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Chapter 1
Introduction to Biofortification
and Challenges for Nutrition Security

Asima Rasheed, Sabir Hussain, Muhammad Abdul Rehman Rashid,
Ijaz Rasul, and Farrukh Azeem

Abstract By the middle of the century, the global population will have surpassed 9
billion people, increasing the demand for food, water, and space. Maintaining food
security and sustainability presents several significant hurdles like nutritional defi-
cits, postharvest losses, and inconsistent regulation. Micronutrient deficiency is one
of the major concerns of the time that imparts negative health impacts on millions
of people and is also referred to as “hidden hunger.” To deal with the deficiency
impacts, biofortification is presented as the most effective strategy that enhances the
micronutrients in staple crops. This technique can also increase bioavailability by
removing antinutrients from plants. The cultivars developed by biofortification are
tagged as ideal for nutritional security which shows a positive response in vulnera-
ble countries. The ability of biofortification to improve crop micronutrient levels
has been demonstrated through research; the next step is effective execution and
public consumption. Current chapter highlights various approaches for food biofor-
tification and challenges related to food nutritional security.

1 Introduction

Food insecurity makes it more difficult for people to get the amount of food they
need to meet their caloric needs. Due to the resulting deficiencies, a person may not
be able to work properly or have enough strength to do daily duties, which also
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lowers their ability and productivity to earn (Banerjee and Duflo 2011). The world
population is expected to reach 9 billion people in 2050, which would bring numer-
ous issues for the sustainability of food due to the rising demand for food. The
economy of the target nation is also impacted by ongoing global population expan-
sion in the absence of technological and environmental policy measures (Tian et al.
2016). A growing problem in the world’s expanding population is malnutrition.
Malnutrition affects 792.5 million people worldwide, with developing countries
bearing the brunt of the problem. In underprivileged nations, the majority of people
either go hungry or eat food that is lacking in nutrients. Almost, 24,000 people a day
die from hunger-related causes worldwide. A third of the population on average is
facing “hidden hunger.” They lack one or more essential macronutrients or micro-
nutrients in their diets, e.g., Zn, Fe, Se, I, folic acid, lysine, vitamin A, vitamin B12,
vitamin C, and Vitamin D (Malik and Magbool 2020). Vitamin A, iron, and zinc
deficiencies are the three most typical nutritional deficiencies worldwide. In regions
of the world such as Sub-Saharan Africa, the Caribbean, and East and West Asia, it
is a significant public health issue (Siwela et al. 2020). Malnutrition and poverty
have a crucial connection. Unstable and poor conditions brought on by poverty may
exacerbate the malnutrition issue. People who live in poverty frequently experience
financial constraints, which makes it difficult for them to obtain sufficient, whole-
some meals (Pefia and Bacallao 2002). Short-term micronutrient deficiency is harm-
less, but persistent deficiency can cause a variety of illnesses, including anemia
(iron deficiency), beriberi (vitamin B deficiency), pellagra (niacin deficiency), rick-
ets (vitamin D deficiency), and scurvy (vitamin C deficiency), some of which can be
fatal (Ratajczak et al. 2021). To boost the nutrient output of farming systems, a
variety of agricultural instruments (such as crop diversification, crop selection, fer-
tilizers, cropping systems, soil amendments, etc.) could be used. The first agricul-
tural strategy now being used to combat micronutrient deficiencies is biofortification
(Bouis and Welch 2010).

As compared to other traditional approaches, biofortification is considered as
most economical one due to its tremendous outcomes in short period. Even though
initial investments are substantial, numerous researchers have already examined the
cost-effectiveness of biofortification in numerous studies (Kumar and Pandey 2020).
Because of its several advantages over food diversification and artificial food forti-
fication, it has been demonstrated to be an effective strategy in many industrialized
countries and produced germplasms can be shared internationally.

The first aim of this chapter is to highlight the challenges in nutrition security and
food sustainability and, second, to highlight the different biofortification strategies
for the development of improved and easily approachable foods while maintaining
the food chain.
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2 Current Challenges for Nutrient Security

A key problem at the moment is the need for more food and fiber sources to feed
future generations. Various risks and constraints, some of which are addressed
below, can severely limit the capacity to develop and maintain a sustainable global
agri-food system to satisfy these demands.

2.1 Global Population

Food security is seriously threatened by the rise in global population, climate
change, and the shrinking amount of arable land. The world population increased
from 4.4 billion to 6.1 billion people between 1980 and 2000, and food production
increased by 50% during that time. Since 2000, the global population has increased
by about 2% per year, reaching 7.3 billion people in 2014. The global population is
expected to increase to reach 9.7 billion people by 2050 (McCarthy et al. 2018).
Increased population directly impacts the environment which in turn affects the
production rate of food for people. This will happen directly by changing the land
structure that is available and suitable for farming, as well as indirectly by prevent-
ing the formation of clouds that are driven by volatile organic compounds (Tian
et al. 2016). The Food and Agriculture Organization (FAO) predicts that emerging
countries’ urbanized areas would see the majority of the world’s population growth.
It has also been shown that there is enough food production to feed the entire world’s
population, but due to socioeconomic hurdles, harsh environmental conditions, and
a lack of social safety nets, this food supply cannot be spread equally throughout all
continents, especially in developing countries (Sunderland et al. 2013). Hunger and
malnutrition are two persistent problems in these emerging nations. More individu-
als are expected to experience inadequate nutrition as a result of the ongoing popu-
lation growth, especially youngsters, making them more vulnerable to chronic
illnesses and even mortality.

2.2 Climate Change

Climate change is defined as an increase in atmospheric temperature, increased car-
bon dioxide levels, and changes in precipitation. According to the FAO, these fac-
tors will all have an impact on agriculture and food production, leading to drought
and more extreme temperature swings in many areas where food is produced.
Accuracy and precision in estimating climate sensitivity are essential to any climate
predictions (Franzke et al. 2015). It is the primary duty of the authorities dealing
with food security to strictly consider and follow the predictions of climate. The
ignorance of these predictions could impact the dimensions of food security (Burke
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et al. 2015). People being hungry or perhaps starving is a particular challenge faced
by those projecting climate change’s effects on the agri-food industry. It is possible
to focus too much on some outcomes (such as the worst, most extreme temperature
increases scenarios) and neglect to prepare and plan for a wider range of potential
future climate trends. Furthermore, the established nonuniform regional climate
trends that take place within an overall changing climate hinder the applicability of
global climate change projections to food security. To accommodate for climatic
changes in crop and nutritional policies and practices, regional decisions must be
founded on research. This is crucial for ensuring global food security (Chandio
et al. 2020). Extreme heat stress brought on by rising global temperatures can have
a severe impact on crop yield. Crop yield and world food supply are predicted to
suffer from projected changes in the frequency and intensity of extreme climatic
events, especially at lower latitudes (Porter et al. 2014). More than just a risk, cli-
mate change is a challenge that calls for quick and decisive actions. To improve
climate change mitigation and adaptation in developing countries, new approaches
are required. Climate change is expected to have a significant impact on food costs,
which will make goods unaffordable and heavily reliant on imports, particularly in
developing nations (Arora 2019). One hundred and ninety-five nations adopted the
first global climate pact to address climate change during the December 2015 United
Nations Conference on Climate Change, which was held in Paris. The goal of this
agreement was to keep global warming in the twenty-first century to less than 2 °C
compared to preindustrial levels. According to estimates, the world’s greenhouse
gas emissions must fall by 40-70% by 2050 to achieve carbon neutrality, which
would increase the sustainability of food production (Tian et al. 2016).

2.3 Water-Related Issue

Water being an essential need in agriculture, household activities, and other indus-
trial infrastructures, is utilized extensively which results in a shortage of water
around the globe. 1 kilogram of rice requires 3500 liters of water and 1 kg of beef
needs 15,000 liters of water to produce, which are examples of the intense usage of
water (Tian et al. 2016). Water use has increased at a rate that is more than twice as
fast as population growth over the past century. Geographically, water is distributed
unevenly throughout the world, and a lot of it is wasted, polluted, and handled in an
unsustainable manner (Premanandh 2011). According to statistics, a quarter of
global population faces water shortages, and the one-fifth population lives in areas
with limited water resources. When climate change hits, two-thirds of the world’s
population would have insufficient access to clean water (Shan et al. 2020). Proper
water management and greater access to fresh water are required to cope with the
demands of food production and agricultural operations.
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2.4 Postharvest Food Losses

Every year, around 1.3 billion tons of food have been wasted due to mishandling of
whole supply chain, especially postharvest handling. In contrast, over 870 million
people experience daily hunger, which accounts for more than one-third of the food
produced globally. Food loss can also be taken place by using polluted water, which
has additional financial expenses. Agricultural sector, food security, and food sup-
ply chain should be placed at the utmost priority in the development of ecologically
friendly crop protection measures. To decrease food waste and postharvest losses,
FAO developed a toolbox to give awareness among population on how to minimize
and recycle trash (Tian et al. 2016). Large amounts are lost and squandered, which
results in losses of not only food and nutrition but also of the natural resources uti-
lized to manufacture and handle these goods, including land, water, chemicals,
energy, and labor. Additionally, the losses and waste of agricultural products also
have a great contribution to the development of environmental issues, such as the
emission of greenhouse gases. Minimizing postharvest losses and wastes can only
be an operative way to upsurge food availability in the food system, ensuing in
shortened food insecurity, improved nutrition, improved income ratio, and reduced
wasting of several resources such as land, water, chemicals, and energy (Yahia
etal. 2019).

3 Application of Biofortification to Improve the Nutritional
Profile of the Diet

For a long time, developing countries have focused to upgrade their agriculture-
based research to develop improved and nutritious cereals. Besides the development
in research, every third person is facing hidden hunger, which might be due to the
hindrance in availability of mineral-based foods or foods with low quality. Recently,
plant scientists have developed a new policy to produce varieties with an elaborated
nutrient profile instead of focusing on increasing production rates to reduce hidden
hunger (Christou and Twyman 2004). A sustainable and cost-effective process that
enhances the nutrient ratio by adopting different techniques in the diet is called
biofortification. Biofortified food may not provide as many micronutrients per day
as fortified or commercially available foods, but they can provide an adequate daily
intake of nutrients or vitamins throughout the individual’s life (Riaz et al. 2020).
Biofortification provides micronutrients or treats nutrient deficiencies more sustain-
ably and cheaply to fewer resources community instead of eliminating malnutrition
from their life. Once established, the biofortified crop system is extremely sustain-
able, even if government interest and finance for solving micronutrient issues wane,
nutritionally enhanced seeds will continue to be planted and consumed for a longer
time period (Saltzman et al. 2017). Furthermore, biofortification provides a feasible
method of supplying naturally fortified meals to undernourished communities in
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relatively remote rural areas that have limited access to commercially marketed
fortified foods, which are more easily accessible in urban areas (Singh et al. 2016).
Many organizations have been working hard to eliminate malnutrition from the
world and introduced many varieties of different crops into the markets By the end
of 2016, more than 20 million people in 30 countries were eating biofortified crops,
and 150 varieties of 10 crops were available (Jha and Warkentin 2020). Marketed
surpluses of these crops may make their way into retail outlets, reaching consumers
in first rural and then urban areas, in contrast to complementary interventions, such
as fortification and supplementation, that begin in urban centers. Biofortification
research is ongoing in the hope of minimizing or eradicating malnutrition caused by
micronutrient deficiency. Biofortification research continues in the hope of reducing
or eliminating malnutrition caused by micronutrient deficiency.

Many crops like wheat, maize, rice, and soybean, etc. are broadly consumed by
the population that is unable to provide recommended daily doses of essential nutri-
ents which in turn causes health issues. Biofortification successfully enhances Fe,
Zn, Ca, Se, or different vitamins in highly consumed staple crops and grows
improved crops for the population. Biofortification makes sure to enhance mineral
absorption, their delivery to edible parts, and bioavailability. Many factors in crops
require special attention to provide people with balanced diets (Kumar and Pandey
2020). The inadequacies that have drawn the attention of responsible authorities and
governments for biofortification are briefly described in the section that follows.

3.1 Micronutrients

In basic foods, Fe, Zn, and vitamin A are the most deficient ones that are directly
involved in the hidden hunger around the globe. The deficiency of these components
causes anemia, color blindness, and bone diffraction and also affects mental devel-
opment (Majumder et al. 2019). For humans, micronutrients are also considered
important candidates as they work as cofactors of many functioning enzymes in the
body that are involved in the metabolism and regulatory functions of the body.
Wheat, rice, and maize are the primary sources of nutrients for people living in
underdeveloped countries (Shahzad et al. 2021). Unfortunately, these agriculture-
based foods contain deficient amounts of different nutrients especially Fe, Zn, and
vitamin A which enable them to fulfill the daily nutrient requirements of the body
and result in many major disorders in the body. Underaged children and pregnant
women are the main targets of these deficiencies and about 40% population around
the globe is labeled as anemic (Rempel et al. 2021). Wheat is the red meat of poor
communities that must be biofortified with Fe, Zn selenium, iodine, vitamin, and
other micronutrients for a healthy population. Maize is found with antioxidants,
vitamin A and E (tocopherol) deficiencies that affect the quality of proteins in maize.
The quality of zein proteins can be enhanced by increasing the concentration of
tocopherol and lysin. As opposed to wild-typed lines of maize, varieties with
opaque-2 (02) mutant form maize have the potential to increase tocopherol and
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lysin content (Grover et al. 2020). Other crops like barley, sorghum chickpea pigeon
pea, etc. are also deficient in essential micronutrients and required great attention to
avoid hidden hunger.

3.2 Antinutrients

The chemical substances that exert harmful effects on human health by the reduc-
tion of nutrient absorption are labeled as antinutrients. These factors are mostly
found in the edible part of crops. Within plant material, these substances have criti-
cal impacts on nutrients like minerals, vitamins, and proteins and their amount and
intensity vary in each plant depending upon the chemical fertilizers used for growth
purposes, method of propagation, as well as storage conditions, also affect their
influence (Ugwu and Oranye 2006). Some major antinutrients are alkaloids, lectins,
phytases, oxalates, and tannins. These substances are gifts to plants by nature for
their defense against fungi, insects, and predators. The continued consumption of
these compounds by the human population causes serious health issues as these
substances interfere with the metabolic process which in turn reduces the bioavail-
ability of essential nutrients (Sinha and Khare 2017). Some antinutrients are briefly
discussed below.

Lectins Lectins are also known as phytohemagglutinins involved in the agglutina-
tion of red blood cells and have many active carbohydrates binding sites. These
antinutrient substances are widely distributed in plants especially in grain products
by nature, involved in the protection mechanism of plants (Mishra et al. 2019) but
when these lectin-rich products are consumed by humans, several disorders like
nausea, gastroenteritis, and diarrhea have caused. Some severe disorders such as
destruction of the epithelial tissue of the gastrointestinal tract, local hemorrhage,
and damage to the kidney, heart, or liver have also been reported by the toxicity of
lectin (Vasconcelos and Oliveira 2004). Because lectins directly affect digestive
enzymes, they decrease the digestibility of nutrients.

Phytase Phytases present in plants, animals, and soil are the salted form of phytic
acid and are also known as Inositol hexakisphosphate (InsP6) (Desai et al. 2014). In
monocotyledon plants, it can be removed easily during milling as it is present in the
aleurone or bran layers. In dicotyledon plants, it is directly linked with the protein
that can be removed along with phytase during processing and added adverse
impacts on the nutritional value of the concerned food. Phytases are the storage
house of phosphates and play important role in the germination of seeds and also
serve as the energy house of plants (Gibson et al. 2018). Despite the beneficial role
of phytates for plants, it is crucial for humans and animals because it forms com-
plexes with Fe, Zn, Ca, and Mn in the digestive tract and lessens the bioavailability
of these minerals (Schlemmer et al. 2009).
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Tannins The plant kingdom also has one of the highest molecular weighted antinu-
trients named tannins and is involved in the defensive properties of plants. This type
of antinutrient has chelated properties with Fe and Zn. Condensed tannins and
hydrolyzable tannins are the two types of tannins. The first one is the ester of gallic
acid while the second one is the polymer of polyhydroxy flavan-3-ol monomers and
also known as proanthocyanidins (Balasundram et al. 2006). The tannin-rich foods
are considered as least nutritious because these tannin compounds are responsible
for a low growth rate, indigestibility of proteins, and lack of appetizers (Ozcan et al.
2014). According to Chung et al. (1998), tannins can contribute to the acceleration
of esophageal and cheek cancers. However, some tannin molecules also contain
antiviral, antifungal, and antioxidant (Pizzi 2019).

Saponins These are the widely distributed antinutrients mostly found in soybean,
peanuts, spinach, broccoli, potatoes, apples and eggplants (Kregiel et al. 2017). The
presence of a very low concentration of saponins in foods can build up soapy-nature
constituents that can be distinguished by their bitter taste. Saponins are water-
soluble agents with a major portion of nonsugary aglycone which term as sapogenin
(Goéral and Wojciechowski 2020). By the chemical nature of sapogenin, saponins
are differentiated into steroidal and triterpenoid saponins. The minute concentration
of saponins can decrease the absorption of glucose and cholesterol in the gut region
via intraluminal physicochemical interaction and also destroy the red blood cells in
the human body (Sinha and Khare 2017).

4 Biofortification Approaches

The basic goal of biofortification (Shahzad et al. 2021) can be achieved through
three routes: conventional plant breeding, agronomic approach, and genetic engi-
neering (Fig. 1.1). These routes of biofortification involved agriculturalists, eco-
nomics, and nutritionists working together (Garcia-Casal et al. 2017) for the welfare
of mankind by producing improved and safe staple crops like wheat, rice, maize,
pulses, potato, sweet potato, tomatoes, etc. The three routes of biofortification are
briefly described in the below section.

4.1 Agronomic Approach

The agronomic approach of biofortification uses fertilizer, soil, and beneficial
microorganisms to enhance the nutrients of edible parts of plants (Philipo et al.
2021). This technique is economic and easy to temporally enrich the plants with
nutrient contents. The adoption of this technique requires much knowledge about
environmental factors as well as soil microorganisms. The accessibility, transmis-
sion, and consumption of nutrients by plant parts are the primary objectives of
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Fig. 1.1 Graphical representation of different biofortification approaches to overcome malnutri-
tion. (Sourced from Sheoran et al. 2022)

agronomic biofortification (Shahzad et al. 2021). Naturally, the soil is rich with
essential nutrients absorbed by the plants but sometimes plants are enabled to absorb
nutrients and undergo nutrient deficiencies. In this condition, different nutrients are
given to the oil. Nitrogen, phosphorus and potassium (NPK) are the frequently used
nutrients in this approach (Rashid et al. 2020). Other than NPK, Zn and Fe are also
reported as deficient the in the human diet, so these two are also applied under this
approach to overcome their deficiencies. In China, a 75% increase in Zn content has
been reported in wheat grain after Zn fertilizer application (Wang et al. 2016).
Adequate attention related to environmental factors, ways of application and nature
of nutrients required and adoption of an agronomic approach to biofortification.
There are many options to enrich the plant nutrients under this strategy of bioforti-
fication. The target nutrient usually NPK can be directly added to the soil bed either
during the preparation of soil for sowing or after the germination of plants. Thus,
nutrients are taken up by plants and integrated into the food chain. Micronutrients
in the liquid form are sprayed out on the aerial parts or on the reproductive parts of
the plant that are absorbed by stomatal opening and resulted in healthier foods for
consumers. Thirdly, micronutrients can also be flooded alongside irrigation that is
absorbed by plants through root uptake and accumulated in edible parts of the plant
(Shahzad et al. 2021). Several environmental factors like humidity, wind speed,
temperature and time of application directly affect the efficiency of foliar and soil
application. The moist or warm conditions of weather directly affect the permeabil-
ity of plant tissues which in turn disturbs the efficiency of foliar and soil application.
Before adopting these options for biofortification, sufficient research about the loca-
tion and environmental conditions is necessary (De Valenca et al. 2017).
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Apart from benefits, the success of agronomic biofortification is directly depen-
dent upon the transportation, and absorption of minerals among plant species. The
soil composition of specific geographical areas also affects mineral deposition
(Ismail et al. 2007). According to soil composition analysis, nearly half of India’s
agricultural soils, one-third of China’s, 14 million hectares of Turkey, and eight mil-
lion hectares of Australia are zinc deficient. The main disadvantage of agronomic
biofortification is that the target nutrients accumulate in the plant’s leaves or other
inedible sections rather than in the fruits, grains, or other edible components (Garg
et al. 2018). Furthermore, the presence of antinutrients in plants also hinders the
bioavailability of target minerals in humans or animals. The greatest obstacle of all
is the negative environmental effects of fertilizer deposition in soil and water
(Waters and Sankaran 2011).

4.2 Conventional Plant Breeding Approaches
for Biofortification

The main purpose of breeding activities is to enhance nutrient concentration to the
target level in the edible parts of staple foods to ensure a healthy lifestyle for the
population and to overcome malnutrition. In this method, plant breeders, nutrition-
ists, and food technologists have collaborated to produce results that are long-lasting
and sustainable while taking into consideration any gene screening or nutrient-
related points (Kumar et al. 2022). Plant breeding not only focuses on improving the
micronutrient content of edible plant parts but also takes into account how readily
the body can absorb the targeted nutrients after cooking or preparation (Bouis and
Welch 2010). Around the globe, several crops enriched with different nutrients have
been developed and released under conventional plant breeding. Efficacy trials for
vitamin A-rich OSP, provitamin A-fortified orange maize, provitamin A-fortified
yellow cassava, iron pearl millet, and iron beans all provide promising evidence that
biofortification improves micronutrient intake and deficiency status among target
populations (Saltzman et al. 2017). To run fast and feasible breeding of plants with
improved micronutrient and vitamins profile, the presence of adequate genotypic
variation is mandatory. Parent lines with enhanced nutrient concentration are
crossed with other lines several times to get a perfect product with desirable nutri-
ents and agronomic traits. Contrary to agronomic biofortification, conventional
breeding needed genetic diversity in the gene pool for the trait of interest (TOI).
Sometimes, breeders need to cross lines with distant relative lines due to the limited
genetic variations of TOI in the gene pool to get lines with the desired trait which
slowly moved into commercial cultivars. Mutagenesis is another approach to trans-
fer new traits into commercial varieties (Garg et al. 2018). Discovery of genetic
differences that impact heritable mineral properties, evaluation of their stability
under various situations, and determination of their breeding viability for higher
mineral content in edible tissues without fluctuating yields or other quality
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attributes are some breeding approaches (Kaur et al. 2020). Traditional breeding
depends on successful selection based on additive genetic effects, the heterosis phe-
nomenon in F1 progeny, and transgressive segregation in later generations once a
suitable genetic variation is available (Welch and Graham 2005). By lowering the
amounts of antinutrients, the breeding strategy can be used to boost the bioavail-
ability of nutrients. Antinutrients served as metabolites in plants and are directly
related to plant metabolism and help out in biotic and abiotic resistance. The
decrease in antinutrients required more precautions as it may impose negative
impacts on crop health if not done carefully (Singh et al. 2016; Siwela et al. 2020).
Since breeding programs are probably the quickest approach to improving plants,
many international organizations have launched attempts to raise the nutritional
content of crops. The European Union’s Health Grain Project (2005-2010), funded
with over £10 million and 44 partners from 15 countries, aimed to create high-
quality cereal foods and components that promote good health. Numerous crops
have been targeted for biofortification through crop breeding due to their improved
acceptance (Bouis and Welch 2010).

Biofortification via conventional breeding also has several limitations. The major
one is the limited genetic variations of traits in the gene pool of plants which might
be solved by breeding with distant relatives but plant breeders also face difficulty to
search for the gene of interest in distant relatives. This scenario makes it impossible
for breeders to introduce crops with improved or desired traits through conventional
breeding, e.g., Se improvement in wheat (Lyons et al. 2005) and oleic and linoleic
acid improvement in soybean (Sarwar et al. 2020; Yeom et al. 2020). Moreover,
only a small number of crops are enhanced through traditional biofortification, and
the population grows solely dependent on these crops for greater nutrients, destroy-
ing the diversity of the environment and food. Diet diversification is crucial since
some nutrients can be found in foods other than the basic crops that have been bio-
fortified. Additionally, because existing biofortification solutions do not take into
account the effects of “normal” meals on micronutrient deficits, they frequently fail
over time (Lewis 2021).

4.3 Transgenic Approach

When agronomic and conventional breeding approaches fail to elevate the desired
nutrient level in crops then transgenic biofortification becomes the only choice to
plant scientists to enhance or introduce new nutrients in crops under limited or no
genetic variation of traits in the plant’s gene pool (Zhu et al. 2007). The transgenic
modification approach can also be used to transfer genes of the desired trait from
one species of plant to another which are unable to carry such genes naturally or
when antinutrients present in a crop affect the uptake of nutrients (Jha and Warkentin
2020). It is also possible via a transgenic approach to introduce bacterial or other
organisms’ genes into crops to develop the desired trait or to explore pathways for
metabolic engineering. The only key to developing a transgenic plant is the
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identification, characterization and utilization of the desired gene function
(M. Vasconcelos et al. 2003). When a gene is identified and stamped as useful for a
specific function, then it can be utilized in multiple crops under transgenic engineer-
ing biofortification and this is one of its major advantages over conventional breed-
ing. For example, phytoene synthase (PSY), carotene desaturase, and nicotinamide
synthase genes have been reported in many crops for essential mineral biofortifica-
tion. By comparing the transgenic approach with breeding, the former proved as the
most researched and emphasized one whereas later labeled as the most successful
for commercial cultivar release (Garg et al. 2018). This approach has been broadly
used on oilseeds biofortification due to the availability of limited genetic variation.
Several crops such as golden rice with provitamin A, cassava with iron and vitamin
A, and maize with high lysine content have been released as genetically modified
crops (Vasconcelos et al. 2003).

There are also many barriers to the success rate of genetically modified crops for
biofortification. The prominent one is that GM crops are not easily accepted by
farmers, masses or communities (Vasconcelos et al. 2003). Secondly, it is an expen-
sive approach that makes it beyond the access of poor people. Furthermore, exten-
sive and detailed research regarding the identification, assessment and utilization of
target genes is a time-consuming thing that lowers its success in terms of release.
The other limitation is the poor regulatory and commercial releasing system of
transgenic crops (Lewis 2021).

