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Biofortification of Barley for Nutritional
Security 9
Kiran Khandagale, Dhananjay Shirsat, and Avinash Ade

9.1 Introduction

The worldwide continuous growth of the human population resulted in increased
demands for food. The green revolution has increased food production significantly
(Evenson and Gollin 2003). But this increase in yield was often accompanied by
reduced nutritional quality (Simmonds 1995; Oury et al. 2003). More than one
billion people suffer from the low intake of proteins, minerals, and vitamins espe-
cially in developing and underdeveloped countries (WHO 2016), and thus
biofortification of crops is a very important approach to overcome it (Wiegmann
et al. 2019). Biofortification is the practice of enhancing the amount or bioavailabil-
ity of vital nutrients in food using agronomic, genetic, and biotechnological methods
(Bouis et al. 2011).

Generally, staple food crops are targeted for biofortification as they are the major
portion of the diet in poor people. Vitamins and minerals are required by humans in
very minute amounts (less than 1 mg/day) and thus are the main focus of the
biofortification program. These compounds govern several vital biological processes
in the body, and therefore biofortification approaches can improve the content and
availability of nutrients in the human diet to improve the nutritional security of
vulnerable communities around the globe. Three main strategies were followed for
biofortification: conventional breeding, agronomic, and biotechnological/transgenic
approach. Plant breeding strategy involves crossing of elite variety with genotype
having higher micronutrient content, and after several generations, we get the ideal
genotype with higher mineral level and other desired characters. Further, agronomic
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methods are comprised of applying fertilizer to soil or foliar application to improve
the level of a particular nutrient in the edible part of the crop. The transgenic
approach is used where a specific nutrient doesn’t exist naturally in that crop or
breeding for that trait is not effective. Gene for that trait can be sourced from any
organism from bacteria to animals and inserted in the desired crop to get the
particular nutrient at a higher level. Acceptability of GM crops, the stability of
gene insert, and biosafety regulations are the main hurdles in the transgenic
approach.
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Barley (Hordeum vulgare ssp. vulgare) is the fourth most important cereal crop
globally. The average annual production of barley is more than 140 million tons
from the 50 million hectares of area. About 70% of barley produced is used as animal
feed, 21% is used for beer making in distilleries, 6% is used as food for human
beings, and the remaining is used in biofuel production (www.fao.org/faostat/en/
#data/QC). Nutritionally, barley grain is comprised of 70% starch, 10–20% protein,
2–3% lipids, 5–10% β-glucan, 2–5% minerals, and 11–34% dietary fibers (Sullivan
et al. 2013). Barley was the earliest cereal that was domesticated and used for the
preparation of bread (Tiwari 2010). Barley is also used as model species for the
members of Triticeae such as soft wheat, durum wheat, and rye; as these species are
closely related, genetic information from barley can be used for the research in these
Triticeae species (Sreenivasulu et al. 2008). Barley grain harbors several bioactive
compounds like β-glucans, lignans, tocotrienols, folate, fructans, phytosterols,
polyphenols, policosanol, phytates, etc.; therefore, consumers show interest in
barley as a food. It is a rich source of dietary fiber and functional food; β-glucans
in barley are known to lower the blood cholesterol and has low glycemic index (Baik
and Ullrich 2008). Further biofortification of barley with different nutrients will
increase its nutritional value and will help in overcoming malnutrition.

9.2 Biofortification Approaches

Generally, biofortification strategies are comprised of these main approaches:
genetic/breeding, biotechnological/transgenic, and agronomic approaches (Fig. 9.1).

Fig. 9.1 Different strategies for biofortification of barley
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9.3 Genetic and Plant Breeding Approach

Genetic and plant breeding is the most believed approach which is more sustainable
and economical compared to the other two approaches. Screening of available
germplasm for a trait of interest is performed, and the success relies on the availabil-
ity of enough diversity in that trait (Velu et al. 2014). Further, biofortification by the
genetic approach is also influenced by accurate phenotyping and gene-environment
interactions. Genetically fortified plants need to be supported with optimal agro-
nomic practices to get the best out of them.

For any breeding experiment, one should have suitable parents for crossing, and
getting suitable parents depends upon the availability of diversity in germplasm and
the extent of screening. Selection for mineral content is a complex process as this
nutrient content is affected by many physiological factors (Narwal et al. 2020). QTL
mapping in crops is done to understand the complex biological traits. Transport of
Zn from vegetative parts to grain via phloem is a major barrier in the loading of Zn in
grain endosperm. Hussain et al. (2016) performed double haploid mapping to
genetic characterization of Zn remobilization. They found a large variation in Zn
content from 27 to 75 μg g-1, and this variation was correlated with the remobiliza-
tion of Zn to grain. Three QTLs associated with leaf and two QTLs linked with stem
were found to involve in Zn remobilization. Such studies will help in Zn
biofortification of barley. Further, QTLs for mineral content were detected using
193 recombinant inbred lines. Seventeen QTLs were detected in barley grain which
contributed 6.36–64.08% diversity in Zn, Mg, Ca, K, Na, Mn, Fe, and P. They also
detected pleiotropic QTLs having an additive effect on mineral content (Zeng et al.
2016). Such efforts further will help us with marker-assisted selection for mineral
biofortification. QTLs for grain and malt β-glucan amounts were mapped with the
help of the 123 marker linkage map. They identified three QTLs for grain β-glucan,
six for malt β-glucan, and eight for malt β-glucanase using interval mapping (Han
et al. 1995). Such dissection of β-glucan content is further useful in the breeding as
well as the selection of high- and low-β-glucan-containing genotypes (Li et al.
2008). Genome-wide association studies (GWAS) were performed using 336 spring
barley accessions for element amounts in the grain with the help of 6519 SNP
markers and TASSEL software. Several QTLs for different minerals were identified
that will be used in the future for breeding nutrient-rich barley (Gyawali et al. 2019).
Grain protein content (GPC) is the main grain quality character. Gpc-B1, a wheat
GPC QTL, is an NAC transcription factor (TtNAM-B1) involved in higher levels of
protein, zinc, and iron in grain. A similar QTL in barley was identified on chromo-
some 6H. The colinearity of GPC regions indicated its role in GPC QTL in barley
(Distelfeld et al. 2008). Xue et al. (2016) studied the nutrient level in barley grain
under different environmental conditions and reported high genetic and environmen-
tal interactions. Total nitrogen exhibited high genotype contribution; thus nitrogen
remobilization might have increased the Zn and Fe transport to grain indicating the
genetic effect of GPC locus on Zn and Fe translocation. Further, Fan et al. (2017)
identified environmentally stable QTLs using SNP and SSRmarker 190 recombinant
inbred lines. These QTLs were identified on chromosomes 2H (1), 4H (1), 6H (1),



