is present in higher plants and is responsible for short and long-distance transportation of the metal cations. NA synthase (NAS) enzyme is involved in the biosynthesis of NA by trimerization of S-adenosylmethionine (Takahashi et al., 2003). Genes that encode for NAS are differentially regulated by metal (Zn and Fe) profiles in a variety of plant species (Table 1), such as Arabidopsis, rice, maize, and barley (Mizuno et al., 2003). Increasing NA concentration in a plant through recombinant DNA technology is mostly carried out by the overexpression of exogenous or endogenous NAS genes. Overexpression of the exogenous HvNAS1 (barley NAS gene) in tobacco and Arabidopsis has led to a several-fold increase in the concentration of zinc, iron, and copper (Cu) in seeds of both plant species (Kim et al., 2005). In another similar study, HvNAS1 overexpression in rice results in greatly enhanced nicotianamine concentration (15-fold more as compared to wild type) which led to a 1.5 and 2.5-fold increase in zinc and iron concentrations of polished rice grains (Masuda et al., 2009). Constitutive expression of AtNAS1 (Arabidopsis NAS gene) in combination with endosperm-specific expression of ferritin led to an increase in Fe and Zn concentration. Furthermore, a high level of Zn and Fe in wheat grains was achieved by expressing the OsNAS2 (endogenous NAS gene of rice) and Pv Ferritin (bean ferritin (Singh et al., 2017).

On the other hand, few studies have been reported related to overexpression of the endogenous NAS to increase Planta expression of NA for enhanced metal uptake in plants. The overexpression of the endogenous NAS genes in rice, namely, OsNAS1, OsNAS2, and OsNAS3, resulted in substantial increases in NA, Fe, and Zn concentration in the endosperm of all three transgenic populations (Wirth et al., 2009). In a different study, the OsNAS2 overexpressing population had 20 and 2.7-fold more concentration of NA and Zn, respectively, as compared to wild-type. Whereas, OsNAS3 overexpression caused 9-fold more NA, 2.2-fold more Zn, and 2.6-fold more Fe concentration in polished rice grains (Lee et al., 2011).



Overexpression of NAC gene family

NAC transcription factors play an important role in the senescence of plant species. Senescence is a coordinated phenomenon in which a whole plant or a part of it remobilizes the nutrients to younger tissues or seeds before engaging in programmed cell death. Studies have shown a link between senescence and increased Zn and Fe remobilization. In wheat, NAM-B1 (a member of NAC transcription factors) has been found to play an essential role in the early onset of senescence, which eventually results in a higher concentration of Zn in grains (Connorton et al., 2017).



Decreasing the amount of phytic acid

Phytic acid (also term as phytate) is an inhibitor and antinutrient compound that chelates minerals (Zn and Fe) that decrease their bioavailability, and hence is the leading cause of mineral malnutrition worldwide (Zhou and Erdman, 1995). Phytic acid makes insoluble complexes when combining with metal ions, especially Zn and Fe, in the gastrointestinal tract that may not be absorbed or digested in humans because of the lack of intestinal phytase enzyme (Iqbal et al., 1994; Gibson et al., 2010). Phytate can also make complexes with endogenously secreted minerals, e.g., Zn, by reducing their reabsorption into the body. It is best to decrease the content of phytic acid in edible parts of staple crops to increase the absorption of minerals to combat mineral malnutrition. Studies have shown that reducing the content of phytate in the diet is strongly related to increased zinc (Barbro et al., 1985) and iron (Hallberg, 1981) absorption. In phytase, wheat transgenic lines show an increment of 4–115% in bioavailable zinc (Abid et al., 2017).



Transgenic approaches for improvement of iodine content in plants

The addition of iodine in table salt is a common strategy to prevent iodine deficiency (Gonzali et al., 2017); however, biofortification of crops with iodine is a more promising strategy to combat mineral malnutrition, as it is more sustainable and cost-effective as compared to other fortification techniques (Garg et al., 2018).

In the last few decades, scientists successfully fortified staple crops with several micronutrients, such as iron (Wirth et al., 2009), zinc (Abid et al., 2017), and folate (Storozhenko et al., 2007). However, to date, no reports of biofortification of iodine in crops using recombinant DNA technology have been published. This is because of the poorly characterized physiology of iodine in plants. According to some hypotheses, iodine fluxes across the cell membrane of root cells via anion channels and putative H+/halides transporters. However, such transporters have not yet been molecularly identified. In contrast, the iodine volatilization from over ground parts of plants, such as the root and leaf, are much better characterized in different species. Halide ion methyltransferase (HMT) and halide/thiol methyltransferase (HTMT) activity are found to be responsible for iodine volatilization (Itoh et al., 2009). The only study which employed molecular approaches to enhance the iodine concertation was on transgenic Arabidopsis. In this study, the human sodium-iodide symporter (hNIS) gene of thyroid glands had overexpressed under the CaMV 35S promoter, thus enhanced uptake of iodine was observed. In addition, the HOL-1 gene that encodes for HMT enzyme (cause iodine volatilization) was knocked out and a substantial reduction in volatilization in transgenic plant as compared to wild-type was observed (Landini et al., 2012).