S HarvestPlus Program

HarvestPlus program was launched with the contribution of CGIAR, International
Center for Tropical Agriculture (CIAT), and International Food Policy Research
Institute to develop nutrient-rich staple crops. The inputs of the HarvestPlus pro-
gram along with agricultural and nutritional organizations to fight micronutrient
deficiencies and hidden hunger are much appreciable around the globe. This pro-
gram worked on strategies to control deficiencies among more vulnerable commu-
nities and to provide solutions based on food ingredients (La Frano et al. 2014). The
World Health Organization (WHO) outlined Fe, Zn, and vitamin A as the three most
underutilized micronutrients in the diet that require special attention. In this regard,
the HarvestPlus Program plays a crucial and defined role in developing crop variet-
ies rich in the aforementioned micronutrients by using practical, affordable methods
like conventional breeding (Pfeiffer and McClafferty 2007). Currently, this program
worked in Pakistan, India, Bangladesh, Nigeria, Rwanda, and Zimbabwe intending
to provide nutrient-enriched foods to 1 billion people by 2030 (Bouis and Welch
2010). The main task of the HarvestPlus Program is to identify suitable nutrients to
be biofortified because not all micronutrients are suitable for biofortification
approaches due to their low concentrations or low absorption property in staple
crops. Recently, maize (Zea mays L.), rice (Oryza sativa L.), wheat (Triticum spp.),
beans (Phaseolus vulgaris L.), cassava (Manihot esculenta Crantz), sweet potatoes



1 Introduction to Biofortification and Challenges for Nutrition Security 13

(Ipomoea batatas L.), and pearl millet (Pennisetum glaucum) have been success-
fully biofortified by conventional breeding technique under this program (Ortiz-
Monasterio et al. 2007).

HarvestPlus program comprises three phases: the discovery phase (2003-2008),
the development phase (2009-2013), and the delivery phase (2014 onward). In the
discovery phase, highly vulnerable populations, their dietary habits, resources, and
studies were identified. In the development phase, the development of Fe, Zn, and
vitamin A-rich crops in concerned countries, stability tests at several locations, and
assessment of developed varieties in terms of nutrient ratio and planning to deliver
them around the globe were all the aims focused by the researchers. Lastly, the
establishment of consumer demand for biofortified crops to reach maximal popula-
tions was the main goal of the delivery phase. Researchers are engaged in estimat-
ing the area occupied by biofortified crops and working toward ensuring their
long-term viability (La Frano et al. 2014). To date, the HarvestPlus program has
released around 243 biofortified varieties of different crops in 30 countries. This
single program has provided resources to nine million low-income farmers to grow
developed varieties for the 42.4 million population (Shahzad et al. 2021).

6 Conclusion

It can be concluded that the use of both current and emerging technologies (coupled
with the implementation of a wise policy) will be the most effective and long-lasting
answer to issues with food security. The work of crop biofortification is difficult.
The main objectives of many plant breeding efforts are to increase productivity,
stress tolerance, food taste, and biotic and abiotic stress tolerance. Enhancing nutri-
tional quality has been included as a new breeding objective in recent years. With
the aid of regional, international, and domestic initiatives like the HarvestPlus pro-
gram, this goal is being realized. To accomplish this goal, coordination between
nutrition scientists and plant breeders is essential. Furthermore, because there is
insufficient genetic variation for the micronutrients in the germplasm, several bio-
fortification initiatives cannot be put into practice. Utilizing genetic engineering
methods is necessary for these circumstances, and collaboration between molecular
biologists and plant breeders is essential. Although there is more emphasis on trans-
genic methods, breeding-based approaches have much higher success rates because
transgenically fortified crop plants must overcome barriers such as consumer accep-
tance issues and various pricey and time-consuming regulatory approval adopted by
different countries. Despite these challenges, biofortified crops have a bright future
since they have the potential to end micronutrient malnutrition among billions of
poor people, especially in developing countries.
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Abstract Legumes are a primary source of protein and micronutrients. Increases in
the world’s population and hunger require finding the most economical and best
agricultural approaches to increase the nutritional value of crops and their yields.
Micronutrient-rich legumes have dual functions: reduce hunger and increase health
benefits. Food legumes contain high levels of micronutrients and proteins, which
can lower the chance of developing severe human disease. Biofortification is the
most important method for improving legume crops. However, the biofortification
potential of legumes remains unexplored. Legumes and pulses contain a variety of
amino acids and micronutrients. This chapter focuses on the importance of
food legumes, where soil factors influence the micronutrients of legumes, and on the
biofortification programs of legumes, which facilitates sustainable plant-based food
production. Different types of biofortification in pulses and legumes provide fast
and effective routes to improving micronutrient concentrations. Some biofortifi-
cation methods should be added to a multidisciplinary initiative to improve
legume crops.
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1 Introduction and Background

Dramatic increases in the world’s population has led to malnutrition (Bohra et al.
2014). The prevalence of micronutrient inadequacy in poor countries can be found
in staple foods such as wheat and rice (Borill et al. 2014). Lentils are the fifth-
healthiest food in the world, on the basis of beneficial nutritional properties, espe-
cially in Bangladesh, Sri Lanka, India, Nepal, Syria, Lebanon, Turkey, and Iran.
Millions of people consume lentils in soup or dal (Raymond 2006). An increasing
population creates pressure on arable land and natural resources and leads to the
environmental stresses linked to climate change (Nath et al. 2017). These changes
adversely affect plant growth, nutritional value, and productivity. The overuse of
pesticides and fertilizers also damages the environment—e.g., soil and water dete-
rioration (Kumar et al. 2017). All these problems are reflected in human health in the
form of malnutrition problems in developing and developed countries (Finn 2014).

People’s lifestyles (e.g., eating habits) have shifted thanks to urbanization and
globalization. People have started to consume junk food on a larger scale, which has
high levels of sugar, salt, and fat and low nutrient content for protein, fiber, minerals,
and vitamins. Ingesting these nutrient-deficient foods has led to widespread malnu-
trition in Asian nations. Asian women are more vulnerable to a few forms of malnu-
trition, especially women of reproductive age (Kumar and Pandey 2020). Junk food
consumption ultimately leads to malnutrition and syndromes (Farzana et al. 2017).

Various policies have been implemented across the world to address malnutri-
tion, but because of natural disasters and economic priorities, malnutrition has
become a significant challenge for policymakers and food scientists. Biofortification
is a feasible way to reduce the malnutrition problem, and the maximum number of
foods should be fortified and augmented to solve this problem. However, fortified
foods are expensive and not affordable for low-income people, so an alternative
solution to this issue is eating a balanced diet including pulses and legumes. These
are very vital to enhance nutritional content and phytochemical content.

Recently, not much attention has been paid to the biofortification of legumes and
pulses compared with that paid to biofortifying wheat, rice, and maize. In bioforti-
fication, the nutritional value of legumes is enhanced via (1) breeding, (2) trans-
genic techniques, or (3) agronomic practices (Bouis and Saltzman 2017). Biofortified
couple lines are generated for proteins and minerals containing K, Ca, Fe, and Zn
(Santos and Boiteux 2013). After biofortified varieties have been grown in country
trials and local adaptation costs have been incurred, routine breeding is carried out
to ensure that the characteristic remains stable (Welch et al. 2002). Over a ten-year
period, the global cost of biofortification has fallen to roughly $400,000 per crop.

2 Legumes and Pulses

A large portion of human diets depends on legumes for food (Bohra et al. 2015).
The United Nations declared 2016 the international year of pulses. Foods made with
legumes are good targets for maximizing nutritional value. Apart from the rich
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nutritional value, legumes play important “ecological roles” (Soares et al. 2019).
Legumes are excellent sources of amino acids, nutrients, and vitamins (Rehman
etal. 2019). Their specific compounds, such soluble fibers, antioxidants, flavonoids,
etc., help protect humans from developing diabetes, cancers, and cardiovascular
diseases (Ferreira et al. 2020).

The word pulse means “thick slurry,” and pulses belong to the Fabaceae, or
Leguminosae, family. Pulses are part of traditional diets throughout the world and
have been consumed for thousands of years. Pulses feature high protein levels, low
calories, and a low glycemic index (Asif et al. 2013). Pulses like chickpeas and
lentils contain 3-carotene, zeaxanthin, and lutein, which are precursors of vitamin A
(Margier et al. 2018). Every pulse is a legume, but not every legume is a pulse,
because only when the edible seed of a legume is utilized as a dry grain is it called
a pulse. Examples of pulses include dry peas, chickpeas, lentils, and dry beans,
whereas soybeans, fresh peas, and peanuts are legumes (Asif et al. 2013). Legumes
have pods or fruit that contain seeds or dry grains that can fix the nitrogen content
of soil. The proteins in pulses can be utilized in soups, chocolates, sauces, sausages,
and confectionaries thanks to their high-quality oils and water-binding ability
(Barbut 1999).

Common beans, such as other legumes, are usually combined with a starch-
based food (pulse + grain) to produce a dish such as a dal (made of lentils) or a fri-
jolada (made of beans). Beans are parts of national dishes in other places too, such
as in Brazil, where feijoada is commonly eaten every day, and in the Dominican
Republic, where bandera often appears in meals twice a day. In South America and
Central America, people consume reheated calentao (beans) or consume mashed
beans for breakfast (Blair et al. 2013).

Worldwide, 200 out of every 1000 legumes, namely Cicer arietinum L. (chick-
pea), Cajanus cajan L. (pigeon pea), Vigna unguiculata (cowpea), Vigna mungo
L. (urdbean), Vigna radiata L. (mungbean), Lens culinaris Medik (lentil), Phaseolus
vulgaris (French bean), Vigna aconitifolia (moth bean), Macrotyloma uniflorum
(horse gram), Pisum sativum L. (field pea), Glycine max (soybean), and Lathyrus
sativus L. (lathyrus), are cultivated for human consumption (Rao 2002).

3 Health Benefits

3.1 Cardiovascular Health

The ingestion of pulses decreases low-density lipoprotein (LDL) cholesterol, hyper-
tension triglycerides, diabetes, and obesity. Legumes contain the highest number of
hypocholesterolemic agents, which lower cholesterol levels, so eating pulses could
reduce the risk of cardiovascular diseases.
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3.2 Diabetes Management

Eating a combination of pulses is a sign of a healthy diet and helps to prevent
healthy people from developing diabetic symptoms. People who ingest three or
more servings of whole grains per day are less prone to developing type II diabetes
mellitus than those who don’t. Whole grains from pulses also help control glycemia.
Eating a combination of healthy cereals and pulses can help people feel full for a
long time, which can aid in weight loss.

3.3 Celiac Disease

Celiac is small intestine disease caused by the ingestion of gluten, which can be
found in wheat, barley, and rye. Pulses can be used to produce gluten-free alterna-
tives that help prevent vitamin B and iron deficiencies. As a result, pulse flours are
great alternatives to gluten-containing cereal flours and are high in fiber and protein.

3.4 Cancer Risk

The consumption of pulses reduces the risk of developing certain cancers, such as
colon, prostate, gastric, and pancreatic cancers.

4 Soil Factors Influencing Micronutrient Acquisition

The micronutrient availability of legumes depends on several factors: soil texture,
organic matter, soil reaction, soil moisture, clay content, microbial activity, redox
potential, nutrient interactions in soil, aeration, etc. All these factors are equally
important in the micronutrient availability of plants.

The availability of micronutrients in the soil is influenced by soil texture. Coarse/
sandy soils lack micronutrients, but fine-textured soils (clay) have more usable
nutrients. Clays and organic soils are better at retaining water and nutrients than
sandy soils are (Choudhary and Suri 2014). Sandy soils drain micronutrients, a
process known as “leaching,” and leached minerals are unavailable to plants.
Because the source materials originally lacked certain elements, leached acidic soils
will lack certain micronutrients (Kumar et al. 2014).
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4.1 Temperature and Soil Moisture

Low moisture content and low temperatures decrease micronutrient availability
because the activity of roots is reduced, leading to low rates of nutrient diffusion and
nutrient dissolution. The freezing and wet soil conditions during winter months also
reduces the nutrient efficiency of Zn (Deb et al. 2009). When the weather warms up
and the soil becomes drier, the effects of Zn deficiency diminish. The mineralization
of micronutrients from soil organic matter is also influenced by the moisture content
of the soil (Choudhary and Suri 2014). The submergence of soil increases the pH
and reduces the redox potential (Eh), which in turn reduces the availability of nutri-
ents in acid soil (Karan et al. 2014). Zn and Cu increase the soil temperature while
decreasing the contents of Mn and Al at high temperatures (Wallace et al. 1969).

4.2 SoilpH

Soil reactions measure the soils’ alkalinity or acidity (pH). Soil pH represents the
H* activity of a soil solution. The H* ions strongly attract negative sites and have
enough power to replace other cations in the soil. Soil pH regulates the mobility,
solubility, acquisition, and concentration of certain elements in soil solutions for
plants (Fageria et al. 1997). In low-pH environments, protonated anions, free metal
cations, and the maximum number of micronutrients are available at their peak con-
centrations, whereas high-pH environments favor hydroxyl complexes and carbon-
ates. The availability of anions (SeO,, SeO; and B(OH),) increases with alkalinity.
Therefore, micronutrient cations are available and soluble under acidic conditions
(Brady 2002). When the pH rises (from 5 to 7), the cations become more securely
bound, whereas Cu, Ni, and Zn become much less soluble and exchangeable (Deb
et al. 2009).

4.3 Organic Matter

Organic matter refers to a storehouse of important plant nutrients and heavy metals;
as they decompose, they continuously provide nutrients to legume crops. For anions,
this reservoir is crucial. In the presence of organic matter, the reduction in micronu-
trient availability is responsible for generating complexations with lignin, humic
acid, and other organic compounds (Choudhary and Suri 2009). Soils that are regu-
larly treated with manure or organic residues rarely show deficiencies in micronu-
trients. The excessive application of P fertilizer in highly manured soils causes Zn
shortage (Das 2011; Kumar et al. 2014). Furthermore, because of natural chelation
(the interaction of a micronutrient with an organic molecule), soils high in organic
matter (muck or peat) lack vitamins (Deb et al. 2009).
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4.4 Oxidation State

A soil’s redox potential indicates the degree of oxidation or reduction in soil.
Anaerobic conditions, which are caused by waterlogging, create reducing condi-
tions in soils, while aerobic soils are well drained and create oxidizing conditions
(Dass et al. 2015). At typical pH levels, the reduced forms of Fe, Cu, and Mn are
more soluble than their higher-oxidation states are. High-pH (acidic) conditions and
oxidation are more favorable to reduction (Brady 2002). The oxidized states of cat-
ions (micronutrients) are less soluble in neutral soil than in reduced states. Poor
aeration and low pH improve the availability of micronutrient cations. The micronu-
trient availability of flooded soils is higher than that of aerated soils (Dass et al.
2015). Calcareous soils, high-pH soils, aerated soils, and well-drained soils are defi-
cient in the availability of Fe, Mn, and Zn in their oxidized states, and crops grown
in such soils suffer from micronutrient deficiencies (Brady 2002).

4.5 Rhizospheric Conditions

Rhizospheric conditions play important roles in the nutrient availability of soil for
plants. Rhizospheric conditions are controlled by the effects of soil (Kumar et al.
2014) and by interactions between plant roots and soil microbes. The chemical
composition in the rhizosphere is much different than that found in bulk soil. Under
rhizospheric conditions, microorganisms and other microbes continuously produce
chelating agents during the decomposition of plant and animal residues (Deb et al.
2009). Arbuscular mycorrhizal fungi (AMF) induce the many favorable changes in
crops through the exudation/secretion of organic acids and chelating agents (Kumar
et al. 2014), which improves the mobilization and “solubilization of nutrients” from
in(organic) complexes (Suri and Choudhary 2013). Hyphal networks of AMF
greatly influence the absorption of micronutrients (Harrier and Watson 2003).

5 Antinutrient Depressant

Phytic acid and mineral cations together form a mixed salt called phytate and
sequester Pi phosphate inside legumes. Phytate plays a major role in stress, seed
germination, and the defense against oxidative stress. In its antinutritional role,
phytic acid is reduced in legumes when taking breeding and transgenic approaches
(Joshi-Saha and Reddy 2015).

In common beans, Ipal is a low-phytic-acid line selected and used for the recog-
nition of the Mrpl gene, which downregulates the phytic acid pathway (Panzeri
et al. 2011). In other legumes (field peas and soybeans), /pa mutants are identified
through EMS-based mutagenesis (Warkentin et al. 2012), whereas in chickpeas, the
CaMIPS2 gene regulates phytic acid biosynthesis (Kaur et al. 2008). Raffinose,
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which is synthesized by raffinose synthase, is another major antinutrient affecting a
plant’s nutrition potential.

Legumes contain some promoters that enhance the availability of minerals in the
presence of antinutrients. Some promoters are natural plant metabolites. Inulin is a
fructo-oligosaccharide found in small amounts in lentils, chickpeas, fava beans, red
kidney beans, common beans, and white beans (Rastall and Gibson 2015), and it has
a significant impact on the bioavailability of mineral nutrients in legumes.

6 Bioavailability of Nutrients

6.1 Protein

Legumes contain micronutrients, and many antinutrients need to be minimized to
improve the bioavailability of micronutrients. The interspecific breeding (crossing
of two species from the same genus) of mungbean with black gram significantly
increased the quality of protein in mungbean. By taking the transgenic approach,
the methionine content in legumes enhanced the sulfur in Vicia narbonensis (narbon
beans), Lupinus angustifolius (lupins), and Medicago sativa (forage alfalfas) (Nair
et al. 2013).

6.2 Miscellaneous Nutrients: Zinc (Zn), Iron (Fe), and Se

Almost two billion people in the world experience micronutrient malnutrition,
known as hidden hunger (Godecke et al. 2018). In the developing world, the major
contributors to hidden hunger are zinc (Zn), iron (Fe), and vitamin A (Saltzman
et al. 2017). Antinutrient phytic acid in different food crops, such as common beans
and field peas (Pisum sativum), can reduce their genetic potential, which increases
the concentrations of Zn and Fe (Amarakoon et al. 2012). According to Thavarajah
et al. (2009), a lentil genotype can lower the phytic acid content to lower than that
in “mutated corn, wheat, soya bean, and common bean.”

Deficiencies in Fe, Se, Zn, and I are common in predominantly rural countries.
Deficiencies in vitamin A, I, Zn, and Fe cause nearly 20% of the deaths among five-
year-old children (Prentice et al. 2008). Zn deficiency is responsible for 433,000
deaths among five-year-old children every year, whereas Se deficiency causes car-
diomyopathy and osteoarthropathy (Kashin—Beck disease) (Reilly 1996).
Deficiencies in vitamin B9 and folate cause several other health issues, especially in
developing countries (Gupta et al. 2013).

Iron (5-15%) and zinc (18-34%) are low in bioavailability. Both are major chal-
lenges to biofortification strategies (J. Singh 2016). Zn deficiency leads to inappro-
priate physical growth, skeletal development, and wound healing and increases the
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risk of infection. Iron deficiency causes anemia and fatigue, also lowering the
immune system. Se deficiency affects male fertility, impairs the human immune
system, increases vulnerability to infection, impedes mental growth, and causes
hypothyroidism (Khan et al. 2019).

Phytate (antinutrient compound) in legumes and pulses is responsible for the
minimum bioavailability of Zn and Fe. Phytic acid forms complexes with Ca, Mg,
Fe, and Cu and reduces their solubility (Biehl et al. 1995). Temperature affects the
phytic acid, Fe, and zinc levels of leguminous seeds. Phytic acid is found more in
legumes from areas with higher-temperature regimes compared to those with lower-
temperature regimes, so phytic acid decreases in seeds exposed to low temperatures.
Biofortification is a new strategy for reducing phytic acid in staple crops (Thavarajah
et al. 2010). In one study, beans biofortified through breeding contained significant
increases over “traditional mung bean” (Singh 2016). Zou et al. (2014) biofortified
the soybean sprout by using ZnSO,, which significantly enhanced the concentration
of zinc, with good bioaccessibility. Selenium is a component of almost 25 human
enzymes, and an intake of 55 pg/day is recommended for adults.

Iron is important in different metabolic processes, such as the electron transport
chain (ETC), oxygen transport, and Deoxyribonucleic acid (DNA) synthesis. Iron
deficiency leads to anemia, functional impairments that affect immunity, working
capacity, and cognitive development (Abbaspour et al. 2014). Furthermore, Zn
metabolism plays an important role in patients who have iron deficiency, hypogo-
nadism, dwarfism, or hepatosplenomegaly (Prasad et al. 1963). Zn is the second-
most-abundant transition metal in the human body, after iron (Read et al. 2019), and
it is essential for the functioning of many important proteins, such as transcriptional
factors and enzymes (Cassandri et al. 2017; Lambert et al. 2018). The COVID-19
pandemic brought Zn into the limelight because it plays a vital role in viral immu-
nity (Wessels et al. 2020; Kumar et al. 2020).

6.3 Recommendations

Chemical dosage, in addition to adverse environmental effects, is crucial to a
legume’s nutritional status. Zn and P affect each other’s uptake in plants (Bouain
et al. 2014), so Zn fertilization reduces P uptake and causes phytates to accumulate
in legume seeds, suggesting that the bioavailability of Zn is enhanced (Erdal et al.
2002). Contrariwise, the presence of maximal P can precipitate Zn and stimulate the
plant’s requirement for Zn (Loneragan and Webb 1993). Additionally, Zn has varied
interactions with other minerals, such as Ca, B, and S (Prasad et al. 2016). Different
fertifortification strategies will be used in the future to enhance the micronutrients
in grains. Many efforts have been made to overcome malnutrition, taking approaches
such as nutrient supplementation, biofortification, and food fortification.

We need to act in a sustainable manner to face these societal challenges, to guar-
antee food production with maximal nutritional content and minimal environmental
impacts. A biofortification program is heavily dependent on farmers, public
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acceptance, and political support for its cost—benefit ratio. Biofortification is a
promising strategy to lift these constraints. The World Health Organization defined
biofortification as “the process by which the nutritional quality of food crops is
improved through agronomic practices, conventional plant breeding, or modern bio-
technology” (WHO 2022). Agronomical practices are improving mineral uptake via
fertilizer application, nutrient solubilization and mobilization in soil (White and
Broadley 2009), and improvements in the level of micronutrients (in the edible tis-
sues of crops) and their availability to humans (Carvalho and Vasconcelos 2013).

7 Biofortification Approaches for Mineral Enrichment
in Legumes

7.1 Agronomic Biofortification

In agronomic biofortification, micronutrient levels have been increased in edible
tissues by using inorganic fertilizers (Prasad et al. 2014). Fe and Zn agronomically
increased in legumes during crop production without the concomitant loss of yield
(Shivay et al. 2016). Agronomic interventions that increase the rigidity of legislative
regulations on environmental safety limit this application (Borill et al. 2014).

The following types of agronomic biofortification enhance micronutrient levels
in legumes and improve the “mobilization and solubilization” of micronutrients in
soil (Bouis et al. 2011):

* Seed priming

e Seed coating

e Soil or foliar fertilization

* Intercropping

e Crop rotation

e Soil microorganisms

e The pH, composition, and properties of soil

The agronomic biofortification of cereals and legumes (chickpeas, peas, and
common beans) is feasible (Garg et al. 2018). Many factors have contributed to
agronomic biofortification, including the application methods (soil versus foliar),
the chemical nature of added nutrients, the application time, and the effects of min-
erals and soil components on, for example, chickpeas. The zinc—foliar application
was much better than soil-comprised Zn elements (Shivay et al. 2015). Applying
micronutrient fertilizers such as FeSO,, ZnSO,, and ZnO, to soil have strong poten-
tials to improve the micronutrient quantity of crop yields in mature grains. The
foliar fertilization of FeSO, and ZnSO, with etheylenediaminetetraacetic acid.
(EDTA) may be a more effective treatment (Shivay et al. 2016). Soil and foliar
applications improve the respective concentrations of Fe and Zn in the shoots, flow-
ers, and grains of legumes. Fe foliar spray is effective in boosting the Fe content in
peas deficient in Fe. The Fe content of grain can be significantly increased thanks to
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the use of foliar spray during grain filling (Kabir et al. 2016). Likewise, Zn foliar
applications alone or in combination with soil Zn applications can enrich a field of
pea grain (Poblaciones and Rengel 2016).

The timely application of agronomic biofortification via chemicals is the least
cost-effective and most labor-intensive technique, though the labor cost can be
reduced by combining the foliar Zn application with pesticide sprays (Wang et al.
2016). Chemicals leach into groundwater because of farmer’s excessive use of
chemical fertilizers. Soil-quality parameters such as bioavailability and mobility
have contributed to the success of agronomic biofortification (Alvarez 2007). Crop
physiology also affects the movement of minerals in phloem and their accumulation
in seeds (White and Broadley 2011).

7.2 Genetic/Breeding Biofortification

Mere legume ingestion is not sufficient to address nutrition security. Biofortification,
or the agronomical or genetic development of nutritionally rich crops, is a more
feasible approach. Genetic biofortification via conventional breeding is the most
acceptable, sustainable, and cost-effective strategy to yield nutritionally rich crops
(Garg et al. 2018). This is a long-term remedy to the indiscriminate application of
micronutrient fertilizers, the regular use of which poses huge harms to ecosystems.
“Exploitable genetic variation” plays an important role in the nutritional breed-
ing system.

The tools and technologies of modern omics are available to augment the crop
biofortification program. The different omics disciplines include proteomics,
ionomics, and metabolomics, which are used to understand the fundamental makeup
and underlying causes of genes and their intricate network. Metabolomics provides
additional value for food safety assessment programs because it uses analytical
methods. Various genomic-based tools, such as quantitative trait loci (QTLs), are
currently being used for legume biofortification (Bohra et al. 2015).

