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Abstract

As the world’s population increases, food insecurity and malnutrition due to
essential micronutrient(s) deficiency are emerging as the two foremost
challenges, and need urgent attention. Micronutrient deficiency among women,
children, and adolescents is a big challenge in developing countries like India.
People in such countries suffer not only from hunger but more from hidden
hunger due to a lack of essential vitamins and minerals (micronutrients). Malnu-
trition is a major food-related primary health problem worldwide, including India,
where the main staple food crops are cereals. Cereals contribute a significant part
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to human nutrition and are a vital source of energy for human diets. Supplements,
a balanced diet, fortifications, and biofortification are strategies to alleviate
micronutrient malnutrition. Biofortification is a new nutritional revolution to
deliver nutrient-rich food to every individual. Cereal crop biofortification is a
promising way to serve a larger section of our society, including rural and poor
populations. Cereal biofortification can provide a comparatively cost-effective,
sustainable, and long-term means of delivering sufficient micronutrients to rural
communities in developing nations. Conventional breeding, application of geno-
mic tools, agronomical and transgenic approaches are some of the common
strategies for crop biofortification. Therefore, this chapter provides insights
from the cited literature on recent progress in cereals biofortification to alleviate
malnutrition in India using different crop breeding and transgenic approaches.
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11.1 Introduction

In developing countries like India, people are largely dependent on staple food crops
such as rice, wheat, maize, millets, and sorghum. Today, our nation has attained self-
sufficiency in food supply due to the green revolution that significantly increased the
food grain production from 50.82 million tonnes in 1950–1951 to 284.83 million
tonnes in the year 2017–2018 (Table 11.1). However, more than two billion people,
especially women and pre-school age children, are micronutrient malnourished
caused by a deficiency of micronutrients in the diet. More than half of the human
population of developing countries of Asia and Africa are deficient in micronutrients
such as Fe and Zn (White and Broadley 2009; Gomez-Galera et al. 2010). According
to National Family Health Survey (NFHS), Ministry of Health and Family Welfare
(MOHFW), Government of India, International Food Policy Research Institute

Table 11.1 Indian Statistical report on total cereals and total food grain production. (In Million
Tonnes)

Year 2015–2016 2016–2017 2017–2018 2018–2019 2019–2020a

Rice 104.41 109.70 112.76 116.48 118.43

Wheat 92.29 98.51 99.87 103.60 107.59

Maize 22.57 25.90 28.75 27.72 28.64

Total cereals
production

235.22 251.98 259.60 263.14 273.50

Total food grain
production

251.57 275.11 285.01 285.21 296.65

Sources: Agricultural Statistics Division, Directorate of Economics and Statistics, Ministry of
Agriculture and Farmers Welfare
aFourth advance estimates of production of food grains for 2020–2021
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(IFPRI), and World Health Organization (WHO)/World Bank Group-Joint Child
Malnutrition Estimates-2017, two billion people are malnourished, and 795 million
are undernourished worldwide. Also, around 155 million children (<5 years) are
stunted (low height-for-age), 52 million wasted (low weight-for-height), and 17 mil-
lion severely wasted. Malnutrition contributes to a loss of 11% GDP in Asia and
Africa. Indian scenario of malnutrition showed that 195 million people (15.2%) of
the population is undernourished. Human beings require around forty known
nutrients in their diet to live healthy and productive lives (Table 11.2). But unfortu-
nately, major staple cereals contain insufficient amounts of essential nutrients such
as vitamin A, iron (Fe), zinc (Zn), calcium (Ca), manganese (Mn), copper (Cu),
iodine (I), or selenium (Se) to meet daily requirements (Neeraja et al. 2017).
Supplementation, dietary diversification, fortification, and biofortification adapted
to conditions in different countries, and regions are the comprehensive strategies to
alleviate micronutrient malnutrition (Zimmerman and Hurrel 2007; Stein 2010). Key
food crops with enhanced nutrients can be obtained by biofortification, which
involves the genetic enhancement of micronutrients (Bouis et al. 2013). Unlike
fortification (addition of exogenous nutrients as in iodized salt), biofortification
methods increase the nutrients of crops at source through agricultural interventions,

Table 11.2 Essential nutrients for well-being of human lifea. (modified from Bouis and Welch
2010; Garg et al. 2018)

Air, water,
and energy

Amino acids/
proteins

Fats/
lipids

Essential
macro
elements

Essential
trace
elements Vitamins

Oxygen Histidine Linoleic
acid

Na Fe A (retinol)

Water Isoleucine Linolenic
acid

K Zn D (calciferol)

Carbohydrates Leucine Ca Cu E
(α-tocopherol)

Lysine Mg Mn K
(phylloquinone)

Methionine S I C (ascorbic
acid)

Phenylalanine P F B1 (thiamin)

Threonine Cl Se B2 (riboflavin)

Tryptophan Mo B3 (niacin)

Valine Co
(in B12)

B5 (pantothenic
acid)

B B6 (pyroxidine)

B7 (biotin)

B9 (folic acid,
folacin)

B12
(cobalamin)

aVarious additional valuable substances in foods are also known to contribute to better health
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viz. agronomy, breeding, and biotechnology. Also, growth and production in soils
with depleted or unavailable minerals can be improved using these biofortified crops
(Cakmak 2008; Borg et al. 2009). Staple food crops can be biofortified to enhance
micronutrient concentrations in edible parts to address hidden hunger, with the
potential to reach the neediest of the population (Haug et al. 2007; Bouis and
Welch 2010; Lyons and Cakmak 2012). Thus biofortification, which links nutritious
agricultural products with human health, can be more effective and sustainable than
the other approaches used to combat mineral malnutrition (Lyons 2014). Along with
national and international biofortification programs, the Indian Council of Agricul-
tural Research, Government of India, has taken leads for biofortification of cereal
crops by targeting the enhancement of nutrients in staple food crops.

