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Abstract

In the past few decades, the major concern on this planet was food security. After
making a successful lead in food security now, the developing nations are
focusing on nutritional security, which includes food that is enriched in minerals
and vitamins. Micronutrients and vitamins are essential for human growth and
development. Any deficiency of these components leads to “hidden hunger.”
Enhancing these components can alleviate malnutrition in women and children in
the developing world. Micronutrients like Fe, Zn, Se, Mg, Ca, lodine, and
vitamins like provitamin A and folate are an important component of the
biofortification program. Biofortification of vegetable with vitamins and
micronutrients is the present need of an hour to fight different health issues
faced by the developing countries. For biofortification of vegetable and other
staple crops, three major techniques are used, viz. conventional breeding, agro-
nomic approach (use of mineral fertilizer), and genetic engineering. These
approaches have enormous potential to address this vitamin and micronutrient
malnutrition. Many genes are available for the target traits by which it will be
possible to improve micronutrient in vegetables. These tools can be very much
helpful in improving the level of micronutrients and vitamins by several-fold in
staple cereals and vegetables.
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5.1 Introduction

Agricultural research in developing countries is mainly focusing on increasing
cereals production and productivity. This scenario is due to as cereal is a cheaper
source of food for the poor population, and along with carbohydrates, it also
provides protein, lipid, micronutrients, vitamins, phenols, antioxidants, which have
huge health benefits. But most importantly, the challenges may be come across by
the year 2050 when the world population will exceed 9 billion, and to feed this
population, huge pressure will be on agriculture (Hubert et al. 2010). The modern
technologies used in agriculture and allied fields are successful in fulfilling the
demand for food and feed of poor populations in developing countries. In the last
few decades, research and development in developing countries focused mainly on
the production of food rather on the nutritional aspects. But now the time has come
where the food production along with better nutritional quality to be taken care
(Bechoff et al. 2009). The production of food and feed must be increased many folds,
while on the other hand, this has to be done by preserving the agroecosystem so that
the balance has to be maintained. Micronutrient undernourishment is a major issue
for more than half of the world’s population, which is prominent in developing
countries (Ortiz-Monasterio et al. 2007). The primary source of vitamins and
minerals in developing countries mainly depends upon staple food. But staple
foods like rice, wheat, and maize are rich in carbohydrate but deficient in vitamins
and minerals. The human need to consume a relatively small amount of macro-
elements, a trace amount of microelement (Fe, Cu, Zn, I, and Se) and vitamins along
with a large amount of carbohydrate, protein, and lipids (Welch 2002) to maintain a
healthy lifestyle.

The edible part of plants like grain or seed can be widely used to prepare foods
which contain a low level of micronutrients and have low bioavailability to human.
This needs to be improved, and uptake efficiency should be increased in order to get
more bioavailable micronutrients and vitamins. But more than half of the world’s
population suffers from micronutrient undernourishment as most of the staple food
which is consumed in the developing countries are low in vitamins and minerals
(Ortiz-Monasterio et al. 2007). Thus, biofortification is an essential requirement for
the enhancement of these vitamins and minerals may be through conventional
breeding or by genetic engineering approach.

After World War II, agricultural research is diverted towards cereals production
and productivity. But this has to be a shift from cereals to vegetables where there is
ample scope to increase the nutrition quality and reduce the hidden hunger. Kennedy
et al. (2003) reported that the out of three-person in one person suffers from hidden
hunger due to lack of minerals and vitamins in their diet, which ultimately leads to
serious health consequences. Agricultural crops are the primary source of
micronutrients and vitamins, which are essential for human growth and develop-
ment. In the developing countries, the women, infants, and children of low-income
families mostly suffer from iron, zinc, and vitamin A deficiencies, which account for
over three billion people (Welch 2005). These in micronutrient deficiencies result in
increased morbidity, and mortality rates, slow development of the nation, and
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permanent impairment of cognitive development in children and infants as all
categories of people cannot afford the high quality and costly fruits and vegetables
for gaining nutrition. Thus, an agricultural-based approach has been proposed as
supplementary strategies for the breeding of staple food crops for higher vitamins
and micronutrients. This method of increasing the vitamins and minerals by breeding
approach or by genetic engineering has been termed as biofortification (Nestel et al.
2006). Thus, biofortified staple cereals and vegetables will be beneficial for the
sparse population of the world and will help to increase nutritional status. This will
lead to a significant advantage in health and economic benefits.

The important concern for biofortification is that after the development of variety,
there should be widespread adoption by the farmer. The crop has to reach the needy
poor people. Vegetables, fruits, dairy, and meat products are rich in vitamins and
micronutrients, but they are expensive for poor people. They rely on few starchy
staples (rice, wheat, maize, and potato); as a result, the intake of dietary diversity
becomes a luxury, and poor people cannot afford it (Gémez et al. 2013). The extent
of diseases due to malnutrition and mineral deficiencies is so high that the World
Bank estimated the combined economic cost of mineral deficiency in developing
countries and could waste as much as 5% of its gross domestic product (GDP). The
deficiency of micronutrient and vitamins has a significant impact and burden on
society which ultimately leads to an increase in susceptibility to infectious diseases,
physical impairment, cognitive losses, blindness, and premature mortality. Compre-
hensively, the deficiency of provitamin A, Fe, I, Zn, and Se is reported to have a
maximum percentage of disease burden, negative impact on the public (Black et al.
2008; Stein 2010).