Legume crops could provide essential micronutrients. Lotus japonicus (a model
legume crop) has been used for the identification of QTLs because QTLs are respon-
sible for mineral concentrations, including those of iron and zinc. In total, 103 QTLs
can be identified to determine various mineral concentrations. Likewise, forty-six
QTLs are significant for minerals, such as to determine iron and zinc concentra-
tions. In the composite interval mapping (CIM) approach, twenty-four QTLs for
mineral content per seed are “mapped in Medicago RIL” (recombinant inbred line)
populations to improve pulse crops (Klein and Grusak 2009).

Plant breeders are screened with the help of accessing global germplasm banks.
This helps to ensure that sufficient genetic variation persists while breeding for a
particular trait. This facilitates the selective nutritious breeders and cultivars of sta-
ples rich in Fe and Zn concentrations and substances that promote the bioavailabil-
ity of Fe and Zn. To enhance the bioavailability of minerals in lentils, genetic
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improvement via biofortification has been developed as a sustainable and long-term
approach. This is a low-cost method of reducing mineral deficits.

7.2.1 Plant Ionomics

This is an emerging technique for gene networks and mineral transport. Such assays
require technical skills and sophisticated analytical tools to consistently scale up the
meaningful inferences from multidimensional data. By examining the minerals/
micronutrients in their complex networks, ionomic profiling is emerging as an
attractive field to study elemental collection in living systems at the genome level
(Baxter 2010). Salt et al. (2008) defined ionome as the “elemental composition of a
living system constituting the inorganic sector.” This technique, which uses nuclear
properties or electronics, is currently being used to explore the elemental composi-
tion of various microorganisms (Singh et al. 2013). The ionome data sets of various
organisms are available at http://www.ionomicshub.org’/home/PiiMS.
Phenomics—the latest discipline—enables scientists to quickly obtain precise,
reliable phenotyping data (Cobb et al. 2013). Phenomics platforms are automated,
less strenuous and remarkably accurate, and it facilitates large-scale phenotypic
screening. The following techniques are useful for legume biofortification:

« AAS

e Jon-beam analysis (IBA)

e X-ray fluorescence spectroscopy (XRF)

e ICP mass spectroscopy (ICP-MS)

e Laser capture microdissection (LCM) and synchrotron-based X-ray fluorescence
microscopy (SXRF)

* Neutron activation analysis (NAA), among others (Djingove et al. 2013; Singh
et al. 2013)

These sophisticated techniques are useful for studying the mineral dynamics of
legumes and for ion profiling the mutants of model legume species (e.g., L. japoni-
cas) (Chen et al. 2009).

7.3 Biofortification of Amino Acids

In humans, indispensable (essential) amino acids are not synthesized de novo;
therefore, they must be consumed in the human diet. The nine essential amino acids
are as follows: phenylalanine, threonine, valine, tryptophan, leucine, methionine,
isoleucine, histidine, and lysine. Many crops are deficient in certain essential amino
acids, such as threonine and lysine, whereas legumes (peas and beans) lack cysteine
and methionine. The staple foods of most people in the world are composed of
legume-and-cereal combinations, so novel varieties that maximize essential amino
acid content need to be developed.
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Using a recombinant storage protein is a simple approach to express the desir-
able profiles of amino acids—e.g., the expression of legumin (high lysine content)
in peas (Molvig et al. 1997). Using an endogenous storage protein is an alternative
engineering technique, like using a legume globulin, where in vitro mutagenesis is
performed to mutate the codons of appropriate amino acids into essential amino
acid codons (e.g., lysine and methionine). Alternatively, the insertion of additional
codons into these amino acids appears promising, such as the inclusion of the ASP1
protein (synthetic protein) design to make a stable protein-like structure with which-
ever desired amino acids.

7.4  Nutrigenomic Biofortification Approaches

The large-scale genome sequencing data of plants has been completed thanks to
deep bioinformatics analysis, to gain a deeper grasp of metabolic pathways. This is
the main reason for the genesis of nutrigenomics. Nutrigenomics is a new tool to
study the complex biochemical pathways of plants. The basic underlying mecha-
nisms of the nutrients are synthesis and the accumulation of essential minerals and
vitamins in plant tissues. These mechanisms increase specific micronutrient levels
in the crops. After identifying the gene of interest, it is transferred into a crop spe-
cies so that this species will exhibit the desired change in the nutritional content of
the target tissues. This approach creates a new breeding trait that wasn’t present in
the germplasm.

7.4.1 Next-Generation Sequencing (NGS) Technology

NGS technology plays a central role in a breeding pipeline in that it hastens the
precision of trait transfer and trait mapping. Five years ago, “second-generation
technologies (SGT) like GS FLX Titanium/GS Junior, Roche/454 FLX
Pyrosequencer, Solid Sequencer (Applied Biosystems), and Genome Analyzer
(Solexa/Illumina) and third-generation sequencing (TGS) like Ion Torrent PGM/
Proton (Life Technologies) and HiSeq/MiSeq from Illumina and Oxford Nanopore
Technologies” were incorporated into classical Sanger sequencing technol-
ogy (Bouis and Saltzman 2017). They have gained immense popularity because of
their high throughput, low sequencing cost, and read lengths.

NGS is a de novo sequencing technology that includes “whole-genome rese-
quencing (WGRS), whole-genome sequencing (WGS), quantitative trait mapping,
Genome wide associations (GWAS), TILLING study, mutational map (MutMap),
genotyping by sequencing (GBS), genomic selection (GS), whole-genome bisulfite
sequencing (WGBS), reverse and fast-forward genetics analysis, Epigenetif quan-
titative trait loci (epiQTL) analysis, transcriptomics/differential gene expression
and epigenetic (Methylated DNA immunoprecipitation (MeDIP); Chromatin immu-
noprecipitation (ChIP)/analysis, small Ribonucleic acid (RNA) profiling,
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restriction-site-associated DNA sequencing (RAD-seq), SHORE map, Exome
sequencing, and QTL-seq technology (modified bulk segregant analysis).” These
are widely utilized in marker-trait studies to generate “genome-wide genetic mark-
ers” and “fixed SNP genotyping arrays.” Single Nucleotide Polymorphisms/haplo-
types and QTL genome-resequencing approaches use DNA data from various
mapping panels of crops species to identify the markers associated with agronomi-
cally important traits.

Mineral levels in legumes are affected by soil type, climatic circumstances, and
weather. In the United States, a two-year study looked at a variety of micronutrients
in red and green lentil genotypes. Micronutrient concentrations have been observed
to differ significantly over time. Genotype—location interaction is nonsignificant
(Rahman et al. 2014). For breeding, environmental factors, particularly soil type,
create complications in high-Zn concentrations (Trethowan 2007). Environmental
influences (soil fertility and soil type) and crop/plant characteristics (genes, seed
composition, and seed characteristics) have significant impacts on mineral
properties.

7.5 Germplasm/Transgenic Biofortification

Biofortification can be increased by using a germplasm containing cultivars, breed-
ing lines, landraces, and wild species, which can be used for direct planting on a
farmer’s fields or as donors in breeding projects. This is a recent addition to breed-
ing goals: to improve the nutritional quality of edible tissues. Germplasm screening
predicts that Fe and Zn contents could be doubled in staple foods via conventional
breeding. To combat hunger, developing better varieties with the highest nutritional
value is a low-cost and one-time investment option.

The 240 germplasm lines panel were investigated in pigeon peas. These lines
exhibited nearly four times more Zn density than the line with low Zn content
(Basavarajeshwari et al. 2014). Research efforts based on “molecular marker-
assisted” selection in pulse biofortification have started in Canada and the United
States. In this development, high concentrations of micronutrient loci are linked
with molecular markers. Mapping the gene(s)/QTL(s) and tagging them control the
micronutrient status of the legumes, most of which operate in the quantitative mode
of inheritance. This led to the discovery of gene(s)/QTL(s) that can explain a mod-
erate degree of “phenotypic variation” in the micronutrient concentrations of com-
mon beans (Sompong et al. 2012) and the phytic acid content in mungbeans (Blair
et al. 2010).
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7.5.1 Alien Genes

Prebreeding wild species includes a large number of beneficial alien genes that are
not found in the cultivated gene pool (Tanksley and McCouch 1997). Efforts to
protect and collect wild relatives of several food legume crops in inter(national)
gene banks are ongoing (FAO 2006). Efforts have been made to explore the genes
of cultivated species and those of their wild relatives that impart resistance to mul-
tiple stresses and traits. The introgression success of alien genes in wild relatives
has been limited to only a few diseases—namely those that are controlled by major/
head gene(s). These major genes are accessible in the “crossable primary gene pool”
(Hajjar and Hodgkin 2007).

To broaden and diversify the genetic base of cultivated germplasms, the intro-
gression of the alien genes from wild species needs to be carried out. This will not
only minimize the risk of stresses but will also advance the yield of legumes.
Advancements in tissue cultures can facilitate alien gene introgression. Furthermore,
evolution has changed the accessions of “wild species” toward possible cross-
compatibility with “cultivated species.” In this way, earlier cross-incompatible
“wild species” may now cross with “cultivated species.” Therefore, prebreeding
efforts are immediately required, particularly for wild species, which contain useful
“alien genes” that can improve the quality, yield, and stress resistance of legume
species.

7.5.2 Cross Ability Group and Gene Pool Knowledge

For successful prebreeding, crossability between wild and farmed species is
required. The crosses between wild species of lentils and crop species of lentils are
grouped into “primary (Lens culinaris sp., L. orientalis, and L. odemensis), second-
ary (L. nigricans and L. ervoides), and tertiary gene pools (L. tomentosus and
L. lamottei)” (McPhee and Hancock 2005). The traditional approach to nutrification
favored the announcement of nutrient-rich “new genotypes” in breeding programs
that can recover superior recombinants/segregants at higher nutritional values
(Hirschi 2009). An outstanding variety of genetic tools for legumes has been uncov-
ered thanks to advancements in genomics (Varshney et al. 2015). The platforms of
next-generation sequencing (NGS) have paved the way for the rapid and cost-
effective genome sequencing of different crops. HarvestPlus is a global initiative to
enhance the nutritional statuses of people by using particular omics tools (Andersson
et al. 2014).

Exploring the genotypes that might operate as “possible donors” in downstream
breeding schemes is as simple as accessing the natural variants in a crop gene pool
to determine the minerals and micronutrients of interest (Dwivedi et al. 2012). This
genetic variability is tested in legume grains to determine the size of the “exploit-
able range” of minerals such as B, Ca, Cu, Zn, Fe, K, Mg, P, S, Mn, and Na (Beebe
et al. 2000). Marked variations in Zn and Fe contents were observed in 16 mung-
bean genotypes (Taunk et al. 2012). The nonviable seeds of hybrids were generated
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from within-species crosses from the primary gene pool, using species such as
L. nigricans and L. ervoides, thanks to irregular meiosis (Ladizinsky et al. 1985).
The use of rescued embryos produces viable seeds in hybrids via crossing among
L. ervoides and L. culinaris (Ladizinsky et al. 1985). By crossing with other “groups
of species,” the L. tomentosus—a single species group from a tertiary gene pool—
does not produce viable seeds in hybrids. The identification of the primary gene
pool is useful for making “genetic improvements” by producing new variability.
The frequency of useful genes is higher in this pool than in the secondary and ter-
tiary gene pools (Tullu et al. 2006).

Hybridizations between L. nigricans and L. culinaris ssp. Culinaris and between
L. ervoides and L. odemensis are viable thanks to embryo rescue (Fratini and Ruiz
2006), where L. odemensis belong to the “secondary gene pool” and L. ervoides and
L. nigricans belong to the “tertiary gene pool” (Ladizinsky and Abbo 1993).
Therefore, releasing the hidden variability of wild species by determining their
nutritional characteristics depends on their cross-compatibility with cultivated spe-
cies (Muehlbauer et al. 2006). Hybrid fertility is determined by the wild parent’s
chromosomal arrangement (Ladizinsky et al. 1984). In the L. culinaris cross with
L. culinaris ssp. Orientalis, each species is genetically isolated from the other spe-
cies (Gupta et al. 2011).

7.6 Marker-Assisted Breeding for Biofortification

Marker-assisted selection (MAS) is a current alternative to genetic engineering.
This increases the levels of provitamin A (beta carotene). Crop scientists have iden-
tified the genetic markers that are associated with the maximum level of provitamin
A. Significant progress can be achieved through conventional breeding programs.
However, transgenic approaches are potentially more advantageous than conven-
tional breeding (Paine et al. 2005).

7.7  Biofortification by Microbes

Endophytic and rhizospheric microbes play important roles in crop biofortification
(Ku et al. 2019). Legumes in symbiotic relationships can fix environmental N,
which reduces the need for nitrogenous fertilizer, in turn decreasing agricultural
CO, emissions and improving soil composition (Karkanis et al. 2018). The insertion
of legumes into crop-rotating systems reduces greenhouse gas emissions (by up to
25%) (Ma et al. 2018). This is an ecofriendly approach to cope with the climatic
effects on legumes and improve plant nutrition. Using plant growth—promoting bac-
teria (PGPB) is a promising green technology for the enhancement of nutrient con-
tent, from a biofortification perspective.
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8 Anatomical Density of Nutrients in Legumes

Anatomical observations of seed structures indicate the micronutrient density of
legumes. The seed has a thick and maternally derived testa, or seed coat, that sur-
rounds the expanded (stable and fairly large) cotyledons and well-developed
embryo. This seed structure radically differs from that of cereals, where an aleurone
(thin, maternally derived) layer surrounds the specialized endosperm tissue and a
less-developed embryo (in bran) (Petry et al. 2016).

Legume seeds make up 7-10% or more of the weight of beans; cotyledons make
up 85% or more; and embryos make up just 2-3% of the weight of the seeds (but
they are dense in nutrients) (Ariza-Nieto et al. 2007). The size of seeds varies more
than their seed coat thickness does, so the legumes with smaller seeds (especially
wild relatives of beans) tend to have higher percentages of seed coat compared with
the cotyledons of cultivated beans. These different seed tissues of the common bean
seed are targeted for biofortification (seed coat, cotyledons, and embryos). Mineral
distribution, mineral inheritance, and loading minerals into each tissue are essential
for making progress in breeding systems (Blair et al. 2013).

9 Mechanism of Nutrient Transportation

The acquisition, accumulation, and transport of minerals are required to maximize
the bioavailability of nutrients in legume seeds. A few genes control these processes.
Many genes have been identified, such as those involved in translocation to various
vegetative tissues and finally to seeds (Jeong et al. 2017). However, mineral mobili-
zation and loading minerals into different sink tissues are the tasks of many phloem-
expressed genes (Braun et al. 2014). Specific transporters are required in whole-plant
studies to ascertain the transporters that govern the delivery of minerals to seeds
(Gonzalez-Guerrero et al. 2016).

9.1 Iron Transportation

Nearly two billion people in the world experience anemia because the prolonged
consumption of iron-limited diets leads to iron deficiency, or anemia (Murgia et al.
2012). Therefore, the ascorbate content in plant foods should be increase by the use
of the rDNA technique, which reduces the negative impact of polyphenols and phy-
tate in staple foods on the bioavailability of iron. This also makes food a vital source
of vitamin C and other nutrients (Graham et al. 2001). Similarly, lathyrogens, sapo-
nins, proteases, and a-amylase inhibitors are in legumes, which minimize the bio-
availability of micronutrients. A moderate quantity of saponin provides various
health benefits, whereas large quantities of it are associated with negative symptoms
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such as diarrhea, abdominal pain, and vomiting (Potter et al. 1980). The traditional
methods, such as soaking, sprouting, and cooking, change the concentration of
saponin in food.

When iron in its Fe** form is embedded in soil, it cannot be absorbed by plants,
especially those in calcareous soils (Miethke and Marahiel 2007). Ascorbic acid
minimizes Fe** by forming Fe(III) complexes and enhances more-soluble and more-
bioavailable Fe?*. Fe deficiency forces crops to grow in alkaline soil (Li et al. 2016).
Plants use two strategies for Fe absorption.

Strategy I (found in nongraminaceous monocots and dicots) is characterized by
the emission of protons, resulting in the acidification of the rhizosphere. This con-
verts Fe** to Fe?* by using ferric chelate reductase (FC-R)—i.e., FRO2. This trans-
ports iron (Fe*") from the root’s plasma membrane to its epidermal cells by using
“iron-regulated transporter 1 (IRT1), “divalent metal ion transporter 1” DMT]I, or
“natural resistance associated macrophage protein 1” NRAMP1 (Marschner 2012).
In legumes, the Fe-uptake and Fe-transportation proteins are HA2, FRO2, and IRT 1
(Santi and Schmidt 2009). The iron transport genes, which transport genes from
leaves to roots, are FIT1, IRT1, bZIP23, and OPT3, which have been identified in
many legumes (Xiong et al. 2012), such as Medicago truncatula (Tejada-Jiménez
etal. 2015), soybeans (Qin et al. 2017), lentils, and chickpeas (Parveen et al. 2016).
Unloading xylem to different tissues and sink cells is facilitated by the ZRT/IRT-
like protein transporters (Kiipper and Kochian 2010). A gene family such as
NRAMP plays a significant role in iron homeostasis, while olympic protein tech-
nologies (OPTs) and yellow strip like (YSLs) are important in the loading and
unloading of Fe?* complexes into and out of phloem (Palmer and Guerinot 2009).

Strategy II (found in graminaceous monocots) is characterized by the formation
of the phytosiderophores responsible for Fe chelation. Fe-chelating complexes are
transported to the roots’ epidermic cells (Gendre et al. 2006). The low 1-2 kDa
weight of the organic compounds, in this case microbial siderophores, is required
for the Fe uptake produced by PGPB under Fe-limiting conditions (Payne 1994).
They bind Fe** at high specificity and increase Fe solubility, and this complex con-
nects to specific receptors of bacteria. This process is an easy way to absorb Fe and
convert Fe** into Fe?* (Boukhalfa and Crumbliss 2002). Bacterial siderophores pre-
pare the strategy I plants (in which legumes are included) for Fe uptake. The inocu-
lation of chickpeas with siderophore-producer PGPB increases the Fe concentration,
which increases the overall seed nutrient content (Sathya et al. 2016).

9.2 Zinc Transportation

In legumes, the uptake of Zn** and the transportation of root cells across the plasma
membrane to seeds is facilitated via ZIP transporters (Palmgren et al. 2008). A ZRT/
IRT-like protein (ZIP), a zinc-induced facilitator (ZIF), a heavy metal ATPase
(HMA), and metal tolerance proteins (MTP) are involved in Zn transport (Hussain
et al. 2004).
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For the most part, Zn is transported through the symplastic pathway, but a con-
siderable fraction of it may follow the apoplastic pathway through roots to reach the
xylem (White et al. 2002). MTP1 and ZIF1 are cation diffusion facilitator (CDF)
transporters that transport Zn to the vacuole, while NRAMPs mobilize the Zn from
the vacuole (Haydon and Cobbett 2007) and HMAs load the Zn into the xylem
(Palmgren et al. 2008). At the same time, a ZIP mediates the Zn*" influx into the
phloem and leaf tissues, while YSLs load Zn to the phloem and unload it onto the
seeds as Zn-NA complexes (Waters and Grusak 2008).

9.3 Manganese (Mn) Transportation

Manganese serves as a cofactor in many processes, such as lipid biosynthesis and
photosynthesis. The Mn?* form is available in soil for plant uptake. Important trans-
porters for Mn include NRAMP, CDF/MTP, YSL, IRT1, P-Type-ATPase, and VIT
(vacuolar iron transporter) (Socha and Guerinot 2014). These transporters have
broad specificity for other divalent cations (Cd, Ca, Co, Zn, Fe, Cu, and Ni). ZIP1
remobilizes the Mn from a plant’s vacuoles and translocates it through the root vas-
culature to its shoots (Milner et al. 2013).

9.4 Phosphorus (P) Transportation

Phosphorus, in the form of phosphate (Pi) in soil, is taken from soil to a plant’s root
epidermal cells and impelled via H*-ATPases. Arbuscular mycorrhizal fungi play
important roles in legumes for nutrient acquisition (Bucher 2007). The numerous
Phtl genes of roots, aerial parts, and seeds imply their potential involvement in
internal Pi translocation. Phtl transporters are involved in transferring Pi into cells,
while other families (Pht2, Pht3, and Pht4) are linked to transferring Pi within inter-
cellular membranes.

9.5 Copper (Cu) Transportation

The uptake of copper and iron from soil follows strategies similar to those for nutri-
ent transportation. The Cu in soil is available as Cu**, which is transported to root
cells in a reduced form (Cu*). The family of copper transporters (COPTSs) transport
the Cu through the root cells (Ryan et al. 2013). In other words, after the reduction
of Cu?* to Cu*, Cu* is transported through the roots by COPT proteins. The COPT
proteins of legumes have not yet been studied in detail (Figs. 2.1, 2.2 and Table 2.1).
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Fig. 2.1 Summary of legume biofortifications to enhance nutrients through atmospheric nitrogen
fixation, PGPM, and other approaches to fortification in the presence of antinutrients, which hinder
the transportation of nutrients. (Made by Aisha Umar)

10 Conclusion

Legumes are consumed as food all over the world. They contain many nutrient com-
ponents, namely proteins, minerals, and vitamins. Biofortification has played a vital
role in making available crucial micronutrients that can counteract malnutrition
deficiencies. Malnutrition is a critical health issue in developing countries. Thus,
biofortification, the most suitable method of adding nutrients, is needed to further
improve legume crops. Micronutrient availability depends mainly on soil texture,
soil temperature, the fauna of soil, and the availability of micronutrients (proteins,
minerals, and vitamins) to legume crops.
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Promoters
of
Biofortification

1. Prebiotics (imulin and fructans)

2. Beta-carotene

3. Selenium
4. Organic acids (Ascorbate, Fumarate, malate, Citrate)
S. Amino acids

6. Phytoferritin

7. Long-chain fatty acids (palmitic acid)

Fig. 2.2 Nutrient promoters in legume biofortification. (Made by Aisha Umar)

Table 2.1 Macronutrient and micronutrient composition of major legumes

Name Nutrition Line/cultivar/ Nutrient promoters
(species) supplier | Macronutrients | accession and inhibitors Reference
Pea (P, S, Zn, B, | Protein Aragorn, Kiflica | Promoters Ma et al.
sativum) Ca, Fe, |[(18-31%), oil 1. Prebiotics such ~ [(2017)

K, Mg, [(0.6-5.5%), as inulin and

Mn, Mo, |starch (45%), fructans

P, S, Zn, fiber (12%), 2. Beta carotene

Cu, Ni  |sucrose (2.1%) 3. Selenium

4. Organic acids

5. Amino acids

6. Phytoferritin

7. Long-chain fatty
acids (palmitic
acid) 8. Riboflavin
Inhibitors

1. Phytic acids

2. Fiber (cellulose,
hemicellulose,
lignin, cutin,
suberin, etc.)

3. Phenolics

4. Haemagglutinins
5. Heavy metals

6. Tannins

7. Oxalic acids

8. Goitrogens

(continued)
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Table 2.1 (continued)
Name Nutrition Line/cultivar/ Nutrient promoters
(species) supplier | Macronutrients | accession and inhibitors Reference
Mungbean (V. | Fe Protein Kamphaeng Saen Prathet
radiata) (22-23%), oil |2, NM10-12 et al.
(1.2%), starch (2012)
(45%), fiber
(7%), sucrose
(1.1%)
Common bean | P, Fe, Protein G2333, G19839 Katuuramu
(P. vulgaris Zn, Fe, |(20-27%), oil et al.
L) Ca, Cu, [(0.9-2.4%), (2018)
Ni, Mo |starch (41.5%),
fiber (10%),
sucrose (5%)
Chickpea (C. |Fe,Zn | Protein ICC 4958, Upadhyaya
arietinum) (15.5-28.2%), |1CC8261 et al.
oil (3.1-7%), (2016)
starch (44.4%),
fiber (9%),
sucrose (2%)
Soybean (G. | Fe, Protein Merill Khazaei
max) (35-42%), oil et al.
(17-21%), (2017)
starch (1.5%),
fiber (20%),
sucrose (6.2%)
Lentil (L. Fe, Zn, |Protein CDC Redberry, Ates et al.
culinaris) Se, Mn | (23-32%), oil |ILL7502 (2018)
(0.8-2%),
starch (46%),
fiber (12%),
sucrose (2.9%)
Bird’s-foot Ca, Cu, |- Miyakojima Klein et al.
trefoil (L. Fe, K, MG-20, Gifu (2012)
Jjaponicus) Mg, Mn, B-129
Ni, P, S,
7Zn, Ca,
Cu
Cowpea Fe, Zn Protein - Lépez-
(Vigna (23.5%), oil Morales
unguiculata) (1.3%) et al.
(2020)

In this chapter, we discussed agronomic biofortification, nutrigenomic biofortifi-
cation, breeding biofortification, and microbial biofortification. These branches of
biofortification offer promising enhancements to the nutrients in legumes. We also
deliberated on the mechanisms of nutrient transportation. Legumes can counteract
major protein demands, but a lack of experimentation limits the extent of legume
biofortification and its applications.
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Micronutrients Enrichments in Legumes g
Through Agronomic and Cultural

Practices

Asim Abbasi, Aiman Hina, Sehar Shahid, Safa Imtiaz, Anum Intisar,
and Muhammad Tajammal Khan

Abstract Malnutrition or micronutrient deficiency is a global concern particularly
in developing countries mainly due to its associated health problems. Globally, two
billion people are at risk of malnutrition especially children under the age of five
and pregnant women especially living in South Asia and Africa. The nutritional
quality or dietary requirement is largely compromised due to lack of diversity in
diet. Moreover, intake of micronutrient-deficient legume-based crops is an addi-
tional threat to global nutritional security. Hence, it is recommended to implement
some cost-effective and feasible approaches in global food system to address nutri-
tional security issues for this rapidly increasing human population. This chapter
focuses on the significance of biofortification of legume-based crops as an approach
to enhance crop productivity and provide viable solution to address the issues of
micronutrient deficiencies. In this attempt, various innovative agronomic and cul-
tural biofortification techniques like ferti-fortification, foliar fortification, integrated
soil fertility management, seed priming, seed coating, application of different soil
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amendments, suitable cropping systems, and use of green technology have been
discussed in detail. These approaches significantly improved nutrient contents of
targeted crops without affecting their agronomic productivity. Moreover, apart from
quantitative traits, these biofortification techniques also improved the qualitative
traits of crops to better alleviate hidden hunger. Thus, this chapter provides useful
insights for researchers regarding the potential of these biofortification techniques
to enhance crop yield and their enrichment with additional micronutrients.