and 7H (3). These studies could be used in developing high-grain protein barley
genotypes.
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9.4 Transgenic and Biotechnological Approach

Trangenic and biotechnological methods for biofortification are generally used in
such conditions where limited or no variation in the trait of interest was present in
germplasm (Zhu et al. 2007). It involves genetic engineering where genes from
different sources for a trait of interest are introduced in the target variety of crop. This
approach enables us to transfer traits across the species boundaries independent of
taxonomic status. Similarly, transgenics is the only method to fortify any crop with a
micronutrient that is not present naturally in crops (Perez-Massot et al. 2013); thus
transgenic approach of biofortification has the potential to significantly contribute
toward the improvement of nutrition and health.

9.5 Transgenics

Transgenic strategies generally target the enhancement of nutrient uptake, biosyn-
thesis of nutrients, and bioavailability of nutrients. It can be achieved by following
these key steps: enhancing uptake, increasing translocation to grain, targeting
storage toward endosperm, decreasing anti-nutritional factors, and increasing the
bioavailability of nutrients of interest (Mulualem 2015). There are only a few
attempts taken in barley biofortification using a transgenic approach. Ramesh et al.
(2004) reported that overexpression of the known zinc transporters from Arabidopsis
in barley under ubiquitin promoter increased Zn concentration in transgenic barley.
Menguer et al. (2018) improved the zinc content in grains by overexpressing a
transition metal transporter (HvMTP1) gene under the endosperm-specific promoter.
They found higher grain content in the endosperm of transgenic lines of barley.
Similarly, transgenic barley expressing cytokinin oxidase/dehydrogenase (CKX)
gene in roots led to the development of a larger root system which also accumulated
a higher amount of zinc in barley grain than wild type (Ramireddy et al. 2018).
Cereal grains are containing an insufficient amount of essential amino acid-like
lysine. Ohnoutkova et al. (2012) developed transgenic barley expressing
dihydrodipicolinate synthase from E. coli. The resulted T1 generation plants were
having a more than 50% increase in lysine over the wild type. C-hordein in barley is
a member of prolamin protein families and is composed of mainly nonessential
amino acids like proline and glutamine and thus has low nutritional value. Therefore,
Sikdar et al. (2016) silenced the C-hordein gene in barley using RNAi technology,
and quadrupole-time-of-flight mass spectrometry analyses of protein fraction
revealed a reduction in C-hordein, and the level of essential amino acids was
increased. Earlier, Lange et al. (2007) suppressed the C-hordeins in barley using
antisense construct, and amino acid analyses revealed that levels of nonessential
amino acids (proline, glutamic acid/glutamine, and phenylalanine) were decreased



by 12%, 6%, and 9%, respectively, while the amount of essential amino acids like
lysine, threonine, and methionine was elevated by 16%, 13%, and 11%, respectively.
Therefore modulation of prolamin levels in barley grains is a promising way to
improve protein quality. Further, overexpression of homogentisate geranylgeranyl
transferase (HvHGGT) gene in barley resulted in an increase of tocotrienol content
and antioxidant activity in barley grain (Chen et al. 2017). The cisgenesis concept
was used in barley to increase phytase activity in grain (Holme et al. 2012). They
expressed a barley phytase gene (HvPAPhy_a) during grain filling stages, and
homozygous lines showed more than 2.5-fold increase in phytase activity. This
enhanced phytase activity was stable for three generations analyzed. The marker
elimination method was used in this study to obtain marker-free transgenic plants.
Cisgenesis along with marker-free technique might increase the acceptability of
genetically engineered crops. The polysaccharides like (1,3;1,4)-b-D-glucans are
useful components in the diet of a human being, which decreases the risk of diabetes,
obesity, and cancer. Overexpression of barley cellulose synthase-like family (CslF6)
gene under endosperm-specific promoter led to an 80% increase in (1,3;1,4)-b-D-
glucan content in transgenic barley grain (Burton et al. 2011).
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9.6 Genome Editing