5.2 What Is Biofortification

Biofortification can be defined as the development of micronutrient-dense staple
crops (cereals and vegetables) using traditional plant breeding practices, modern
biotechnology, and agronomical approached. In this process, the concentration of
plant-derived nutrition and vitamins is increased in the edible organ during the
growth and development of the plant. (O’Hare 2015). This is the process of breeding
nutrients in the food crops and provides a low cost, sustainable, and long term
delivery of adequate micronutrients. It is a technique where the edible parts like
grain, straw, roots, fruits, and tubers are enriched with micronutrients and vitamins
through the appropriate breeding method and biotechnological tools (Bouis 2000;
Saltzman et al. 2013). Biofortified staple food may not contain a high level of
essential vitamins and micronutrients as compared to industrially fortified foods,
but they can help to reduce “hidden hunger” by increasing the daily adequacy of
micronutrients uptake by the individual throughout the life cycle (Bouis et al. 2011).
The strategies of biofortification involve agronomic approach, conventional breed-
ing, and genetic engineering approach (Fig. 5.1). Moreover, biofortification provides
a possible means of disseminating the technology and food to a malnourished
population where there may have limited access to diverse kinds of diet,
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Fig. 5.1 Strategies for biofortification of vegetables with the enhancement of mineral and vitamin,
reduction of anti-nutrients to increase the bioavailability of micronutrients

supplements, and food, which are commercially fortified (Saltzman et al. 2013).
Biofortification is the different types of fortification and can be significantly increas-
ing the level of vitamins and nutrients in the living product (edible part), and its
accumulation takes place by normal physiological process of the plant (O’Hare
2015).

The breeding of plants for enhancement of bioavailability of micronutrients in the
targeted edible food is the low-cost approach for poor countries and their people who
cannot afford high-quality food. Thus mitigation of micronutrient malnutrition can
be done by this approach, and this will ensure better health (Waters and Sankaran
2011). The enhancement of micronutrients and vitamins in the staple food and
vegetable will lead to more consumption of micronutrients, particularly in the poor
people, which ultimately leads to a reduction of malnutrition (Das et al. 2017).

Increasing phytonutrients and vitamins in a plant with a lesser life cycle which
have short juvenile period to reach the flowering stage like in vegetable can be easily
achieved. But this will be difficult for the tree-fruit and nuts where the juvenile
period is much longer (O’Hare 2015). The principal objective of biofortification in
vegetables should be the production of the nutritionally enriched vegetable crop so
that the negative economic and health consequences can be overcome by managing
mineral and vitamin deficiencies in humans. Among crops cultivated the fruits and
vegetables have a rich source of genetic diversity for micronutrients, and hence they
can be easily biofortified through conventional breeding, marker-assisted breeding,
or genetic engineering (Das et al. 2017).



5 Biofortification of Vegetables 109

5.3 Importance of Micronutrients and Vitamins

Micronutrients and vitamins are an essential component in the growth and develop-
ment of plants and animals. It is essential for metabolism like in redox reaction and
also acts as the cofactor in various biochemical reactions inside the cell. Humans
hardly synthesize vitamins, and the major vitamins are taken by plant or animal
sources (Grivetti and Ogle 2000; Asensi-Fabado and Munné-Bosch 2010). Vitamins
found in fruits and vegetables have strong antioxidant potential, which includes
vitamin A, E, and K (lipid-soluble); vitamin B and C (water-soluble). These vitamins
are synthesized and stored in the plant part, which are edible like in grain if seeds are
used to prepare food. Application of breeding method and genetic engineering for
biofortification with various micronutrient (Fe, Zn, I, and Se) and vitamins
(vitamin A, B, C, E, and K) is relatively cost-effective and efficient method for
counteracting deficiency for human and farm animals (Lyons et al. 2004; Nestel et al.
2006; Zhao and McGrath 2009). It was estimated over 60% of the world’s popula-
tion is deficient in Fe, 30% are deficient in Zn as well as in iodine, and 15% are Se
deficient (White and Broadley 2009). Fruits and vegetables are rich in natural
vitamins and minerals, which can act as an antioxidant that limits the cell damage
from free radicals, which are produced during stress. There are studies related to
cancer, where it was found that eating fruits and vegetables can prevent various types
of cancer (Wargovich 2000; Tuama and Mohammed 2019). Thus for a healthy
lifestyle, the consumption of fruits and vegetables should be done, and a balanced
and complete diet should be maintained.

To meet metabolic need human requires at least 49 nutrients, out of which
20 minerals elements are essential for human health. There are seven major elements
(Ca, P, K, S, Na, Cl, and Mg) and 12 trace elements (Fe, I, Cu, Zn, Mn, Co, Cr, Se,
Mo, F, Sn, Si, and V). All the minerals are needed to supplemented or taken from
other sources such as plant or animal products. During the early 1960s, the green
revolution made the earth capable of fighting against food security (Pinstrup-
Andersen and Hazell 1985). But this reduced the local production of fruits,
vegetables, and legumes, which is the primary source of micronutrients in the people
(Welch and Graham 2004). Fruits and vegetables are the primary source of mineral
and vitamins along with dietary fiber that helps to improve the digestive function and
lower the risk of type II diabetes, obesity, and related disorder.

5.3.1 Vitamins

Fruits and vegetables play an important role in human health as they contain
important essential components like nutrients, vitamins, and phytochemicals,
which may reduce the risk of chronic diseases. Due to improper nutrition, the present
lifestyle and unhealthy diet lead to the development of serious diseases like diabetes,
obesity, certain types of cancer, stroke, inflammation, and other cardiovascular
diseases (Comert et al. 2019). Vitamin is an essential component of human health,



110 M. K. Lal et al.

growth, and development. As discussed earlier, vitamins cannot be produced by
humans but need to be consumed from another source like plants and animals.