1 Introduction

Micronutrient deficiencies also termed as hidden hunger not only obstruct growth
and development of crop plants but also affect humans to a great extent. The nutri-
tional quality and crop productivity are usually compromised due to soil micronutri-
ent deficiencies which ultimately contributes to malnutrition in the human population
(Sanchez and Swaminathan 2005; Nubé and Voortman 2011; Hurst et al. 2013;
Kumssa et al. 2015). Due to rapid agricultural intensification, soils present in differ-
ent parts of the globe usually suffer multiple nutrient deficiencies including micro-
nutrients such as Zn, Cu, Fe Mo, Mn, and B, secondary nutrients which includes Ca,
Mg, and S and certain major macronutrients such as N, K, and P (Toenniessen et al.
2008; Vanlauwe et al. 2015). Apart from these, most of the agricultural soils are also
deficient in certain other nonessential micronutrients such as silicon (Si), sodium
(Na), and selenium (Se) which not only enhance plant growth and development but
also provide resistance against certain biotic and abiotic stresses (Datnoff et al.
2007; Marschner and Rengel 2012). Collectively, these nutrients especially the
micronutrients not only dictate our mental and physical health but also play impor-
tant roles in various human developmental processes. Moreover, the deficiencies of
these micronutrients also hinder normal metabolic functioning of various biological
compounds such as proteins and enzymes. Moreover, the micronutrient-deficient
fodders also remain a major concern for existing demand and supply gaps of quality
livestock produce. Moreover, micronutrient deficiency is a global phenomenon
especially in areas where people consume roots, cereals, and tubers as their staple
crops (Black et al. 2013; Joy et al. 2014). Thus, considering the health perspectives
of livestock and humans, nutritional security has emerged as a subject of grave con-
cern (Kennedy et al. 2020).

The term nutritional security is considered as intake of adequate quantity of food
material enriched with essential nutrients. In most of the developing countries, sta-
ple crops fulfill the major portion of the daily diet (Maertens and Velde 2017). Thus,
to achieve nutritional security, there is an incessant need for progression regarding
development of ultra-nourishing staple crops. Various approaches such as dietary
diversification, medical supplementation, and food fortification are currently being
deployed in various parts of the globe to achieve nutritional security. Indeed, biofor-
tification has emerged as a promising approach to mitigate malnutrition. It usually
enhances the nutritional status of different field crops particularly their edible parts
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without compromising important agronomic traits such as pest and drought resis-
tance and crop produce (Bouis et al. 2011; Saltzman et al. 2013; Klikocka and Marx
2018). Similarly, different cultural practices also aid crop plants fulfill their nutri-
tional requirements to combat different biotic and abiotic stresses and provide
humans with better nutritious food sources.

In this chapter, we reviewed and discussed various evidence regarding effective-
ness of agronomic biofortification and impact of different cultural practices to
enhance micronutrient availability in legume crops and potential of these approaches
to alleviate hidden hunger.

2 Global Status of Micronutrients in Soil

Although most of the micronutrients are present in required quantities in different
types of soils yet, their availability to crop plants is regulated by different biological
and edaphic factors such as soil microbiology, soil geomorphology, soil parent
material, soil pH, soil organic matter, and competing anions and cations concentra-
tions. Upon direct contact with soil particulates, some micronutrients rapidly react
with different compounds such as clay colloids, mineral complexes, carbonates, and
phosphates to form chemical precipitates which hinders their availability to crop
plants (Allen et al. 2001; Marschner and Rengel 2012). The deficiency of micronu-
trients in soils is a global phenomenon, although their concentrations vary consider-
ably for different micronutrients (Voortman and Bindraban 2015; Monreal et al.
2016). However, the deficiency of micronutrients in different agroecosystems is
also attributed to their low crop use efficiency, normally less than 10% as compared
to 20-80% for other macronutrients such as N, P and K. Different analytical tech-
niques have been used for the assessment of micronutrient deficiencies in soils
(Baligar et al. 2001; Oliver and Gregory 2015).

The micronutrient deficiencies in soils mainly occurs due excessive demand of
macronutrients, which most of the high yielding crop varieties demand along with
lack of micronutrient supplementation. Among different micronutrients, the defi-
ciency of B (31%) and Zn (49%) is usually greater in major areas of the globe
(Dhaliwal et al. 2022). Moreover, the deficits of certain other mineral nutrients such
as Fe, Mn, Cu, and Mo is believed to be 3%, 10%, 14%, and 15%, respectively.
Boron is usually present in soils in the form of BO37® and plays an important role in
strengthening plant cell membrane and mechanical resilience. The indications for
low B concentrations in soils have been reported from almost every country, par-
ticularly Thailand, Nepal, the Philippines, and India. Similarly, copper also acts as
a catalyst and actively involves in synthesis of vit-A, protein, and certain enzymes
needed for different plant growth and developmental processes. However, Cu defi-
ciencies and their associated toxicities have been frequently reported from soils of
Italy, Brazil, Tonga, and the Philippines. Iron is also known as an important compo-
nent of not only hemoglobin but several other enzymes involved in lignin synthesis,
energy transfer, and nitrogen fixation. The deficiency of bioavailable Fe forms has
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been reported from soils belonging to different areas of Turkey, Malta, and Mexico.
Similarly, Mo, an important micronutrient and structural component of nitrogenase
enzyme, performed vital functions in N fixation activities especially in rhizobium-
legume symbiosis. The deficiency of this micronutrient is usually more prevalent in
acidic soils as observed in New Zealand, Brazil, Nepal, and Africa. Furthermore,
micronutrient Mn not only enhance the availability of Ca and P in crop plants but
also facilitates the photolysis of water molecules during nitrogen metabolism and
photosynthesis (Leskova et al. 2017). Although, most of the acidic soils are rich in
Mn content but alkaline soils usually lack its sufficient concentrations. Hence, the
concentration of Mn in soils and its bioavailability from to crop plants is highly
dependent on soil pH. Significant Mn deficiencies have been reported from soils
belonging to certain areas of Egypt, Pakistan, India, Syria Lebanon, and Italy.
Moreover, the deficiency of Zn is usually occurring in all areas of the globe particu-
larly, Thailand, Pakistan, Nepal, Italy, Tanzania, Syria, Iraq, India, Turkey, Mexico,
and Lebanon (Dhaliwal et al. 2022).

3 Micronutrient Bioavailability

Micronutrients move from the soil to plants, their edible portion, and finally become
part of human body. Various key factors regulate the efficacy of agronomic biofor-
tification to mitigate the deficiencies of micronutrients in human body. These key
factors mainly rely on bioavailability of nutrients at various stages including: pres-
ence of important nutrients in the soil and bioavailability of these nutrients for plant
uptake, distribution of these nutrients in different parts of the plant, and then further
translocation into their edible parts, the bioavailability of nutrients in cooked food,
and physiological stage of humans which controls the process to take up and utilize
these nutrients for smooth body functions (De Valenga et al. 2017).

3.1 Soilto Crop

There are several factors that influence the bioavailability of micronutrients from
soil to crop plants; for instance, soil aeration, organic matter content, pH of the soil,
soil moistness, interaction with other mineral elements, and crop variety which
defines the plant’s root systems its structure and functioning (Alloway 2009).
Rhizosphere of some plant can be altered by eliminating organic acids or H* ions
that ultimately improve the micronutrient bioavailability and its uptake (Zhang et al.
2010; Marschner and Rengel 2012). The elements interact with each and conse-
quently affect the efficiency of micronutrient uptake by roots. For example, soil
phosphorus (P) can either enhance zinc (Zn) uptake or root growth (Zingore et al.
2008); however, adding P may also lead to Zn deficiency through intrusion with
zinc movement from the roots and dilution effects (Singh et al. 1988). Management
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of soil using organic manures and lime can also change the soil properties, for
example, soil pH, improvement in the bioavailability of micronutrients, and uptake
by crops. Likewise, plant symbioses with arbuscular mycorrhizal fungi also help to
improve the uptake of sparingly soluble nutrients in the soil such as Zn and P (Smith
and Read 2010).

3.2 Crop to Food

There are two other important factors that influence the bioavailability of nutrients
from crop to food, i.e., food processing and crop variety. Crop varieties largely
determine the transfer particular micronutrients form their vegetative parts to edible
portions. In the outer layer of the rice grain, protein bodies contain iron (Fe) and
zinc (Zn), which is frequently detached during different food processing operations
such as milling and dehusking, leaving a reduced amount of Fe and Zn in the rice
(Haas et al. 2005; Zimmermann and Hurrell 2007; Hotz et al. 2015; Prakash et al.
2020). Some other crops such as wheat provide zinc even after the removal of the
aleurone layer and seed coat during bread-making process (Ajiboye et al. 2015).
Moreover, selenium (Se), iron (Fe), manganese (Mn), and copper (Cu) have barely
vanished during the grinding of wheat grain as well as the bread-making processes
(Lyons et al. 2005), which makes wheat more appropriate for agronomic biofortifi-
cation. The loss of nutrients generally results from food processing; however, this
processing of foods also reduces the antinutrients, consequently enhancing the
micronutrient’s bioavailability. For instance, when cereals are soaked in water, it
reduces the phytate (an antinutrient), consequently improving the bioavailability of
calcium, iron, and zinc (Hotz and Gibson 2007).

3.3 Food to Human

The bioavailability of micronutrients from food source to human body is also
affected by several factors that are either related to the host or food itself (Gibson
2007). Dietary intake and its bioavailability to human body is an important factor
and relies heavily on the nature of dietary matrix, the amount consumed, the
chemical form of the diet, and the interaction between components/nutrients of
the food that inhibit or improve the absorption of these nutrients in the gastroin-
testinal tract (Sandstroeém 2001). Inhibitors such as phytic acid or phytate and
polyphenols form complexes with Zn and Fe which result in the inhibition of these
essential micronutrient uptakes in the human body. However, enhancers such as
ascorbic acid present in vegetables and fruits usually enhance the bioavailability
of Fe (Clemens 2014). There are several other factors that also impact the bio-
availability of micronutrients from food items to human body, e.g., age, genotype,
gender, health, ethnicity, nutrient status, and physiological state of an individual
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(Gibson 2007). Overall, the bioavailability of micronutrients at different stages
from soil to crop plant and then uptake by digestion in the human body determines
the full potential of agronomic biofortification. Although interactions, as well as
metabolisms, diverge largely among soils, nutrients, crop varieties, and humans,
potential losses of micronutrients occur at each particular stage. All these stages
must be contemplated while evaluating the effectiveness of agronomic
biofortification.

4 Importance of Legumes

Plants provide a score of important vitamins and minerals to humans. In certain
developing countries, legume and grain crops are the major and often the sole
source of human food (Myers et al. 2014). The nutritional quality of legumes is
quite similar or even better than cereals as they provide ample number of vitamins,
nutrients, and amino acids to their end users (Rehman et al. 2019). They possess a
number of health benefits due to which their regular inclusion in human diet is
highly recommended. Certain compounds such as flavonoids, antioxidants, and
soluble fibers present in different legume crops are usually associated with signifi-
cant reduction in occurrence of a number of human diseases including cancer,
diabetes, and cardiovascular ailments (Martin-Cabrejas 2019; Ferreira et al. 2021).
Moreover, the ecological benefits of legume crops usually include improved soil
composition, reduction in agricultural CO, emissions, and reduction in nitrogenous
fertilizer requirements (Karkanis et al. 2018). Furthermore, the inclusion of legume
crops in cropping schemes not only enhances disease and pest resistance capability
of succeeding crop but also mitigates a significant share (25%) of greenhouse gas
emissions (Ma et al. 2018). In 2014, the significance of legume biofortification
programs has been highlighted by the United Nations, aiming to utilize this
approach up to its full potential to combat hidden hunger. However, since then little
has been done in this field, and this aspect largely remained unexplored (Rehman
et al. 2019).

5 Biofortification

Biofortification is a relatively new approach focused mainly on provision of
enhanced micronutrients to different target crops (Huang et al. 2020). The biofor-
tified crops usually uptake more minerals as compared to other crops and posi-
tively affect human health to fight hidden hunger (Bouis and Saltzman 2017;
Praharaj et al. 2021). Biofortification of field crops is usually done with different
approaches mainly includes agronomic biofortification, biofortification through
conventional plant breeding, and biofortification through genetic engineering
(Garg et al. 2018).
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6 Agronomic Biofortification

Agronomic biofortification is an integrated approach aimed at enhancing nutritional
status of crops through exogenous application of different micronutrients in field so
that plants can easily absorb those nutrients which are present in relatively lesser
quantity in soil. Agronomic biofortification approach is also recommended for its
ability to alter the solubility and mobility of different mineral nutrients in soil pro-
file making them available for crop plants. This particular approach involves addi-
tion of desired nutrients to soil profile either before or during growth of crop plants.
This can be achieved using two different nutrient application methods. Foliar appli-
cation ensures absorption of nutrient from leaf and its subsequent transportation to
other plants parts, whereas soil application enhances nutrient uptake from roots to
upper plant parts. However, the success of biofortification program mostly depends
on the bioavailability of micronutrients largely determined by different soil proper-
ties such as pH, micronutrient application method, and application rate of micronu-
trients (Cakmak and Kutman 2018).

Moreover, agronomic biofortification is also an economical way to counter mineral
deficiencies in humans. Many studies confirmed that crop biofortification not only
alters the micronutrient status of plants but also aids in synthesis of some other com-
pounds possessing significant nutritional values (Rizwan et al. 2019; Skrypnik et al.
2019; Adrees et al. 2021; Newman et al. 2021; Noreen et al. 2021; Puccinelli
et al. 2021).

Nowadays, the primary targets of researchers for biofortification are staple crops
which have global consumption. Certain cereals such as pulses, wheat, maize, rice,
fodder, and oilseed crops have the potential to accumulate nutrients supplied exter-
nally and thus have been biofortified. Most of the researched biofortified crops are
usually loaded with different micronutrients such as Fe, Zn, Cu, Mo etc. (Klikocka
and Marx 2018). A zinc-efficient PBW 1Zn variety, possessing higher Fe
(40.0 mg L™!) and Zn (40.6 mg L-!) contents, has been released in 2017. Up till now,
several biofortified crops including sweet potatoes, squash, orange, maize, sorghum,
Zn-enriched cowpeas, lentils, sorghum, wheat, rice, Fe-enriched lentils, and beans
have been commercially released (De Steur et al. 2017).

Conclusively, the nutritional quality and yield of crop plants have been amended
with foliar and soil application of multiple micronutrients and is considered a sus-
tainable strategy to combat hidden hunger (Manzeke et al. 2012; Vanlauwe et al.
2015; Voortman and Bindraban 2015). Moreover, seed coating and seed priming
with different micronutrients are other viable strategies for precise mineral fertiliza-
tion that can stimulate plant growth and development and ultimately increase their
yield (Duftner et al. 2014).

6.1 Impact of Different Fertilization Approaches

There are two important factors, viz., fertilizer application method and their types,
which influence the efficacy of mineral fertilizer on crop performance and yield.
The bioavailability of micronutrients present in different fertilizers is largely
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determined by their formulations. Nutrients in these formulations upon interaction
with soil and other elements can cast a positive, neutral, or even a negative effect on
the crop performance and yield (Rietra et al. 2015). In crops with multiple micronu-
trient deficiencies, the use of a sole nutrient formulation cannot bring the desired
results. Moreover, use of each micronutrient formulations in separate applications is
also economically not a viable option; therefore, mixtures of multi-micronutrients
can be deployed to attain the required results (Singh et al. 2018).

6.1.1 Ferti-fortification

On account of manifold benefits, the application of micronutrients through the soil
is the most effective and versatile method mainly to alleviate the boron (B) deficien-
cies (Dhaliwal and Manchanda 2009). In Zn-deficient soils, the application of
ZnS0O,-H,O (with 33% Zn) at 40 kg ha™' or ZnSO,.7H,O (with 21% Zn) at
62.5 kg ha™! has been found economical and equally effectual to alleviate the Zn
deficiency. Ram et al. (Ram et al. 2015) had reported a positive impact of Zn appli-
cation through soil on Zn content in rice and wheat grain as well as on yield of both
crops. Moreover, Zn application through soil has also proved its positive effect on
chickpea and cowpea crop regarding nutritional quality and yield of both crops
(Manzeke et al. 2017). The soil zinc (Zn) application in different lentil cultivars also
influences plant growth and grain production, reduces the concentration of phytate,
and enhance grain Zn concentration (Rasheed et al. 2020). In soybean, adding zinc
(Zn) and selenium (Se) to the soil, improved the Zn and Se concentrations in seeds,
and subsequently enhanced the physiological status of crop (Dai et al. 2020).

6.1.2 Foliar Fortification

Soil fertilization can improve the level of micronutrients within the grain; neverthe-
less, it is not effectual for some immobile minerals and also confines the uptake of
salt. Moreover, some micronutrients such as iron become futile when applied
through soil as soluble Fe is readily transformed to insoluble Fe** form, conse-
quently, limits its availability to crop plants (Dhaliwal and Manchanda 2009). In
this case, foliar application of mineral fertilizers is also recommended depending
upon the applied nutrient and soil condition (Dhaliwal et al. 2010). The practice is
usually executed by spraying mineral fertilizers in their liquid form over plant
leaves. The micronutrient either singly or in combination were applied as a solution
on crop plants, where it is absorbed by the epidermis and stomata of the leaves
(Dhaliwal et al. 2011). Up till now, numerous studies have proved the worth of this
particular fertilization approach on different field crops (Dhaliwal et al. 2013;
Kumar et al. 2016; Singh et al. 2018; Ullah et al. 2018).

In cereals and leafy vegetables, foliar application of micronutrients not only
enhance nutrient uptake but also better allocate these nutrients in edible parts of
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crop plants (Lawson et al. 2015). In some circumstances, foliar pathways are usu-
ally more efficient in regulating nutrient uptake as mineral immobility in soil is
usually avoided in this approach. Foliar application of Fe and Zn (0.5%) at different
growth stages of wheat crop not only enhanced grain yield (2.5-5.1%) but also
improved Fe (13.1-30.3%) and Zn (17.3-38.8%) contents in wheat grains (Dhaliwal
and Manchanda 2009). Similarly, Dhaliwal et al. (2010) also reported that foliar
application of Fe and Zn at different growth stages of rice cop not only improved
grain Fe (22-38.2%) and Zn (30.8-44.8%) contents but also enhanced the crop
yield (6-10.3%). In the same way, foliar feeding of copper (Cu) and manganese
(Mn) also improved the Cu and Mn content of wheat grains (Dhaliwal et al. 2011).
Maize crop also responded with increased yield and improved grain Fe and Zn con-
tents when subjected to foliar application of both micronutrients (Dhaliwal et al.
2013). Moreover, foliar feeding of Mn and Zn also improves yield of different crops
including barley, rice, and wheat (Ullah et al. 2018).

Likewise, foliar feeding of 0.2% copper (Cu) at 60 and 90 days of oat crop also
enhances crop crude protein, yield, and Cu concentration (Sandhu et al. 2020).
However, foliar application of fertilizers is usually not recommended in certain
parts of the globe possibly due to rain obstructions and their associated operational
cost (Garcia-Bafiuelos et al. 2014). Hence, the integration of foliar and soil applica-
tion is often suggested as the most viable option for achieving better results (Cakmak
et al. 2010; Phattarakul et al. 2012). Moreover, data regarding ferti and foliar forti-
fication of different legume crops along with their responses has been presented in
Table 3.1.

6.2 Impactin Combination with NPK Fertilization

The efficacy of agronomic biofortification can be influenced by the interaction
between macronutrients and micronutrients. Plants having good phosphorus (P) and
nitrogen (N) status showed a positive impact on the development of roots, transport
of nutrients in shoots, and relocalization of these nutrients to seeds from vegetative
parts of plants (Prasad et al. 2014). This results in improved concentrations of
micronutrients in edible parts of plants due to their better uptake from soil, as
revealed in some wheat trials where high N applications resulted in improved Fe
and Zn concentrations in the endosperm of grains (Shi et al. 2010; Kutman et al.
2011). The combination of N + P fertilizer with Zn for wheat fertilization has also
been prolific to enhance the yields of wheat grain (Cakmak 2004). Hence, appropri-
ate management of N and P is crucial to enhance the efficacy of other micronutri-
ents. Moreover, it also demonstrates the effectiveness of a more integrated approach
for the soil fertility management, as explicated below.
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Table 3.1 Application of micronutrients for biofortification of legume crops

Micronutrients | Crops Responses ‘ References

Foliar application

Zn, Fe Chickpea | Significant increase in yield Dhaliwal et al.
Increase in nutrient content and nutrient (2021)
uptake

Fe, Mo Lentil Increased the grain yield, biomass yield Nasar and Shah
Increase in total nitrogen uptake and protein | (2017)
content
Increase in number of total and active nodules

Fe, Mo Soybean | Increased the yield Thapa et al. (2021)

Reduced the damage caused by water-
deficient conditions

Soil application
Zn Cowpea | Increased the crop production Mfeka et al. (2019)
Improved seed iron content

Mo, Fe, B Pigeon Enhanced the productivity of pigeon pea in Reddy et al. (2007)

pea vertisols
Fe Chickpea | Little amount of iron enhanced the chickpea | Pingoliya et al.
yield and quality (2014)
Se Lentil Increased grain yield Ekanayake et al.
Improved biological nitrogen fixation in (2017)
lentils

6.3 Impact of Integrated Soil Fertility Management

The potential of agronomic biofortification depends largely on proper soil condi-
tions which enhance micronutrient bioavailability for plant uptake. The N and P
fertilizers not only enhance the efficacy of micronutrient fertilization but also
improve other certain chemical, biological, and physical characteristics of the soil
that are crucial for optimization of nutrient use efficiency. Soil optimization is usu-
ally done with Integrated Soil Fertility Management (ISFM) practices. It is com-
monly defined as an approach of soil fertility management using different organic
inputs, mineral fertilizers, and improved crop germplasm (Vanlauwe et al. 2010).
Application of organic inputs along with different mineral fertilizers usually showed
better results mainly because of their synergistic action. Organic resources such as
animal manure and plant residues usually play important roles in sustaining soil
organic matter and soil structure. Moreover, these amendments also enhance cation
exchange and soil water holding capacity (Van Noordwijk et al. 1997). Moreover,
where organic matter offers a more constant but slow liberation of nutrients, mineral
fertilizers usually provide flexibility in their application rate, timing, and placement
to synchronize the accessibility of nutrients with crop requirements (Giller 2001).
The application of sole organic inputs also possesses the potential to improve the
micronutrient content and their availability in soil (Traore 2006; Zingore et al. 2008;
Manzeke et al. 2012; Thilakarathna and Raizada 2015).
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In a study, Manzeke et al. (2014) revealed that ISFM strategies significantly
improved the maize grain yield obtained from field amended with combination of
Zn-enriched fertilizer, forest leaf litter, and cattle manure. Soils with long-term sup-
plies of organic matter not only improve the total Zn content but also increases the
proportion of readily accessible Zn form for crop uptake (Santos et al. 2010;
Manzeke et al. 2014). Nevertheless, the application of sole organic matter is often
inadequate in resource-poor farming systems for sustaining nutrient balances pos-
sibly due to inadequate provision of nutrient-rich organic matter and overall defi-
ciency of key micronutrients in the cropping system. Hence, the application of
mineral fertilizers combined with organic inputs has greater potential to improve the
deficiencies of soil micronutrients. Moreover, agronomic effectiveness of a micro-
nutrient fertilizer is frequently augmented when used in combination with different
organic inputs (Vanlauwe et al. 2015). Green manures also have the potential to
increase nutrient bioavailability, as reported in a study, where combined application
of Zn and green manure enhanced the grain Zn contents and yield of basmati rice
(Pooniya and Shivay 2013).

6.4 Seed Priming

Seed priming is defined as controlled presowing seed hydration which allows seeds
to undergo necessary pregermination metabolic activities without any radical emer-
gence from seed coat (Mcdonald 2000). Sowing of prime seeds is usually recom-
mended for achieving uniform crop stand and better yield (Farooq et al. 2006). This
approach exhibited better growth and yield response in wheat and rice crop (Farooq
et al. 2012). The integrated application of Zn + Pseudomonas sp. MN12 as seed
priming agents showed better results in bread wheat and proved to be highly cost-
effective (Rehman et al. 2018). Similarly, seed priming of barley and wheat with Zn
and Fe (2 mg L™ each) increases grain yield as well as tillering of bread wheat,
proving this a useful viable approach for fortification of bread wheat (Carvalho
etal. 2019). Likewise, seed priming with boron using a concentration of 0.001% or
0.1% improved the crop stand establishment; however, higher concentration (0.5%)
of same micronutrient usually hinders seed germination (Dhaliwal et al. 2020).

6.5 Seed Coating

Seed coating is a method of applying powdered form of micronutrients to the outer
surface of seed with the help of some nonreactive sticky material. This practice
influences the soil or seed at the seed—soil interface and eventually enhances the
accessibility of coated as well as soil-applied nutrients. This practice is considered
eco-friendly as it poses no ill effects on nontarget organisms and distributes micro-
nutrient in uniformly in field. Several factors, i.e., soil type, soil moisture, soil
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fertility, nutrient and seed ratio, coated micronutrients, and coating material, can
alter the potential of applied micronutrients. Seed coating with Zn has been exten-
sively used in crop yield improvement of different field crops. In wheat, seed coat-
ing with ZnCl, and ZnSO, boosted the germination, growth, and concentration of
Zn in plant tissues as compared to noncoated seeds (Rehman and Farooq 2016).
Likewise, in rice crops, seed coating with B (1, 1.5, 2, 2.5, and 3 g kg™!) enhanced
the uniform germination and tillering on account of assimilate partitioning and
water relation, ultimately resulting in the enhanced B concentration in rice grain
(Rehman and Farooq 2013). Moreover, seed coating with microbial bioinoculants
and B proved to be a worthy option to improve nodulation, growth, grain yield, and
B concentration in chickpeas. Similarly, seed coating with Mn showed improved
Mn uptake by plant, better straw and grain yield, as well as Mn concentration in
wheat grains (Ullah et al. 2018). Additional data regarding effect of seed coating
and seed priming on fortification of legume crops and their performances has been
represented in Table 3.2.