Recently, genome editing techniques are also being used for the creation of new
alleles and gene editing independent of genome sequences (Khandagale and Nadaf
2016) which could be used for biofortification of barley. CRISPR/Cas9 and
TALENs were used for the evaluation of the HvPAPhy_a gene in barley. It was
found thatHvPAPhy_a is the main contributor to mature grain phytase activity. Thus
higher expression of HvPAPhy_a led to fast germination as well as higher phosphate
utilization (Holme et al. 2017). Pathway of vitamin E biosynthesis in monocots was
not studied in detail due to the lack of functional mutants. Zeng et al. (2020) used
CRISPR for the generation and characterization of the functional mutants of barley
for HvHPT and HvHGGT genes which revealed that in barley, HvHGGT is the only
major gene for the biosynthesis of tocotrienols and HvHPT plays a minor role.
Inositol trisphosphate 5/6 kinases (ITPK) is an enzyme involved in the production
of inositol hexakisphosphate which is the main form of storage phosphate in cereal
grains. The creation of lines containing less inositol hexakisphosphate would
increase the phosphate and mineral bioavailability. CRISPR/Cas9-mediated editing
of HvITPK1 increased phosphate in grains by 65–174% over wild type. In barley,
D-hordein is one of the storage proteins in the barley which negatively impacts
malting quality. Li et al. (2020) used CRISPR/Cas9 genome editing and created new
alleles of D-hordein gene; transcriptome analysis and SDS-PAGE revealed reduced
D-hordein content in mutant lines. These new alleles provided the new germplasm
resource for breeding barley for malt quality.
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9.7 Omics in Better Understanding Nutrient Uptake, Storage,
and Bioavailability

For successful biofortification of any crop, a thorough understanding of nutrient
homeostasis is needed. Omics approaches such as genomics, transcriptomics, prote-
omics, metabolomics, and metagenomics will help us to elucidate the complex
phenomenon behind mineral homeostasis. Darbani et al. (2015) attempted the
elucidation of the mineral homeostasis in barley seed transfer cells using the
RNA-seq approach. Seed transfer cells were isolated using laser capture microdis-
section from the grain cryosections. The number of genes such as auxin and ethylene
signaling factors, sulfur homeostasis components, mineral trafficking components,
vacuole organization factors, protein sorting, and recycling factors, etc. were differ-
entially expressed in changes in mineral content. Earlier, Tauris et al. (2009) also
demonstrated the road map for zinc transport in the developing grain with the help of
barley microarray, Affymetrix 22k GeneChip and proposed a model for zinc traf-
ficking from the phloem to the developing grains.

9.8 Agronomic Approach

Agronomic strategies for biofortification involve the application of nutrients to soil
or plants to enhance the content of particular nutrient in the edible part of that crop so
that after consumption it will improve human nutrition. Micro minerals, like Zn, Fe,
Se, copper, manganese, I, Mo, etc. when applied in the soil to improve the nutritional
status of soil, are absorbed by plants which results in alleviating the micronutrient
deficiency in humans. This approach is simple but provides short-term solutions, and
care should be taken for the selection of the source of nutrients, application method,
and effects on the environment. Along with chemical fertilizers, plant growth-
promoting microbes like N2 bacteria and P- and K-solubilizing microbes and other
microbes which enhance the phyto-availability of nutrients are also used in this
approach (Garg et al. 2018).

9.9 Fertilization Application

Agronomic biofortification involves the application of micronutrients in the form of
fertilizer to elevate the micronutrient level in grains or edible parts.

Micronutrient fertilizers when applied in combination with NPK and organic
fertilizers showed a good response in the uptake of micronutrients (De Valenca et al.
2017). The low solubility of Zn in the soil is the main reason for Zn deficiency in
plants; thus sufficient amount of available zinc needs to be maintained in the soil
during the grain filling stage to achieve a higher level of Zn in grain. Yadav and
Sharma (2018) reported that the application of zinc sulfate along with NH4NO3

increased yield as well as Zn content in grain of barley; it was due to the acidifying
effect of NH4NO3. It was found that the foliar-applied Zn gets easily translocated to



grain during development and the localization studies also showed the interaction
between Zn and grain proteins (Cakmak and Kutman 2018). Several studies showed
that the use of Zn fertilizers elevated the Zn level in grains of some cereals including
barley (Cakmak 2010). Similarly, zinc fertilizer applications have been reported to
increase the Zn content in barley grain (Uddin et al. 2014). Sulfur is an important
element that plays a role in plant development and biotic stress. Its application also
increases the uptake of Mn, Fe, Zn, and Cu. The application of sulfur in the form of
ammonium and potassium sulfate was found effective in the elevation of
microelements in barley (Barczak et al. 2019). For selenium biofortification,
Rodrigo et al. (2013) sprayed two-rowed barley with four different concentrations
of sodium selenate and sodium selenite for two seasons. It was found that sodium
selenite was more efficiently absorbed by the plant. For every gram of sodium
selenite and selenate sprayed, the Se concentration in grain was increased by 9 and
44 μg/kg dry weights, respectively.
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9.10 Microbes in Biofortification