It was estimated that about 250 million pre-school children are under the risk
category of provitamin A deficiency along with the significant proportion of preg-
nant women who are at risk are suffering from provitamin A deficiency. Due to this
provitamin deficiency, the children are at higher risk. It causes visual impairment,
blindness, and an increase in the risk of illness from diseases like diarrhea and
measles. (WHO 2016). It was estimated that in developing countries, the death of
5-10 million children takes place every year due to this above issue (Anderson
2019). Provitamin A is derived from a plant from the carotenoid pathway. It is a
derivative of carotenoid, which includes retinol and its ester, retinal, and retinoic
acid. This vitamin plays an important role in vision, immune response, growth of the
epithelial cell, bone growth, and regulation of adult genes (Tumuhimbise et al.
2013). Moreover, childhood blindness is due to vitamin A deficiency due to which
around 250,000-5,00,000 children go blind, and it is more prevalent in developing
countries like sub-Saharan Africa and Southeast Asia (Nestel et al. 2006).

The primary source of provitamin A or carotenoid is commonly found in animal
products like egg and milk. The precursor of vitamin A or -carotene is abundantly
found in the colored fruits and leafy vegetables. Change in p-carotene or provitamin
A content was studied in dried sweet potatoes when it is processed. It was reported
by Bechoff et al. (2009) that trans-f-carotene was retained significantly in hot air
cross-flow as compared to sun drying. Drying of sweet potato slices was done in an
air oven for 12 h at 60 °C; it was found that about 30% reduction in total carotenoid
was observed (Hagenimana et al. 1999). Lower retention of provitamin A was
reported in artificial drying as compared to natural sun drying. Thus, provitamin A
or trans-f-carotene decreases after processing of sweet potato (Hagenimana et al.
1999; Van Hal 2000; Kosambo 2004).

Provitamin A or carotenoid is a powerful antioxidant which prevents the free
radical that damage the cell membrane, which are produced during stress. It is used
to build new cells and is critical for healthy brain development and nerve function,
which ultimately slows down the aging process in humans. It also promotes the
growth of strong teeth and bones. The formation of rods and cones in the retina of the
eye is dependent on vitamin A which helps us to improve visual (Mata et al. 2002).

5.3.2 Iron (Fe)

Iron (Fe) is an essential micronutrient for humans, animals, and plants. It is redox-
active metal, which catalyzes the oxidation-reduction reaction and regulation of cell
growth and differentiation. It is an integral part of many proteins and enzymes where
it acts as a cofactor for physiological function. It also plays a vital role in metabolic
pathways like the electron transport chain of respiration in mitochondria. Most
importantly, the human body’s Fe is contained in red blood cells (Gémez-Galera
etal. 2010; Jomova and Valko 2011). If Fe deficiency occurs in the body, the amount
of hemoglobin is also affected, and the symptoms of anemia take place along with
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tiredness, weakness, and inability to concentrate (Das et al. 2017). Deficiency of Fe
during childhood and puberty stage may impair physical growth, mental develop-
ment, and poor learning capacity. Moreover, severe anemia increases the risk of
dying during childbirth (Beard 1994). It also catalyzes the formation of provitamin A
from carotene and also induces antibodies synthesis, which ultimately enhances
immunity (Semba 1994). The RDA (mg Fe day ') for Fe is 10, 8, and 18 for
children, adult males, and adult females (Trumbo et al. 2001).

Fe is derived from animal products like milk and meat and also from plant
products. Before absorption of Fe in body, the bound Fe should be well hydrolyzed
or solubilized. But the absorption of Fe largely depends upon the presence of
enhancer and inhibitory substances (Baltussen et al. 2004). The compounds like
ascorbic acid and cysteine enhance Fe absorption in the gut, whereas compounds
like phytic acid chelate with Fe and Zn which inhibit the absorption of Fe in the gut
(Kumar et al. 2017).

5.3.3 lodine

Todine is a crucial microelement which plays an essential role in the metabolism of
human. Its deficiency can lead to a severe disorder of thyroid and the inadequate
synthesis of hormone which are released from thyroid. The RDA of iodine is
40-200 pg day ' (Dai et al. 2004). It has multiple roles in human growth and
development, which involve enhancement of protein, regulating the energy transfer,
and maintaining the central nervous system (Gerber et al. 1999). It controls the
production of thyroid hormone known as thyroxine (T4) and triiodothyronine, which
is the major hormone responsible for maintaining the above function. The reports
from WHO exposed that about 1.6 billion people are suffering from iodine defi-
ciency throughout the world (WHO 2016).

The important primary source of iodine supplementation followed nowadays is
seafood and iodized salt. The consumption of seafood is very much helpful to obtain
iodine supplementation, but it does not meet the need of iodine-deficient area and the
vegetarian population. Moreover, the supplementation of food products with iodine
may be helpful in controlling the deficiency of iodine, but it may be difficult to
control the losses during transport, storage, and food cooking (Winger et al. 2008).
The 80% of the requirement of iodine in the human body comes from the edible
vegetable, which is grown under the natural condition, and about 99% bioavailable
iodine can be in this food (Welch and Graham 2004).

5.3.4 Zinc

Zinc (Zn) is an important trace microelement for microorganisms, plant as well as
animal (Broadley et al. 2007; Prasad 2008). It is the cofactor for various enzymes
and proteins. It is involved in different physiological functions, such as the function-
ing of the immune system, protein synthesis, DNA synthesis, wound healing, and
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cell division (Bao et al. 2010). A large number of enzymes and proteins are
dependent upon Zn to maintain their structural stability and transcription factor. It
also helps to improve and maintain the immune system, thus prevent infection and
diseases (Prasad 2008; Bao et al. 2010). Moreover, Zn is required to activate over
300 enzymes in the human system. In humans and animals, it plays an important role
in the functioning of reproductive health, sensory function, digestive system, and
neurobehavioral development (Levenson and Morris 2011). The RDA (mg Zn
dayfl) for children is 5, for adult males is 11, and 8 for adult females (Trumbo
et al. 2001).