7 Biofortification Through Different Cultural/Agronomic
Soil Management Approaches

The primary objective of management approaches is to improve the state of the soil,
which eventually boosts the supply of micronutrients for plant absorption and even-
tually enhances proportion of those nutrients in food. The efficiency with which a

Table 3.2 Seed treatments with micronutrients for biofortification of legume crops

Micronutrients ‘ Crops ‘ Responses ‘ References

Seed priming

Zn Mung bean Improved crop stand establishment, seedling | Haider et al.
growth, grain yield and seed Zn (2020)
concentrations

Zn Green bean Improved relative water content and mineral | Gulmezoglu
nutrient concentrations et al. (2016)

B Chickpea, Increased seed germination, seedling length | Kumar et al.

lentil, cowpea | and seed nutrient contents (2020)

Seed coating

Zn Soybean, Enhanced auxin indole-3-acetic acid (IAA) Adhikari et al.
pigeon pea production in plant roots, which subsequently | (2016)

improved the overall growth
Improved seed germination

Zn, B, Fe Chickpea Significant increase in plant growth and yield | Shinde et al.
of chickpea (2017)
Higher chlorophyll content, leaf area index
and stomatal conductance

Zn Mung bean Increased seed yield of mung bean and grain | Haider et al.

Zn concentration

(2020)
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plant utilizes available nutrients is influenced by a number of elements, including
the soil’s structural, biochemical, and biological properties. Tillage, water manage-
ment and integrated soil fertility management are some of the common renowned
management practices (Selim 2020). Among these practices, application of organic
amendments provides a number of important benefits to soil including improvement
in overall soil structure, soil cation exchange capacity, and its water holding capac-
ity. However, the particular approach usually supplies nutrients in a rate-determined
manner and rarely satisfies crop’s nutritional demand at the appropriate time for
maximum production. Moreover, the sole use of mineral fertilizers and organic
inputs is not enough to overcome the discrepancy between nutrient deficiencies and
demand for better crop production. Thus, the integrated application of both
approaches is more beneficial and sustainable primarily because of their comple-
mentary actions (Padbhushan et al. 2021).

With recent agricultural intensification, various soil management approaches
have been utilized in different parts of the globe for maintaining soil fertility. Soil
pH is one of the chemical qualities that have a significant impact on the develop-
ment of plants, as well as on the distribution of nutrients and elimination of poten-
tially hazardous poisonous compounds. Thus, neutralizing soil pH is mandatory for
accomplishing qualitative and quantitative crop production. This can be achieved
either by lowering the pH of calcareous soils or raising the pH of the acidic soils
(Dhaliwal et al. 2022).

7.1 Application of Lime

The availability of abundant H* ions and a deficiency of basic cations are what give
soil its acidic quality. Therefore, supplying the soil with hydroxides, carbonates,
and other chemicals that operate in a basic manner from the outside may be an effi-
cient method for reducing soil acidity. The pH of the soil regulates the solubility and
mobility of micronutrients in soil; hence, even a slight change in pH has a signifi-
cant impact on both the solubility and mobility of micronutrients from soil to crop
plant. Frequent application of limestone in acidic soils not only improves soil fertil-
ity but also enhances crop growth and production (Barman et al. 2014). Additionally,
Soltani et al. (2016) also reported existence of positive interaction between lime and
Zn, which significantly increased straw and grain yield as compared to control
group. The application of zinc enhanced activities of several metabollic enzymes
including auxin which regulates different plant functions. This ultimately boosts the
ability of rice plants to synthesize more carbohydrates and their ascending circula-
tion to grain production and filling sites. On the other hand, the incorporation of
lime into the soil also changes its structure, making it more conducive for rice
production.
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7.2 Application of Gypsum

The presence of a high carbonate content and a calcareous texture are typical indica-
tors of soil has having pH > 7. Certain management practices such as deep tillage
usually increase the number of carbonates in soil surface layer and increase soil
pH. In addition, calcareous soils that have an abundance of calcium and magnesium
might ultimately have multinutrient deficits due to the high pH of the soil, which
decreases the solubility of iron and manganese. In order to lower the pH of sodic
and saline-sodic soils, it has become common practice to replenish these soils using
acid-producing supplements such as gypsum and elemental sulfur (Tavakkoli et al.
2022). The removal of excessive bicarbonates and exchangeable Ca and Na from
the soil solution usually becomes easier with application of gypsum. The significant
reduction in bicarbonates results in reduction of soil pH, which in turn improves the
concentration of plant-available zinc, iron, copper, manganese, and cobalt.
Moreover, application of slag-based gypsum (750 kg ha™!) also cause significant
improvement in nutrient uptake capacity of maize crop planted in both acidic and
neutral soils (Prakash et al. 2020).

7.3 Application of Biochar

When applied to acidic soils, biochar has the potential to improve both the absorp-
tion of micronutrients and the development of plants. As a result, biochar may serve
as an efficient method for the waste disposal process while simultaneously enhanc-
ing both soil fertility and crop productivity. Under iron-limited and salinized cir-
cumstances, the prospective advantages of integrated application of biochar and
Burkholderia phytofirmans PsIN have been associated with enhanced iron bioavail-
ability, productivity, and nutritional content of quinoa grains. Therefore, siderophore-
producing microorganisms combined with organic supplements may increase the
amount of iron in the grain while simultaneously lowering the antioxidant activity
and the proportion of sodium to potassium in C. quinoa. In addition, the integrated
treatment of zinc and biochar showed better outcomes in terms of increasing crop
production and grain zinc proportion while simultaneously decreasing grain cad-
mium content in comparison to individual treatments of zinc and biochar (Farooq
et al. 2020). Similarly, the integrated application of zerovalent iron (BZVI) and
biochar significantly improved the Fe and Zn contents in rice crop and mitigate the
concentration of toxic element Cd up to 83% as compared to untreated control.
Furthermore, foliar application of ZnO NPs, either as a stand-alone treatment or in
combination with biochar significantly improved the maize Zn contents, chloro-
phyll concentrations and plant growth parameters. In comparison to the control, the
combined treatment also reduced the amount of Cd ion toxicity, MDA, and H,0,,
while simultaneously improving the antioxidant enzyme activities. It’s likely that
the decreased Cd contents might improve the biomass and efficient absorption of
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zinc in plant through roots tips. The pH of the soil is altered by biochar, which also
changes concentration of cadmium in the soil. This resulted in a decreased acces-
sibility of cadmium and other heavy metals in soil (Khum-In et al. 2020).

7.4 Incorporation of Crop Residues

More than 1000 million tons of cereal crop residues are produced each year by
developing nations. Globally, the crops that produce the relatively more residues
include wheat, rice, maize, barley, soybeans, potatoes, and oilseed. Agricultural
wastes are a valuable source of different nutrient elements required in proper amount
for normal growth of crop plants. Crop residues also improve the accessibility of
unavailable micronutrients present in soil to crop plants. Recycling of crop residues
can add around 50% to 80% Zn, Cu, and Mn which were utilized by wheat and rice
crop during their vegetative and reproductive phases. Under wheat-rice cropping
rotation, the addition of ZnSO, along with cereal straws significantly improved the
bioavailability of Zn in soil which in turn enhance the total zinc concentration of
plant tissues, zinc uptake, and 1000 grain weight of crop produce (Dwivedi and
Srivastva 2014). Moreover, wheat crop amended with residues of preceding clover
crop also exhibited increased zinc concentration in crop straws and protein density
in grains. This may be attributed to increase N supply provided by precrop residues
along with formation of zinc complexes with improved concentrations of organic
ligands (Khoshgoftarmanesh et al. 2017). Additionally, nutrient uptake and plant
growth and development is also influenced by different abiotic stresses. Thus,
understanding of interaction between crop residues with nutrients, crop production,
and physical, chemical, and biological properties of soil is a prerequisite of different
crop residue management practices (Dhaliwal et al. 2022).

7.5 Application of Animal Manure

The utilization of animal manure is a common component of traditional nutrient
management strategies. Animal dung is a rich source of fertilizer for plants and has
the potential to change the biochemical and physical characteristics of the soil.
When compared to chemical fertilizers, animal manures proved their worth as a rich
supply of number of plant available micronutrients including zinc, iron, and manga-
nese. In supplement to zinc that it adds to soil, manure also stimulates various bio-
logical and biochemical processes that lead to breakdown of Zn particles that are
not immediately accessible to crop plants. The use of cattle dung in conjunction
with forest plant debris and Zn-based fertilizers led to significant improvements in
maize grain zinc concentrations and crop yield. The addition of organic matter to
the soil over an extended period of time not only raises the overall zinc content of
soil but also increase the percentage of labile zinc; the form which is easily absorbed
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by the crop plants (Manzeke et al. 2017). The integrated application of lime and
farmyard manure lower soil pH and ultimately enhanced uptake of Zn in maize crop
and also increases its availability in alfisols (Behera et al. 2016). Additionally, the
integrated application of lime, crop wastes and farmyard manure has considerably
enhanced the nutritional status of various agricultural soils. Similarly, the exoge-
nous application of Zn + Fe significantly increased the Fe (38.34%) and Zn (53%)
contents of rice crop grown in acidic soil. Furthermore, Zn supplementation in com-
bination with plant debris and cattle dung also increased the grain zinc content of
cowpea crop grown on sandy soil (Manzeke et al. 2017). In Rabi rapeseed, fertiliza-
tion with combination of sulfur, zinc, and animal manure produced superior results
in terms of crop production and nutrient absorption compared to the individual
treatments of nutrient fertilizers (Nayak et al. 2020). The subsequent application of
iron and sulfur coupled with chicken manure has the potential to lower down poly-
phenol and phytate contents along with soil pH and raise grain ferritin and iron
content of cereal grains grown in calcareous soil. These findings may be due to the
synergistic effects since S decreases the soil pH, hence enhancing Fe solubilization
and, consequently, its absorption in alkaline soil (Dhaliwal et al. 2022).

7.6 Addition of Compost

Compost is an economical and rich source of Cu and Zn fertilizers as its commercial
production is much greener and cost-effective and can be easily done in any rural or
urban area. Green waste compost and municipal compost enhanced grain Zn con-
centration (220% higher) and yield of maize crop and also limits uptake of heavy
metal nickel (74% less accumulation). Application of compost gradually increases
soil pH, its cation exchange capacity and C contents along with reduction in uptake
of certain toxic heavy metals. Wheat plants exhibit different Zn and Cd uptake
mechanism which ultimately alters Zn/Cd ratio and qualitative traits of crop plants.
Rice crop amended with Zn-enriched compost + Zn-solubilizing bacteria showed
better growth and yield as zinc releases gradually and steadily from ZnO over
ZnSO,, making it available for a longer period for necessary plant processes. The
same zinc treatment also increased Zn accumulation in various parts of the crop
plant particularly under Zn-deficient soils (Ulm et al. 2019).

7.7 Selection of Suitable Crops and Cropping Systems

Micronutrient availability also varies under different cropping systems which in the
long run alters different soil characteristics. The quantitative and qualitative param-
eters of a particular crop are greatly influenced by the physical and chemical health
of soil associated with crop residues or leaf litter of preceding crop. Improved soil



3 Micronutrients Enrichments in Legumes Through Agronomic and Cultural Practices 63

conditions provide better opportunities for plant roots to uptake more minerals par-
ticularly immobile nutrients (Dhaliwal et al. 2022).

Moreover, besides proper cropping system, selection of suitable crop is also very
important to mitigate nutrient deficiency and other related field constraints
(Dragicevic et al. 2015). Thus, crop rotations must be designed using crops which
complement each other and fulfill soil nutritional deficiencies. Legumes are usually
complemented by cereals, e.g., in case of legumes-brassica system, the former assist
in N fixation, whereas latter is useful as nutrient-rich field crop. Moreover, crops
possessing high biomass should be followed by a low residue crop. Similarly,
N-depleting crop should be followed by an N-fixing crop to maintain soil nutritional
balance for sustainable agriculture. Moreover, it has also been reported that legume-
based cropping system significantly improves soil organic C due to their higher resi-
due contents. Hence, cultivation of leguminous crops is usually recommended in
different cropping systems (Diekow et al. 2005).

7.8 Biofortification Through Green Technology

Green technology involves the utilization of different microbial agents for improv-
ing the nutrient accessibility and their uptake by crop plants. The quality of human
health environmental sustainability has been largely compromised due to excessive
use of different chemical fertilizers. Moreover, intrinsic plant-based strategies such
as production of organic acid, phyto-siderophores, and secretions of chelators are
not sufficient to fulfill nutritional deficiencies of plants. Thus, for sustaining soil
fertility and plant growth, microbial fertilizers emerged as a viable option. These
fertilizers usually use multiple direct and indirect mechanisms to improve plant
growth which includes solubilization of P, K, and Zn, biological nitrogen fixation,
and production of various hydrolytic enzymes, plant growth-promoting hormones,
HCN, and siderophores. Biofortification of crop plants using microbial agents have
been proved by a number of studies. Fungi and bacteria are the major microbial
agents used for biofortification purposes (Kaur et al. 2020).

7.8.1 Bacterial Biofortification

Application of Bacillus and Pseudomonas sp. mitigates soil pH and converted com-
plex Zn compounds into soluble Zn ions for crop uptake. The use of Arthrobacter
sulfonivorans (DS-68) and Arthrobacter sp. DS-179 significantly improved the Fe
and Zn contents of wheat crop and also enhanced crop qualitative parameters (Singh
et al. 2017). Similarly, an increased average number of root tips and root surface
area (1.6- to two-fold) in lesser Fe soils had been reported with inoculation of
siderophore-producing Enterococcus hirae DS-163 and Arthrobacter sulfonivorans
DS-68. The increase in crop root parameters directly facilitates the uptake of Fe
ions. Furthermore, the micronutrient status and yield of wheat crop also improved
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with integrated use siderophore-producing endophytes (Enterococcus hirae DS-163
and Arthrobacter sulfonivorans DS-68) and Zn-solubilizers, Bacillus subtilis
DS-178 and Arthrobacter sp. DS-179 (Singh et al. 2018).

7.8.2 Endophytic Biofortification

The availability of micronutrients in soil is also influenced by the presence of
mycorrhizal fungi which act either through rhizospheric acidification, siderophore
production or hyphal transport of nutrients through external mycelium to maintain
soil nutritional balance. An increased grain Zn content of barley crop had been
reported with colonization of Rhizophagus irregularis which usually shows its
action through upregulation of HvZIP13 (Watts-Williams and Cavagnaro 2018).
Furthermore, an enhanced Fe and Zn grain content with improved crop yield param-
eters had been reported with integrated application of AM fungi and PGPB. Various
plant metabolic activities are greatly influenced by the presence of PGPB which
ultimately stimulate plant growth and development. Similarly, AM also participates
in several mechanisms including secretion of different signaling molecules which
alters plant anatomy and root morphology for better and efficient nutrients uptake.
Moreover, integrated application of AM fungi and PGPB makes plant more resilient
against different biotic and abiotic stresses (Yadav et al. 2020). It has also been
reported that wheat plants inoculated with endophytes showed significant reduction
(26%) in phytic acid contents which consequently enhance grain Zn and Fe contents
(Singh et al. 2018) (Table 3.3).

8 Conclusion

In this chapter, various agronomic and cultural practices regarding biofortification
of legume crops have been discussed. Regular intake of micronutrients is consid-
ered essential not only for humans but also for livestock. The deficiency of certain
micronutrients may not only affect plant growth but also influence human health. A
significant proportion of human population in developing and underdeveloped
countries rely heavily on legume-based foods and thus constantly remain prone to
micronutrient deficiencies. To overcome micronutrient deficiencies in human popu-
lation, agronomic biofortification emerged as a cost-effective, sustainable, and via-
ble method that can bring fruitful results in relatively shorter time span. Moreover,
different soil management approaches such as application of different inorganic and
organic amendments including use of different microbial agents may either act
directly as an exogenous nutrient source or may play active role in enhancing exist-
ing nutrients availability to crop plants. Moreover, the application of these agro-
nomic/cultural inputs poses no serious ecological hazards when applied at
appropriate recommended dose rates. However, still further research is needed
depending on the soil type and crop for recommending a proper approach to counter
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Table 3.3 Utilizing green technology for biofortification of legume crops

Micronutrients
Microorganism affected/Crops Responses References
Trichoderma Strains (T. afroharzianum | Fe and Zn/Lentil | Increased Fe and Zn | Marra et al.
T22, T. harzianum TH1, and T. virens contents in plants (2021)
GV4l) Improved seed
germination and
crop yield

Reduced the risk of
nutrient deficiencies

Selenobacteria (Endophytes) Se/Soybean Improved plant Trivedi et al.
growth under (2020)
drought stress
Increased Se content
in roots, shoots,
fruits and leaves

Pseudosomonas citronellis (PC), B, Zn and Fe/ Significant increase | Dogra et al.
Pseudosomonas sp. RA6, Serratia sp. | Chickpea in plant B contents | (2019)
S2, Serratia marcescens CDP13 and Significant
Frateuria aurantia (Symbion-K) accumulation of Zn
in Shoots
Increased Fe level in
plants

micronutrient deficiency in our field crops. Thus, it can be anticipated that informa-
tion discussed in this chapter will certainly enhance our knowledge in alleviating
the micronutrient deficiencies and address nutritional security.
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Chapter 4 )
General Aspects of Genetic Improvement i
(Traditional and Transgenic Methods)

Aiming to Food Biofortification
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Abstract Micronutrient deficiency has imparted an unseen burden on human pop-
ulation in terms of hunger, and diseases leading to higher mortality rates. Several
measures such as supplements and fortified food have been taken into account to
correct the nutrient deficiencies targeting upgrades in the general public health. But
soon it was realized, that the best way to cure malnourishment is the use of an inclu-
sive strategy ensuring a healthy balanced human diet. Biofortification offers signifi-
cant potential for enhancing the nutritional content of important crops and has
arisen as a sustainable and an economical strategy to curb nutrient deficiencies
around the globe. Food biofortification is the process of increasing the nutritional
content of staple foods through genetic improvement. This can be achieved through
both traditional and transgenic methods. Traditional methods of genetic improvement
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include selective breeding, where plants with desirable traits are chosen for breed-
ing to produce new varieties with improved nutritional content. This method can be
time-consuming and may take many generations to produce plants with the desired
traits. In addition, it is based on the availability of genetic variation within the crop
species. Transgenic methods, on the other hand, involve the transfer of specific
genes from one organism to another to produce plants with improved nutritional
content. This can be done through various techniques such as genetic engineering
and gene editing. Transgenic methods are faster and more precise than traditional
methods, and can be used to introduce new traits that do not exist in the target crop
species. Both traditional and transgenic methods have their own set of advantages
and disadvantages. Traditional methods are generally considered to be more socially
and environmentally acceptable, while transgenic methods are faster and more pre-
cise. However, the latter method still faces concerns and opposition from some sec-
tors of society and government. In conclusion, food biofortification is a crucial
strategy for addressing micronutrient malnutrition, which is a global problem that
affects millions of people. Genetic improvement through both traditional and trans-
genic methods has the potential to improve the nutritional content of staple foods
and help to combat micronutrient malnutrition.

1 Introduction

1.1 Overpopulation, Malnutrition, and Food Security

The constant increase in human population is spreading the wave of malnutrition
worldwide which is affecting around 3 billion individuals of the total world’s popu-
lation (Carvalho and Vasconcelos 2013; Hoekenga 2014). In general terms, malnu-
trition is referred to the insufficient or surplus intake of food, causing nutrient
deficiencies or improper nutrient absorption. According to the World Health
Organization (WHO), malnutrition is categorized into two broad groups: under-
nourishment and overnourishment (WHO 2000), both conditions lead to stunted
growth, obesity, impaired immunity, depression, anxiety and increase risk factors of
human life (Ersado 2022; Woeltje et al. 2023). Moreover, in developing countries,
where people are living under the poverty line, malnutrition is known as hidden
hunger causing infectious diseases such as pneumonia, measles, diarrhea, malaria,
and dengue, eventually increasing the mortality percentage to an alarming rate
(WHO 2000; Gillespie et al. 2016).

Recent studies showed that almost 2 billion of the population is suffering from
obesity, 140 million children are of stunted growth, and approximately 43 and 30
percent are anemic and vitamin A deficient at their early ages (McLean et al. 2009;
Popkin et al. 2020; Stevens et al. 2015). Sadly, malnutrition is not only threatening
existing lives but it is also risking future lives (Haseen 2005). For example, a
nutrient-deficient pregnant woman would be unable to give birth to a normal and
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healthy child and might face the prebirth death of the fetus due to insufficient fetal
growth (Mannar and Sankar 2004; UNICEF 2007).

Generally, diet trends in our societies are not diversified, i.e., absent in micronu-
trients (zinc, iron, iodine, and selenium) (Genc et al. 2005; Geng et al. 2009). These
micronutrients are essential for human growth and in the regulation of important
metabolic pathways, especially in children and women (Singh 2009). Population
living in underdeveloped countries is more prone to nutrient deficiency due to the
unavailability of resources and lack of awareness about a balanced diet. Consequently,
low and imbalance consumption of essential elements causes nutrient deficiency
which leads to multiple infectious diseases (Borrill et al. 2014; Graham et al. 2001;
Kumar et al. 2015, 2019; Sinha et al. 2019; White and Broadley 2009).

To counter the problem of malnutrition, different strategies have been employed
such as diversification of food, use of supplementation and food fortification to
ensure nutrient-rich balanced diet. With the increasing industrialization, different
manufacturers commonly recommend the use of fortified pharmaceutical supple-
mentations (Naqvi et al. 2009). Food fortification refers to the addition of minerals
and vitamins into major food-consuming items to increase the nutritional status of
food products. The strategy of food fortification is marked as one of the most eco-
nomical strategies to curb the state of malnourishment (Bhutta et al. 2013; Hoddinott
et al. 2012; Horton et al. 2008; WHO 2000). The fast growth of commercialization
and increased socio-economic status of the population has changed their prefer-
ences to use manufactured supplements instead of a naturally balanced diet (Ahn
et al. 2015; Spohrer et al. 2013). However, in underdeveloped countries where the
majority of people have low-income status and are illiterate, the implementation of
expensive food supplement programs is difficult to achieve (Bohra et al. 2016;
Kumar et al. 2015; Timmer 2003).

Therefore, it is suggested that instead of working on separate approaches, there
should be a concrete, long-lasting and economical strategy to combat the problem
of malnutrition (Bohra et al. 2016). Different schools of thought have agreed to the
use of one comprehensive strategy of biofortification either by using nutrient-rich
fertilizers, genetic manipulation of crop seeds either via inbreeding/outbreeding or
via producing genetically modified crops (Cakmak 2008; Cakmak et al. 2004;
Graham et al. 2007; Kumar et al. 2015; Pfeiffer and McClafferty 2007; White and
Broadley 2009).

1.2 Food Biofortification

Food biofortification is the practice of increasing the nutritional value of crops
through genetic improvement. Genetic improvement is the process of using genetic
techniques to enhance the desirable traits of plants or animals. There are two main
methods of genetic improvement: traditional methods and transgenic methods
(Garg et al. 2018). Among other fortification strategies, biofortification is consid-
ered the most economical one without any further cost. Development and utilization



76 A. Hina et al.

of biofortified seeds could positively impact overall agriculture, as the presence of a
higher amount of minerals and essential amino acids in plant seed would safeguard
the plant from any biotic and abiotic attack as well as boost the crop yield (Welch
and Graham 2004). For rural areas, biofortification is a viable, efficacious, simple
and recommended method to eliminate the problem of malnutrition and hunger.
Considering the socioeconomic status of the rural population, biofortification acts
as a cheaper and sustainable solution to provide nutrient-rich food as this method
does not require huge capital in the form of recurrent investments, instead initial
one-time investment is applicable for the development, adaptability practices and
distribution of biofortified seed among the farming community (Graham et al. 2001;
Kumar et al. 2015). The fundamental objective of crop biofortification is to increase
the number of trace elements, e.g., vitamin A, zinc, iron, iodine, amino acid, and
proteins in major crops such as potato, wheat, rice, maize, sorghum, soybean, pearl
millet, etc.

The successful implementation of biofortification is influenced by various fac-
tors. The most important is to combine the micronutrient stability feature with the
increased crop yield so that the farming community could get benefited. Next, it is
required to biofortified products with maximum consumption on daily basis and
should have a positive impact on human health. Further, implementation of biofor-
tification requires awareness, education and incentives to those suffering from mal-
nutrition in rural areas to maximize the benefits of the biofortification process in
terms of adaptability and smooth delivery. The benefits of this strategy, which
focuses on disadvantaged families living in remote areas with limited to no access
to industrially fortified food, have been identified through research on biofortifica-
tion. These families may raise, consume, and market their fortified crops and fre-
quently rely on subsistence farming. Also, biofortification can help food systems
serve more nutrient-dense foods at a lower cost when properly targeted (Andersson
et al. 2017). One study reported that vitamin A intake among women of reproduc-
tive age and children increased after orange sweet potatoes were made available to
farmers in Africa. Multiple micronutrient deficiencies are frequently caused by
nutrient-poor diets including tubers and cereals; however, biofortification can boost
a crop’s nutritional value by utilizing conventional breeding and agronomic biofor-
tification procedures. However, genetic engineering-based biofortification, enabling
the incorporation of various micronutrients into a single genotype could support
higher levels of mineral accumulation (Van Der Straeten et al. 2020).

