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Abstract Zinc (Zn) is an essential micronutrient of plants
and other organisms and is involved in many cellular pro-
cesses. Zn deficiency is defined as the insufficient Zn avail-
able for optimal growth and can lead to a sharp decline in
crop yield and quality. About 30% of the world’s soils have
Zn deficiency. Zn efficiency can be defined as the ratio of
grain yield or above-ground dry matter yield to the total Zn
uptake under both Zn-deficient and Zn-sufficient conditions.
The present review focuses on the potential roles of Zn in the
maintenance of plant physiological process, its uptake and
translocation, plant response to Zn deficiency with empha-
sis on wheat, and biofortification strategies to enhance the
bioavailability of Zn to wheat grains which might help in
addressing significant human nutrition problems related to
Zn deficiency.

Keywords Wheat - Triticum aestivum L. - Zn deficiency -
Zn toxicity - Biofortification

Introduction

Zinc (Zn) is an important micronutrient of plants as it is
involved in many cellular processes, including enzyme acti-
vation, protein synthesis, and membrane stability (Hansch
& Mendel, 2009; Umair Hassan et al., 2020). Zn deficiency
is defined as insufficient Zn available for optimal growth,
can lead to a sharp decline in crop yield and quality. Zn
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deficiency has become a serious agricultural problem and
is considered to be one of the most common micronutrient
problems in crops (Assuncao et al., 2013), with 30% of the
world’s soils being Zn deficient (Alloway, 2009). Although,
Zn is required in a small amount in the event of its insuf-
ficiency, plants will suffer physiological stress caused by the
dysfunction of various enzyme systems and other metabolic
functions in which Zn plays a significant role (Hafeez et al.,
2013). By using fertilizers containing trace elements such as
Zn, the quality and yield of crops are continuously improved.
The lack of this element will lead to a decrease in plant
photosynthesis, damage the RNA, and reduce the amount
of carbohydrates and proteins which eventually affects the
crop yield and quality (Mousavi et al., 2007).

Zn deficiency

Zn deficiency exists all over the world, and almost all crops
show a positive response to the application of Zn (Welch,
2002). Normal soil mainly inherits its trace elements, includ-
ing Zn, from rocks through geochemical and soil weathering
processes. In addition to the mineral, the composition of the
Zn in the soil also depends on the type, intensity, climate,
and many other factors that dominate the formation of the
soil (Nael et al., 2009). In calcareous soils, due to the high
pH, the solubility of micronutrients is much lower, which
reduces the ability of plants to absorb nutrients (Alloway,
2009). Excessive use of phosphate fertilizers in micronutri-
ent deficient soils can also lead to micronutrient deficiencies
in plants (Hafeez et al., 2013; Singh et al., 1988). As a result,
the concentration of micronutrients in dry matter and crop
yield will decrease. The possible reasons that limit the avail-
ability of Zn nutrient to plants include the following:
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e Due to the intense leaching of the soil, the total amount
of Zn may be very low in the acidic soils (Toribio &
Romanya, 2006).

e The availability of Zn decreases with the increase of soil
pH, due to reduced solubility of minerals along with
greater absorption of Zn by colloidal soil particles, such
as clay minerals, iron, and aluminum oxides, organic
matter, and calcium carbonate (Mousavi et al., 2013).

¢ Due to the restricted root development, the availability of
Zn decreases as temperature and light intensity decrease
(Marschner & Cakmak, 1989).

e High levels of phosphorus in the soil reduce the avail-
ability of Zn to plants (Mousavi et al., 2012).

e High concentrations of bicarbonate ion (HCO3—) prevent
plant shoots from absorbing Zn (Gokhan, 2002).

e The absorption of Zn by plants is inhibited by metal cati-
ons of copper and iron, because these elements share the
same carriers in plant roots (Lequeux et al., 2010).