It also participates in the synthesis and degradation of carbohydrates in plants.
Along with carbohydrates, it also involves the synthesis of lipid, protein, and nucleic
acid (Brown et al. 1993). It is the only element that is involved in all the six classes of
enzymes, namely oxidoreductase, transferase, hydrolases, lysases, isomerases, and
ligases (Barak and Helmke 1993). It occurs in the plant as a free ion and may be
complexed with low molecular weight compounds. The deficiency of Zn in plants
leads to inhibition of photosynthesis, decreases the production of auxin hormone
(as the cofactor for the synthesis of auxin), and decreased rate of respiration.
Moreover, its deficiency in the plant may also lead to an increase in the disruption
of the plasma membrane as many antioxidant enzymes may be inhibited. This leads
to the enhancement of reactive oxygen species in the cell, thus damaging the cellular
compartment and organelles (Brown et al. 1993). Fe can have a negative effect on Zn
absorption in the human gut if given together in a supplement. Most importantly, it
was observed that protein meals enhance Zn absorption. Other compounds such as
amino acid and low molecular weight ions (EDTA and organic acid like citrate) are
shown to have a positive effect on Zn absorption and have been used for Zn
supplement (Zhao et al. 2012). The bioavailability of Zn in cereals, legumes,
vegetables, nuts, and wholegrain can be inhibited by phytic acid. Phytic acid inhibits
the release of Zn from the food by chelating it and thus making it unavailable for
absorption in the human gut (Kumar et al. 2017).

5.3.5 Selenium

Selenium (Se) is a trace element which is required by human and animal in very
minute quantity, but it is essential for human growth and development. However, in
higher concentrations, it has a toxic effect. The protein which contains Se is known
as selenoprotein, which has a structural and enzymatic role. It also acts as antioxidant
element to prevent from the damage of the free radical formation. The other property
of Se also includes the catalysis of active thyroid hormone. It also prevents immune
response disease and helps to maintain the immune system, which further acts as a
key nutrient in counteracting the development of virulence and inhibiting HIV
progression to AIDS (Rayman 2000). The deficiency of Se in the blood can lead
to various health implications like cancer and cardiovascular diseases (Brown and
Arthur 2001). It was reported that its deficiency might lead to adverse mood states,
oxidative stress, and inflammation. The higher intake of Se is associated with the
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reduced risk of cancer (Rayman 2012). Maintaining Se intake in the diet may prevent
the risk of lung, prostate, colorectal, and bladder cancers. The deficiency also leads
to muscular dystrophy and muscle weakness.

The uptake of Se can take place in the plant as selenite, selenite, or
organoselenium compounds. These compounds mainly include selenocysteine and
selenomethionine, but they cannot take up as colloidal elemental Se of metal
selenides (White et al. 2004). Se transported inside the plant cell through high-
affinity sulfate transporter (HAST) in root cell (Terry et al. 2000; Li et al. 2008).
Moreover, it is also transported through phosphate transporter (Broadley et al. 2006).
The uptake of Se takes place in the roots where selenite is delivered to xylem and
transported the shoot, and here, assimilation takes place where selenite is converted
to organoselenium compounds (White and Broadley 2009).

5.4  Physiology of Biosynthesis of Vitamins and Micronutrients

Fortification of a food product is necessary for many countries, where there is a
fortification with vitamin A in butter, margarine, and sugar, iodine fortification in
salt, vitamins A fortification in mild, and folate fortification in cereals and legumes
(Kumar et al. 2019). However, there were various drawbacks of fortification/supple-
mentation. So the technology of biofortification came into action where enhance-
ment of vitamin and mineral can be done in the edible part of staple food with the
help of breeding or genetic engineering. So to understand the process of accumula-
tion of vitamin and mineral in staple food, most importantly, the physiology of crop
is to be explored. The basic pillars of the biofortification program are to understand
the physiological process and bioavailability of nutrients and vitamins. So, the
knowledge of the physiology of nutrient uptake, phytoavailability of micronutrients
in the rhizosphere, and vitamin synthesis are essential (Bowen and Rovira 1991).

5.4.1 Vitamins

Vitamins are primarily synthesized in the plant. Out of which folates and provitamin
A are mainly targeted for the biofortification program. Folates are the group of
water-soluble vitamin B, which is also known as Vitamin B9, which consists of
pteridine ring and a para-aminobenzoate moiety (p-ABA) and is linked with
y-linked tail with more L-glutamates (Strobbe and Van Der Straeten 2017). Folate
biosynthesis takes place in the cytosol where the pterin branch is formed, and it
yields 6-hydroxymethyl-dihydro pterin (HMDHP). Folates are present in
mitochondria, plastids cytosol, and vacuoles (Chen et al. 1997).

The synthesis of carotenoid takes place de novo in the plant, and it is mainly
involved in the synthesis of photosynthetic pigment and precursor for other
molecules such as signaling molecules. It is synthesized in plastid and is an essential
component of a healthy diet, antioxidant, and also a precursor of provitamin A
(Giuliano 2017). The precursor of provitamin A is a C40 isoprenoid unit, which is a
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carotenoid. It is synthesized in plastid from the 2-C-methyl-d-erythritol 4-phosphate
pathway. Geranylgeranyl pyrophosphate is formed after condensation of isopentenyl
pyrophosphate and dimethylallyl pyrophosphate in the presence of isopentenyl
diphosphate isomerase. Geranylgeranyl pyrophosphate is the precursor of other
isoprenoid molecules, like gibberellins, quinones, provitamin A, and the isoprenoid
moieties of chlorophylls and tocopherols which is the major constituents of chloro-
plast (Giuliano et al. 2000). The enzymes responsible for the synthesis of B-carotene
are phytoene synthase (Psy), phytoene desaturase (Pds), {-carotene desaturase (Zds),
and lycopene cyclase (Lcy) (Sandmann 2001).