The continuous chemical fertilizer application in high doses leads to soil and
environmental pollution as well as toxicity to plants and animals. Further transgenic
crops are not easily accepted by the public which is seen in the case of GM brinjal
and mustard. An alternate way is the use of microbe for biofortification; despite its
huge potential this approach did not receive enough attention. Rhizospheric or
endophytic microbes are known to increase the availability and absorption of
micronutrients by plants and ultimately led to the enhancement of micronutrient
content in the edible part of the crop (Ku et al. 2019). Soil microbes play a key role in
maintaining soil health and fertility (Barret et al. 2011). Farmers are using N-fixing
and P- and K-solubilizing microbes to increase the availability of major nutrients to
increase the yield. These microbes could be used for biofortification as present in soil
and increase the availability of nutrients to crops (Prasanna et al. 2016). Several
micronutrients are present in fixed form as a precipitate or adsorbed on soil mineral
and organic surfaces. These nutrients are solubilized by PGPR by secreting some
enzymes. In wheat, it was found that the application of biofertilizers enhanced the
acquisition of minerals (Rana et al. 2012). The iron level in paddy was elevated by
application of PGPR inoculum comprised of P. putida, P. fluorescens, and
Azospirillum lipoferum (Sharma et al. 2013a). Similarly, Fe content in lentils was
found to be doubled by the treatment of biofertilizer containing Pseudomonas
species (Mishra et al. 2011). Inoculation of Pseudomonas and Acinetobacter strains
significantly increased the Zn, Fe, Mg, Ca, K, and P in crops (Tariq et al. 2007; Khan
2005). These PGPRs could be used in barley to achieve sustainable enrichment of
micronutrients.

Arbuscular mycorrhizal fungi (AMF) also solubilize different minerals in the soil
and have potential use in biofortification (Martino et al. 2003). Ingra et al. (2019)
studied the eight different species of AMF in wheat and reported an increase in the
uptake of P, Fe, and Zn along with better root lengths and density. Further selenium



level was found to be increased in wheat grain after co-inoculation of Glomus
clarideum, Pseudomonas sp., and Bacillus sp. (Duran et al. 2013). The use of
PGPRs and AMF for biofortification has been attempted in several crops, but
microbe-mediated biofortification is little studied in barley. Watts-Williams and
Cavagnaro (2018) demonstrated the increased grain and straw zinc concentration
in modern barley after inoculation with AMF Rhizophagus irregularis. This increase
in Zn concentration was due to the increased uptake of Zn from the soil under the
upregulation of ZIP transporters; it interestingly did not increase the yield of grains.
Similarly, Coccina et al. (2019) showed AMF-mediated Zn uptake in wheat and
barley.
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9.11 Biofortification for Minerals

Micronutrient deficiencies are an important form of human malnutrition, known as
hidden hunger. Globally micronutrient malnutrition is recognized as an enormous
and speedily growing public health problem, especially in developing countries (Zou
et al. 2019; Sazawal et al. 2018). Deficiencies of mineral micronutrient such as zinc
(Zn), iodine (I), selenium (Se), and iron (Fe) denote the global health problems
because these affect more than one-third of the world population (Zou et al. 2019;
Lyons 2018). The zero hunger is the Sustainable Development Goal 2 which aims to
end hunger through enhanced food and nutritional security, and biofortification of
food crops is the most sustainable and cost-effective method to provide nutrition to
the target population in natural form fulfilling this goal (Yadava et al. 2018).

9.12 Genetic Diversity for Mineral Content in Barley

Besides “calories,” various essential micronutrients are important in the health and
nutrition of organisms. These nutrients are divided into macronutrients and
micronutrients. Micronutrients are needed in minute quantity which makes up only
0.05% of human body, whereas macroelements constitute 99.5% of human body
(Kotz et al. 2006). Several micronutrients function as a cofactor of enzymes that
regulate crucial life processes in the organism. Genetic variation of micronutrient
content is crucial for the breeding of high-nutrient crops. Wild barley is known to
harbor the highest amount of micronutrients. Iron content in wild barley ranged from
10.8 to 329.1 mg kg-1, and zinc content was 66.3–493.9 mg kg-1 (Yan et al. 2012).
Recently, the International Center for Agricultural Research in the Dry Areas
(ICARDA) has analyzed 336 accessions for 13 different micronutrients. Some
genotypes showed a high amount of these minerals, which are suitable candidates
for the biofortification program in barley (Gyawali et al. 2019).

These micronutrients are not evenly distributed in grain; some are concentrated in
husk and aleurone layers which get removed during the milling and polishing
process in many cereals including barley. This distribution of nutrients is
genotype-dependent. Therefore, one should have a thorough knowledge of diversity



and the mechanism of micronutrient uptake and accumulation for biofortification.
Detterbeck et al. (2016) studied the micronutrient diversity and distribution and
found that more than 120 lines showed good variation in Zn content, and the
majority of this diversity is due to genetic differences. Micro-proton-induced
X-ray emission (l-PIXE) was used for a detailed study of micronutrient distribution
within the grains’ four tissues: embryo, aleurone, endosperm, and husk. Further, it is
also found that the cultivation of high Zn lines in Cd-contaminated soils resulted in
higher Cd accumulation which exceeded the Codex Alimentarius threshold. Thus,
along with genetic variations for the desired micronutrient, one should consider the
levels of toxic elements while planning for the biofortification of barley.
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Domestication and repetitive selections led to genetic erosion in several modern
crops (Zamir 2001; van de Wouw et al. 2010). A wild relative could be used to
replenish the gene pools of modern crops. Wild barley (Hordeum vulgare ssp.
spontaneum) can be used for introgression of fertile barley cultivars (Morrell and
Clegg 2007). Such a successful example is the introgression of Gpc-B1 locus from
wild emmer into bread wheat through chromosomal substitution technique
(Distelfeld et al. 2006). This locus elevated the micronutrient levels in mature grains
(Distelfeld et al. 2007). Wild barley also has huge variations for agronomic traits but
has been paid limited attention as a source for biofortification. Wiegmann et al.
(2019) studied the interplay between plant development, yield, and nutrient
concentrations in wild barley nested association mapping population HEB-25.
They observed a huge variation in nutrient concentrations; some lines have more
than 50% higher levels of protein, iron, and zinc than a recurrent parent. It was found
that grain yield and nutritional value are negatively correlated in barley. Analyses of
genetic elements in nutrient content revealed that wild alleles were often linked with
the higher nutrient level which indicated that the targeted introgression of wild
barley alleles may help us in the biofortification of barley (Wiegmann et al. 2019).