11.2 Biofortification Approaches

Biofortification approaches focus on enhancing the nutritional contents of the crop
through agricultural interventions, viz. agronomy, breeding, and biotechnology
(Fig. 11.1). These approaches are discussed as follows:

Fig. 11.1 Overview of biofortification approaches, mechanism, and omics technology as
biofortification tools in cereals biofortification (modified from Carvalho and Vasconcelos 2013)
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11.2.1 Biofortification Through Agronomic Approaches

The utmost demand for nutritional security of the developing world can be met by
enhancing the dietary values of important staple food crops for certain essential
micronutrients using agronomic biofortification. The physical application of
nutrients to temporarily improve the nutritional and health status of crops through
agronomical biofortification can improve human health by the consumption of such
crops (Cakmak and Kutman 2017). Poor rural masses will never have money to buy
mineral supplements. Even they cannot afford to improve the components of their
diet by incorporating animal products; thus, agronomic biofortification will be a
boon to such people. The agronomic biofortification approach generally relies on the
application of mineral fertilizers, and either solubilization/or mobilization of
nutrients from the soil to the edible parts of plants. Microbial cultures of plant
growth-promoting soil microorganisms can also be used to enhance the nutrient
mobility from soil to edible parts of plants and improve their nutritional status, in
addition to fertilizer. Phyto-availability of these mineral elements can also be
increased by using soil microorganisms like different species of Bacillus, Pseudo-
monas, Rhizobium, Azotobacter (Smith and Read 2007). Crop productivity of crops
grown in nitrogen-limited conditions can be increased using N2-fixing bacteria
(Hardarson and Broughton 2004). Organic acids, siderophores, and enzymes capable
of degrading organic compounds and increasing mineral concentrations in edible
produce are released by mycorrhizal fungi associated with many crops (Rengel et al.
1999; Cavagnaro 2008). In developing countries of Asia and Africa, cereals are the
staple food crops, so agronomic biofortification is the easiest and fastest way for
grain’s micronutrient (Fe and Zn) enhancement. Agronomic addition of the appro-
priate nutrient as an inorganic compound to the fertilizer increases the mineral
content of the plant as demonstrated successfully in crops like rice, wheat, and
maize (Bouis and Welch 2010).

11.2.2 Biofortification Through Conventional Breeding

The most accepted method of biofortification is conventional breeding. As compared
to transgenic and agronomic-based strategies, this approach is sustainable and cost-
effective. India is one of the mega centers of agro-biodiversity, but little effort has
been made to evaluate the promising germplasm for enhanced nutrients in crops.
With some identified donors for high nutrients, varieties are being developed
through conventional breeding by crossing with popular varieties. Conventional
breeding can be feasible if there is sufficient genotypic variation for the trait of
interest. Levels of minerals and vitamins in crops can be improved by utilizing these
variations in breeding programs. In conventional plant breeding, plants with desired
nutrient and agronomic traits can be produced by crossing parent lines (with high
nutrients) with the recipient lines with desirable agronomic traits over several
generations. In case of limited genetic variation present in the gene pool crossing
to distant relatives and moving the trait slowly into the commercial cultivars can be
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done. Alternatively, mutagenesis of commercial varieties can be done to introduce
new variations. HarvestPlus is the program that was launched by the Consultative
Group on International Agricultural Research (CGIAR) along with the International
Center for Tropical Agriculture (CIAT) and the International Food Policy Research
Institute (IFPRI) to breed biofortified staple food crops. This program is investing
heavily to boost three key nutrients—vitamin A, Fe, and Zn and is targeting the
staple crops, wheat, rice, maize, cassava, pearl millet, beans, and sweet potato in
Asia and Africa (Bouis and Welch 2010). It is directed to produce staple food crops
with enhanced bioavailable essential minerals and vitamins that will have a measur-
able impact on improving the micronutrient status of target populations, primarily
resource-poor people in the developing world. The Biocassava Plus program had
been initiated to improve the nutrition status of the cassava crop. The breeding lines
with adequate amounts of nutrients and promising yield thus developed are
evaluated under the Indian Council of Agricultural Research (ICAR)-All India
Coordinated Research Projects (AICRP) for varietal release. Recent approaches for
biofortification include identification of genomic regions/candidate genes for high
nutrients through tagging/identification of major genes or mapping of quantitative
trait loci (QTL) followed by their introgression into popular varieties. Being a
genetic solution, growing biofortified crops does not require any additional expen-
diture for farmers as this approach uses the intrinsic properties of crops. Since
biofortified crops are developed through conventional breeding, regulatory
constraints are not applicable for their release (Bouis and Welch 2010).

11.3 Transgenic Approach for Biofortification

Genetic engineering offers an alternative for increasing the concentration and bio-
availability of micronutrients in the edible crop tissues when there is not sufficient
variation among the genotypes for the desired character/trait within the species, or
when the crop itself is not suitable for conventional plant breeding (due to incom-
patibility barrier) (Prasad et al. 2015). Thus, the transgenic approach can be an
appropriate alternative in case of limited or no genetic variation in nutrient content
among plant varieties. Plant transformation may be faster than conventional breed-
ing to achieve the nutritional target, and this can be a valid alternative, where
breeding approaches are not successful (Brinch Pedersen et al. 2006; Zhu et al.
2007). Genes from novel sources for desirable target traits can be introduced using
this approach with unlimited access to the genes of interest, targeted expression in
tissues of interest, rapid and direct application by introduction into popular varieties,
and stacking of different genes. In the development of transgenic crops, the ability to
identify and characterize gene function and then utilize these genes to engineer plant
metabolism is essential (Christou and Twyman 2004).