5.4.2 Minerals

The uptake of micronutrients like Fe, Zn, I, and Se are generally taken place from the
rhizosphere. These micronutrients are then transported from root to edible part of the
plant. The uptake, transport, and accumulation of micronutrients are highly regulated
and tightly controlled mechanism (Welch 1995).

5.4.3 lIron

The absorption of Fe takes place in the rhizosphere. The proton is released from
plants in the rhizosphere, which lowers the pH of soil solution and thus increases the
solubility of Fe>* (Santi and Schmidt 2008). There are two strategies for the uptake
of Fe in plant, viz. the strategy I and strategy II (Santi and Schmidt 2008). Strategy I
takes place in all the plants except plant from Graminaceae family. The Fe uptake in
this strategy takes place by reduction of ferric iron, and this is then bound to chelates
(citrate and nicotianamine) and subsequent uptake of liberated ferrous iron. This step
is mediated by an iron-regulated enzyme known as ferric oxidoreductase (FRO). The
strategy II of uptake of Fe takes place in microorganism and grasses. In this strategy,
there is a release of protein known as phytosiderophores in the rhizosphere. This
protein takes up the ferric iron-loaded phytosiderophores-metal complex inside the
plant through membrane-bound transporter (Robinson et al. 1999).

5.4.4 Zinc

The uptake of Zn primarily takes place by Zn transporter of the ZIP family, which is
highly regulated in root and other tissues. The transcription factor which is respon-
sible for Zn uptake in the plant is two bZIP families, and it is upregulated under Zn
deficiency (Grotz et al. 1998). It is generally absorbed from soil as Zn*>* or Zn(OH),.
Phytosiderophores have the same mechanism of uptake for Zn. Phytosiderophores
like mutagenic acid, avenic acid, and nicotinamine are responsible for the uptake of
Zn from the soil. Under deficiency condition, Zn chelates with phytosiderophores,
and its uptake rate was found to be increased (Ueno et al. 2007). The mode of
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transportation of Zn between the cells can be symplastic or apoplastic. The factor
which is responsible for absorption and desorption of Zn includes chemical form of
Zn, total concentration of Zn in soil, pH of soil, organic matter content of soil,
temperature of soil, carbonate and phosphate content of soil, microorganism content
of soil, and other relative biological activities of plant (White and Broadley 2005).

5.4.5 lodine

The soil contains a very low amount of iodine, and this amount is insufficient for
humans and animals in comparison to their nutritional needs (Halka et al. 2019). It is
present in a very trace amount which is fixed with organic matter, clay, and oxides of
Fe and Al. The WHO recommended the daily dose of 5 g/day iodized salt (WHO
2013); however, the uptake of iodine is less. lodine is taken by the plant in the form
of iodate and iodite. The most prevalent form of iodine in soil solution is iodite (Fuge
and Johnson 1986). The experiments on Chinese cabbage revealed that iodine
uptake by this Chinese cabbage was more effective when iodine was supplied as
iodate as compared to iodite in low concentration (Weng et al. 2008a). The iodine
concentration in root was greater in as compared to leaf. The spray of iodine solution
in cabbage and spinach increases the level of iodine in both roots and leaves (Weng
et al. 2013). It was reported that the degree of phytotoxicity of iodine exists in soil
solution, and iodide is more phytotoxic than iodate; this may be due to plants absorb
a more reduced form of iodine (Weng et al. 2013).

5.4.6 Selenium

The micronutrient Se is not that essential for plant growth and development, but it is
much more essential micronutrient for humans and animals (Fordyce 2013). In the
plant, it enhances the antioxidant capacity, which helps to alleviate the heavy metal
stress. The uptake of Se in the plant does not take in its colloidal elemental or
selenide form, but in plant roots, the uptake takes place in the form of selenite,
selenite and organoselenium compounds (White and Broadley 2009). The Se content
in normal soil is around 0.01 and 2.0 mg Se kg ', whereas seleniferous soil contains
Se concentration up to 1200 mg Se Kg ™' (White and Broadley 2009). It is mobile in
the soil solution, and sometimes it strongly gets fixed with Fe and Al in soil
(Broadley et al. 2006). It was reported by Hawkesford and Zhao 2007 that high-
affinity sulfate transporter is involved in the transport of selenite across the plasma
membrane of root cell, and phosphate transporter is involved in the transportation of
selenite. Selenite is converted to organoselenium in root tissue and further
transported all over in plant via xylem and redistributed in the plant in a similar
manner as sulfur is distributed (Li et al. 2008).
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5.4.7 Silicon

Recently silicon is getting wide attention due to numerous studies demonstrating
beneficial role of the element for plant as well as human health (Deshmukh et al.
2017; Ratcliffe et al. 2017). Recently, International Plant Nutrition Institute (IPNI,
http://www.ipni.net/) has announced silicon as beneficial element for the plant
health. Similarly, numerous silicon based tonics and health supplements have been
released worldwide (Scholey et al. 2018). In this regard, efforts are being made
towards the enhancement of silicon uptake more particularly in vegetable crops
(D'Imperio et al. 2016; Montesano et al. 2016). In a study performed by Montesano
et al. (2016) performed Si biofortified in green bean pods by growing plants with the
supplementation of Si-enriched nutrient solution. They have also showed effect of
boiling and steaming cooking methods on Si content in the cooked green beans.
Similarly, De Souza et al. (2019) study has shown that the silicon spray on leaves can
promote biofortification and also help to increase the biomass and ascorbate content
in Chard and Kale. However, most of the vegetables belong to Solanaceae and
Brassicaceae family cannot uptake silicon from soil and such species are well known
poor silicon accumulators (Deshmukh et al. 2015; Deshmukh and Bélanger 2016;
Sonah et al. 2017). Efforts can be made through transgenic or genome editing
approaches to make such species genetically capable to uptake and accumulate
significant amount of silicon (Vats et al. 2019; Mushtaq et al. 2020).