Selenium is a vital trace element important for the health of humans, and the main
source of selenium is a plant-based diet (Rayman 2000). Most of the soils are
deficient in selenium content, and thus ultimately selenium in the food system is
also low, and thus a large number of people suffer from Se deficiency (Combs 2001;
Jones et al. 2017). Jun et al. (2011) studied the diversity in grain Se concentration of
92 H. spontaneum genotypes representing different habitats in Israel. The grain
selenium content ranged from 0 to 0.387 mg kg-1. H. spontaneum populations
exhibited higher Se content due to their abilities for Se uptake and accumulation.

9.13 Transporters for Mineral Uptake and Transport

The plant roots have an important role in the uptake of essential nutrients from the
soil and are used in growth and development functions. The mineral uptake is
facilitated by the different transporters in plants belonging to the different transporter
families (Sasaki et al. 2016). Fe and Zn are known as essential cellular element
which plays a critical role in metabolic processes in all living organisms (Darbani
et al. 2015). However many of the metabolic pathways are activated by iron; also it is



a prosthetic group constituent of many enzymes (Rout and Sahoo 2015). To date, a
large number of iron transporters in plants are known. That involves the yellow
stripe 1-like (YSL) subfamily of the oligopeptide transporter (OPT) superfamily, the
copper transporter (COPT) family, the natural resistance-associated macrophage
protein (NRAMP) family, the zinc-/iron-regulated transporter-like protein (ZIP)
family, the Ca2+-sensitive cross complementer 1 (CCC1) family, and the iron-
regulated protein (IREG) family (Borg et al. 2009). Darbani et al. (2015) reported
vacuolar zinc transporter of Cation Diffusion Facilitator Mtp1 with higher expres-
sion in barley plants treated by zinc.
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Manganese (Mn) is another essential mineral element for plants. Mn deficiency is
a serious problem of crop productivity worldwide, which leads to reduced photo-
synthetic activity and lowers the lignin content, and other structural carbohydrates,
ultimately hampering plant growth (Long et al. 2018). However, it is also essential
for human health where it regulates the enzymes of glucose and lipid metabolism
(Li and Yang 2018). Transporters for Mn absorption and Mn homeostasis are much
less known for barley. However, Long et al. (2018) reported the role of the iron-
regulated transporter 1 for absorption and transport of Mn in barley. Pedas et al.
(2008) reported that HvIRT1 contributes to genetic diversity in Mn kinetics.

In spite of the mineral uptake, some transporters are involved in mineral translo-
cation activities. Fe deficiency activates Fe3+-mugineic acid family
phytosiderophores (MAs) transporter in barley (Murata et al. 2006) and rice (Inoue
et al. 2009). These transporters are involved both in Fe uptake and translocation
under Fe deficiency (Tsukamoto et al. 2009). ZIP family proteins have a specific role
in Zn2+ uptake and translocations to the specific organelles of plants and are reported
to have essential roles in rice and barley OsZIP4 having an important role in the
translocation of Zn2+ from roots to developing young leaves and in long-distance
transport of Zn2+ between old and young leaves of rice. HvZIP proteins are also
found to have very specific roles in translocation of Zn2+ to specific organelles in
barley (Pedas et al. 2009).

9.14 Zinc

In developing countries, cereals comprise a large portion that contains a low amount
of and has less bioavailability of zinc. The inadequate dietary intake of Zn signifies
major health problems in the population (Cakmak and Kutman 2018). Zn acts as a
prosthetic group for more than 3000 proteins (Sharma et al. 2013a, b) for their
activity and thus is essential for growth and cell division (Brown et al. 2004). More
than 25% of the human population is facing Zn deficiency across the world (Maret
and Sandstead 2006). In animals, Zn is required for normal development and proper
function of the immune system. Similarly, in plants, it plays a key role in vital
developmental processes (Chattha et al. 2017). The foliar application of Zn on wheat
at a late stage of growth recorded increased grain zinc concentration by 61% and
65% with foliar application of micronutrient cocktail (Zou et al. 2019). Wheat is
inherently low in zinc concentration and high in phytate, which further limits zinc



Agronomic practices References

bioavailability, which is the major reason for zinc malnutrition in humans where
wheat is a staple food (Welch and Graham 2004). Chattha et al. (2017) recorded an
increase in the wheat grain zinc concentration by 48.33% under the soil and foliar
application and a 47.20% increase in only foliar application. Saha et al. (2017)
reported an increase in the Zn concentration in rice by soil and foliar application.
However, the loss of Zn on the processing of rice grains increased because of the
preferential allocation of applied Zn into bran and aleurone of the rice grains. Despite
such losses, Zn application increased bioavailability by 52.2% in cooked rice.
Similarly, zinc-containing fertilizers have been used in increasing the Zn level in
barley also (Yadav and Sharma 2018; Cakmak and Kutman 2018; Cakmak 2010;
Gonzalez et al. 2019; Uddin et al. 2014). Further Watts-Williams and Cavagnaro
(2018) used mycorrhizal fungi for Zn enrichment of barley which proved the
agronomic approach as an efficient method for Zn fortifications in cereal crops
(Table 9.1).
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Table 9.1 Biofortification of barley to increase the micronutrient concentration in grain with the
application of mineral fertilizers under field conditions

Sr.
no.