Furthermore, metabolic engineering can be exploited to transplant alternative
pathways using pathways from bacteria and other organisms (Newell-McGloughlin
2008). Genetic modifications can also be used to reduce the concentration of anti-
nutrients which limit the bioavailability of nutrients in plants for redistribution of
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micronutrients between tissues, enhancing the micronutrient concentration in the
edible portions of commercial crops, increasing the efficiency of biochemical
pathways in edible tissues, and/or even the reconstruction of selected pathways
(Shewmaker et al. 1999; Agrawal et al. 2005; Yang et al. 2002). Unlike
nutrition-based organizational and agronomic biofortification programs, the trans-
genic approach is an alternative and sustainable (White and Broadley 2005; Hefferon
2016). Transgenic lines were developed for β-carotene, high zinc, high protein, high
iron, low phytate, and folic acid. Successful examples of transgenic products are
high lysine maize, high unsaturated fatty acid soybean, high provitamin A and iron-
rich cassava, and high provitamin A Golden rice (Garg et al. 2018).

11.3.1 Cereals Biofortification to Alleviate Malnutrition in India

The principal cereal food grain cultivated in India is rice, followed by wheat, maize,
sorghum, and pearl millet. To date, a lot of research work which has been carried out
in cereals crops with proof of concept using various biofortification approaches
through national and international biofortification collaboration programs are
discussed as follows:

11.3.1.1 Rice
Staple food crops such as rice (Oryza sativa) play a pivotal role in the Indian
economy. Rice consumption is ~220 g per day, and thus, rice is a significant calorie
supplement for two-thirds of the Indian population. Polished rice is a poor source of
micronutrients (Eric and Eddie 2012). Various rice-growing countries, including
India, have a primary consideration of emphasizing increasing the nutritional quality
of rice. Biological and genetic enrichment of food products with vital nutrients,
vitamins, and proteins aimed at rice biofortification program. Production of nutrient-
packed rice grains in a sustainable way so that the product reaches the malnourished
population in rural India can be possible with rice biofortification with vital nutrients
so that the farmer can grow the variety indefinitely without any additional input.
Conventional breeding can be used to enhance Zn and protein contents in polished
rice, whereas transgenic technology appeared to be the only viable solution for
increasing β-carotene and Fe.

Fe and Zn
Iron deficiency is one of the most prevalent micronutrient deficiencies affecting more
than two billion people worldwide (World Health Organization 2016). Low dietary
intake of Zn puts one-third of the world population at risk, including two billion
people in Asia and four hundred million in Saharan Africa (Hotz and Brown 2004;
Myers et al. 2015). Iron and zinc concentrations in brown rice are in the range of
6.3–24.4μg/g and 13.5–28.4μg/g, respectively. Therefore, there was an approxi-
mately twofold difference in iron and zinc concentrations, suggesting a vast genetic
potential to increase the concentration of these micronutrients in rice grains
(Gregorio et al. 1999). Many promising donors were identified by screening
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thousands of rice germplasm lines for Fe and Zn contents in brown and polished
grain across the world. However, approximate loss of micronutrients Fe and Zn
during the polishing is about 90% and 40%, respectively (Babu 2013; Pinson et al.
2015). A total of 126 accessions, including cultivated indica and japonica rice
cultivars, germplasm accessions, and wild rice genotypes of brown rice, were
analyzed for Fe and Zn concentration in brown rice by Anuradha et al. (2012) in
which Fe concentration ranged from 6.2 ppm to 71.6 ppm, and Zn concentration
ranged from 26.2 ppm to 67.3 ppm.

Similarly, Roy and Sharma (2014) analyzed rice landraces (84 cultivars), which
were collected from various agro-ecological regions of West Bengal and adjoining
areas for Fe and Zn. The concentration of Fe and Zn varied from 0.25μg/g to 34.8μg/
g and 0.85μg/g to 195.3μg/g, respectively. Identification of these micronutrient-rich
genotypes opens up the possibilities for the linkage mapping of genomic regions or
QTLs responsible for mineral uptake and translocation, which can be subsequently
used as a donor for developing nutrient-enriched varieties. Genes associated with Zn
metabolism and QTL for grain Zn concentration have been reported in rice (Swamy
et al. 2016). ICAR-Indian Institute of Rice Research (IIRR), Hyderabad has released
“DRR Dhan 45” using a donor from the HarvestPlus program. Chhattisgarh zinc
rice-1, one of the high nutrient content varieties in polished rice, was released for the
state of Chhattisgarh by Indira Gandhi Krishi Viswavidyalaya (IGKV), and “Mukul”
(CR Dhan 311) was released for the state of Odisha by ICAR-National Rice
Research Institute (NRRI). Expression of ferritin genes, nicotianamine synthase
genes (NAS), or ferritin in conjunction with NAS genes to increase the Fe concen-
tration of rice endosperm using transgenic technology could lead to a twofold and
sixfold increase via single-gene and multi-gene approaches, respectively. Expression
of Fe storage protein ferritin under the control of endosperm-specific promoters can
increase the Fe storage capacity of rice grains. This approach can increase the
concentration of Fe in the seeds of transformants by approximately twofold in
polished seeds. Iron stored in ferritin is an important source for humans to avoid
iron deficiency. Therefore, transgenic rice with 3–4 times as much Fe than wild-type
rice was developed using different sources of the ferritin gene (Masuda et al. 2012;
Paul et al. 2014).

Protein
Essential amino acids are crucial for normal growth and metabolism and cannot be
synthesized de novo by humans, especially lysine (Lys) and methionine (Met) (Lee
et al. 2003; Ufaz and Galili 2008; Cohen et al. 2014). Milled rice grains are a poor
source of essential amino acids. Therefore, one of the main goals of breeders is to
increase the lysine content in cereal grains, especially rice, to enhance the nutritional
value of grains and prevent nutrient deficiency diseases such as kwashiorkor (Toride
2004). Lysine content has been enhanced in some cereals by a combination of
conventional breeding and mutagenesis approaches. Moreover, it is challenging to
improve this trait in most grains due to the limited availability of lysine-rich
germplasm resources, particularly in the case of rice (Sun and Liu 2004). Lysine
levels in crops can be increased with the development of molecular biological
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techniques, and three strategies have been developed (Birla et al. 2015). The direct
approach is over-expressing lysine-rich proteins in grains of rice (Wong et al. 2015),
maize (Yu et al. 2004), and sorghum (Sorghum bicolor L.) (Zhao et al. 2003).
Another approach is to modify seed storage proteins, e.g. silencing of 13 KDa
prolamin encoding genes increased total lysine content by 56% and thus altered
nutritional quality in rice (Kawakatsu et al. 2010). The last approach is to use
metabolic engineering to regulate the key genes involved in lysine metabolism to
increase lysine content in plants (Zhu and Galili 2003; Long et al. 2013). Several
landraces and released varieties have been characterized for their protein and amino
acid profiles in rice, and “Heera,” an old variety of rice, was found to have >10%
protein. The mean crude protein content of the varieties, as estimated using the
Kjeldahl method, was in the range of 6–8% (Juliano 1993). CR Dhan 310 with
>10% protein in polished rice developed by NRRI has also been nationally released.
Genomic regions and genes associated with protein in rice have been deciphered
(Rawat et al. 2013; Bao 2014; Garg et al. 2018).