5.5 Agronomic Biofortification of Vegetables

The agronomic biofortification of vegetables is one of the simplest and easy methods
of biofortification. However, this strategy requires a long period and adequate funds,
and this technique is useful in the countries where the genetic engineering method of
biofortification is not well accepted. In this approach, generally, fertilizer is used
either in the form of spray on leaves or the application of fertilizer in soil (Weng et al.
2008b). The biofortification of Fe and Zn was reported to be successful where the
foliar application was used to enhance these nutrients in plant tissue and edible part
(Saltzman et al. 2013). The agronomic approach for biofortification also includes
management practices during the crop growing season. The package and practices
like tillage, water management, and nutrient interaction are involved in enhancing
micronutrient. Foliar application is the better option for agronomic biofortification,
which requires less amount of Fe and Zn fertilizer as compared to soil application
(Prasad et al. 2014).

5.6 Breeding of Vegetable for Biofortification of Vegetables

The current knowledge of all the processes for enhancement of micronutrients and
vitamins in the edible part of the plant is very limited. More basic research is needed
to accumulate the micronutrients, making micronutrients in bioavailable form and
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Fig. 5.2 Flow chart for biofortification of vegetable using a breeding program or genetic engineer-
ing as a tool

ultimate increasing vitamin in seed, grain, tuber, flesh, and other edible parts of
staple cereals and vegetables. Using classical or modern breeding techniques and
also with the help of genetic engineering, this can be possible to biofortify large
amounts of crops and can be disseminated throughout the world (Welch and Graham
2004). The effort is for one time in the breeding of a biofortified crop. Once the plant
is developed and is adopted by the farmer, then the seed can be reproduced,
multiplied, and shared among all the farmer groups of the targeted area (Fig. 5.2).
This will ultimately help to maintain high nutrient traits, overtime in that particular
crop (Graham et al. 2001). The conventional breeding is based on natural variation
and maybe a good alternative to genetic engineering experiment. It was found that
the folate content in vegetables such as tomato and potato was found to be increased
twofold in newly developed breeding lines (Hanson and Gregory 2011).

Due to the increase in the demand for the biofortified product, the production has
to be increased using the genetic basis of plant breeding. The criteria have to be set
for the breeding of vegetables for micronutrients and vitamins, which will meet the
demand of farmers as well as the targeted people (Fig. 5.3). Firstly, vegetable
production and productivity should be maintained so that it will be widely accepted
by the farmer, and they must get the revenue as invested by them. The yield of
biofortified vegetables must be more or at par with the previous version of that
vegetable. Secondly, the micronutrient concentration in the vegetable should be
achieved significantly so that it will have an impact on human health. Thirdly, the
particular trait for the biofortification of vegetables should be stable between
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Fig. 5.3 Breeding criteria for biofortification of vegetables

generations. This is applicable to the various ecological and climatic zone where the
vegetable is suitable for its growth. Fourthly, the micronutrient bioavailability
should be maintained while cooking, and its level should not alter after cooking.
Fifthly, the taste of biofortified products should be acceptable to the consumer. And
the final criteria should be the acceptance by the farmer. More publicity and
importance of crops should be disseminated to the farmer so that they will know
the importance of growing of biofortified vegetables (Welch and Graham 2004).

The aim of CGIAR and HarvestPlus is to determine the genetic variability and
heritability of the mineral trait and their stability across the different climatic and
ecological zone, soil conditions, and a number of the gene responsible for its uptake
and feasibility of breeding increased concentration of several minerals. The conven-
tional breeding for more nutrition relies on the inheritance of genes responsible for
the particular trait and favorable quantitative trait loci (QTL) from sexually compati-
ble parental lines. Thus, biofortification by breeding has its own constraints of
finding a natural variation of desired traits and the collection of vegetable germ-
plasm, which is a time-consuming process Shimelis and Laing 2012. The recent
advances in plant breeding techniques such as genome-wide association studies
(GWAS) and marker-assisted breeding (MAB) is the powerful and important tools
for biofortification. These newly advanced techniques helped breeder to identify the
QTLs responsible for the increase in f-carotene and a-tocopherol up to 3.22 and 5.76
fold respectively (Azmach et al. 2013; Lipka et al. 2013).

A horticultural crop like cassava was targeted for enhancement of provitamin
A. The variation in B-carotene concentration on cassava roots was screened from
CIAT core collection (5500 genotypes). It was reported that after breeding for
[-carotene content in cassava its content ranged from 0.1 £ 2.4 mg /100 g (Chavez
et al. 2000). It has been suggested that the biofortification breeding programme for
Se and iodine should be done simultaneously and the primary target for both the
nutrient is thyroid and its metabolism (Lyons et al. 2005). Along with the breeding
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strategies, some research intervenes the agronomic practices to get a better result.
Weng et al. (2008b) applied iodine fertilizer along with diatomaceous earth to radish
(Raphanus sativus L.), spinach (Spinacia oleracea L.), and Chinese cabbage (Bras-
sica chinensis L.) and found that iodine concentration was high in the leaves of these
vegetables. In another experiment, Zhu et al. 2003 reported that iodate ion had a less
detrimental effect on biomass production of spinach as compared to iodide ion (Zhu
et al. 2003). Landini et al. (2011) study the uptake of iodine in tomato and its
concentration in its fruit using radioactive iodine. They concluded that the iodine
concentration was higher when plants were supplied with iodine hydroponically.
Greenhouse experiment on soil-grown spinach revealed that the addition of iodate
and iodide in the soil does not lead to an increase in biomass of spinach (Spinacia
oleracea L.), but there was an increase in iodine concentration in leaf tissues.
However, iodate is accumulated in the leaf tissues as compared to iodide (Dai
et al. 2006). To understand the genetic variability of micronutrient content in potato
germplasm breeding program was carried out in eight clones of potatoes. After
analysis for Cu, Fe, Mn, and Zn content in potato clones, it was found that the
difference between the clones was significant for micronutrient (Haynes et al. 2012).
These variations in potato germplasm for micronutrients are large and can be used to
improve the quality of the potato through a breeding program.