Biofortification
of element

Success/level of
improvement

1 Zn Fertilizer application of
ZnCHE

Zn content increased in
grains up to 30%

Almendros
et al.
(2019)

Application of ZnSO4

foliar spray
33.12% increase in
grain Zn content

Gonzalez
et al.
(2019)

2 Mn Fertilizer application of
ammonium sulfate
((NH4)2SO4)

Mn content increased
in grains up to 19.2%

Barczak
et al.
(2019)

3 Fe Fertilizer application of
ammonium sulfate
((NH4)2SO4)

Fe content increased in
grains up to 19.5%

Barczak
et al.
(2019)

4 Cu Fertilizer application of
ammonium sulfate
((NH4)2SO4)

Cu content increased in
grains up to 6.5%

Barczak
et al.
(2019)

5 Se Sodium selenate foliar
spray

Se concentration in
grain increased up to
44 μg/kg dry weight

Rodrigo
et al.
(2013)

Sodium selenite foliar
spray

Se concentration in
grain increased up to
9 μg/kg dry weight

Rodrigo
et al.
(2013)

Soil application of Se at
10 to 20 g Se ha-1 as
selenate

Barley grain Se
concentration increase
from 100 to 200 μg kg-
1

Ylaranta
(1985)

Soil application of 30–
60 g ha-1 selenate and 4.5–
10 g ha-1 foliar selenate

Increase in barley grain
Se from 7 to
100 μg kg-1

Ros et al.
(2016)
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9.15 Iodine

Iodine is an essential micronutrient for humans, involved in functioning of the
thyroid system. Salt iodization was inadequate to ensure global iodine adequacy as
one-third of the world population may face hypothyroidism and iodine deficiency
(Lyons 2018). Agronomic biofortification of cereal crops, which are consumed
widely as a staple food, is an effective approach to reduce iodine deficiency
(De Valenca et al. 2017). Zou et al. (2019) reported an increase in grain iodine
concentration by 13.1-fold on foliar iodine spray; however increase of 10.3-fold was
recorded in foliar micronutrient cocktail spray in wheat. Iodine in plants is
transported mostly in xylem tissues; hence it is relatively easy to biofortify the
leafy vegetable crops (Smolen et al. 2014). Comandini et al. (2013) reported
vegetables biofortified with foliar I showed a high I stability during cooking. Till
today there is no single report on iodine biofortification in barley.

9.16 Selenium

In the view of global health issues, selenium (Se) deficiency in the diet is the major
problem as it is an essential element for mammals. Plants represent a major source of
selenium as it is a beneficial element for them as an antioxidant and a growth
promoter (Schiavon et al. 2020; Garcia-Banuelos et al. 2011). Methyl-selenocysteine
(MeSeCys), the organic form of Se, appears to be a predominantly effective source
of dietary Se; however, Se is incorporated as selenocysteine (SeCys) at the active site
of selenoproteins involved in major metabolic pathways such as antioxidant defense
and immune functions (Malagoli et al. 2015). The ability of the plants to accumulate
and transform the Se into bioactive compounds tends to be an important implication
for human nutrition. Se deficiency is a global problem, and plants are the essential
source of dietary Se that can help to solve this problem (Garcia-Banuelos et al.
2011). Agronomic biofortification intends to enrich crops with Se (Schiavon et al.
2020); it can be done by applying the foliar application of sodium selenite or selenite
fertilizers (Lidon et al. 2018).

Foliar application of Se was proved very effective to increase wheat grain Se from
90 to 338 μg kg-1 (Zou et al. 2019). Lyons et al. (2005) reported Se applied as
sodium selenate at rates of 120 g Se/ha sprayed on the soil at seedling stage increased
grain Se concentration up to 133-fold, while it increased up to 20-fold when applied
as a foliar spray after flowering. The application of sodium selenite 25 g Se/ha was
found to increase from 0.02 to 0.38 mg kg-1 in rice grains (Reis et al. 2018).
Two-rowed barley was sprayed with different concentrations of sodium selenite;
selenium level was found to be significantly increased in barley grain (Rodrigo et al.
2013). Sodium selenate application during the anthesis and germination stage of the
malting enhanced level of Se in barley grains as well as in final beer products
(Gibson et al. 2006).
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9.17 Iron

Iron deficiency is the sixth most serious problem for human health in the world and is
also known as hidden hunger (Masuda et al. 2020). Fe deficiency causes anemia,
poor pregnancy outcomes, and lower immunity (Connorton and Balk 2019). Most of
the world’s population have monotonous diets consisting mainly of cereals predom-
inantly starch-rich but nutrient-poor such as rice, corn, wheat, and the tubers like
potato and cassava which are deficit in iron, which have affected two billion
population globally (Connorton and Balk 2019; Sperotto et al. 2012). For humans,
plants are the ultimate source of the Fe either directly as a staple food or indirectly
from animal fodder. Fe fertilization to crops is not a very effective technique to
enrich Fe in crops as Fe is insoluble in soil; therefore Fe biofortification is the most
suitable alternative solution to enrich Fe in food grains. It is possible by generating
cultivars that can efficiently mobilize, uptake, and translocate Fe to its edible parts
(Sperotto et al. 2012). The foliar application of Fe takes 10–20 days to absorb 50% of
the micronutrient as it is affected by different factors such as endogenous (leaf
anatomy), exogenous (soil, pH), and environmental factors (Ludwig and Slamet-
Loedin 2019). Therefore the foliar application to reach a significant enrichment in
grain Fe for biofortification remains quite challenging. Dragicevic et al. (2016)
demonstrated an increase in bioavailability of iron in barley after foliar spray of
nonstandard fertilizers, hormonal growth stimulators.