2 Strategies for Biofortification

Generally, three main strategies have been developed for the biofortification of
crops, such as the use of agronomic practices, plant breeding schemes and biotech-
nological approaches (Fig. 4.1). This approach is mainly focused on the improve-
ment of staple crops with an elevated amount of essential minerals and vitamins.
One of the important influencing factors in the optimization of biofortification
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strategies is neglecting postharvest losses. In the case of cereals, a huge number of
trace elements, i.e., copper, zinc, and iron are stored in seed and bran and the major-
ity of the seeds are wasted during flour milling and polishing which causes severe
mineral losses (Gregorio et al. 2000; Waters and Sankaran 2011). Naturally, few
crops possess antinutrients, e.g., fiber, phytate, and tannins which inhibit the bio-
logical availability of nutrients (Holme et al. 2012; Welch and Graham 2004).
Moreover, with the emerging climatic changes with limited water supply, it would
be difficult to maintain both crop yield and quality after fortifying crops. Additionally,
a limited number of genes are reported regulating the mineral absorbance into edi-
ble parts of plants and vascular translocation of minerals in staple crops (Haas
et al. 2005).

Attempts have been made to develop biofortified legumes, cereals, vegetables,
and oilseed crops by using all three methods; however, the practical application of
any procedure is mainly depended on the availability of genetic diversity of specific
crops. The main goal of agronomical methods is to increase the solubility and mobi-
lization of minerals in the soil, as well as the optimized use of biofertilizers, whereas
traditional methods of genetic improvement include selective breeding, hybridiza-
tion, and mutation breeding. These methods involve the manipulation of the genetic
material through the controlled crossing of plants or animals with desirable traits, or
the induction of mutations in the genetic material. These methods have been used
for centuries to improve crops for increased yield, disease resistance, and nutritional
content. Transgenic methods, also known as genetic engineering, involve the direct
manipulation of the genetic material of an organism. This can be done by introduc-
ing new genes into the organism or by altering the expression of existing genes.
Transgenic methods have been used to improve crops for increased yield, disease
resistance, and nutritional content. It is a powerful tool to biofortify food crops by
introducing genes that enhance their nutritional value. Food biofortification aims to
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improve the nutritional value of staple crops to address micronutrient malnutrition
in developing countries. Therefore, genetic improvement by traditional and trans-
genic methods plays a vital role in achieving food security and improving human
health (White and Broadley 2009). This chapter highlights the traditional plant
breeding and transgenic approaches of biofortification and discusses the targeted
crops developed by both methods.

2.1 Biofortification via Traditional Breeding Techniques

Biofortification is the process of increasing the nutritional content of crops through
traditional breeding techniques. This can be done by selecting for specific traits that
lead to higher levels of essential nutrients, such as vitamins and minerals, in the
plant. Biofortification can be used to improve the nutritional content of a wide range
of crops, including cereals, legumes, and vegetables.

Traditional breeding techniques have been widely used to develop biofortified
crop varieties. These techniques involve selecting for specific traits in the plant,
such as increased nutrient content, through repeated cycles of crossbreeding and
selection. This can be done through both conventional breeding and marker-assisted
selection (MAS). Conventional breeding relies on the inherent genetic variation of
the plant, while MAS uses molecular markers to identify specific genes associated
with the desired trait.

Irrespective of the promising progress made by traditional plant breeding in the
exploitation of genetic material to develop nutrient-rich cultivars, yet, more efforts
are required for practical application. The main bottlenecks in the implementation
of traditional breeding schemes are the unavailability of enough variation in the
genetic pool of important staple crops in addition to the lengthy and time-consuming
process of gene incorporation into a single genotype to develop elite cultivars.
Besides, the success of traditional breeding programs is also challenged by the neg-
ative correlation between crop yield and mineral content of grains in crops, which
reduces its application (Fan et al. 2008; Garvin et al. 2006; Oury et al. 2006; Shi
et al. 2013). Traditional breeding based biofortification is a widely used technique
to upgrade the nutrient profile of crops. Using these strategies, a substantial number
of crops have been targeted for fortification. One example of biofortification via
traditional breeding techniques is the development of iron-rich pearl millet. Pearl
millet is a staple food crop in many parts of Africa and India, but it is low in iron,
which can lead to anemia in people who rely on it as a primary source of food.
Researchers have used traditional breeding techniques to develop pearl millet vari-
eties that are high in iron, by selecting for plants that contain higher levels of the
mineral in the grain. This has been done through both conventional breeding and
MAS. Another example is the biofortification of rice with vitamin A. Rice is a staple
food for more than half of the world’s population, but it is low in vitamin A. Vitamin
A deficiency is a major public health problem, especially in developing countries.
Researchers have used traditional breeding techniques to develop rice varieties that
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are high in vitamin A, by selecting for plants that contain higher levels of the nutri-
ent in the grain (Garg et al. 2018; Bouis and Welch 2010).

Multiple international organizations have started initiatives to increase the nutri-
tional value of crops using traditional breeding because this strategy is probably the
fastest means of improving plants, e.g., the project of health grain was jointly car-
ried out by fifteen countries to promote the idea of healthy and quality cereals
(Bouis and Welch 2010). Many scientists reported the mechanism of nutrient
absorption, utilization of genetic variation in cereals and the effect of biofortified
crops on well-being of vulnerable population (Lafiandra et al. 2014; Tighe et al.
2010). According to an estimate, traditionally developed biofortified crops provide
20 percent of the extra energy for daily requirements. The estimated average require-
ment was reported to increase up to 25, 35 and 85 percent for zinc, iron, and provi-
tamin A biofortified crops, respectively (Andersson et al. 2017; Bouis and
Saltzman 2017).

A program named HarvestPlus was launched as a part of CGIAR based on the
traditional breeding and distribution of biofortified in Africa and Asia focusing on
iron, zinc and vitamin A improvement in wheat, rice, pearl millet, sweet potato and
bean (Bouis and Welch 2010). One of the most well-known examples of biofortifi-
cation through traditional breeding methods is the development of “Orange Fleshed
Sweet Potato.” The sweet potato is a staple crop in many sub-Saharan Africa coun-
tries, and vitamin A deficiency is a major public health concern in these regions. By
selecting for and crossbreeding sweet potatoes with high levels of beta-carotene (a
precursor to vitamin A), scientists were able to develop a variety of sweet potato that
is rich in vitamin A. This variety has been successfully introduced in several African
countries and it has been shown to have a significant impact on vitamin A defi-
ciency. The statistics of HarvestPlus showed that to date, 283 biofortified varieties
have been released in 30 different countries while a few are still under trials
(Table 4.1). So far, HarvestPlus is facilitating 48 million individuals in rural areas
with the conventionally developed biofortified crop with a future goal to target 01
billion vulnerable populations by the end of 2030 (Pfeiffer and McClafferty 2007).
Multiple trials have been conducted to record the efficacy of biofortified food in the
malnourished group of the population and showed improved task management with
maximum critical thinking (De Moura et al. 2014; Palmer et al. 2016; Sazawal et al.
2018). The breeding method includes identifying rice lines that have a high concen-
tration of micronutrients that are important for the human population. The discovery
of rice germplasm with a greater level of micronutrients initiated numerous studies
(Anandan et al. 2011; Anuradha et al. 2012; Babu et al. 2012). Traditional rice vari-
eties appear to have higher main mineral content than contemporary high-yielding
types, including Fe, Zn, Cu, and Mn (Anandan et al. 2011). Biofortification through
traditional breeding methods is a sustainable, cost-effective, safe, and noninvasive
approach that can help address malnutrition and micronutrient deficiencies in many
parts of the world. By selecting for and crossbreeding plants that naturally have
higher levels of essential nutrients, scientists are able to develop crops that can have
a positive impact on public health. As the global population continues to grow,
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Table 4.1 Current status of biofortified crops around the globe
Country Targeted crop Status Testing/Released Fortificants
Afghanistan Wheat Testing Zinc
Bangladesh Rice Released Zinc
Wheat Released Zinc
Sweet potato Released Vitamin A
Lentil Released Zinc and iron
Bhutan Wheat Testing Zinc
Potato Testing Zinc and iron
Cambodia Rice Testing Zinc
Brazil Bean Released Iron
Rice Testing Zinc
Wheat Released Zinc
Cassava Released Vitamin A
Maize Released Vitamin A
Sweet potato Released Vitamin A
Cowpea Released Iron and zinc
Mexico Maize Testing Zinc
Wheat Released Zinc
Cassava Testing Vitamin A
Maize Testing Vitamin A
South Africa Wheat Testing Zinc
Maize Testing Vitamin A
Sweet potato Released Vitamin A
Zimbabwe Bean Released Iron
Pearl millet Testing Iron
Wheat Testing Zinc
Maize Released Vitamin A
Sweet potato Testing Vitamin A
Pakistan Wheat Released Zinc
Maize Testing Vitamin A
Lentil Testing Iron and zinc
India Pearl millet Released Iron
Rice Released Zinc
Wheat Released Zinc
Maize Testing Vitamin A
Sweet potato Released Vitamin A
Cowpea Released Iron and zinc
Potato Testing Iron and zinc
Lentil Released Iron and zinc
Sorghum Released Zinc and iron

Source: HarvestPlus (Pfeiffer and McClafferty 2007) (https://www.harvestplus.org)
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biofortification through traditional breeding methods will become an increasingly
important tool in the fight against malnutrition.

2.1.1 Cultivar Selection

Selection and introduction of nutrient-rich germplasm is the prerequisite for breed-
ing biofortified crops. Using high zinc and iron genotypes as parents in targeted
breeding schemes will lead to the development of biofortified and higher yielding
commercial cultivars. The crop variety having high nutriments will also increase
crop production even on less fertile soil. A multiple range of germplasm has been
tested to study the relationship of nutrient-rich crop with environmental and soil
conditions (Vanisha et al. 2013). Therefore, germplasm screening for zinc and iron
contents have been proved effective under zinc and iron deficient conditions in
wheat, cassava, maize, sweet potato, rice, beans etc., (Graham et al. 2001). At
ICRISAT, biofortified crops were evaluated in multi locational trials and does not
find any relationship between the nutrient level of cereal grains and soil (Govindaraj
et al. 2013; Kanatti et al. 2014).

In large populations, sufficient genetic diversity is required to choose potential
cultivars carrying greater amounts of micronutrients which could further be used in
breeding programs (Ortiz-Monasterio et al. 2007; Tong et al. 2014). For example,
different studies identified nutrient-rich cultivars in oats, barely, etc. (de Bruijn et al.
2019; Doehlert et al. 2013; Loskutov and Polonskiy 2017). In pearl millet, a variety
named niadi was identified as early maturing, large seeded, in addition to higher
content of Fe and Zn, this variety have been used in multiple breeding studies
(Govindaraj et al. 2013; Kanatti et al. 2014; Rai et al. 2016; Velu et al. 2011).

Additionally, studies reported that genotype x environment interaction (GEI)
greatly influence the adaptation and production of any crop which makes the crop
acclimatization more challenging. The GEI has reported to influence the gene
expression underlying micronutrients and their percentage in biofortified crops
(Govindaraj et al. 2013; Kanatti et al. 2014; Rai et al. 2016; Reynolds et al. 2005).
In Pakistan, provitamin A-biofortified maize hybrids were successfully evaluated
for stability analysis across multiple environments and showed higher yield
(Magbool et al. 2018).

2.1.2 Introgression of Genes from Landraces

The most widely used form of biofortification is through traditional breeding pro-
viding an economical and sustainable substitute for other methods. Though, to be
successful, the trait of interest must have enough genotypic diversity. This variation
could help in the elevation of the micronutrient level up to the mark. Generally,
traditional breeding techniques involve the crossing of the nutrient-rich donor par-
ent with the agronomically outstanding parent. However, the limited genetic diver-
sity that exists in the gene pool must occasionally be taken into account in breeding
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methods. This could be avoided by crossing to land races, which gradually intro-
duces the trait into the commercial varieties. Traditional breeding offers the intro-
gression of useful genes from land races and wild relatives into modern cultivars to
enhance their nutritional value. Therefore, screening of wild germplasm is crucial to
explore and utilize existing genetic diversity. Studies reported that in barley, a huge
number of genetic diversity rich in micronutrients remains unexplored due to the
limited gene introgression experiments (Detterbeck et al. 2016; Gyawali et al. 2019;
Yang et al. 2011). The few genetic studies of barley grain showed that alleles obtain-
ing from wild ancestors are associated with the nutrient increase. Introgression of
such alleles into commercial cultivar will help in developing biofortified barley cul-
tivars (Wiegmann et al. 2019). However, this introgression of genes from ancestors
is also exhausting and time-consuming in terms of a breeding complex trait such as
enhancing concentrations of selenium (Se) and linolenic fatty acid in wheat and
soybean, respectively (Lyons et al. 2005; Oliva et al. 2006).

Lately, participatory varietal selection (PVS) in backcross breeding program has
been significantly used in biofortification of cereals. PVS, is basically performance-
based assessment of any crop, which is conducted by farming communities to eval-
uate various important traits to choose elite variety. This PVS based backcross
breeding program was conducted by collaborative efforts of CIMMYT, Punjab
Agricultural University and Indian Institute of Wheat and Barley Research, result-
ing in the commercial release of biofortified wheat (Saini et al. 2020). The Aegilops
tasuchii, wild relative of wheat, is enriched in Fe and Zn contents and has been
exploited to improve the micronutrients percentage of modern wheat genotypes
(Arora et al. 2019). So far, through introgression of genes from Ae. Squarrosa and
T. spelta, four zinc biofortified wheat varieties have been developed and under cul-
tivation in Pakistan and India with incremented zinc content (Singh and Govindan
2017; Singh et al., 2017).

2.1.3 Heterosis Breeding

The superiority of hybrid over its parents is termed as heterosis which greatly influ-
ence the success of hybrid breeding program. The genetic expression of iron and
zinc is controlled by additive gene action; therefore, it is hard to achieve better-
parent heterosis; instead, heterosis could be due to dominance or overdominance
gene action. Therefore, for developing biofortified hybrid, it is important to screen
all potential lines first and then choose the both parents with higher contents of zinc
and iron to gain the mid parent heterosis. It is reported that in pearl millet, perfor-
mance per se of lines positively associated with general combining ability for iron
and zinc, which indicates that the selected parental lines will also act as general
combiners for these trace elements (Govindaraj et al. 2013; Govindaraj et al. 2019;
Kanatti et al. 2014; Kanatti et al. 2016; Velu et al. 2011). Moreover, for developing
inbred lines having higher contents of iron and zinc, the working population should
have maximum genetic variation. Additionally, the direction and magnitude of
inbreeding also greatly influence the inbred development as it may increase or
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decrease the micronutrient concentrations (Rai et al. 2017). Generally, it is observed
that micronutrients have high heritability which is advantageous in hybrid breeding
program. So far, high yielding pearl millet hybrids with approximately 95 percent
raise in iron contents have been reported (Govindaraj et al. 2019), and the iniadi
germplasm is considered as the richest source of iron and zinc contents for develop-
ing biofortified pearl millet (Govindaraj et al. 2013; Paul et al. 2012;Velu et al.
2011). Under such situations, where source of gene introgression is same for both
parents along with additive gene action, it will negatively impact the genetic diver-
sity for other important quantitative traits by decreasing their heterosis, e.g., yield.
Therefore, selective introgression of genes regulating Fe and Zn contents is recom-
mended for breeding biofortified crops. Keeping in view, ICRISAT has identified
and evaluated new germplasm sources rich in Fe and Zn in addition to iniadi (Rai
et al. 2016). In maize, around fifteen hundred maize genotypes were screened and
achieved the maximum amount of provitamin A (19 ppm) which was more than the
target amount (Harjes 2000; Menkir and Torbert Rocheford 2015; Ortiz-Monasterio
et al. 2007), and almost sixty-five maize provitamin A synthetic, single cross, and
three-way cross hybrids were developed and released into different parts of Africa
(Virk et al. 2021).

2.1.4 Marker-Assisted Breeding (MAS)

Marker-assisted breeding (MAS) is a technique used in plant breeding that utilizes
molecular markers to identify specific genes or genetic regions that are associated
with desirable traits in crops. This information can then be used to select plants with
the desired traits for breeding. MAS can be used to biofortify crops, which is the
process of increasing the nutrient content of crops through selective breeding or
genetic engineering. This can be used to address micronutrient deficiencies in the
diet of people in developing countries, where a lack of access to a diverse diet can
lead to malnutrition. Numerous breeding and transgenic efforts are being imple-
mented in third-world nations to develop micronutrient-rich crops (Garg et al. 2018;
Nestel et al. 2006). Breeding programs also benefit from biotechnological strate-
gies, such as a marker-assisted selection (MAS) program to increase the nutritional
profile of valuable crops due to its accuracy in the targeting desirable gene (Moose
and Mumm 2008).

QTL mapping has been used to study and control agronomic and quality traits in
multiple crops (Elattar et al. 2021; Hina et al. 2020; Jeong et al. 2020). Through
QTL, the genes regulating zinc and iron along with other important micronutrients
were mapped in rice (Table 4.2). For iron and zinc concentrations in unprocessed
grains of rice, five QTLs have been identified on various chromosomes (Anuradha
et al. 2012). A hybrid between the Madhukar and Swarna varieties was used to map
fourteen QTLs for the iron and zinc in unrefined rice seeds at the genome level
(Agarwal et al. 2014). Through marker-assisted selection (MAS), different markers
(SSR, SNP) were used to improve the iron and zinc concentration of rice in a double
haploid mapping population (DH). QTLs for grain and micronutrients were mapped
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Table 4.2 QTLs associated with nutrient enhancement in different crops
No. of
Crop Fortificant QTLs | References
Rice Zn, Fe 62 Anuradha et al. (2012), Calayugan et al. (2020), Dixit et al.
(2019), Garcia-Oliveira et al. (2009), Ishikawa et al. (2010),
Jin et al. (2013), Lee et al. (2020), Lu et al. (2008), Pradhan
et al. (2020), Swamy et al. (2018a, b), Zhang et al. (2011)
Iron (Fe) 32 Calayugan et al. (2020), Dixit et al. (2019), Garcia-Oliveira
et al. (2009), Ishikawa et al. (2010), Jin et al. (2013), Lu et al.
(2008), Norton et al. (2010), Pradhan et al. (2020), Stangoulis
et al. (2007), Swamy et al. (2018a, b)
Lysine 2 Peng et al. (2014), Zhong et al. (2011)
Grain protein |25 Chattopadhyay et al. (2019), Kinoshita et al. (2017),
content Mahender et al. (2016), Qin et al. (2009), Tan et al. (2001),
(GPC) Yu et al. (2009), Yun et al. (2014), Zhong et al. (2011)
Calcium 13 Garcia-Oliveira et al. (2009), Swamy et al. (2018a)
Phosphorus 12 Calayugan et al. (2020), Garcia-Oliveira et al. (2009), Swamy
P) et al. (2018a, b)
Potassium 14 Garcia-Oliveira et al. (2009), Swamy et al. (2018a, b),
(K) Vasconcelos et al. (2003)
Barley | Zn, Fe, cd 46 Hussain et al. (2016), Reuscher et al. (2016), Sadeghzadeh
et al. (2015)
Mg, Ba, Ca, |45 Gyawali et al. (2017)
Cu, K, Mn, Si
Wheat | Zn, Fe 60 Liu et al. (2019)
Zn, Fe 10 Wang et al. (2021)
Zn, Fe, GPC |21 Krishnappa et al. (2021)
Soybean | Zn, Fe 10 Wang et al. (2022)
Zn, Fe 05 Kastoori Ramamurthy et al. (2014)
Zn, Fe 07 Ning et al. (2015)
Isoflavone 15 Cai et al. (2018)
content

and candidate genes underlying zinc concentration were also identified which could
incorporate further in developing zinc-rich rice varieties (Swamy et al. 2018b).
Similarly, another study was performed to identify QTLs and putative genes related
to both iron and zinc content in the DH population of Korean rice cultivars (Jeong
et al. 2020). In other similar studies, thirteen rice grain elements were mapped to
identify stable QTLs (Calayugan et al. 2020), a cross between Indica and Japonica
cultivars was made and reported two stable QTLs, viz., qZn3-1 and qFe31 for zinc
and iron, respectively (Lee et al. 2020), DH lines of rice were studied for iron and
zinc content and found five QTLs for these trace elements (Calayugan et al. 2020).

The determination of grain protein content (GPC) is crucial, because cereal
grains are the major and rich source of protein for humans (Peng et al. 2014). In
milled rice, several QTLs related to GPC have been found and mapped. In a recom-
binant inbred lines (RILs) population, derived from a cross between the rice variet-
ies Zhenshan97 and Nanyangzhan, all amino acids content (AAC) were characterized
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(Wang et al. 2008). It was found that a candidate gene OsAAP6 is encoded by the
QTL for amino acid content (Peng et al. 2014). Similarly, another QTL for GPC in
rice was recently discovered on multiple chromosomes. Three environmentally sta-
ble QTLs were found, of which one qGPCI.1 regulate the amount of protein in
grains while the other two (qQSGPC2.1 and qSGPC7.1) control the amount of pro-
tein. Glutelin is a highly nutritive component of the human diet (Ufaz and Galili
2008; Zhang et al. 2008). One study reported a QTL linked to a gene Os01g0111900
encoding glutelin which shows upregulation during the process of seed develop-
ment (Chattopadhyay et al. 2019). So far, to enhance zinc concentration of cereal
grains, various QTLs have been mapped in rice (Calayugan et al. 2020; Norton et al.
2014; Swamy et al. 2018a, b), wheat (Norton et al. 2014; Velu et al. 2011) beans
(Liu et al. 2019), maize (Hindu et al. 2018; Prasanna et al. 2020), and pearl millet
(Anuradha et al. 2017; Kumar et al. 2016, 2018; Mahendrakar et al. 2020)
(Table 4.2). Further, genome-wide association studies (GWAS) were also conducted
to assess the concentration of Fe and Zn in a large rice population (Pradhan et al.
2020). In barley, approximately, 3000 landraces were mapped by using single
nucleotide polymorphism (SNP) markers to study the genetic variation of iron and
zinc (Mamo et al. 2014). Similarly, 336 barley genotypes were mapped and identi-
fied 45 QTLs associated with eleven trace elements (Gyawali et al. 2017). In total,
seventy-five QTLs were identified linked with the grain increase and high yield in
wild barley by using GWAS and Nested association mapping (NAM) (Herzig
et al. 2019).

2.2 Biofortification via Transgenic Approaches

Biofortification via transgenic approaches is a method of increasing the nutrient
content of crops by introducing genes from other organisms into the plants’ genome.
This can be done through techniques such as genetic engineering or recombinant
DNA technology. The goal of biofortification is to improve the nutritional quality of
crops, especially in developing countries where people may not have access to a
diverse diet and suffer from micronutrient deficiencies.

Transgenic approaches can be efficient and fast to increase the nutrient content
of crops, but these methods can also raise some concerns about the safety and
acceptability of these crops to consumers, farmers and regulators. One of the main
concerns is the potential for unintended effects on the environment or human health.
For example, transgenic crops may harm beneficial insects or other nontarget organ-
isms, or may create new allergens or toxins. However, many studies have shown that
genetically modified crops are as safe to eat as their conventional counterparts, and
that the benefits to human health, the environment, and farmers outweigh the risks.
Another concern is the acceptability of transgenic crops to consumers. There is a
perception that genetically modified crops are unnatural or “unnatural,” and this
perception may be difficult to overcome. However, many people do not understand
that all crops have been genetically modified over time through traditional breeding
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methods. Genetic engineering simply provides a more precise and efficient way to
achieve the desired traits.

Selective breeding has some drawbacks, including poor heritability, linkage of
undesirable traits and lack of sufficient genetic variation for micronutrients, which
increases the efficacy of genetic engineering for crop improvement. The transgenic
method involves incorporating genes into the crop’s DNA to increase the level of
micronutrients, e.g., golden rice development (Paine et al. 2005). This method uses
a diverse pool of genes comprised of different organisms having phylogenetic and
taxonomical differences for the transmission and expression of desirable traits
among different organisms. Biofortification by metabolic engineering can provide a
solution when the natural variation of any germplasm is insufficient to provide ade-
quate levels of micronutrients in a given crop by conventional breeding techniques.
For instance, transgenic approaches helped in the uptake, storage and transport of
iron and zinc to develop biofortified rice (Bashir et al. 2010; Bouis and Saltzman
2017; Ishimaru et al. 2011; Wirth et al. 2009).

Similarly, the promising raise in the Zn and Fe level was achieved in transgenic
rice which was higher than in conventionally bred varieties (Trijatmiko et al. 2016;
Wau et al. 2019). Additionally, in the absence of naturally synthesized vitamins in
any crop, transgenic approaches are the most viable and pertinent method for bio-
fortifying crops with a particular vitamin (Pérez-Massot et al. 2013). Advancements
in emerging omics such as genome editing techniques (CRISPR/Cas9, TALENs)
have opened up new avenues for biofortification due to the availability of a com-
pletely sequenced genome of major staple crops (Ricroch et al. 2017). Genetically
modified plants can be used to recreate specific pathways, increase the efficiency of
metabolic reactions in edible tissues, redistribute micronutrients among tissues,
elimination of antinutrients and use multigene transfer to increase the micronutrient
bioavailability, for example, every single plant of biofortified corn have high levels
of vitamin C, B9, and f-carotene (Carvalho and Vasconcelos 2013; Naqvi et al.
2009) (Table 4.3).