The identification of the genetic variability of the crop should be screened in
which there is more accumulation of targeted micronutrients. The screening process
should be emphasized on the rate and proportion of accumulation of micronutrients
in the edible part (Calderini and Ortiz-Monasterio 2003). This is a one-time process,
and once the high-yielding, high vitamins, and nutrient lines are developed, this has
to be tested in multilocation for confirming its stability to grow in region-specific
(Fig. 5.2). Conventional plant breeding is a cost-effective method, which is a widely
accepted method for making plant biofortified and stable. The sustainable and cost-
effective solution may be provided by plant breeding, and this will help to deliver
micronutrients and vitamins to the targeted population. However, the uptake and
accumulation of micronutrients in crops such as vegetables are regulated by
polygene and having minor effects. Therefore, the conventional breeding of
biofortification approaches has met with only marginal success (Naqvi et al.
2009). But in the absence of adequate genetic variability and variation among traits
gene effect, genetic engineering will be more viable for the enhancement of
micronutrients at the desired level. Despite various techniques in conventional
breeding such as heterosis, transgressive segregants, mutational breeding, quantita-
tive genetics, marker-assisted breeding, QTL mapping, etc. to explore the genetic
variability for vitamins and micronutrients, it takes more time and labor as compared
to genetic engineering. With the powerful tools such as “omics” technologies, gene
editing tools like transcription activator-like effector nucleases (TALENs) and
CRISPR/Cas9 help to increase the opportunity for new biofortification strategy in
very less period of time.

There are some other examples of successful biofortification programs where the
products are disseminated to the public. The Cowpea varieties Pant Lobia-1 and Pant
Lobia-2 were released by G.B. Pant University of Agriculture and Technology,



120 M. K. Lal et al.

Pantnagar, India which was biofortified with high Fe and Zn respectively. Pant
Lobia-1 and Pant Lobia-2 were released by Uttarakhand Government, India in
2008 and 2010, respectively.

5.7 Biotechnological Tools for Biofortification of Vegetables

Biotechnology is a powerful tool for the biofortification tool, which is being used
worldwide to combat the seriousness of mineral and vitamin deficiency. The recent
advancement in the tools and techniques of genetic engineering enables to incorpo-
rate the trait which cannot be possible through conventional breeding (Chaudhary
etal. 2019; Rana et al. 2019). Not only one trait, but multiple traits or pathway can be
targeted using this technology. The classic example is of increasing the bioavailabil-
ity of micronutrients, enhancing [-carotene, ascorbate, and folate in a single plant
(multivitamin corn) (Carvalho and Vasconcelos 2013).

The goal for biofortification of vegetable by genetic engineering includes several
points which need to be considered before designing the crop for enhancing particu-
lar component (Fig. 5.4). The micronutrient which is fixed in soil should be made
available for the plant before absorption. Various transporter systems present in plant
cells involved in the uptake of mineral from soil (Ram et al. 2019; Vishwakarma
et al. 2019). The uptake efficiency of these mineral uptakes should be increased
using a genetic tool (Zhu et al. 2013; Pinto and Ferreira 2015). The second goal is the
redistribution of micronutrients within the plant system. The source and sink rela-
tionship will help to maintain the nutrient in the plant system. The accumulation of
micronutrients like Zn can be enhanced in the shoot by foliar application, but
accumulation in fruit, seeds, and tubers is limited by Zn transport in the phloem
(White and Broadley 2011). Thirdly, using the genetic tool, the pathway is

Enhancement in the efficiency of minerals
uptake from soil

s
— Redistribution of micronutrients between
tissues in plant

Enhancement in the efficiency of biochemical
Goals for pathways in edible tissues

biofortification of
vegetables by genetic
engineering

Reduction in the level of antinutritional
compounds which reduces the bioavailability

Enhancement of the level of nutritional
enhancer compounds

r truction of the selected pathways for
synthesis of vitamins

Fig. 5.4 Goals for biofortification of vegetable by a genetic engineering approach
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responsible for enhancing the efficiency of the biochemical pathway in edible
tissues. Fourthly, the biotechnological tool can be helpful in reducing the anti-
nutritional compound, which ultimately affects the bioavailability of micronutrients.
Fifthly, the level of nutritional enhancer can be increased by the overexpression of
gene, which is responsible for nutrient bioavailability (Rawat et al. 2013). Lastly, the
modification in the pathway leads to the production of higher vitamin in the edible
part of the plant and consumption of which can reduce the incidence of malnutrition.

The studies on the bioaccessibility and bioavailability of p-carotene from plant
matrixes revealed that the transgenic crops such as cassava, sweet potato, melon,
sorghum, and potato perform better in terms of bioaccessibility and bioavailability as
compared to non-transgenic plant (Failla et al. 2009, 2012; Thakkar et al. 2009;
Fleshman et al. 2011; Lipkie et al. 2013). The major factor that affects the
bioaccessibility and bioavailability is processing and cooking. The pathway of
bacterial origin was incorporated in potato where there is a synthesis of p-carotene
(provitamin A) from geranylgeranyl diphosphate in the MEP pathway (Diretto et al.
2007). They used a tuber-specific or constitutive promoter to express three gene
encoding phytoene synthase (CrtB), phytoene desaturase (Crtl), and lycopene beta-
cyclase (CrtY) from Erwinia in potato. It was reported that the carotenoid content
and p-carotene content was enhanced 20 and 3600-fold respectively in transgenic
potatoes (Diretto et al. 2007). The other technique of making a transgenic plant is by
blocking the rate-limiting enzyme in the pathway. Romer et al. (2002) developed
transgenic potato, which was biofortified with zeaxanthin and p-carotene by silenc-
ing the ZEP gene. The transgenic line was shown to increase zeaxanthin content up
to 130-fold in potato tuber. Tomato is rich in lycopene and f-carotene, 5—15%
depending upon the varieties and genotype. The transgenic approach was made by
overexpression of phytoene synthase and phytoene desaturase using 35S::tp.:crtl
promoter. The leaves of crtl tomatoes, B-cyclic carotenoids were enriched (Giuliano
et al. 2000). Metabolic engineering efforts that overexpressed two folate synthesis
genes in combination have increased folate levels by up to 25-fold in tomato fruit
and 100-fold in rice grains (Hanson and Gregory 2011).