Genetically Modified Plants With Improved Vitamin a Profiles
 
Rice

β-carotene, a precursor to vitamin A, does not accumulate in the endosperm of rice; however, the β-carotene precursor, geranylgeranyl pyrophosphate (GGPP), is present in the endosperm. For the first time, the carotene biosynthetic pathway was engineered in carotenoid-lacking and non-photosynthetic tissues (Burkhardt et al., 1997). This was achieved by the transformation of the phytoene synthase gene from daffodils under the control of a seed-specific promoter of glutenin (Gt1) into the genome of rice (japonica variety T309), where the endosperm of the transgenic plants contains phytoene. Later, β-carotene accumulation in rice endosperm was accomplished by the introduction of three novel genes, namely Erwinia uredovera phytoene desaturase gene (crtI), daffodil phytoene synthase (psy1) gene, and lycopene β-cyclase (lcy) gene from daffodil (Ye et al., 2000). crtI and lcy genes were expressed under the control of CaMV 35S promoters, while psy1 gene was expressed under the Gt1 promoter, a seed-specific promotor of glutenin. In a different study (Paine et al., 2005), an increment of 23-fold in β-carotene level was observed by transforming the maize psy1 gene along with crtI gene as compared to previously developed golden rice (Ye et al., 2000).



Maize

Maize (Zea mays) is an important food crop; however, the β-carotene content in its kernels is low (Wong et al., 2004). Various reports of transgenic maize with enhanced β-carotene profiles have been published. One study reports a 34-fold increase in β-carotene level as compared to wild-type by overexpressing the bacterial crtI (phytoene desaturase) and crtB (phytoene synthase) gene, driven by the super g-zein promoter (Zhu et al., 2008). Maize was genetically engineered by simultaneously targeting three different biosynthesis pathways, β-carotene, folate, and ascorbate. Transgenic plants contained 169-folds more β-carotene, 6-folds more ascorbate, and double the amount of folate as compared to wild-type. This genetically engineered maize can play a crucial role in preventing multiple micronutrient deficiencies (Naqvi et al., 2009).



Wheat

Globally, wheat (Triticum spp.) is an important cereal crop. Lutein, a non-β-carotene, is the main carotenoid in wheat (Cunningham and Gantt, 1998). Many transgenic approaches have been reported for the enhancement of the β-carotene content in the endosperm. One report indicated 10.8-folds higher β-carotene levels as compared to wild-type, by the transformation of the maize PSY1 and CrtI genes (Cong et al., 2009). Similarly, in another report, an 8-fold increase in β-carotene level was attained by co-expressing the bacterial CrtB and CrtI genes (Wang et al., 2014).



Potato

After rice, wheat, and maize, potato (Solanum tuberosum) is a significant energy source, however, potato tubers contain a minute amount of carotenoids, ranging from 0.5 to 2.5 mg.g−1 of fresh weight (Diretto et al., 2006). The main carotenoids in potato are Violaxanthin, xanthophylls, and lutein however, they lack β-carotene activities (Lee, 2017). Successful increases in carotenoid contents up to 6.3-folds in transgenic potato was reported (Ducreux et al., 2004). Another report indicated a 14-fold increase in β-carotene contents by knocking out the lycopene ε-cyclase (ε-LCY) gene (Diretto et al., 2006). β-carotene content has enhanced by knocking out the non-heme β-carotene hydroxylase (CHY) gene, which converts β-carotene into zeaxanthin. The transgenic tuber had a reduced level of zeaxanthin, thereby causing a 38-fold increase in β-carotene level (Diretto et al., 2007). Vitamin A level has been enhanced in other crops like cassava, mustard, and tomato (Table 2).


Table 2. Transgenic biofortified crops with enhanced vitamin content.
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Vitamin B Fortified Plants

Transgenic Arabidopsis were developed that showed a 2-fold increase in vitamin B6 when PDX1 and PDX2 genes of plants were over-expressed in seeds (Chen and Xiong, 2009). A higher increase in vitamin B6 content, along with an increase in the size of aerial organs and tolerance to salt stress, was reported in transgenic Arabidopsis (Raschke et al., 2011) owing to the expression of PDX1 and PDX2 genes under the control of Cam35S promoter (Table 2). Transgenic tomatoes with enhanced fruit-specific expression of GTP cyclohydrolase I have been shown to have enhanced folate content (Dela-Garza et al., 2004). Transgenic rice enhanced for vitamin B9 via expressing Arabidopsis thaliana genes of the pterin (Glb-1) and para-aminobenzoate (GluB1) branches of the folate biosynthetic pathway have shown an increase of up to 100-fold and thus may play an important role in combating its deficiency (Storozhenko et al., 2007).