Characteristic symptoms of Zn deficiency include chloro-
sis of young leaves, necrotic patches on the older leaf blades,
smaller leaves, dwarf stems wilting and curling of old leaves
accompanied by extensive chlorosis and growth retardation
(Cakmak, 2008; Lombn & Singh, 2003; Ova et al., 2015).
Due to Zn deficiency, the area between the plant veins turns
yellow (Vitosh et al., 1994). In dicotyledonous plants, the
internode distance and leaf size reduce while in monocotyle-
donous plants, especially wheat, the whitish-brown necrotic
patches are developed on leaf blades, predominantly in the
middle and older leaves under Zn deficiency (Gokhan,
2002). Plants having a Zn concentration in their tissues of
less than 20 ppm will suffer from Zn insufficiency (Mousavi,
2011). Various plants have different resistance to Zn defi-
ciency. Plants such as wheat, beans, corn, onions, sorghum,
rice, citrus fruits and grapes are most sensitive to Zn defi-
ciency (Vitosh et al., 1994).

Zn efficiency

There is significant genetic variation within plant species
in their ability to maintain significant growth and perfor-
mance under Zn-deficient conditions; this is called Zn effi-
ciency (Graham et al., 1993). The durum wheat varieties
are more sensitive to Zn deficiency as compared to bread
wheat (Cakmak et al., 1996a). Interest to conduct research
to elucidate the physiological mechanism that confers Zn
efficiency is increasing in the recent years. Many different
wheat (Triticum aestivum) genotypes have been examined
for their response to low Zn levels in Zn-deficient calcium
soils and significant differences in Zn efficiency have been
consistently found among certain wheat genotypes (Hacis-
alihoglu et al., 2001).
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Zn toxicity

A higher concentration of Zn in soil is toxic to plants as it
may result in various changes in plants including reduced
plant growth (Nagajyoti et al., 2010). General symptoms
of Zn toxicity in plants include stunted shoot growth, curl-
ing and rolling of young leaves, and death of leaf tip (Rout
& Das, 2009). Increased concentration of Zn in chloro-
plast decreases NADPH production in plant. The activity
of RUBP carboxylase and photosystem II is also reduced.
Zn toxicity reduces ATP synthesis, chloroplast activity and
photosynthesis (Reichman, 2002). In addition, it also hinders
absorption of phosphorus and iron (Mousavi et al., 2013).

Physiological functions of Zn in plants

Zn is an essential micronutrient for plant and required in
various enzymatic reactions, metabolic processes, and oxi-
dation—-reduction reactions. Therefore, it is highly important
to maintain constant and continuous supply of Zn for proper
growth and development of plants. Production of carbohy-
drate, protein, and chlorophyll content gets significantly
reduced in Zn-deficient plants as it is an important compo-
nent of various enzymes involved in various metabolic reac-
tions. The total average concentration of Zn in cultivated soil
is about 65 mgkg~! (Alloway, 2009). It is mostly absorbed
in the form of divalent cations (Zn2+), however, it may also
be absorbed in the form of monovalent cations (ZnOH™)
(Kochian, 1993). During the long-distance transportation
through the xylem, Zn binds to organic acids or appears as
free Zn>*, whereas during movement via phloem sap, it may
form complex with low molecular weight organic solutes
(Kochian, 1993). The metabolic function of Zn is based on
its strong tendency to form tetrahedral complexes with N
and O, especially with ligands, which play a role in enzy-
matic reactions (Vallee & Auld, 1990). The role of Zn in
protein molecules involved in transcription and gene expres-
sion regulation has attracted lot of attention (Broadley et al.,
2007). The metabolic changes caused by Zn deficiency are
very complicated. However, some changes are typical and
can be explained by the function of Zn in specific enzymatic
reactions or steps in specific metabolic pathways.