The overexpression of gene FEA1 from Chlamydomonas reinhardtii in cassava
and sweet potato leads to successful enhancement of Fe accumulation in edible tuber
tissue (Chavez et al. 2007). Cation transporter families such as ZIP (ZRT,
IRT-related protein) and CDF (Cation diffusion facilitator) play an important role
in the Zn uptake and translocation in the plant. IRT2 protein of the ZIP family was
identified in Arabidopsis thaliana root cell, which significantly contributes to Zn
uptake (Korshunova et al. 1999). The studies were carried out to enhance Fe content
using a transgenic approach. Lactoferrin is a Fe-chelating glycoprotein from human
milk and is a family of transferrin family, and ferritin is the protein that can store
4500 Fe in the bioavailable form (Kanyshkova et al. 2001). The transgenic plant was
developed using the rice glutelin-1 promoter to increase the Fe content and was
found that Fe content was increased significantly as compared to control (Nandi et al.
2002). The overexpression of the gene encoding Fe (IIT) reductases that enhance Fe
uptake gene in the non-graminaceous plant is one of the strategies to biofortify the
plant (Connolly et al. 2003).
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Anti-nutrients such as phytic acid and tannins inhibit the absorption of Fe, Zn,
and Ca in human and animal gut, thus reducing the bioavailability of micronutrients
(Welch and Graham 2004). There is intra-specific variation in the phytate content in
the edible portion of cereal grain and is independent of Fe and Zn concentration.
However, Fe and Zn are inhibited by phytic acid content, and the bioavailability of
Fe and Zn depends on cooking and processing (Kumar et al. 2017). By reducing
phytic acid in cereals and vegetables, the bioavailability of Fe and Zn can be
increased. It was reported that by knocking down enzymes of the IP6 pathway, the
mineral bioavailability was enhanced. Moreover, the overexpression of phytase and
phytate-degrading enzyme in the edible portion can also decrease the level of phytic
acid, which ultimately enhance micronutrient bioavailability (Goto and Yoshihara
2001).

Iodine is an essential component of the hormones produced from the thyroid
gland in humans, and it plays many vital roles with respect to the growth and
development process (Velasco et al. 2018). It was reported in tomato that the
expression of a gene such as HMT (encode for methyltransferase), SAMT (encode
for salicylic acid carboxyl methyltransferase), and S3H (encode for salicylic acid
3-hydroxylase) could enhance iodine concentration in tomato fruit. In potato, the
content of Se was increased under tropical climate by application of Se in small
doses. The concentration of Ca, along with Se, was reported to be increased
(de Oliveira et al. 2019).

5.8 Future Thrust

The current researches are now focusing on maintaining a healthy life by consump-
tion of nutraceutical supplements as well as healthier diet from fruits and vegetable.
So, there is scope to enhance micronutrients and vitamins in vegetables on a large
scale through biofortification program. This will help developing countries to over-
come the issue of malnutrition or “the hidden hunger.” However, many breeding
programs are focused on the improvement of production and productivity, tolerance
to abiotic stress, resistance to biotic stress. But enhancing the quality of vegetables
will help those developing countries to save revenue, which may be spent against the
disease, which is caused by micronutrient and vitamin deficiency. To achieve
biofortification of vegetable it requires the collaboration of plant breeder, plant
physiologist, biochemist, molecular biologist and other nutrition scientists. How-
ever, the genetically modified crop may require regulatory approval from various
committees before it is released. The recent advanced technology in the field of
genetics and genome editing (TALENS, CRISPR/Cas9, etc.) will help this
biofortification program to move at a greater pace. More particularly, use of
CRISPR/Cas9 based genome editing is being widely used in crop plants including
many vegetables (Vats et al. 2019; Mushtaq et al. 2020). The recent advancement in
the genome editing provides numerous approaches to get desired genetic modifica-
tion bypassing the regulatory issues associated with transgenic technologies.
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5.9 Conclusion

The major area of research for developing countries after food security is nutritional
security. Because the major population of the developing world is suffering from
“hidden hunger” and combating this problem, the agricultural scientist is capable of
changing the physiology of crops by biofortification of vegetables and cereals. There
is much scope for plant breeders, molecular scientists, and genetic engineers to
improve micronutrient density and vitamin content of staple food crops and
vegetables for developing countries. Moreover, after the development of variety,
which is rich in micronutrients and vitamins, it should be adopted by the farmer on a
large scale without hindering its production and productivity. There is enough
genetic diversity of vegetables available, and it has to be screened for a particular
trait. For enhancing micronutrient in the plant, there should be a clear understanding
of the mechanism of ion uptake from soil, redistribution within tissues, and homeo-
stasis in the plant. Working on enhancing micronutrient and vitamin with the help of
conventional breeding or by genetic engineering both requires particular traits that
need to be incorporated. The recent advances in genetics made it possible to enhance
micronutrient by reducing anti-nutrients such as reduction of phytic acid or tannins.
Genome editing tools like ZFN, TALENS, CRISPR-Cas9, etc. have the potential to
edit plant genes or knockdown undesirable traits and can be exploited for the
biofortification of vegetables.
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