Vitamin C Fortified Plants

Transgenic crops are being developed with enhanced vitamin C content (Table 2). GDP-l-galactose phosphorylase (GGP or VTC2) gene was used to enhance ascorbate in tomato, strawberry, and potato. Tomato transgenic plants showed a 3-6-fold increase while strawberry transgenic lines showed a 2-fold increase when this gene was expressed under 35S promoter. Among the potato transgenic lines only one line inreased up to 3-fold (Scholes et al., 2012). Corn was biofortified with vitamin C, vitamin A, and vitamin B9. To enhance vitamin C content, rice dehydroascorbate reductase (dhar) was expressed under the control of the barley D-hordein promoter. This transgenic corn showed up to a 6-fold increase in ascorbate content (Naqvi et al., 2009).



Vitamin E Fortified Plants

Vitamin E content has been increased in tobacco, corn, and Arabidopsis via the transgenic approach. Overexpression of the genes HGGT and HPT in the tocochromanol pathway increased tocochromanol content up to 5 times in tobacco leaves, up to 15 times in Arabidopsis leaves, and 7–18 times in maize kernels (Dolde and Wang, 2011; Yang et al., 2011; Tanaka et al., 2015).



Potential of Genome Editing Technology

The use of mega-nucleases, such as zinc-finger nucleases (ZFNs) and Transcription activator-like effector nucleases (TALENs), have changed the gene-editing game. These enzymes consist of DNA binding domains combined to nuclease domains for making DNA breakages at specific positions, making them highly specific compared to old DNA transfer techniques like Agrobacterium-mediated transfer or particle bombardment. These have been used successfully to genetically modify plants such as tobacco, Arabidopsis, rice, wheat, and barley (Jaganathan et al., 2018; Sedeek et al., 2019; Ansari et al., 2020). The designing of these proteins, however, is complex and thus is expensive as well-laborious (Belhaj et al., 2015).

A drawback in using these mega-nucleases, however, can be eliminated using Crispr-Cas9 technology, a more precise, cost-effective, and versatile method. It involves the use of sequence specific guide RNA and PAM motif for the identification of cleavage sites. However, at times off-target cleavage occurs, resulting in undesirable outcomes. Increasing the PAM sequence length has evaded such off-target cleavages (Jaganathan et al., 2018). By modifying the germline cells, Crispr-cas technology has the potential to develop transgenics without involving transformation and tissue culture plants. Similarly, this technology also has the potential to engineer single cells, but regeneration of the single cells is still difficult (Sedeek et al., 2019). Several biofortified transgenic crops, such as rice, wheat, and Arabidopsis, have been developed by using these technologies to prevent micronutrient deficiencies of iron, zinc, vitamin A, and vitamin B1 (Ricroch et al., 2017; Deepa et al., 2018). Mutant lines of Glycine max and Medicago truncatula for the genes of small RNA processing were developed by using CRISPR/Cas9 and TALENs (Curtin et al., 2018; Jha and Warkentin, 2020). Similarly, in cowpeas, symbiotic nitrogen fixation gene activation was disrupted successfully by using CRISPR/Cas9 (Ji et al., 2019; Jha and Warkentin, 2020). In rice, calli β-carotene level is enhanced by targeting the Osor gene through CRISPR/Cas9 (Endo et al., 2019). Recently, marker-free rice with an increased level of carotenoids was developed by inserting a 5.2 kb cassette of carotenoid biosynthesis by using the CRISPR-Cas9-based method (Dong et al., 2020).

With further advancements, these genome editing technologies have the potential of developing all types of transgenics with very little time and cost.





CONCLUSION

It is evident that biofortification holds great promise for improving the nutritive value of major crops. By the use of recombinant DNA technology, the bioavailability of several essential micronutrients and vitamins could be increased. External fortification of these nutrients has limited value, as such fortified food materials are generally available to the urban population. In the developing world, the majority of the population is rural and fortified food is neither accessible nor affordable for them. Biofortification, by providing the technology through seeds of the major staple crops, can be of great advantage in meeting the nutritive requirements of poor populations at an affordable cost.

However, one of the major concerns is that very few biofortified transgenic crops have been commercialized for general cultivation. Even the well-known Golden Rice, biofortified with Vitamin A, has been approved by FDA only after more than a decade spent on meeting the regulatory requirements. Last year, on December 18, 2019, the Philippines approved Golden Rice for direct use as food and feed, or processing after rigorous biosafety assessments by the Philippine Department of Agriculture-Bureau of Plant Industry. To benefit from this technology, the regulators have to revisit different protocols so that all unnecessary regulations based on “precautionary” principles could be removed. Such an approach will greatly benefit society at large and will be instrumental in achieving food security.
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