Provitamin A
Vitamin A is a fat-soluble vitamin playing an essential role in vision, bone growth,
reproduction, and in the maintenance of healthy skin, hair, and mucous membranes
(FAO/WHO 2002). Among 118 countries primarily in Africa and South-East Asia,
Vitamin A deficiency (VAD) is a global public health problem (Rostami et al. 2007).
The vitamin A status of the poor can be addressed by an emerging strategy of
biofortification of staple crops with provitamin A, and carotenoids (Tanumihardjo
2008; Tanumihardjo et al. 2008). For example, a bioengineered provitamin A
enriched rice in India, Philippine, and Brazil is Golden Rice. In Asian countries,
up to 73% of energy intake can be from rice. So vitamin A intake of vulnerable
groups in developing countries can be increased by the enrichment of rice with
vitamin A. Three genes for biosynthesis of β-carotene in grain were used to create
golden rice, and the latest version is GR2R with >20 ppm of total carotenoids
(Rawat et al. 2013). IARI, IIRR, and Tamil Nadu Agricultural University (TNAU) in
India were the three research groups which were involved in the development of
Indian versions of golden rice from the original prototype in collaboration with the
International Rice Research Institute (IRRI) supported by the Department of Bio-
technology (DBT), India.

11.3.1.2 Wheat
Wheat is the second important staple cereal after rice in India and the foremost target
crop under the biofortification program and has significantly contributed in reducing
hunger and malnutrition. Low genetic variation in cultivated wheat has been
observed for Zn and Fe. However, wild relatives (Triticum spelta, Aegilops tauschii),
emmer wheat, and different landraces are known to have wide variation for grain
micronutrient (Zn and Fe) concentrations up to 190 ppm, and have been exploited
for improvement of modern elite cultivars using biofortification approaches
(Monasterio and Graham 2000; Cakmak et al. 2004; Ortiz-Monasterio et al. 2007;
Garg et al. 2018).
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Fe and Zn
Huge genetic variability for grain yield and micronutrient (Zn and Fe) has been
observed in wheat germplasm. Wheat germplasm screening studies in hexaploid
wheat genotypes revealed twofold variation, i.e. 25–55 ppm for micronutrient
(Zn and Fe) contents, whereas in diploid wheat genotypes, it was fourfold (up to
100 ppm) (Chhuneja et al. 2006; Ortiz-Monasterio et al. 2007). The wheat varieties
developed before the green revolution showed higher Zn and Fe contents than that of
varieties developed after the green revolution, as reported by ICAR-Indian Institute
of Wheat and Barley Research (IIWBR). The possible reason could be the selection
for high-yielding varieties rather than the varieties with high nutritional quality
(Neeraja et al. 2017). But because of today’s need for nutritional security, Depart-
ment of Biotechnology, Government of India, has started a wheat biofortification
program for enhanced micronutrients using conventional and molecular breeding,
and different biofortified varieties have been released in India. Indian Council of
Agricultural Research, in collaboration with HarvestPlus wheat Biofortification
program, has released different biofortified wheat varieties with 4–10 ppm higher
Zn content. Biofortified wheat (high Zn content) varieties such as “BHU 1, BHU
3, BHU 5, BHU 6, BHU 7, and BHU 18” were released in India in 2014.

Along with high zinc content, BHU 1 and BHU 6 also had shown higher yield
and disease resistance. Punjab Agricultural University, Ludhiana, India has also
recently released high Zn wheat variety “PBW1Zn.” Indian Institute of Wheat and
Barley Research, Karnal, India, has also developed and released high Zn and Fe
content wheat variety “WB2” (Rawat et al. 2013; Garg et al. 2018). Using the
transgenic breeding biofortification approach, the Fe content in wheat genotypes
has been enhanced by the expression of the ferritin gene (TaFer1-A) from wheat
(Borg et al. 2012) and soybean (Xiaoyan et al. 2012).

Low Phytate
To decrease the phytate or phytic acid content in wheat, sizeable genetic variability
in synthetic wheat hexaploid genotypes up to sixfold for the phytase level has been
reported. Therefore, the Indian Institute of Wheat and Barley Research (IIWBR)
developed a microlevel test to transfer the high phytate level traits into the high-
yielding backgrounds (Ram et al. 2010). Expression of the phytochrome gene (phyA)
resulted in increased phytase activity, leading to enhanced iron bioavailability
(Brinch-Pederson et al. 2000). Bhati et al. (2016) reported a decrease in phytic
acid by silencing of wheat ABCC13 transporter.

Protein
Wild tetraploid emmer wheat (Triticum turgidum ssp. dicoccoides) has been
identified with high grain protein content and micronutrient using molecular breed-
ing approaches. Distelfeld et al. (2007) identified quantitative trait loci (QTL) (Gpc-
B1) in dicoccoides wheat for high grain protein content and transferred into
cultivated bread and durum wheat. In India, under the AICRP-Wheat biofortification
program, Punjab Agricultural University (PAU), IIWBR and IARI transferred the
Gpc-B1QTL into different high-yielding wheat accessions and developed genotypes
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are being tested. Using transgenic breeding approaches of biofortification, transfer of
the Amaranthus albumin gene (Ama1 gene) into elite wheat cultivars resulted in
increased wheat grain protein content, particularly essential amino acid content
(lysine, methionine, cysteine, and tyrosine) (Tamas et al. 2009).