Zn-containing enzymes

In higher plants, Zn is required for the activity of many
enzymes (Table 1). It is estimated that more than 1200 types
of proteins contain, bind, or transport Zn>*, including a large
number of proteins that contain Zn fingers and transcription
factors, oxidoreductases, and hydrolases, such as metallo-
proteases (Kramer & Clemens, 2005). Many Zn containing
enzymes are involved in the regulation of different stages of
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central dogma (Kramer & Clemens, 2005). It is reported that
about 4% of total proteins in Arabidopsis possess Zn finger
motifs, which are active transcription factors and mediate
protein—protein interactions (Kawagashira et al., 2001). The
Zn-metalloproteinases in the cell organelles is required to
destroy and cleave signal peptide (Stahl et al., 2002). In chlo-
roplasts, the stromal processing peptidase depends on Zn
for its activity (Richter & Lamppa, 2003). In addition, the
photosystem II repair process in chloroplasts is performed
by the light-damaged D1 protein which is degraded by Zn
containing proteolytic enzymes (Bailey et al., 2002).
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Physiological roles of Zn in plants

Zn is regulator or promoter of various physiological func-
tions in plant viz protein synthesis, carbohydrate metabo-
lisms, auxin synthesis, maintenance of membrane integrity
and reproduction (Fig. 1).

Role of Zn in protein synthesis

Zn is a structural component of the ribosome and is essen-
tial for its structural integrity. In the absence of Zn, ribo-
somes dissemble and degrade, but can regenerate once the
supply of Zn is restored (Jeganathan et al., 2015). The Zn
deficiency in plants leads to a significant reduction in the
protein synthesis due to reduced transcription and translation
rates, which in turn causes an increase in the accumulation
of amino acids (Cakmak et al., 1989). An increase in RNase
activity causing RNA degradation in Zn deficient plants is
also one of the reasons of reduced protein concentration
(Broadley et al., 2012; Pandey et al., 2002).
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Fig. 1 Impact of Zn-deficiency on the physiology of the plant (conceived from Pandey et al., 2006; Broadley et al., 2012; Mousavi et al., 2013;

Wang & Yang, 2021)

Zn deficiency may be related to disorders of auxin metabo-
lism, especially IAA (Wang & Yang, 2021). The low con-
centration of IAA in Zn-deficient plants may be the result
of inhibition of IAA synthesis or enhanced degradation
(Brown et al., 1993). The biosynthesis of [AA via precursor
molecule (tryptophan) does take place but it is degraded by
reactive oxygen species (ROS) in the absence or deficiency
of Zn (Brown et al., 1993). It is reported that not only IAA
but also the level of gibberellin hormone is known to decline
during Zn-deficiency (Sekimoto et al., 1997).

Role of Zn on membrane integrity and lipid peroxidation
Zn is necessary to maintain the integrity of biomembranes.
It combines with the phospholipids and sulfhydryl groups

of the membrane components or forms a tetrahedral com-
plex with the cysteine residues of the polypeptide chain,
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thereby protecting membrane lipids and proteins from oxi-
dative damage (Mogielnicka-Brzozowska et al., 2015). It is
reported that Zn- deficiency can cause peroxidative dam-
age to the membranes due to the ROS. This explains the
well-known phenomenon of increased leakage of organic
and inorganic solutes from root cells (Brown et al., 1993).
Therefore, the main role of Zn in membranes is to protect
membrane lipids and proteins from peroxidation.

Role of Zn in plant reproduction

It is well known that Zn deficiency can severely inhibit flow-
ering and seed production (Pandey et al., 2006). The lower
seed yield during Zn deficiency can be attributed to (1) the
formation of more abscisic acid in plants, leading to prema-
ture shedding of leaves and flower buds; (2) changes in the
development and physiology of anthers and pollen grains.
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Pandey et al (2009) reported decreased dry matter especially
seed yield in black gram (Vigna mungo) cv. IPU 94 grown
in sand culture with poor Zn nutrition. These plants also
showed reduction in the size of anthers and stigma heads,
pollen production capacity of anthers, and stigma exudates.
Zn deficiency hinders the germination of pollen grains and
the growth of pollen tubes. Decrease in the number of pods,
seeds per pod and seed quality, changes the topography of
the seed coat, and reduced rate of seed germination was also
observed. Chen and Ludewig (2018) reported that the main
regulator of flowering FLOWERING LOCUS T (FT) expres-
sion was suppressed in Arabidopsis thaliana grown under
Zn deficiency conditions. FT inhibition increases rosette
diameter by delaying the transition to flowering, resulting
in longer leaf growth, and a greater number of leaves.