Genetic engineering has been used in various crops to enrich mineral content like
Fe and Zn. The transgenic strategies for the enrichment of Fe content have been
focused on the intake and utilization efficiency of the plants by regulating and
modulating the expression of the transporter (Kumar et al. 2019). Takahashi et al.
(2001) reported enhanced iron uptake in low iron availability in soil by transgenic
rice with two naat genes, coding for crucial enzymes for phytosiderophores.
Drakakaki et al. (2000) reported that recombinant ferritin significantly increases
iron in rice and wheat. However, the ferritin hyper-expressing rice lines were
reported with a 30% higher iron rice (Qu et al. 2005). Such attempts can be made
in barley to improve grain iron content in barley.

9.18 Biofortification for Antioxidants and Vitamins

Antioxidants are health-promoting molecules that nullify the reactive oxygen spe-
cies and protect the cellular components and nucleic acids from oxidative damage.
During the metabolic process and stress, reactive oxygen species and free radicals
are produced; antioxidant molecules present in natural foods like fruits, vegetables,
and grains scavenge these reactive oxygen species protecting our body (Zhu et al.
2013). Phytochemicals like flavonoids, carotenoids, phenolics, lignans, vitamins,
minerals, and phytates present in food act as an antioxidant. Antioxidants are
grouped into two categories: lipophilic (carotenoids, tocochromanols, coenzyme
Q10, etc.) and hydrophilic (ascorbate, flavonoids, melatonin, etc.).
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Vitamin E is one of the lipid-soluble antioxidants essential for human health. The
seeds of most monocots contain the majority of vitamin E in the form of tocotrienols.
Chen et al. (2017) produced transgenic barley overexpressing HvHGGT under
endogenous D-hordein promoter (proHor) which led to an increase in tocotrienol
content by 10–15% in seeds of transgenic lines. The radical scavenging activity of
transgenic seed extracts was also enhanced by 17–18% over wild type. Similarly,
other vitamins and antioxidant levels could be enhanced in barley by regulating
individual rate-limiting steps or key branch points or modification of regulatory
elements that may help in the biofortification of some antioxidants. Naqvi et al.
(2009) developed modified three distinct metabolic pathways and developed
multivitamin-rich corn. The levels of the β-carotene, ascorbate, and folate were
increased in transgenic kernels by 169-fold, 6-fold, and 2-fold, respectively. Such
attempts need to be done in barley to develop vitamin- and antioxidant-rich barley.
Ascorbate or vitamin C is a potent water-soluble antioxidant. Hormones can also
regulate ascorbate biosynthesis. The increased level of abscisic acid reduces the
expression of NADPH oxidases which is the main producer of ROS in seeds
(Ishibashi et al. 2017). Biofortification of durum wheat for provitamin A was
performed using a tilling approach which resulted in an increase of roughly 75%
in β-carotene in the grains (Sestili et al. 2019). The amino acid sequences of
lycopene epsilon cyclase of wheat revealed that it has great homology with barley
but differs from other cereals. Wicker et al. (2009) showed that the gene structure
and order are strongly conserved in wheat and barley despite their divergence about
11 million years ago. Thus, this strategy for provitamin A biofortification could be
used in barley.

9.19 Factors Affecting Biofortification

Several pre-harvest and postharvest factors affect the success of the biofortification
program (Fig. 9.2).

9.20 Mineral-Deficient Soil

Mineral nutrient-deficient soil is the major factor affecting the biofortification in crop
plants. More than 90% of the zinc (Zn) in the soils exists as an insoluble Zn,
therefore poorly available to the plants (Singh 2011). The rapid absorption of Zn
on clay minerals reduces the mobility of Zn in soil by making it unavailable to plants.
However, in India, Arunachalam et al. (2013) reported that 49% of lands under
cultivation are having Zn-deficient soils together with 12% deficiency in iron, 3% in
copper, 5% in manganese, 33% in boron, and 13% in molybdenum. It limits the crop
productivity and nutritional quality of the crops.
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Fig. 9.2 Factors affecting the biofortification

9.21 Soil Condition

Soil pH, moisture status, organic matter content, salinity, and other factors affect
micronutrient uptake by roots from the soil. A change in soil pH from 6 to 7 resulted
in a 30-fold decrease in the chemical solubility of Zn in soil (Marschner 1993).
Similarly, salinity (Cakmak 2008) and moisture stress also negatively affect the
mineral availability and uptake by crop plants (Waters and Grusak 2008). Therefore,
to achieve efficient and sustainable biofortification of crops, we need to maintain
good fertility as well as physical-chemical properties of soil.