The transgenic biofortification practices requires long period in variety release
for general cultivation, as it consists of several steps of trait identification, expres-
sion analysis and phenotypic verification. For instance, the project of Golden rice
was published and shared among the scientific community after eight years of its
development, but, its practical application in a rural area is still in process (Yu et al.
2009). Moreover, the slow regulatory processes are costly at the same time. In many
countries, the commercialization of genetically modified crops required legal accep-
tance and proper regularization at the government level. For instance, Bt Brinjal was
introduced and developed by an Indian company but remained banned for commer-
cial cultivation for years (Inaba and Macer 2004; Watanabe et al. 2005). Yet, in order
to achieve the fast growth in developing biofortified crops, joint efforts of plant
breeders and molecular scientists are required. Followings are a few recent trans-
genic approaches for developing biofortified crops.
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Table 4.3 Micronutrient enhancement in different crops through transgenic approaches

Crop Fortificant Incorporated gene References
Rice Tryptophan Anthranilate synthase, OASA2 | Saika et al. (2011),
Wakasa et al. (2006)
Lysine Aspartate kinase and Liu et al. (2016), Wong
dihydrodipicolinate synthase, et al. (2004), Yang et al.
lysine-rich binding protein (2016)
accumulation, LRP, RLRHI, and
RLRH2
Methionine and Serine acetyltransferase, Nguyen et al. (2012)
cysteine Sunflower seed albumin
Iron (Fe) and zinc | Iron and zinc content elevation | Lee et al. (2009)
(Zn) via ferritin, NAS, IDS3, OsVIT, | Masuda et al. (2008),
IRT1, OsGluB1 pro-SoyferH1 Oliva et al. (2014), Paul
gene et al. (2012), Suzuki
et al. (2008), Trijatmiko
et al. (2016)
Phytic acid Lowering phytic acid content via | Kuwano et al. (2009),
lowering OsINOI gene Larson et al. (2000)
Maize Total carotenoids, | Maize PSY and Crtl, Zmpsy, Aluru et al. (2008), Zhu
p-carotene Pacrtl, Gllycb, Glbch, ParacrtW | et al. (2008)
Smirnoff-Wheeler | Dehydroascorbate reductase Nagqvi et al. (2009)
pathway (dhar)
Tocochromanol HGGT and HPT Dolde and Wang (2011)
pathway
Potato Total carotenoids Crtl, LCYe, CHY1, CHY2, Ducreux et al. (2005),
p-carotene CrtB, Crtl, CrtY Cauliflower Or | Li et al. (2012), Zhu
(Orange) gene et al. (2008)
‘Wheat Total carotenoids, | Maize PSY and Crtl; CrtB, Crtl | Wang et al. (2014)
ProVitamin A
Tomato Precursor Lycopene b-cyclase gene Apel and Bock (2009),
b-carotene de la Garza et al. (2004),

Welsch et al. (2007)

Pteridine synthesis

GTP cyclohydrolase I

de la Garza et al. (2004)

Smirnoff-Wheeler
pathway

GDP-I-galactose phosphorylase

Bulley et al. (2012)

Arabidopsis

Enzymes of salvage
pathway

PDX1 and PDX2

Chen and Xiong (2009)

Tocochromanol HGGT and HPT Cahoon et al. (2003),
pathway Yang et al. (2011)

Mustard p-carotene Bacterial phytoene synthase Shewmaker et al. (1999)

(crtB) gene

Strawberry | NADPH-dependent | GalUR GDP-I-galactose Agius et al. (2003),
D-galacturonate phosphorylase Bulley et al. (2012)
reductase

Tobacco Tocochromanol HGGT Tanaka et al. (2015)
pathway

Cassava Provitamin A Phytoene synthase gene Welsch et al. (2010)
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2.2.1 Gene Edit Techniques

To increase the number of micronutrients in the major cereals, transgenic breeding
could serve as a useful tool. The micronutrients in many staple crops can be
improved due to the availability of genes for target traits. With the help of transgenic
approaches, the pyramiding of genes could be possible for enhancing micronutri-
ents, which will eventually help in combating the problem of malnutrition. There
are several gene editing techniques that can be used to biofortify crops, including
CRISPR-Cas9, TALENSs, and ZFNs. These techniques allow for precise and tar-
geted changes to be made to the genome of a crop, enabling the introduction of
beneficial traits such as disease resistance, improved nutrient content, and increased
yield. Additionally, these techniques can be used to “turn off” or remove undesir-
able traits without introducing foreign genes, which can be a concern with tradi-
tional genetic modification methods. Overall, gene editing techniques offer a
powerful tool for developing crops that are better suited to meet the needs of farmers
and consumers.

Although, biofortification via gene edit technologies is still under experimenta-
tion few studies have reported the successful application in vegetables, ornamental,
and field crops. For example, knock out of lycopene e-cyclase and non-heme
[-carotene hydroxylase gene greatly increased the p-carotene content in tubers. The
ability to alter germline through CRISPR/CAS system has the remarkable potential
of regenerating a single cell (Sedeek et al. 2019). So far, this technique has been
employed to develop biofortified wheat, rice and Arabidopsis by enhancing the
zinc, Vit A, BI1, and iron concentrations (Jaganathan et al. 2018; Ricroch et al.
2017). Recently, CRISPR/Cas9 was used to enhance f-carotene content in rice by
manipulating the expression of the Osor gene in rice (Endo et al. 2019). Similarly,
the level of carotenoids was boosted by altering the biosynthetic pathway of carot-
enoids via CRISPR/Cas9 system (Dong et al. 2020). In wheat, B-carotene content
was improved by knocking down the metabolic pathway of provitamin A synthesis
(Zeng et al. 2015). In future, these genome editing tools could be used for the swift
and economic development of transgenic crops.

2.2.2 Overexpression of Genes

Overexpression of genes is a genetic engineering approach that can be used to bio-
fortify crops. This technique involves increasing the amount of a specific gene or
genes in a plant to enhance its production of beneficial traits such as increased nutri-
ent content or improved stress tolerance. Overexpression can be achieved through
various methods, including the use of strong promoters, cis-acting elements, or mul-
ticopy plasmids. The recent development of plant genetic engineering made it pos-
sible to understand the plant metabolic pathways which help in increasing the levels
of trace elements in human food to alleviate the problem of malnourishment
(Zimmermann and Hurrell 2002). A member of NAC transcription factors (NAM-
B1) functions in the early maturity of wheat along with influencing the wheat grain’s
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zinc concentration (Connorton et al. 2017). Naturally, the concentration of
[-carotene is low in maize kernel and efforts have been to raise its content by using
various transgenic approaches (Wong et al. 2004). A significantly greater increase
was observed in the levels of -carotene from overexpression of cr#/ and crtB genes
in transgenic maize which could be useful in combating malnutrition (Naqvi et al.
2009; Zhu et al. 2008). In barley, the vitamin E activity has been augmented having
greater levels of d-tocopherol with inverse proportions of y-tocopherol by express-
ing 2-methyl-6-phytyl benzoquinol methyltransferase genes (Van Eenennaam
et al. 2003).

In higher plants, nicotianamine (NA) is synthesized by NA synthase enzyme
(NAS) and is involved in metal ions transportation (Takahashi et al. 2001). In wheat,
barley maize, and Arabidopsis, various genes encoding NAS are regulated by trace
elements (Mizuno et al. 2003). With the help of recombinant DNA technology, the
concentration of the NAS gene has been increased to desired levels. For example,
overexpression of the barley NAS gene (HVNAS1) has upgraded the Cu, Fe, and Zn
concentrations in the seeds of Arabidopsis and tobacco (Kim et al. 2005). In paral-
lel, overexpression of the HvNASI gene helped in improving 3 times greater iron
and zinc concentrations in refined rice grains (Masuda et al. 2009). In Arabidopsis,
a combination of Arabidopsis NAS gene (AtNAS1) expression along with ferritin
expression resulted in the increased contents of zinc and iron. The overexpression
of an endogenous NAS gene (OsNAS2) combined with Ferritin increased the iron
and zinc level of wheat grains (Singh and Govindan 2017).

The three endogenous NAS genes of rice were overexpressed and resulted in a
paramount increases the amounts of iron and zinc (Wirth et al. 2009). Another study
reported the overexpression of OsNAS2 and OsNAS3 resulting in a substantial
increase in the iron and zinc content of rice seeds (Lee et al. 2011). One study
reported the overexpression of two genes (PDX1 and PDX2) resulted in two-fold
raise in the vitamin B6 content of Arabidopsis seed (Chen and Xiong 2009).
Similarly, a transgenic Arabidopsis was developed showing higher contents of vita-
min B6, improved salinity tolerance in addition to better-sized organ growth. The
folate content of tomatoes has been enhanced in transgenic tomatoes by enhancing
the expression of the GTP cyclohydrolase I gene (Diaz de la Garza et al. 2004).

The vitamin B9 content of rice was enhanced in transgenic rice by overexpress-
ing Arabidopsis genes (Glb-1 and GluB1) which could overcome its deficiency
(Storozhenko et al. 2007). Maize crop was biofortified to improve the contents of
vitamins C, A, and B9. In this transgenic corn, the dhar gene originating from the
rice was overexpressed and showed up higher levels of ascorbic acid (Naqvi et al.
2009). Similarly, in Nicotiana tabacum, Zea mays, and Arabidopsis, the concentra-
tion of vitamin E has been enhanced by using transgenic techniques up to fifteen
times greater than wild type (Dolde and Wang 2011; Tanaka et al. 2015; Yang et al.
2011). The overexpression of ferrous (Fe III) in Arabidopsis and pea mutants
improve the iron uptake from soils deficient in iron (Douchkov et al. 2005; Morrissey
and Guerinot 2009; Rogers and Guerinot 2002; Schroder et al. 2003).

In wheat, over-expression of the TaVIT2 gene showed higher content of wheat
(Connorton et al. 2017). The overexpression of AtZIP1 (Arabidopsis Zn2C
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transporter) increased the level of iron uptake in barley roots (Ramesh et al. 2004).
In rice, the concentration of cysteine has been increased by overexpression of
metallothionein-like protein of rice (Lucca et al. 2001). In golden rice, iron absorp-
tion was enhanced by elevating the levels of B-carotene (Beyer et al. 2002).
Biofortified pearl millet was developed with increased iron contents which increases
5-10 percent of iron uptake in a large population (Cercamondi et al. 2013;
Sahu 2017).

3 Targeted Biofortified Crops

3.1 Rice (Oryza sativa)

In 2013, HarvestPlus released a zinc-rich brown rice variety for the first time in the
world’s history, developed by the Bangladesh Rice Research Institute containing a
high amount of zinc content ranging from 20 to 22 ppm. Similarly, another conven-
tionally bred variety Jalmagna has reported two times more levels of zinc and iron
than the common variety (Gregorio et al. 2000). The development of beta-carotene-
enriched Golden rice by expressing the genes regulating carotene desaturase and
PSY made a significant contribution to the prevention of malnutrition (Beyer et al.
2002; Datta et al. 2003; Yu et al. 2009). Genetically modified rice high in folic acid,
which plays a key role in normal pregnancy and controlling anemia, was developed
by overexpression of genes that encode Arabidopsis aminodeoxychorismate syn-
thase and GTP-cyclohydrolase I (Bibbins-Domingo et al. 2017; Blancquaert 2015;
Storozhenko et al. 2007). By overexpression of genes encoding nicotianamine ami-
notransferase (Takahashi et al. 2001), OsIRT1 (Lee and An 2009; Lee et al. 2012;
Trijatmiko et al. 2016; Zheng et al. 2010), nicotianamine synthase 1&2 (Lucca et al.
2002), and soybean ferritin (Trijatmiko et al. 2016; Vasconcelos et al. 2003), iron
content was enhanced in rice. In addition, incorporating multiple genes regulating
iron nutriment also helped in the synthesis of iron biofortification in rice (Masuda
et al. 2012, 2013; Wirth et al. 2009). Also, increase in the iron bioaccumulation by
reducing phytic acid concentration could enhance the iron content of rice (Hurrell
and Egli 2010).

For improving zinc content in genetically modified rice, OsIRT1 (Lee and An
2009) and mugineic acid synthesis genes were overexpressed (Masuda et al. 2008).
The expression of antisense RNA inhibition of starch branching enzymes and anti-
sense waxy genes was controlled for improving resistance to amylose to control the
problem of obesity (Itoh et al. 2003; Liu et al. 2003; Wei et al. 2010). Additionally,
the introduction of lactoferrin in rice grain has escalated the market value of milk
protein ingredients which could be used as a fundamental part of infant food (Lee
et al. 2010; Nandi et al. 2002).
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3.2 Wheat (Triticum aestivum)

During the past two decades, the majority of the newly released durum varieties
showed a higher level of carotenoids compared to the 1970s old varieties (Digesu
et al. 2009; Ficco et al. 2014). In 2006, a purple variety of wheat was released in
Austria (Eticha et al. 2011), in 2014 a cultivar named PS Karkulka was released in
Slovakia and in 2017 three colors (black white lines, blue and purple) of wheat
varieties were released for general cultivation in India (Garg et al. 2016). For zinc
and iron, wild relatives of wheat have served as the main source of variation for
developing elite cultivars (Cakmak et al. 2004; Monasterio and Graham 2000;
Ortiz-Monasterio et al. 2007). HarvestPlus has utilized this existing variation to
develop six zinc-enriched wheat varieties in India viz., BHU 1, BHU 3, BHU 5,
BHU 6, BHU 7, and BHU 18 and four in Pakistan viz., NR 419, 42, 421, and Zincol
during 2014 and 2015, respectively. In a few studies, carotene desaturase and bacte-
rial PSY genes were expressed to improve the provitamin A content in 7. aestivum
(Cong et al. 2009; Wang et al. 2014).

Further, the ferritin gene was obtained from and expressed in wheat to enhance
the Fe content (Borg 2012; Xiaoyan et al. 2012). Similarly, to increase iron intake,
the phytochrome gene was expressed to increase the activity of antinutrients
(Brinch-Pedersen et al. 2000), whereas, for decreasing the concentration of phytic
acid, ABCC13 transporter genes were silenced (Bhati et al. 2016). By increasing the
expression of the Amaranthus albumin gene, the amount of tyrosine, cysteine, lysine
and methionine was improved (Tamads et al. 2009). Moreover, the wheat crop has
been experimented for improved anthocyanin production, to produce hard and resis-
tant starch content to address the problem of obesity (Doshi et al. 2006; Sestili
et al. 2010).

3.3 Maize (Zea mays)

Among the major achievements of biofortification, provitamin A maize has marked
a remarkable history. Since 2013, in various African countries orange maize variet-
ies were developed from biofortification and are grown commercially (Gannon
et al. 2014). Statistics showed that the introduction and consumption of orange
maize biofortified varieties in Malawi and Zimbabwe positively impact the eye
vision and pupillary response of children. Maize breeders have made significant
progress in evaluating multiple antioxidants in proVA maize varieties (Muzhingi
et al. 2017). By expressing carotenogenic and crtB bacterial genes, levels of provi-
tamin A were increased to develop transgenic biofortified maize (Aluru et al. 2008;
Decourcelle et al. 2015). Additionally, the development of quality protein maize
(QPM) having elevated levels of tryptophan and lysine is a promising achievement
of maize breeders. This QPM was developed by introgressing the opaque-2 gene
from landraces into modern maize cultivars. Moreover, recurrent selection has been
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performed to improve the carotenoids content (Palmer et al. 2016) either separately
or combined with the phenolics, vitamin E (Goffman and Béhme 2001; Muzhingi
et al. 2017) and antioxidants (Lago et al. 2014). The antioxidant properties of vita-
min E have a key role in maintaining human health; therefore, maize biofortification
is targeting the enhancement of vitamin E as a major biofortificant. By overexpress-
ing the homogentisic acid geranylgeranyl transferase, the tocopherol and tocotri-
enol contents of maize were improved in concentration (Cahoon et al. 2003).

Another important vitamin for human health is vitamin C, which is considered
important for preventing cardiovascular diseases, developing immunity and helping
with iron intake. A study has been conducted to express the dehydroascorbate
reductase to boost the levels of vitamin C in maize (Chen et al. 2003). Besides,
multivitamin maize was bioengineered having a higher amount of folate, Beta caro-
tene, and ascorbic acid by manipulating their metabolic pathways (Naqvi et al.
2009). Zeins are the major seed storage proteins in maize but have lower nutritional
significance due to insufficient levels of tryptophan and lysine. Therefore, both
essential amino acids of maize have been targeted for improvement by expressing
the sb401 gene (obtained from potato) (Tang et al. 2013; Yu et al. 2005), and alpha-
zeins via antisense dsRNA (Huang et al. 2006). A lysine-rich maize variety
(Mavrea™YieldGard) was developed and released by altering the site of cis-element
(Dzs10) in Mexico and Japan (Lai and Messing 2002). To achieve the balance of
amino acid in maize, a-lactalbumin milk protein was highly expressed (Yang
et al. 2002).

3.4 Potato (Solanum tuberosum)

Potato has a great nutritional significance with a higher caloric profile. Provitamin
A level of potato tuber has been increased by incorporating three genes viz., lyco-
pene P-cyclase, PSY, and phytoene desaturase (Ducreux et al. 2005). The beta-
carotene content of tubers was enhanced by silencing the beta-carotene hydroxylase
through RNA interference (RNAi) (Van Eck et al. 2007) and by expressing the
lycopene P-cyclase (Song et al. 2016). Another study incorporated the Or gene
obtained from mutants of orange cauliflower, which resulted in the improvement of
carotenoids, z-carotene, and phytofluene (Lopez et al. 2008). A transgenic potato
was developed with an increased level of carotenoid by overexpressing potato zea-
xanthin epoxidase genes (Romer et al. 2002). The strawberry GalUR gene was over-
expressed to increase the content of ascorbic acid (Upadhyaya et al. 2009). Naturally,
potatoes have a lower amount of essential amino acids which was improved through
inducing coexpression of two genes, viz., methionine-rich storage protein and cys-
tathionine y-synthase (Dancs et al. 2008). Likewise, the StMGLI1 and threonine
synthase genes were silenced and increased the methionine content (Huang et al.
2014; Zeh et al. 2001).

The Perilla genes encoding storage proteins and cystathionine y-synthase were
overexpressed to enhance the level of Methionine (Di et al. 2003; Goo et al. 2013).
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Further, a transgenic potato was formed having higher levels of total protein content
and essential amino acids by expressing the Amaranth albumin gene (Chakraborty
et al. 2010). The cyclodextrin glycosyltransferases gene was expressed to develop
high-caloric potato with a greater amount of dietary fiber. Moreover, the target of
biofortification in potato was also to increase the amounts of anthocyanins and phe-
nolic acid by overexpressing dihydroflavonol reductase and chalcone isomerase
(Lukaszewicz et al. 2004).

3.5 Tomato (Solanum lycopersicum)

Among fruits, tomato is the common and cheap source of several micronutrients
and vitamin C. The color of this fruit is credited to the presence of isoprenoid lyco-
pene content. Isoprenoids comprised of numerous important compounds with an
important function in carotenoids, sterols, tocopherols, ubiquinone, phytoalexins,
plastoquinone, abscisic acid, cytokinin, gibberellins, and brassinosteroids. So far,
successful efforts have been made to enhance the content of isoprenoid. A study
reported the expression of 3-hydroxymethylglutaryl CoA for increasing the sterol
content of tomato (Enfissi et al. 2005). For enhancement of lycopene, beta-carotene
and phytoene contents, 1-deoxy-d-xylulose-5-phosphate synthase, lycopene beta-
cyclase gene and PSY genes were expressed (Apel and Bock 2009; Enfissi et al.
2005; Fraser et al. 2007; Wurbs et al. 2007). With the help of RNAi photomorpho-
genesis regulatory genes were suppressed to develop fortified tomato with increased
contents of both flavonoid and carotenoid (Davuluri et al. 2005). To obtain a greater
amount of beta-carotene, the beta-Lcy, beta-carotene ketolase and beta-carotene
hydroxylase genes were concurrently expressed (Gregorio et al. 2000; Huang
et al. 2013).

Further, the tomato was also targeted to improve its vitamin content via overex-
pression of GDP-mannose 3’,5"-epimerase, DHAR, and coexpressing myo-inositol
oxygenase 2, GDP-mannose pyrophosphorylase and arabinonol,4-lactone oxidase
genes (Cronje et al. 2012; Haroldsen et al. 2011;Zhang et al. 2014). The folic acid
content of tomato is a significantly important nutrient. Numerous significant
attempts have been made to enhance folic acid content by overexpressing GTPCHI,
and aminodeoxychorismate synthase genes in tomato (de la Garza et al. 2004; Diaz
de la Garza et al. 2004). The antioxidant anthocynins of tomato, Dahlia and Rose
have been increased by expression of CHI AtMYB75 (Maligeppagol et al. 2013;
Muir et al. 2001; Zuluaga et al. 2008). The contents of other antioxidants such as
chlorogenic acid, transresveratrol, and genistin were increased by RNAI silencing
of HQT, expressing stilbene synthase, and overexpressing isoflavone synthase gene,
respectively (Giovinazzo et al. 2005; Luo et al. 2008; Niggeweg et al. 2004; Shih
et al. 2008).
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3.6 Soybean (Glycine max)

Soybean is one of the richest sources of protein and vegetable oil. In soybean, the
PSY gene (originated from bacteria) was overexpressed to enhance the level of beta
carotene, seed protein, Canthaxanthin, and oleic acid (Kim et al. 2012; Pierce et al.
2015; Schmidt et al. 2015). Although, soybean consists of 40 percent proteins but at
the same time lacks the number of essential amino acids containing sulfur viz.,
methionine and cysteine. It is reported that in soybean seed, overexpression of
O-acetylserine sulthydrylase increases the cysteine level (Kim et al. 2012).
Moreover, the overexpression of zein maize protein also increases the content of
cysteine and methionine (Dinkins et al. 2001). The overexpression of cystathionine
y-synthase also resulted in an increased level of methionine (Hanafy et al. 2013;Song
et al. 2013).

The total oil content of soybean is 20 percent, but a heavy percentage of this oil
contains unsaturated fatty acids which lower the quality of seed oil. To improve the
oil quality, a-linolenic acid levels were reduced by silencing FAD3 through a
siRNA-mediated gene silencing-based approach (Flores et al. 2008). In soybean,
the 6-desaturase gene is involved in the conversion of linoleic acid into y-linolenic
acid (GLA) and o-linolenic acid into w-3 fatty acids (STA). An increase in the
expression of regulating genes also increases the STA and GLA content in soybean
oil (Eckert et al. 2006; Sato et al. 2004). Similarly, by inhibiting the expression of
the 12 oleate desaturase gene, the concentration of palmitic acid, linoleic acid, and
oleic acid could be enhanced (Zhang et al. 2014). Isoflavone consumption is linked
with the reduction of cardiac diseases, cancer, and menopausal symptoms (Watanabe
et al. 2002). Naturally, soybean seeds have low contents of isoflavone, which has
been improved by activating and suppressing the combination of R transcription
factor and maize C1 genes (Yu et al. 2003).

4 Conclusion and Future Prospects

In developing world, lowering poverty, combating diseases, infrastructure develop-
ment, and creating awareness are the fundamental obstacles to addressing malnutri-
tion. These challenges are significant and ought to be handled in the same way they
have been in the past. Since majority of the underdeveloped world live in rural
areas, they do not have plenty of access and purchasing power to buy fortified food.
To address the nutrient needs of low-income communities at a reasonable price,
biofortification can be very helpful in supplying the technology through the seeds of
the main staple crops. Food biofortification is becoming more widely acknowledged
as a successful strategy to raise the nutritional profile of a substantial portion of the
population in underdeveloped nations. Staple grain nutritional enhancement using
genetic engineering and conventional breeding offers hope for food-based therapeu-
tics for micronutrient imbalances.
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To end micronutrient deficiency and significantly improve human health, biofor-
tification can be used in conjunction with dietary diversity and nutrition education.
The bioavailability of several vital vitamins and minerals could be improved through
the use of recombinant DNA technology. Since these fortified food items are typi-
cally accessible to urban residents, external nutritional augmentation is of minimal
value. One of the main issues is that very few commercially available biofortified
transgenic crops have been developed for widespread cultivation. By combining
metabolic engineering with traditional breeding, it is possible to attain hunger alle-
viation and malnutrition decrement substantially more quickly. In order to control
population, upgraded living standards, and bring about world peace, rapid innova-
tions in recombinant DNA technology should concentrate on long-term solutions to
malnutrition as part of humanitarian intervention. Biofortification through conven-
tional breeding or bioengineering provides developing nations another option in the
broader fight against malnutrition without abandoning a mixed diet.

The future prospects of crop biofortification are promising as it has the potential
to address micronutrient deficiencies in populations that rely on a limited variety of
staple crops for their diet. Both traditional breeding and transgenic approaches have
been used successfully to create crop varieties with higher levels of micronutrients.
In the future, a combination of both traditional breeding and transgenic approaches
may be used to develop biofortified crops. This will likely result in the development
of new crop varieties that have improved nutrient content, disease resistance, and
other desirable traits. Additionally, research and development in the field of biofor-
tification will continue to improve the effectiveness of these methods and make it
more accessible to farmers and communities in need. Overall, crop biofortification
is a promising field that has the potential to improve the nutritional status of popula-
tions and provide solutions to micronutrient deficiencies.
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Abstract Deficiency of important micronutrients in human diet is usually known
as hidden hunger. Globally, malnutrition affects the life of about 2 billion people.
Especially, the life of pregnant women and children of developing countries is
affected very badly. In the past, plant breeders majorly focused to increase the crop
productivity by improving resistance against biotic and abiotic stresses. A very less
attention was given to improve the nutritional accumulations of crops. Recently,
biofortification of crop plants has been considered an objective of major breeding
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programmes by combining conventional breeding and genetic engineering tools.
This chapter focuses on various approaches adopted by conventional breeding pro-
grammes to fortify the food legumes for bioavailability, translocation and uptake of
micronutrients. We also highlighted the strategies of legume breeders to improve
the vitamins and diminish the anti-nutrients. In the end, we shed light on the chal-
lenges and limitations of conventional breeding approaches to fortify legumes.