Adaptive response of wheat to Zn deficiency

Apparently, the crop plants evolve several adaptive mecha-
nisms to survive the abiotic stresses caused by various soil
factors, such as insufficient or excessive amounts of minerals
or metal ions. Zn deficiency is one of the most common lim-
iting factors in crop production, and many plant species, such
as beans, corn, wheat, rice, and tomatoes, are considered to
be less tolerant to Zn deficiency (Hacisalihoglu & Kochian,
2003). Several plant species exhibit significant intraspe-
cific variability in Zn efficiency, which appears to be under
genetic control (Graham & Rengel, 1993). Zn deficiency in
wheat (Triticum aestivum L.) occurs in various parts of the
world, and the growth capacity of wheat genotypes in Zn-
deficient soils shows great diversity (Hacisalihoglu et al.,
2001). Several mechanisms have been proposed to explain

Table 2 Zn deficiency response reported in wheat and related species

the efficiency of Zn in crop plants, including increased Zn
absorption, increased bioavailability of Zn in the rhizosphere
due to the release of root exudates, and more internal utiliza-
tion (Hacisalihoglu et al., 2001; Singh et al., 2005). Different
adaptive strategies for overcoming Zn deficiency have been
reported in wheat (Table 2).

Modification in root processes increases
the bioavailability of soil Zn

Root structure may vary slightly among the cultivars of
wheat, and affects plant Zn availability and Zn efficiency
(Kutman et al., 2012). Due to complete exploration of the
soil, finer roots with a larger root surface can increase the
availability of Zn and other nutrients (Singh et al., 2005).
Root-mediated chemical changes in the rhizosphere of wheat
change the pH of the rhizosphere (towards acidic) due to the
release of organic components from the roots or the activ-
ity of soil microbiome that can chelate Zn and increase its
availability. It was also observed that with the increase in
soil pH, the availability of Zn to plants decreases (Khoshgof-
tarmanesh et al., 2018). Therefore, root-mediated processes
reduce the pH of the rhizosphere which increases the avail-
ability of plant Zn by dissolving Zn from the solid phase of
organic and inorganic soils (Fig. 2).

Zn deficiency induces release of phytosiderophores from
the roots and this increased amount of phytosiderophores
promotes the movement of Zn which enhances the efficiency
of Zn in plants. Therefore, it can also improve the fluidity
of Zn in plants. The sensitivity of crops to Zn deficiency
is negatively correlated with the ability of genotypes to
release phytosiderophore from roots under Zn deficiency
conditions. Cakmak et al (1996b) observed greater release

Wheat species Response/ adaptation to Zn deficiency

References

T. aestivum

Increase in the concentrations of malondialdehyde, H,O,, dehydroascorbate,

Enhanced cyanide-insensitive superoxide dismutase activity

Sharma et al. (2004)
Imtiaz et al. (2006)

glutathione-sulfhydryl, and glutathione-disulphide

Increase in the ratios of carotenoids/chlorophyll, dehydroascorbate/ascorbate,

Lombn and Singh (2003)

and glutathione- sulthydryl/glutathione-disulphide

Higher accumulation of other minerals like iron (Fe), copper (Cu), manganese
(Mn), and phosphorus (P) in shoot tissue

Increase in plasma membrane permeability of root cells

High rates of O, generation

Khoshgoftarmanesh et al. (2005)

Khoshgoftarmanesh et al. (2018)

Enhanced chloride (Cl), sodium (Na), and boron (B) uptake
Improved rhizosphere in soil found to be positively correlated with Zn uptake

by plant

T. aestivum and T. durum Enhanced phytosiderophore release

T. turgidum ssp. dicoccoides Elevated levels of Zrt-Irt-like protein (ZIP)1 transporter transcripts, which are

Zn transporters

T. durum Increased superoxide dismutase activity

Cakmak et al. (1996b)
Durmaz et al. (2011)

Candan et al. (2018)
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Fig.2 The Zn-deficiency in soil stimulates secretion of phytosi-
derophores from the roots, which together with the secretions from
soil microbiome, change the pH of the rhizosphere towards acidic,

of phytosiderophore (2'- deoxymugineic acid) from the roots
and increased Zn efficiency in the bread wheat genotypes as
compared to durum wheat genotypes.