9.22 Fertilizer Application

The optimum amount of fertilizer containing the desired nutrient is needed to be
applied before or during the growth of plants. These fertilizers can be applied
directly to the soil or in the form of foliar applications. Micronutrient uptake was
found to be increased when fertilizer containing micronutrients was supplied in
combination with NPK and organic fertilizers (De Valenca et al. 2017). Therefore
integrated practices are needed to follow to increase soil fertility to achieve success-
ful biofortification using an agronomic approach.
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9.23 Soil Microflora

The soil microflora such as bacteria, fungi, mycobacteria, and cyanobacteria helps
the plants for precise nutrient acquisition. Increasing the soil microbial diversity is
the best approach for the fortification of essential elements such as zinc, iron, and
selenium in crop plants (Dapkekar et al. 2020). The long-term and excessive input of
chemical fertilizers and pesticides cause chemicals to persist in the soil, which is so
bound to affect the soil microflora (Prashar and Shah 2016). As discussed earlier soil
microflora also plays a key role in micronutrient uptake by the root system from the
soil. Therefore, we need to maintain rich microflora in soil by application of organic
inputs and biofertilizers.

9.24 Bioavailability of Nutrients

Accumulation of nutrient in the crop is not enough; it should have good bioavail-
ability character. Bioavailability largely depends upon the biochemical nature of the
nutrient, anti-nutritional factors, as well as the health of the individual consuming the
biofortified food; these factors can promote or delay the absorption of nutrients
(Diaz-Gomez et al. 2017). Pfeiffer and McClafferty (2007) reported that 5% iron and
25% zinc are present in a bioavailable form in several crops. Phytate and phenolic
compounds act as anti-nutritional factors that need to be considered during the
biofortification of barley. Thus, the bioavailability of nutrients in biofortified crops
needs to be assessed before large-scale adoption.

9.25 Storage and Processing

The stability of biofortified nutrients in the storage period is an important factor
governing the success of biofortification. It has been reported that in provitamin
A-biofortified maize, a large number of carotenoids were lost during storage
(Mugode et al. 2014). The nutritional quality of barley was also reduced during
the storage period by 1.74% and 2.82% (Polat 2015). Malting quality is known to
increase in storage for 1 year.

A biofortified nutrient should be stored in grain endosperm to avoid or minimize
losses during postharvest processing like pearling and milling. Generally, cereals are
dehulled and polished which results in substantial losses of nutrients like minerals
and vitamins (Raes et al. 2014; Dunn et al. 2014). Therefore, the accumulation of
biofortified nutrients in endosperm with the help of genetic engineering will be
useful in maintaining the quality of grain after milling (De Steur et al. 2015).
β-glucan levels in barley were not affected after pearling as it is concentrated in
endosperm; also thus even 30% pearling has no significant effect on the β-glucan
content. Further, heat treatment during processing also adversely affects nutrients
like vitamins and phenolics (Sharma and Gujral 2010). To take good benefit o



biofortified crops, the storage and postharvest processing conditions should be
optimized to maintain the higher level of nutrient in the processed final product.
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9.26 Advantage of Biofortification

There are three main advantages of biofortification of crops: effective outreach, cost-
effectiveness, and sustainability.

Biofortification of staple food will help to reach nutritious food to the targeted
population as staple foods like cereals are a major part of their diet. Seeds of
biofortified high-yielding varieties developed by research institutes and universities
can be distributed to the targeted population or poor farmers at a reasonable cost to
achieve the nutritional security of targeted people (Bouis et al. 2011). Several
processed and fortified foods are available in the market but are unavailable to
poor people due to high cost, lack of awareness, and lack of education.

Biofortification is a cost-effective strategy to lift the large population over the
threshold from malnourishment to micronutrient sufficiency. A high-yielding variety
is fortified with particular micronutrients like Fe and Zn; it will continuously produce
nutritionally rich food for several generations in a cost-effective manner compared to
processed and physically fortified food. The benefits of this biofortification will be
far higher than the cost of development of biofortified variety.

Sustainability is another advantage of biofortification as once the gene or trait of
interest is transferred in a variety, it will continue to be grown by farmers and
consumed by the needy population year after year. There will be very less invest-
ment needed to monitor and maintain biofortified traits as compared to other fortifi-
cation programs.

9.27 Conclusion

Hidden hunger or micronutrient malnutrition has a severe impact on the health of the
population. Therefore, the prevention of micronutrient malnutrition is one of the
major goals of scientists and policymakers worldwide. Thus biofortification of staple
crops like cereals is considered a sustainable strategy for delivering nutritional food
to target at-risk population.

Barley is the fourth most important cereal crop, and thus increasing its nutritional
value by biofortification will play important role in the reduction of hidden hunger.
Enrichment of barley with minerals like Zn, Fe, and Se and vitamins will help
provide sufficient amount of trace elements and vitamins to the target population.
Biofortification of barley with essential amino acids like lysine and β-glucan
increased the nutritional quality and health-promoting nature of barley. Strategies
for biofortification are based on breeding, agronomic practices, and genetic engi-
neering that will help in addressing malnutrition. Transgenics is a promising method
of biofortification but the acceptance and biosafety issues are the major hindrance.
This hindrance can be overcome by the use of genome editing tools like CRISPR;



these tools are very precise and rapid and produce stable mutants for sustainable use.
Further, enrichment with nutrients is not sufficient, the bioavailability of that nutrient
is also an important factor, and it depends upon the intrinsic qualities of nutrients,
food matrix, and health of the consumer. Adoption of biofortified varieties by the
farmers is only possible if the cultivation of these varieties does not require addi-
tional inputs and has no yield penalty and if farmers get a premium price for their
harvest. Finally, we need to run awareness programs for the target population about
the benefits of these biofortified crops.
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