Provitamin A
Provitamin A is also an important targeted nutrient under wheat biofortification
through breeding approaches. Indian Agricultural Research Institute (IARI), New
Delhi has commercially released the high provitamin A durum wheat variety “HI
8627.” By expressing bacterial psy gene and carotene desaturase genes (crtB, crtI)
using transgenic technology, wheat provitamin content was enhanced (Cong et al.
2009; Garg et al. 2018).

11.3.1.3 Maize
Maize is utilized as a human food and livestock feed, and thus it assumes worldwide
significance. India is the second-most important maize growing country in Asia and
is the world’s sixth-largest producer and the fifth largest consumer of maize
(Prasanna 2014). Around 73% of farmland dedicated to maize production worldwide
is located in the developing world. In India, 10% of the total production of maize is
used for human food, while 60% is utilized for poultry- and animal-feed (Yadav
et al. 2015). Important breakthroughs in maize biofortification are because of the
vital role of maize in global diets and the rich genetic diversity of the crop. Thus
biofortification of maize, including enhancement of protein quality coupled to the
enrichment of micronutrients like provitamin A, Fe, and Zn in grain assumes great
significance.

Fe and Zn
Fe and Zn contents are low in maize, a staple crop of Southern and Eastern Africa
(CIMMYT 2000). Banziger and Long (2000) reported genetic variability for Fe and
Zn in white grained tropical maize germplasm ranging from 16.4–22.9μg/g and
14.7–24.0μg/g, respectively. Accessions (1814) were also evaluated in 13 trials over
6 years, and a range in the grain of 9.6–63.2 mg-Fe/kg and 12.9–57.6 mg-Zn/kg was
reported (Neeraja et al. 2017). Fe content was 15–159 ppm in mid-altitude and
14–134 ppm for low land inbred lines, and Zn content was 12–96 ppm for
mid-altitude and 24–96 ppm for lowland inbred lines in maize germplasm, showing
that sufficient genetic variation is available in maize germplasm (Pixley et al. 2011).
In India, wide genetic variation for kernel Fe and Zn in a diverse set of normal and
quality protein maize (QPM)-inbreds was reported by Chakraborti et al. (2009),
Chakraborti et al. (2011), Prasanna et al. (2011), Agrawal et al. (2012), Guleria et al.
(2013), Goswami et al. (2014), Mallikarjuna et al. (2014), and Pandey et al. (2015).
The presence of ample variability for kernel Fe and Zn indicates the possibility of
genetic enhancement of these micronutrients in maize. Accumulation of Fe and Zn in
the maize kernel is governed by polygenes (Gorsline et al. 1964; Arnold and
Bauman 1976). QTLs governing the accumulation of these micronutrients in
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maize have also been reported (Lungaho et al. 2011; Simic et al. 2011; Qin et al.
2012; Baxter et al. 2013).

Low phytate
Phytic acid/phytate, which is an anti-nutritional component, plays a major role in
reducing the bioavailability of Fe and Zn; thus, it is an important target for
biofortification in maize. Phytate in the seed has a primary function to store phos-
phorus as an energy source and antioxidants essentially required for the germinating
seeds, and 80% of the total phosphorus in the maize grain is present as phytic acid
(Raboy et al. 2000). But the positively charged minerals like Fe and Zn get chelated
by the negative charge of the phytic acid and make them unavailable in the animal
gut (Raboy 2001). Undigested phytic acid, when released into the environment,
causes environmental pollution because phytic acid in grains reduces the availability
of phosphorus to poultry since monogastric animals cannot digest it (Cromwell and
Coffey 1991). Low phytic acid mutants can be produced by the mutations in genes
encoding myo-inositol-3-Pi synthase (MIPS) and inositol polyphosphate kinases.
Myo-inositol-3-Pi synthase (MIPS) followed by inositol phosphate kinases convert
glucose 6-phosphate to inositol-3-phosphate for phytic acid synthesis in plants.
Chemical or radiation-induced mutagenesis is being used to develop low phytic
acid (lpa) mutants. These lpa mutants include lpa1 mutant of maize (Raboy et al.
2000), barley (Larson et al. 1998; Rasmussen and Hatzack 1998), and rice (Larson
et al. 2000). In maize, lpa1, lpa2, and lpa3 are three low phytic acid (lpa) mutants
with 66%, 50%, and 50% reduction in phytic acid content. The seeds of lpa mutants
have been found to be viable and normal. In India, scientists at Tamil Nadu
Agricultural University (TNAU), Coimbatore, successfully introgressed the lpa2–2
allele into elite inbreds and marker-assisted introgression of lpa1 and lpa2mutants in
early maturing inbreds, viz. “CM145” and “V334,” has been carried out at
Vivekananda Parvatiya Krishi Anusandhan Sansthan (VPKAS) (Kumar et al.
2014; Gupta et al. 2015). Breeding for low phytate maize also offers several
advantages both as food and feed.