Increased root absorption and the translocation of Zn
to above-ground parts

Zn first diffuses into the free space of the root cell wall and
then passes through the plasma membrane with the help of
ion transporters. Zn is absorbed mainly by plant roots in the
form of Zn*. There are at least four different transporter
families that can promote Zn transport in wheat including:

ZIP (Zrt- and Irt-related proteins) transporters

The ZIP transporter proteins have eight potential transmem-
brane domains, where both the ends (amino and carboxy
ends) are present in the outer surface of the plasma mem-
brane (Fig. 3a). ZIP proteins range from 309 to 476 amino
acids in length (Guerinot, 2000). Li et al. (2019) identified a
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thereby increasing the bioavailability of Zn?* to the roots of wheat
(conceived from Cakmak et al., 1996b; Khoshgoftarmanesh et al.,
2018)

total of 58 ZIP genes in wheat (TaZIP) through genome wide
association studies (GWAS). Durmaz et al. (2011) reported
expression of ZIP protein coding genes in the roots and
shoots of various germplasm materials maintained at differ-
ent concentrations of Zn. They also identified and cloned a
full-length ZIP1 carrier protein, named TdZIP1, and further
analyzed the structural properties of the corresponding pro-
tein sequence. Authors observed that over-expression of ZIP
transporter resulted in the excessive accumulation of Zn in
the cell thereby creating a toxic environment.

CDF (Cation Diffusion Facilitator) transporters

Plant CDF is commonly referred to as MTP (metal toler-
ance protein). According to early phylogenetic analysis, the
CDF family is divided into three categories based on the
specificity of metal ions: (1) CDF that carries Mn?*, (2)
CDF that carries Fe**and Zn?*, and (3) CDF that carries
Zn”" and other metal ions, except Fe** or Mn** (Montanini
et al., 2007). The CDF transporters have six transmembrane
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Extracellular side
(a) N-terminal

C-terminal

\ Cytoplasmic side

Variable region

(c)
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C-terminal

N-terminal
Cytoplasmic side

Fig. 3 (a) Schematic representation of the transmembrane domains
of (a) ZIP transporters (based on Guerinot, 2000), (b) CDF transport-
ers (based on Kolaj-Robin et al., 2015), (¢) P-type ATPase transport-

domains and both the terminals of the polypeptide chain are
present on the cytoplasmic side (Kolaj-Robin et al., 2015). A
histidine-rich interconnecting loop (IL2) is present between
the 4th and 5th transmembrane domains (Fig. 3b).

Vatansever et al. (2017) identified and characterized
genes for a total of 20 MTPs in wheat and named them as
a series of TaMTP. All the TaMTPs showed characteristic
structure of CDF proteins and most of them contained a Zn
transporter dimerization domain. They showed that MTPs
were mostly expressed in the aleurone layer of the grain,
which is well known as a reservoir for nutrients like Fe and
Zn.

P-type ATPase (metal transporting ATPases)

The P-type ATPases may have six to twelve transmem-
brane domains and three cytoplasmic domains called the
N-domain (nucleotide binding), P-domain (phosphoryla-
tion) and A-domain (actuator) that confers the ATP hydro-
lyzing activity (Bublitz et al., 2010) (Fig. 3c). Moradi and

(d)

(b) Extracellular side

N-terminal C-terminal

Cytoplasmic side

Extracellular side

C-terminal

N-terminal
Cytoplasmic side

ers (based on Bublitz et al., 2010) (d) NRAMP transporters (based on
Nevo & Nelson, 2006)

Mandoulakani (2020) studied the expression pattern of
P-type ATPase genes (HMAI, HMA2 and HMA9) in Zn-
efficient and Zn- inefficient bread wheat cultivars under Zn
deficient and sufficient conditions and reported many folds
higher expression of these genes in Zn-efficient wheat cul-
tivar grown under Zn deficient conditions.

NRAMP (natural resistance-associated macrophage
proteins)

The transporter protein has 12 transmembrane domains
where N and C-termini are located intracellularly, and a
loop between 7th and 8th domains is extracellular (Nevo
& Nelson, 2006) (Fig. 3d). Peng et al. (2018) identified a
NRAMP transporter (TpNRAMP?3) in Polish wheat (7riti-
cum polonicum L.) and reported that the expression of the
transporter was high in the leaf blades and roots during the
jointing and booting stages.
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Approaches to enhance Zn biofortification
in wheat

Wheat is an important source of daily food intake for the
people, but its Zn bioavailability is low. Agronomical or
genetic/molecular breeding methods could help to develop
micronutrient-intensive wheat genotypes to increase the Zn
concentration in wheat. The biofortification of Zn in wheat
can be achieved by the following approaches:

Agronomic approaches for Zn biofortification

Agronomic methods involve fertilizer application strate-
gies and it is a quick solution to reduce Zn deficiency and
increase Zn concentration in grains (Cakmak & Kutman,
2018). This approach is most effective when Zn fertilizers
are used in combination with nitrogen fertilizers, organic
fertilizers and improved varieties (De Valenca et al., 2017).
The application of organic / inorganic Zn fertilizers can
increase the Zn content of wheat grains (Table 3). However,
the biofortification of Zn through agronomic approaches is a
non-ecofriendly approach as only about 20% of the supplied
Zn is absorbed by the plants and the rest remains adsorbed
on the soil particles (Gupta et al., 2021).

Breeding approaches for Zn biofortification

Biofortification of Zn through conventional cross-breeding
is a cost-effective and sustainable method for delivering
micronutrients in food (Stein et al., 2007). Plant breeders
have crossed Zn efficient landraces/ varieties of wheat to
generate wheat varieties with enhanced Zn grain content

Table 3 Various agronomic approaches to biofortify Zn in wheat

(Table 4). Recently, with the technical support of CIMMYT
in Mexico, the Bangladesh Wheat and Maize Research Insti-
tute (BWMRI) has launched a promising new Zn bioforti-
fied wheat variety "BARI Gom 33", which is the result of
a conventional breeding program. It also possesses resist-
ance towards the wheat blast caused by Magnaporthe ory-
zae. This variety can help millions of people in South Asia
including India (Das et al., 2019). The biofortified wheat
varieties with high Zn content which have been recently
released in India are summarized in Table 5.

Development and dissemination of agronomical quali-
fied wheat varieties with high grain zinc content is a major
objective under wheat biofortification breeding program of
HarvestPlus and its South Asian program partners. In India,
through public—private partnerships (PPPS), seed sector is
playing important role in expediting the distribution and
commercialization of biofortified wheat varieties so that
it can reach and benefit millions of farmers. For example,
in Bihar, state government is promoting production and
consumption of biofortified wheat varieties like Rajendra-
Gehu-3, developed by the Rajendra Prasad Central Agri-
cultural University, and BHU31 and BHU-25 launched by
seed companies (https://www.pwc.in/assets/pdfs/consulting/
mc/as/integrating-nutrient-rich-crops-into-foodsystems-a-
tool-of-change.pdf). Rajendra-Gehu-3 contains 38 ppm of
zinc which is the target level of zinc content for biofortified
zinc wheat varieties with nutrition and health benefit when
consumed regularly. In India, zinc wheat is currently grown
by 4,42,078 farming households overall, with~2.1 million
household members benefiting. It is expected that in the next
few years zinc wheat shall reach more than one million farm-
ing households in Bihar (https://www.harvestplus.org/knowl

Agronomic approach Chemical/ Fertilizer

Increase in grain/flour Zn content References

Soil and foliar Zn application with or
without foliar urea

ZnS0,-7TH,0

Rhizobacterial application in soil

One bacteria (Providencia sp.PW5) and 41.73 mg kg™! Zn content in grain

58% increase in whole grain Zn, 76% Zhang et al. (2012)

increase in wheat flour Zn
Rana et al. (2012)

three cyanobacteria (Anabaena sp.,
Calothri x sp. and Anabaena sp.)