Protein
In many developing countries of Latin America, Africa, and Asia, maize is the major
staple food and often the only source of protein. Early work on maize biofortification
was mainly focused on improving protein quality (Vasal 2000; Krivanek et al.
2007). There is a low level of essential amino acids such as lysine and tryptophan
in traditional maize and thus possess poor endosperm protein, which is essential to
humans and monogastric animals (FAO 1999). Opaque 2 mutant maize with high
lysine and tryptophan content was discovered in Connecticut, USA, while screening
for maize lines with better amino acid (Mertz et al. 1964). Several modern maize
varieties collectively referred to as quality protein maize (QPM), which have
improved protein quality, and agronomic characteristics were produced by conven-
tional breeding approach and are currently being actively disseminated, particularly
in Sub-Saharan Africa (Krivanek et al. 2007). With the discovery of maize mutant
opaque2 having enhanced nutritional quality, the number of open-pollinated
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varieties and hybrids in quality protein maize (QPM) genetic backgrounds have been
released worldwide, and to develop locally adapted QPM germplasm, marker-
assisted selection has been applied (Danson et al. 2006). In India, in comparison to
more than a hundred non-QPM/normal maize hybrids, only a dozen QPM hybrids
have been released (Yadav et al. 2015). In 1970, India released its first soft
endosperm-based nutritious maize composites, then in 1997, first hard-endosperm
QPM composite was released, and the first QPM hybrid was released in 2001. Since
then, various ICAR institutes and SAUs in India are engaged in the development of
the QPM version of elite commercial hybrids for different agro-ecologies of the
country (Gupta et al. 2009). The first report of marker-aided selection (MAS) of
opaque2 was the commercial release of “Vivek QPM.” QPM provides a valuable
model for the development, evaluation, targeting, and dissemination of biofortified
crops, as most biofortification efforts are still in the early stages of research and
development.

11.3.1.4 Pearl Millet
Pearl millet is one of the most important staple food crops grown in the arid and
semi-arid tropical regions of Africa and Asia, and can be used to achieve food and
nutritional security. The advantage of growing pearl millet is that it can tolerate high
temperature, adaptation to soil salinity, and drought that increase the significance of
this crop in varied adverse climatic conditions. Pearl millet also has inherent high
nutritional values (dietary carbohydrates, energy, protein, and minerals (calcium, Fe,
and Zn) and climate-resilient nature (drought and heat). To a great extent, pearl
millet research progress is ongoing to assess the magnitude of genetic variability,
optimizing efficient germplasm screening procedures, development and adoption
with the objective of improvement in the breeding efficiency for pearl millet grain
iron (Fe) and zinc (Zn) contents. Pearl millet is one of the key crops under the
HarvestPlus biofortification challenge program, and most of the research work for its
nutrition enhancement (high in Zn and Fe) is ongoing at ICRISAT in collaboration
with AICRP at ICAR institutes/universities in India. The Indian government has also
added pearl millet to the cereals of the public distribution system under the National
Food Security Act/Mission (Govindaraj et al. 2018).

Pearl millet germplasm has been screened and explored for genetic diversification
for high Fe and Zn contents at national and international biofortification programs.
Large genetic variability (30–140 mg/kg Fe and 20–90 mg/kg Zn) for genetic
improvement of grain Fe with Zn micronutrients content was reported in pearl millet
populations, and parental lines were effectively utilized to develop high-yielding
cultivars with high Fe and Zn contents in advanced breeding lines and hybrids (Rai
et al. 2012). “Dhanashakti” is the first biofortified pearl millet cultivar rich in Fe that
has been released in India and included in the Nutri-Farm Pilot Project of the
Government of India for addressing Fe deficiency in India (Rai et al. 2014).
Dhanshakti and Chakti (high Fe and Zn contents) are the open-pollinated varieties
of pearl millet with hybrids (ICMH 1202, ICMH 1203, and ICMH 1301) which have
shown high grain yield (>3.5 tons/ha) and high levels of Fe (70–75 mg/kg) and Zn
(35–40 mg/kg) contents. Presently, India is growing more than 70,000 ha of
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biofortified pearl millet hybrids/varieties. This increased adoption is due to signifi-
cantly higher yields with enhanced nutrients, resistance to downy mildew disease,
and tolerance to drought. Clinical research on biofortified “Dhanshakti” pearl millet
cultivar has shown that 200 g of its daily consumption meets 100% of the
recommended daily allowance (RDA) of Fe in adult men and children and 60% of
the RDA in non-pregnant and nonlactating women in India (Neeraja et al. 2017). In
India, the ICAR-AICRP-Pearl millet biofortification program has led to the devel-
opment of various biofortified breeding lines with enhanced micronutrient
(>80 ppm Fe and >50 ppm Zn) content, and currently being evaluated for their
consistent performance. High-Fe (62–65 ppm) pearl millet cultivars “ICTP 8203”
has been commercially grown in the Maharashtra state of India on more than
200,000 hectares. Biofortified pearl millet hybrid “MH 1928” with high Fe
(>61 ppm) along with higher grain yield has been released at the national level,
and various other hybrids with high Fe and Zn (>70 ppm) contents are in the
pipeline and at testing stage (Govindaraj et al. 2018).

11.3.1.5 Sorghum
Sorghum is one of the top ten crops that feed this world and an important cereal crop
in hot and dry agro-ecologies. After pearl millet, sorghum is the second cheapest
source of energy and micronutrients and fifth most important cereal crop globally,
and in the semi-arid tropics (Parthasarathy et al. 2006; Reddy and Reddy 2018).
Sorghum has high photosynthetic efficiency as it is a C4 species, and also it has
inherent high biomass yield potential. Under the climate change scenario, sorghum
has proved to be more relevant for food security because of the high levels of
tolerance to drought and high temperature and adaptation to soils. Therefore, the
biofortification of sorghum by increasing protein and mineral micronutrients (espe-
cially Fe and Zn) is of high priority as sorghum is among the cheapest sources of
micronutrients. Therefore, to tackle India’s double burden of malnutrition, a
biofortified variety of unpopular staple food has attracted the attention of scientists.
In India, sorghum contributes around 50% of the total cereal intake (75 kg grain per
head per year), especially by rural consumers in the major production regions. Public
bred cultivars, and parental lines showed wide variability for grain Fe (12–68 ppm)
and Zn (11–44 ppm) in the studies at ICAR-Indian Institute of Millets Research
(IIMR) (Hariprasanna et al. 2014). The Indian national program on sorghum with
comprehensive testing in co-ordinated trials has released over 31 hybrids and
25 varieties for commercial cultivation (Reddy and Reddy 2018).

Increasing mineral micronutrients (especially Fe and Zn) in the grain is of
widespread interest, which can be achieved by biofortification of sorghum (Pfeiffer
and McClafferty 2007; Zhao 2008; Kumar et al. 2009). Kumar et al. (2013) observed
that rainy season-specific sorghum commercial hybrids possess better Fe and Zn
contents than post-rainy sorghums. Agronomic attempts by external application of
Fe and Zn fertilizers were also made for biofortification, but there was no significant
increase in grain Fe or Zn (Mishra et al. 2015). Bioavailability of grain Fe and Zn
was affected by high variability for anti-nutritional factors like polyphenols, phytate,
and fibers (Hariprasanna et al. 2015). It was reported that the bioaccessibility of Fe
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and Zn from sorghum was very low at 4.13% and 5.51%, respectively (Hemalatha
et al. 2007). A total of 2267 core germplasm accessions were screened at ICRISAT,
and promising donors were identified with Fe ranging from 20–70 ppm and Zn from
13–47 ppm under the HarvestPlus program. They developed improved breeding
lines with high yield and high grain Fe and Zn by exploiting the large variability in
core collections. In the Maharashtra state of India, ICRISAT-bred biofortified
sorghum line ICSR 14001 with 50% higher Fe and Zn than base-level out-yielded
all other entries in the state multi-location trials. All India Coordinated Sorghum
Improvement Project (AICSIP) proved ICSR 14001 superior under on-farm testing,
and it is under testing towards its commercialization. Parbhani Shakti is being touted
as India’s first biofortified variety of sorghum, a plant from which grain and other
crops are grown. Sorghum hybrids with high Fe and Zn are being developed at
national and international programs. Recently in Nigeria, a sorghum variety
“12KNICSV-188” with three times higher Fe (129 ppm) content and high yield
was released.

11.3.2 The Recent Breakthroughs in Cereal Biofortification in India

For achieving nutritional security, biofortification, along with dietary supplementa-
tion and diversification, is a sustainable approach. India has executed an “enormous
scale-up” of two national projects, i.e. Integrated Child Development Services and
National Health Mission, to address nutrition. Still, these do not seem to accomplish
sufficient inclusion (Menon et al. 2017). In India, National Nutrition Strategy (NNS),
which envisages a Kuposhan Mukt Bharat, was launched on 5th September 2017, by
National Institution for Transforming India (NITI Aayog). The main strategies of
this program are to provide nutritious food, income and livelihood, health service,
and drinking water and sanitation, which will possibly contribute to national food
nutrition security. HarvestPlus is the Consultative Group on International Agricul-
tural Research (CGIAR) Biofortification Challenge program. The main objective of
this program is to tackle the global hidden hunger/malnutrition issues by a collabo-
rative approach, including different national and international organizations/
institutions/agencies (Bouis and Saltzman 2017). This biofortification program
worked as a collaborative effort that involved multi-CGIAR teams including various
plant scientists, plant geneticists/breeders, nutritionists, food scientists, economists,
and social specialists. The goal of this group was to address micronutrient malnutri-
tion by producing staple food crops with improved levels of bioavailable essential
nutrients (minerals and vitamins) to enhance the nutrient status of target populations,
primarily resource-poor people in the developing countries, such as India. Three
essential issues were recognized to make biofortification fruitful: (I) development of
biofortified varieties/hybrids must be having high yields and that are advantageous
to the agriculturist/farmers, (II) the developed varieties should have a bioavailability
of nutrients and effective in reducing hidden hunger problems due to micronutrient
deficiencies, and (III) the biofortified crop should be as per farmer’s and consumer’s
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acceptance in target regions where people are severely suffered from micronutrient
malnutrition {(Fig. 11.2) (Hotz and McClafferty 2007; Bouis and Saltzman 2017)}.

In India, initially, most of the scientific research efforts were made in agriculture
to achieve food grain’ self-sufficiency. But today, to resolve the major issues of the
country’s nutritional security, staple food crop biofortification to overcome the
hidden hunger problem has become of utmost importance (Neeraja et al. 2017).
By understanding the importance of crop biofortification, the Indian Council of
Agriculture Research (ICAR), Govt. of India has endorsed the Consortia Research
Platform (CRP) to enhance the nutritional status of the country’s major staple food
crops such as rice, wheat, maize, sorghum, pearl millet, and small millet by collabo-
ration among different ICAR institutes, state agricultural universities (SAU), tradi-
tional universities, and Indian Council of Medical Research (ICMR). Consortia
Research Platform (CRP) has focused on developing cereals biofortified with
enhanced β-carotene, quality protein, Fe, and Zn using different biofortification
approaches (Neeraja et al. 2017; Yadava et al. 2017). All human beings on this

DISCOVERY

Identify target populations to enhance its nutritional status

Set nutrient target levels

Screening and applied biotechnology (for germplasm screening and gene discovery)

DEVELOPMENT

Crop improvement research (Breed biofortified crops)

Genotype by environment studies

Testing performance of new crop varieties

Nutrient retention and bioavailability studies 

Nutritional efficacy in humans

DELIVERY

Official release of biofortified crops

Develop strategies to disseminate the seed

Product marketing, consumption and consumer acceptance of biofortified crops

IMPROVED NUTRITIONAL STATUS OF TARGET POPULATIONS

Fig. 11.2 HarvestPlus pathway for biofortification (modified from Bouis et al. 2011)
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earth have a right to nutritious food, so biofortification is a cost-effective and
sustainable approach to address the hidden hunger/malnutrition problem. So far,
the Indian Council of Agricultural Research (ICAR) has significantly improved the
nutritional quality in high-yielding varieties of the country’s staple food crops and
released a large number of biofortified crop varieties as a sustainable way to alleviate
malnutrition which could integrate into the food chain and ensure nutritional security
(Table 11.3). For the rice biofortification program, ICAR consortia research plat-
form, HarvestPlus, Department of Biotechnology (DBT), Department of Science and
Technology (DST), and other supporting agencies, along with the Indian Institute of
Rice Research (IIRR), Hyderabad, National Rice Research Institute (NRRI),
Cuttack, Odisha, Indian Agricultural Research Institute (IARI), New Delhi, Indira
Gandhi Krishi Vishwavidyalaya (IGKV), Raipur, University of Agricultural
Sciences (UAS), Bengaluru, and Tamil Nadu Agricultural University (TNAU),
Coimbatore have screened and identified rice germplasm with high Zn, Fe, and
protein contents. Different rice breeding lines with improved nutritional content are
being evaluated under the All India Coordinated Research Project (AICRP) on Rice.