Soil Zn and foliar Zn application ZnSO,7H,0
Foliar Zn application ZnSO,7H,0
Foliar Zn application with five fungi- ZnSO,7H,0

cides and nine insecticides

Application of Zn solubilizing endo-
phytes in soil bacter sp. DS-179

Application of three rates of nitrogen ZnS0O,-7H,0 and sucrose
(N) fertilizer to soil in combination

with three foliar applications (deion-

ized water, Zn alone, and a combina-

tion of Zn and sucrose)

Foliar Zn application ZnSO47H,0

Bacillus subtilis DS- 178 and Arthro-

Up to 90% increase in whole grain Zn Zou et al. (2012)
Velu et al. (2014)
Ram et al. (2016)

0.4% increase in grain Zn
5.2-7.7% increase in grain Zn

Two folds increase in the grain Zn Khande et al. (2017)

27.1 to 38.1% increase in grain Zn Xia et al. (2018)

Grain Zn content increased from 28.6 Zou et al. (2019)
mgkg ™! to 46.0 mgkg ™!
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Table 5 Zn-biofortified varieties released in India

Wheat Variety Developed by the institute/organization Zn content (PPM) References

WB 02 Indian Institute of Wheat and Barley Research (IIWBR), Karnal 42 Singh et al. (2017)

HPBW 01 Punjab Agricultural University, Ludhiana 40.6 Singh et al. (2017)

Pusa Tejas ICAR-Indian Agricultural Research Institute (IARI), Regional Sta- 42.8 Yadava et al. (2018)
tion, Indore

Pusa Ujala ICAR-Indian Agricultural Research Institute (IARI), Regional Sta- 35 Yadava et al. (2018)

tion, Indore
MACS 4028 (durum variety) Agharkar Research Institute, Pune
PBW1Zn

Zn Shakti (Chitra) Ankur Seeds
Ankur Shiva Ankur Seeds
HI 1633

tion, Indore

Punjab Agricultural University, Ludhiana

ICAR-Indian Agricultural Research Institute (IARI), Regional Sta- 41.1

40.3 Yadava et al. (2018)

50 to 60 Bassi et al. (2021)

- Rathan et al. (2021)

— Velu et al. (2019)
Verma and Singh (2020)

edge-market/in-the-news/zinc-wheat-events-bihar-attracthun
dreds-farmers) and https://www.harvestplus.org/knowl
edge-market/in-the-news/bihar-stateindia-promote-biofo
rtified-crops-address-nutrition-security. HarvestPlus in col-
laboration with Banaras Hindu University, Varanasi distrib-
uted seed of zinc biofortified wheat varieties to thousands
of farmers. During the year 2015-2016, more than 50,000
farmers adopted zinc-biofortified wheat varieties through
PPPs. Varieties like “Zinc Shakthi” showed promising per-
formance and benefitted thousands of farmers (https://www.
cimmyt.org/news/farmers-in-india-embrace-highzinc-wheat-
for-its-nutritional-benefits/).

Transgenic approaches for Zn biofortification

The availability of enormous sequence data in wheat and
model cereal crop species like rice and barley provides
an opportunity to identify and utilize potential homologs
and candidate genes (with putative Fe and Zn transporter
function) for improving Zn and Fe biofortification in wheat.
In rice, over-expression of genes involved in pathway for
Fe and Zn transport showed increased bioavailability of Fe
without affecting yield. Lee et al., (2009) showed that over-
expression of NA synthase (NAS) led to threefold increases
in Fe and Zn content in paddy grown grain. Moreover,
when anaemic mice were served, with these grains, hemo-
globin and haematocrit were recovered to normal levels
within two weeks. Zn content in barley has been improved
by overexpressing Arobdopsis Zn transporters (Ramesh
et al., 2004). In order to increase the bioavailability of iron
and Zn, phytase activity was increased in barley seeds by
expression of phytase gene i.e. HvPAPhy_a (Holme et al.,
2012). These studies strengthen the view that grain Fe and
Zn can be modified in wheat through transgenic approaches.
However, in wheat transformation efficiency is still a major
bottleneck due to which transformation to any elite wheat

@ Springer

cultivar is still in its infancy thus limiting proper utilization
of elite lines in breeding programmes.