Similarly, for wheat biofortification programs, the Indian Institute of Wheat and
Barley Research (IIWBR), IARI, Punjab agricultural university (PAU), Chaudhary
Charan Singh Haryana Agricultural University (CCSHAU), UAS, Dharwad have
screened and identified wheat germplasm with higher Fe and Zn contents and are
being tested at multi-locations. Different biofortified wheat lines high in Zn content
developed through the HarvestPlus biofortification program and ICAR are under
field trials in India and Pakistan. Globally, particularly in India, various biofortified
QPM hybrids with improved lysine and tryptophan contents have been released and
commercially cultivated by farmers. Various experimental QPM hybrids are cur-
rently under different stages of the All India Coordinated Research Project (AICRP)
on Maize. Recently, the Indian Agricultural Research Institute (IARI), New Delhi
has developed a provitamin A-rich maize hybrid by introgression of crtRB1 into
parental lines of elite hybrids under AICRP-Maize. By combined introgression of
opaque2, crtRB1, and lcyE genes, IARI led to the development of multi-nutrient
maize (Neeraja et al. 2017). Biofortified pearl millet variety “Dhanashakti” rich in
iron (71 ppm) largely adopted by farmers in India has been released by the All India
Coordinated Research Project (AICRP) on Pearl millet along with the private seed
sector.

However, the critical concern for the developed biofortified food crops is the
bioavailability of enhanced nutrients like Fe and Zn in human beings which are
primarily affected by anti-nutritional factors like phytate/phytic acid or phytin
(Raboy 2001). Bioavailability means a measurable amount of the nutrient quantity
ingested that experiences intestinal absorption and utilization. Therefore, the bio-
availability of nutrients from biofortified food crops is often the key to success
(Neeraja et al. 2017). Recently, biofortified rice pure line varieties, i.e. CR Dhan
310 (protein-rich variety) and DRR Dhan 45 (Zn rich variety); biofortified wheat
pure line varieties, i.e., WB 02 (Zn and Fe rich variety), and HPBW 01 (Fe and Zn
rich variety); biofortified maize hybrid, i.e., Pusa Vivek QPM9 Improved
(provitamin A, lysine and tryptophan-rich hybrid) and Improved Pusa (HM4,
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HM8, HM9) (lysine and tryptophan-rich hybrid); biofortified Pearl millet hybrid,
i.e., HHB 299 (Fe and Zn rich hybrid) and AHB 1200 (Fe rich hybrid) were released
for commercial cultivation (Yadava et al. 2017; Neeraja et al. 2017).

In July 2018, India’s first biofortified sorghum (jowar) variety ICSR 14001 was
released as “Parbhani Shakti,” which is rich in Fe and Zn than traditionally grown
sorghum varieties. It was developed under HarvestPlus biofortification programs by
International Crops Research Institute for the Semi-Arid Tropics (ICRIAT),
Patancheru, Hyderabad, and All India Coordinated Sorghum Improvement Project
and released for large-scale seed production, dissemination, and commercial culti-
vation by Vasantrao Naik Marathwada Krishi Vidyapeeth (VNMKV), Maharashtra.
Biofortified sorghum “Parbhani Shakti” having Fe concentration 45 ppm and Zn
32 ppm as compared to other varieties that are at present cultivated in India (Approx
30 ppm Fe and 20 ppm Zn). Improved biofortified varieties have also shown higher
protein (11.9%) and low phytate content (4.14 mg/100 g) compared to 10% protein
and 7.0 mg/100 g phytate content in most sorghum cultivars. It also tolerates higher
temperatures (41 �C) at flowering and seed set, but the flowering may be delayed
(80 days). Yields are higher (>5.0 tons/ha) in post-rainy and summer seasons with
irrigation. It was released as a rainy season variety (Kharif), but it can also be grown
in Rabi and summer seasons in different sorghum growing regions. Recently, in
2020, different nutritionally enriched cereals biofortified varieties were released, viz.
rice (CR Dhan 315, high zinc); wheat (HI 1633, rich in protein, iron and zinc; HD
3298, protein and iron-rich; DBW 303, protein-rich and DDW 48, protein-rich);
maize (Ladhowal Quality Protein Maize Hybrid 1, 2, and 3, lysine and tryptophan-
rich); finger millet (CFMV1 and 2, rich in calcium, iron, and zinc) and little millet
(CLMV1, iron-zinc rich). ICAR has introduced the Nutrition-Sensitive Agricultural
Resources and Innovations (NARI) program to promote family farming that linked
agriculture to nutrition, nutrition-smart villages to boost nutritional stability, and
KVKs are designing and promoting unique nutrition garden models to ensure access
to locally accessible, balanced, and diversified diets with adequate macro and
micronutrients. To alleviate malnutrition and make India Kuposhan Mukta by
naturally enriched food ingredients, the production of biofortified crop varieties
will be upgraded and connected to government programs of mid-day meal,
Anganwadi, etc. This would also contribute to increased farmers’ incomes and
open up new means of developing entrepreneurship.

11.4 Conclusion

India is one of the richest agro-biodiversity countries, and scientific research is
continuously evaluating the promising germplasm for enhanced nutrients in staple
food crops to alleviate malnutrition. Biofortification is a promising, cost-effective,
and sustainable agricultural strategy for improving the nutritional status of malnour-
ished populations. With proper planning, collaboration, execution, and implementa-
tion by different organizations (National and Internationals) like ICAR-AICRP,
DBT, ICMR, and HarvestPlus, biofortification of cereal crops for product
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development, testing, and validation will help in achieving the nation’s nutritional
security. It will have a significant impact on the lives and health of a large number of
poor individuals/malnourished populations of the country.
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