Role of phytic acid hindering the bioavailability of Zn

Most of the phosphorus present in the soil is in organic form,
and the main component of soil organic phosphorus is phytic
acid (PA), which is mainly composed of inositol penta and
hexaphosphate (Dalai, 1977). Due to its negative charge,
PA can chelate various mineral cations (Zn>*, Fe’*, Mg,
Ca*") present in the soil and make it unavailable for absorp-
tion by the plants. Most plant species cannot use soil PA
as a source of phosphorus because they lack extracellular
phytase, an enzyme that releases inorganic phosphate from
PA (Fig. 4). Phytase is produced by many microorganisms,
including bacteria, yeasts, and fungi (Eida et al., 2012). The
microbial degradation of PA is presumed to occur in the
soil because the microorganisms that produce phytase are
widely distributed in various soils (Hayatsu, 2013; Rich-
ardson, 2001).

In cereal crops, 85% of total phosphorus is stored in seeds
and other plant organs in the form of phytic acid (Cominelli
et al., 2020; Perera et al., 2018). The remaining 15% of
phosphorus in living cells is stored in the form of soluble
inorganic phosphate, used for multiple functions, including
regulation of different cells signals and process plants (Spar-
voli & Cominelli, 2015). PA readily chelate Zn>* which gen-
erate Zn phytate and hinders with its bioavailability (Perera
et al., 2018). Hence, even after biofortification of Zn in
wheat grains, it may remain unavailable to humans (Gupta
et al., 2021). However, PA has some beneficial health aspects
as it may act as anti-oxidant, anti-inflammatory, and anti-
cancer molecules (Doria et al., 2009; Jenab & Thompson,
1998). Hence, the biofortification strategies need to focus
on developing Zn biofortified wheat varieties with balanced
PA, to avoid compromising its beneficial effects. The United
States Department of Agriculture—Agricultural Research
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Service (USDA-ARS) in collaboration with the University of
Nebraska, has released eight wheat varieties (N16MD9012,
N16MD9140, N16MD9275, N16MD9268, N16MD9046,
N16MD9204, N16MD9074 and N16MD9153) with low
PA and high micronutrient content. Some of these varieties
also possess resistance to leaf, stem and stripe rust diseases
(Venegas et al., 2018).

Conclusion

The research on Zn deficiency stress in wheat has a long his-
tory. Some recent findings provided some information about
the physiological basis of Zn efficiency. The possible mech-
anisms have been studied, including root absorption and
translocation of Zn, chelation in leaves, and biochemical uti-
lization of Zn; however, there are still many questions about
the Zn efficiency mechanism which needs to be answered
in near future. Root uptake of Zn is generally considered to
be one of the key components of Zn efficiency. However,
it is not adequately evident by the literature and we still do
not fully understand this association. More information is
needed on the exact role of biochemical Zn using different
components. With in-depth research, our understanding and
cognition of the basis of the Zn efficiency mechanism will
definitely need to be revised.

The Zn deficiency in wheat is generally marked by
enhanced accumulation of ROS, dehydroascorbate, glu-
tathione-sulfhydryl, and glutathione-disulphide, and some
other phytochemicals. The physiological responses to Zn

deficiency include enhanced production of ROS scavenging
enzymes, release of excessive phytosiderophores from roots,
elevated production and expressions of Zn transporters, and
higher accumulation of other macro and micronutrients. The
problem of Zn bioavailability in wheat can be addressed
by using novel biofortification approaches. A great deal of
knowledge on biofortification and bioavailability of Zn has
been generated till date. Some wheat varieties have also been
successfully developed to increase the Zn content of grains.
However, the available information is not fully utilized in
breeding programs. Since the sequences of several genes
involved in wheat biofortification are now known (Gupta
et al., 2021), these genes can be used to develop new trans-
genic wheat varieties with enhanced Zn efficiency.
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