1 Introduction

Legumes are considered the powerhouse of energy, standing among the important
staple food crops after cereals grown by human beings in various civilizations
worldwide (Mousavi-Derazmahalleh et al. 2019). Legume seeds are believed to be
the most economical meat substitute supplying valuable proteins with essential
amino acids profile, carbohydrates, vitamins and important minerals required for
the proper functioning of the human body (Didinger and Thompson 2021; Roorkiwal
etal. 2021). Food legumes such as beans, mung bean, broad bean, chickpea, lentils,
lupins, peanuts and other podded plants are widely used in human diet (Ahmad
et al. 2012; Didinger and Thompson 2021). Legumes seeds are rich source of good
quality proteins and dietary fibres that generally contain essential amino acid lysine
(Didinger and Thompson 2021). Protein contents of peas and beans are about
17-20%, whereas lupin and soybeans contain 38—45% proteins that is important for
normal body growth and development (Mahto et al. 2022). The daily dietary refer-
ence value of nutrient components for adults is 8 to 18 mg for Fe, 8 to 11 mg for Zn
and 750 mg of Ca depending on gender, which is usually not possible to fulfil and
hence results in micronutrient deficiency (O’Neill et al. 2020). Besides their poten-
tial roles in the sustainability of healthy food systems, legumes also contribute to
human nutrition, food security and are also associated with reduced risk factors for
chronic disease (Kurek et al. 2022). A study on human health proved that use of
lentil in daily diet may increase the blood selenium concentration (Thavarajah et al.
2010). According to FAO stat 2018, about 92 million tons pulses are produced glob-
ally out of which 42 million tons are produced in Asia (Kumar and Pandey 2020).
Malnutrition of micronutrients usually caused due to supply of insufficient or
poor quality of nutrients in daily diet (Mahto et al. 2022). The scarcity of micronu-
trients in the diet is also termed hidden hunger that adversely affects the body’s
normal development and physical functions like immunodeficiency, retarded physi-
cal and mental growth (Shahzad et al. 2021). Malnutrition also results in different
infectious diseases like malaria, diarrhoea, measles in developing countries
(Shahzad et al. 2021). Deficiencies of p-carotene, folic acid, Fe and Zn are global
issues and affect more than two billion people in Asia, Africa and Latin America
(Shahzad et al. 2021). Globally, there are approximately 32.8% of pregnant ladies,
32.5% of non-pregnant ladies and 41.7% of youngsters under the age of 5 are suf-
fering from iron deficiency and potentially leading to restriction in intrauterine
development, low birth weight, protein malnutrition and persistent energy
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deficiency (Kumar and Pandey 2020). The industrialized solution for this micronu-
trient deficiency is food fortification by enhancing nutrient content and
biofortification.

Biofortification is an approach to enhancing the dietary value of crops with the
assistance of transgenic techniques like breeding and agronomic practices. The
approaches used for biofortification aimed to target and regulate the metabolic path-
ways such as transportation, root uptake mechanism, remobilization, storage and
enhanced minerals concentration (Roorkiwal et al. 2021). Biofortification acts as an
advanced technology involving the transfer of the genes directly in selected geno-
type to reduce mineral deficiency. Efficient biofortification could be achieved by
increasing the bioavailability of micronutrients and their concentration, improving
the retention of minerals and decreasing the concentration of nutrients that mini-
mize their absorption (Roorkiwal et al. 2021). Vitamins C, D, and E, choline, niacin
and provitamin A act as promoters and increase the absorption of Se, P, Zn, Ca, Fe,
methionine and tryptophan, while certain polyphenols and phytate decrease the
micronutrient bioavailability to crops (Rehman et al. 2019; Shahzad et al. 2021).
Transgenic approaches to protein, vitamins and mineral contents have been signifi-
cantly observed in pigeon pea, common beans, field pea and chicken pea (Rehman
et al. 2019). Biofortified crops proved better to withstand adverse environmental
conditions with a higher concentration of micronutrients. Biofortification by using
techniques of plant breeding is one of the most effective and economic approaches
among different strategies to reduce the micronutrient deficiencies, and it could eas-
ily be available to people living in rural and remote areas where the access to forti-
fied food is limited (Jha and Warkentin 2020). Biofortification has improved
legumes’ nutritional quality and contents in the last decade, although numerous
demanding situations should be addressed to maximize the successful use of biofor-
tified foods. Mass selection technique was successfully adopted to identify the dry
pea genotypes with improved yield and nutritional contents and the results indicated
that there was huge diversity in minerals and phytic acid contents among genotypes
(Thavarajah et al. 2022). Biofortification refers to crops with increased nutrient den-
sity developed using different modern and conventional breeding approaches.
Nowadays access to nutritionally balanced food is important for the overall growth
and development of organisms including human beings. However, most food crops
lack adequate amounts of critical micronutrients; increasing nutrient density is
important to mitigate the adverse effects of malnutrition. The number of undernour-
ished people increased from 636.8 million to 811 million over the last 10 years
(FAO 2022) (Fig. 5.1). An estimated 22% of children (149.2 million) under the age
of five suffered from stunting due to severe acute malnutrition and is expected to
worsen under the shadow of the COVID-19 pandemic. Malnutrition is an underly-
ing cause of death of more than 2.6 million children each year, which accounts for
one-third of total child deaths worldwide. It is also a leading cause of physical and
mental developmental disorders, diseases and premature deaths (Development
Initiatives 2018). With such a gloomy scenario it is important to have major changes
in agriculture and its allied sectors. The first and most important change would be a
shift from producing more food quantities to producing nutritionally rich food in
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Fig. 5.1 Conventional breeding techniques to improve the food legumes

adequate amounts. Here, the biofortification of crops would play a pivotal role in
providing adequate quantities of nutrients to the poor population. The biofortified
cereals, legumes, vegetables and fruits are providing adequate levels of micronutri-
ents to targeted populations. Crops are the major source of nutrients in the develop-
ing world and their biofortification of crops would play a vital role in making the
nutritionally available food for the masses (Table 5.1).

2 Exploitation of Genetic Variations
for Micronutrients Improvement

Genetic variation can be used to improve the targeted nutritional traits by selecting
favourable alleles (Kumar et al. 2016). The exploitation of genetic variation is a tool
to start new research strategies for the biofortification of legumes using the wild
relatives to fight hidden hunger and provide nutritious food to a major portion of the
global population. Genetic variation uses conventional breeding methods along
with modern genomic approaches to exploit the genetic diversity to boost up the
micronutrient contents in legume seeds (Roorkiwal et al. 2021; Mahto et al. 2022).
Existing genetic diversity, trait inheritance, gene activity, trait linkage, accessible
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Table 5.1 Nutritional contents of various food legumes

Lipid
Name of | Protein | contents CHOs | Dietary
legumes contents | (%) Vitamins (%) fibres References
Glycine 37-42 17-19 A,D,Eand K |35 20 Kumar and Pandey
max (2020)
Cicer 17-22 4-8 Folic acid, 40-60 | 18-22 | Madurapperumage
arietinum tocopherol, etal. (2021)
vitamin B
complex
Vigna 20-25 2.1-277 |A,B6and E 55-65 |7 Kumar and Pandey
mongo (2020)
Vicia faba |26.1-38 | 0.7-3.2 | Folates, vitamin | 55.1- | 6.4— Martineau-Coté et al.
C 71.4 34.9 (2022)
Cajanus 19.5- 1.49 Folates, vitamin | 62.78 | 10 Talari and Shakappa
cajan 229 B complex, (2018)
thiamin
Pisum 22.24— 1.66-2.22 | Thiamin, 27.80 | 16.81- | Brigide et al. (2014),
sativum 31.59 riboflavin, to 40.63 Kumar and Pandey
niacin, vitamin | 34.78 (2020)
B6
Lens 23.3- 1.93-2.15 | B-Carotene 54.08- | 6.99— Kumar et al. (2016)
culinaris | 25.88 55.81 8.14
Arachis 25.80 49.24 Folates, niacin, | 16.13 | 8.5 Arya et al. (2016)
hypogaea pyridoxine

screening procedures and diagnostic tools are all utilized to assess prospective
genetic gains (Baker et al. 2019). Lot of genetic diversity is available between cur-
rent legumes and their wild relatives (Rehman et al. 2019). However, wild species
contain a high number of beneficial foreign genes that are no longer found in the
farmed gene pool. Efforts to gather and protect wild relatives of diverse food legume
crops in national and international gene banks have been underway. Many species
have previously shown cross-compatibility with cultivated varieties in a number of
studies (Kumar et al. 2016). Because of this compatibility, foreign genes from wild
species have been effectively introgressed which are regulated by significant genes.
Different breeding techniques may be used to exploit this genetic diversity to boost
the micronutrients content of food legumes. A good genetic biofortification tech-
nique requires both high micronutrients concentration and high yield under differ-
ent environmental circumstances. Plant breeding techniques are used to screen the
large genetic variation available for selective traits. However, advanced genetic
approaches such as quantitative trait loci (QTL) mapping and marker-assisted selec-
tion are used to identify the genes controlling micronutrients concentration in a
particular crop. The exploitation of genetic variation can be a sustainable solution
for malnutrition by linking agriculture to nutrition and health. Micronutrients com-
prise very small portion of the total weight; therefore, successful breeding pro-
gramme with precise estimation is prerequisite (Brigide et al. 2014; Shahzad et al.
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2021). So malnutrition could be mitigated by a precise breeding method, including
identifying and utilizing the factors affecting the nutritional traits (Roorkiwal et al.
2021). An alternative is the selection of plant varieties with superior ability to accu-
mulate certain nutrients in the grain. Variations in seed coat colour also affect the
nutrients contents in food legumes. Research reported that the white-coloured seed
coat of the Andean bean possessed lower contents of phenolic compounds and anti-
oxidant activities than genotypes with mottled or red seed coat genotypes (Rehman
et al. 2019). In food legumes several fortified varieties have been released through-
out the world through conventional breeding (Rehman et al. 2019).

3 Breeding for Micronutrients Improvement

Breeding of high nutrients cultivars, rich in Zn, Fe, Ca, K and the substances make
the bioavailability of these nutrients is an effective way to minimize the nutrient
deficiency (Marques et al. 2021; Shahzad et al. 2021). Different strategies are being
used to develop the biofortified legume crops. The biofortification strategy strives to
enrich legumes with minerals such as Fe, Zn, Sr, I and others so that individuals who
eat such grains get more of them (Madurapperumage et al. 2021; Mahto et al. 2022).
Even though legumes are rich in mineral contents, however their bioavailability is
very low, consequently dwindling the use of legumes as a mineral source (Praharaj
et al. 2021). Because micronutrient deficiency or hidden hunger is more common in
low-income nations, where customers have limited purchasing power, they can’t
afford vitamin supplements or a micronutrient-rich diet (Rehman et al. 2019).
Improved nutritional status of regularly consumed food grains is the best sustainable
method for treating micronutrient deficiency in such circumstances (Rehman et al.
2019; Kumar and Pandey 2020). A successful biofortification method should guar-
antee that grain yield is enhanced or maintained, as well as the grain micronutrients
contents are increased for considerable beneficial health effects, and grain perfor-
mance is consistent across settings (Praharaj et al. 2021). By creating genotypes
with high levels of Zn in edible plant portions, plant breeding and/or transgenic
techniques give a promising and long-term strategy to alleviate micronutrient defi-
ciencies (Xia et al. 2020). Though establishing a genotype is expensive and com-
plex, it provides a long-term advantage as there are no recurrent costs. Because
considerable genetic variety exists in the germplasms of key cereal crops, breeding
for high micronutrients concentration is conceivable (Jha and Warkentin 2020).
Identifying appropriate genetic variation and selecting parents, long-term crossing
and backcrossing, stabilization of target characteristics across multiple climates
conditions and acclimatization of biofortified genotypes to regional agricultural
management practices are the minimum stages required in breeding (Magbool et al.
2020). Improved nutritional quantity was reported in mung bean when this crop was
crossed with mash bean through interspecific hybridization (Abbas et al. 2019).
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4 Breeding for Vitamin-Enriched Legumes

Vitamins are organic compounds vital for energy production, but inadequacy of
vitamins is directly linked with various human health losses (Madurapperumage
et al. 2021). Such losses can be effectively overcome by delivering vitamin-rich
food to an impoverished population. Biofortification through conventional breeding
is the most effective approach which enables various food plants to be enriched with
such vitamins (O’Neill et al. 2020). Using new breeding techniques, including mod-
ification of metabolic pathways of vitamins, can enhance the biofortification prog-
ress in a variety of plant species like legumes. The diversity of wild relatives and
cross compatible species-rich in essential vitamins can be used by selective breed-
ing to increase such nutrients in legume seeds (Garg et al. 2018). The planned iden-
tifications of specific factors associated with nutritional traits and their proper
utilization in a selective breeding program could help in mitigating malnutrition.
The important vitamins found in legumes belong to the vitamins B-group like folate,
thiamin, niacin and riboflavin. Folic acid is also present in abundant amount; how-
ever, the availability of vitamin C and ascorbic acid is very lower in legumes
(Rehman et al. 2019). It is suggested that if legumes are used in combination with
foods high in vitamin C, iron absorption can be increased. The biochemical compo-
sition of the legumes differs among various forms of seeds exhibiting high variabil-
ity in case of their vitamin content. The contents of lipo-soluble vitamins are also
very low in legumes, except a-tocopherol (vitamin E) in soybean and peanut. The
y-tocopherol form in a few legumes is most abundant, with the highest level being
described in peas, pigeon peas and lentils (Amarovicz 2009). Various strategies
comprising metabolic engineering, classical breeding and mutation breeding have
been initiated to enhance the vitamin contents of legumes (Mene-Saffrané and
Pellaud 2017). Furthermore, enrichment in a-tocopherol contents can be obtained
by traditional breeding utilizing naturally high a-tocopherol level alleles detected in
QTL studies of legume germplasms and then by introgression into commercial vari-
eties to increase vitamin E (Meéne-Saffrané and Pellaud 2017). Some legumes seeds
are a good source of carotenoids, most commonly f-carotene, cryptoxanthin, lutein
and zeaxanthin; for example, the concentration of f-carotene in the case of chickpea
was more in comparison with some crops genetically modified for p-carotene. The
traits for carotenoid contents have high heritability that is not much affected by the
environment (Abbo et al. 2005). Therefore, identifying such barriers more likely
connected with the carotenoids biosynthesis pathway will improve the modifying
strategies for producing legumes enriched with carotenoids (Schmidt et al. 2015).
This trait is highly heritable, and variations found in legume germplasm for this trait
can be used in breeding programs. In chickpea cross of wild relatives with Israeli
cultivar showed more p-carotene and lupine contents as compared to their parent
lines (Abbo et al. 2005). Seed coat colour is important trait that influence the of
[-carotene and lupin contents in soybean so this trait may be keep in mind while
breeding the legumes for higher carotene contents (Gebregziabher et al. 2022).



118 H. M. Ahmad et al.
S Breeding for Anti-nutrients

Anti-nutrients generate indigestible complexes with nutrients and proteins and
impair the bioavailability of micronutrients to human body. Abundant intake of anti-
nutrients through diet may become toxic to the body (Samtiya et al. 2020; Martineau-
Coté et al. 2022). Anti-nutrients can have a large negative impact on food nutrition;
hence, lowering these contents in meal is an important objective to boost human
nutrition. Most legumes contains anti-nutritional factors, such as tannins, phytic
acid, digestive enzyme inhibitors, oxalate and lectins that can decrease the bioavail-
ability and uptake of proteins and minerals during digestion and induce toxic effects
(Martineau-Coté et al. 2022). Anti-nutrient compounds restrict the bioavailability of
essential micronutrients, ultimately resulting in malnutrition and various diseases
like anaemia, beriberi, night blindness, rickets and scurvy more prevalent among the
population. Plant molecular biology and genetic modification techniques currently
allow for the reduction or elimination of anti-nutrients in staple plant foods and a
large boost of promoter substance levels in these foods. When trying to develop
food crops as sources of micronutrients for humans, plant breeders and molecular
scientists should attentively examine the approach of boosting promoter chemicals
in food crops. Biofortification is a balanced method to combat mineral shortages. It
entails improving the nutritional content of food crops using either classic plant
breeding or current biotechnology (Jha and Warkentin 2020). In the last decade,
biofortification via plant breeding has increased the nutrient quality of pulse crops
and has gained traction. Several studies on pulse crops have found genetic diversity
for critical micronutrients in accessible gene pools, with successful breeding lines
employed in breeding and related genotypic markers for marker-assisted breeding
selection (A.M. Pérez-de-Castro et al. 2012). For accurate marker—trait association,
gene discovery, functional marker creation and their deployment in routine breeding
programmes, next-generation sequencing (NGS) and genotyping technologies must
be applied (Scheben et al. 2018). Anti-nutritional agents such as aponins, tannins,
phytic acid, gossypol, lectins, protease inhibitors, amylase inhibitors, raffinose and
goitrogens are present in edible crops (Samtiya et al. 2020). Anti-nutritional sub-
stances mix with nutrients and create lower nutrient bioavailability, a big problem.
Other variables, such as trypsin inhibitors and phytates, found mostly in legumes
and grains, limit the digestibility of nutrients and mineral assimilation. Wild lima
beans (Phaseolus lunatus) contains a toxic compound cyanogenic glycoside its high
quantity consumption may cause respiratory distress in human body (Shlichta et al.
2014). Another legume grass pea (Lathyrus sativus) possess a non-protein amino
acid p-N-oxalyl-l-a,p-diaminopropionic acid which causes lower limb paralysis
(Yigzaw et al. 2001). Consumption of alkaloid glycoside present in faba bean (Vicia
faba) causes hemolysis (Crépon et al. 2010). An anti-nutrient compound trypsin
present in mung bean (Vigna radiata) is the cause of indigestibility and reduce the
bioavailability of minerals (Ullah et al. 2014). A comparative study on lentil crop
showed that phytic acid concentration is influenced by temperature. Higher the tem-
perature lower will be the phytic acid concentration whereas in cool temperature
phytic concentration reduced in same genotypes (Thavarajah et al. 2010).
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6 Identification of QTL/Genes for Nutrients/
Vitamins Accumulation

Traditionally, screening for beneficial alleles influencing improved concentration
for specific nutritional properties was applied in legumes to determine existing natu-
ral variation. This assisted in identifying genetic variability that may be used as a
donor for transferring helpful genes into the background of cultivated genotypes, as
well as for usage as a biofortified variety if the detected variant is already a high
producing cultivar. Legume cultivars were tested over many years and in several
places and resulted in the generation of maps that illustrated variability for certain
micronutrients using geostatistics (AbdelRahman et al. 2016). Advances in tissue
culture techniques, on the other hand, may now be ready to aid in embryo rescue,
which encouraged alien gene expression from the secondary gene pool. Furthermore,
evolutionary pressures cause modifications in wild species germplasm in the direc-
tion of probable cross-compatibility with farmed species. As a result, formerly
incompatible wild and domesticated species can now cross (Singh et al. 2021). It’s
time to revisit the crossability links between modern legume cultivars and wild spe-
cies. As a result, pre-breeding activities are critical, especially among wild species
that carry important foreign genes for biofortification features. Moreover, wild rela-
tives are major sources of novel variety generated by recombination breeding tech-
niques (Lyzenga et al. 2021). Furthermore, the utilization of multi-parent populations
has aided in the discovery of quantitative trait loci (QTL). As a result, a number of
QTL with high mapping resolution have been found for breeding programs. The
markers for this QTL are a valuable tool for enhancing selection efficiency in breed-
ing projects employing marker-assisted selection (Phan and Sim 2017). For QTL
detection in wild populations or germplasm collections, association mapping is a
powerful technique that utilizes past recombination events. In comparison to link-
age analysis, this mapping technique offers various advantages, including improved
mapping accuracy, reduced time and a larger number of alleles to mine (Hu et al.
2016). For nutritional qualities, there is genetic heterogeneity among cultivated
germplasm that may be used in breeding operations. Several nutritional properties
in lentil were strongly influenced by environmental factors and the genetic composi-
tion of a given genotype (Kahraman et al. 2004). As a result, efforts should be
focused on location-specific nutritional characteristic breeding. Several crops have
identified wild relatives as possible providers of nutritional characteristics. However,
wild relatives have been discovered as important genetic resources for other agro-
nomical qualities, but such variants have not yet been investigated in lentils (Kumar
et al. 2016). Hence, wild relatives will be prioritized in the future for providing
appropriate pre-breeding materials for biofortification-related features. Genomic
analysis is becoming an important aspect of breeding efforts. In the case of legumes,
significant progress has already been done in terms of developing genetic resources.
However, in the genetic biofortification of legume crops, these genomic resources
have not been completely used. Through clustering, molecular markers may be uti-
lized to identify and map genomic areas that affect the expression of nutritional
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characteristics. These advancements may make it easier to dissect the complicated
genetics that regulate dietary characteristics. The markers linked with beneficial
genes/QTL impacting biofortification features can be employed in marker-assisted
breeding to generate biofortified legume cultivars promptly and cost-effectively in
the near future (Kahraman et al. 2004). QTL mapping to explain the genetic deter-
minants for seed mineral deposition in soybean seeds, explicitly for phosphorus (P),
calcium (Ca), magnesium (Mg), iron (Fe) and zinc (Zn) minerals. The study made
extensive use of recombinant inbred lines and cultivated soybean accessions (Wang
et al. 2022). Considering several genetic loci are engaged in the metabolic pathways
of mineral deposition in seeds, the molecular mechanisms regulating mineral ele-
ment deposition are genetically sophisticated. These discoveries will lay the ground-
work for mineral biofortification, mostly through MAS breeding (Wang et al. 2022).

7 Marker-Assisted Selection for Dietary Improvement
of Legumes

Marker-assisted selection (MAS) enables rapid identification of elite breeding
material based on DNA, RNA and/or protein markers, making this method genotype-
based selection (Wang et al. 2022). These markers can be found throughout the gene
of interest or linked to a gene that determines a trait of interest (Boopathi 2013).
Further people more rely on conventionally biofortified crops as compared to genet-
ically modified crops (Marques et al. 2021). MAS assists breeders in increasing
selection efficiency, precision and intensity, as well as the selection of satisfactory
gene combinations in early generations, leading to increased genetic gain.
Nevertheless, before employing a marker for the selection of promising crops in a
segregating generation, the magnitude of the target QTL’s effects and precise chro-
mosomal position are critical for exploring the benefits of MAS. Markers linked to
a trait must be validated across multiple genetic backgrounds. To increase the acces-
sibility of genomic resources and data in important species, the use of extremely
polymorphic and reproducible markers like SNP and SSR in marker—trait associa-
tion assessment is a key problem for MAS utilization in breeding programs.
Furthermore, the cooperation between biotechnologists and plant breeders should
be improved to allow for a more systematic and efficient use of MAS. Countering
these obstacles may enable the adoption of challenging genomic data sets and the
production of enhanced cultivars involving MAS by breeders. In cereal crops,
marker-assisted pyramiding has been widely used to combine multiple genes and
QTLs (Ahmad et al. 2015). This combination is seen in legume crops, such as soy-
bean, whereas successful gene and QTL pyramiding may be dependent on a close
marker—trait association. A well-established and close relationship between mark-
ers and target traits has already been described in pulses. As a result, breeders are
working actively to employ them for marker-assisted pyramiding in pulse crops and
legumes (Ahmad et al. 2018).
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MAS is often used in cultivar development and genetic enhancement. For
instance, in faba bean (Vicia faba L.), the primer focus was on the development of
molecular markers for selecting resistance to diseases. MAS is currently being uti-
lized to improve seed quality in faba beans by targeting zero tannins. Thus, these
polyphenolic substances had an inhibition effect on the activity of digestive enzymes
in humans. To develop the tannin-free cultivars, breeders are looking for the pres-
ence of two recessive genes, zt-1 and zz-2, responsible for tannin absence. A reliable
SCAR marker such as SCC5551, releasing a high accuracy prediction of the zz-7
gene, was approved in a sizable population of faba beans, demonstrating its poten-
tial as a cost-effective tool for MAS. Similarly, a practical SCAR marker associated
to the z#-2 gene was identified, which led to the elaboration of tannin-free faba bean
cultivars. The abovementioned discoveries will enable gene pyramiding and inten-
sify the development of new faba bean cultivars with optimized nutritional value for
immediate consumption (Sallam et al. 2016). Furthermore, recent advancements in
whole-genome sequencing and comparative genomic approaches, particularly for
lentil (Lens esculenta), have greatly assisted in the mapping of genes and QTLs for
important agronomic traits in the lentil, as well as the elaboration of functional
markers for MAS. Using QTL analysis, genes controlling Fe uptake in lentil popu-
lations have been identified. Several molecular markers, comprising SSRs, AFLPs
and SNPs, have been used in population genotyping to develop biofortified lentil
cultivars. Polymorphic SSR markers were employed in the same fashion to charac-
terize a dozen lentil genotypes with stable Fe and Zn concentrations in their grain
(Kumar et al. 2016). Accuracy rate of MAS and genomic selection (GS) for the seed
weight (SW) trait using a genome-wide association study in a large population of
soybean (Glycine max) based on a high number of single nucleotide polymorphisms
(SNPs). In the mixed model that included these loci, they discovered two minor-
effect loci associated with SW that explained 83.4% of the phenotypic variation.
They also reported high prediction precisions for GS and MAS using cross-
validation, with 0.75-0.87 and 0.62-0.75, respectively. Their findings could con-
tribute to the discovery of genes controlling the SW trait in soybean. Likewise,
moreover, Yang et al. (2015) used next-generation sequencing (NGS) to develop a
significant number of reliable SSR markers for MAS in pea breeding, retaining
approximately 841 stable amplifications of perceptible polymorphisms within 24
genotypes of cultivated pea (Pisum sativum L.) and wild relatives (P. fulvum Sm.).
Alongside that, 33 polymorphic SSR markers were highlighted as being compelling
in F2 generation. This discovery may be useful for future research into pea quality
enhancement and the development of biofortified pea cultivars. Several reports have
highlighted advancements in chickpea (Cicer arietinum) research, and a few SNP
markers controlling iron and zinc concentrations have also been discovered (Kumar
et al. 2016). The common bean is one of the legume crops being used in the large
strategy to combat zinc deficiency in developing countries. This strategy is built on
a combination of conventional breeding and MAS. Thus, zinc content in the seeds
of legume crops is regulated by several genes engaged in mineral uptake, transport
and deposition from soils to seeds. Numerous DNA markers and quantitative trait
loci (QTLs) linked with seed zinc accumulation have already been identified and
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validated in common beans. There are approximately 28 different QTLs associated
with grain zinc content and their associated SSR/SNP markers that have already
been observed in common bean. Studies focusing on the zinc content of common
bean seeds are now incorporating other molecular techniques, such as the Genome
Wide Association Study (GWAS). As a result, this technique employs diverse crop
germplasm to scan the entire genome to provide a clear perception of the candidate
genes responsible for the expression of the trait of interest (Abbas et al. 2019).
Other QTL-based studies in common bean revealed moderate phenotypic variation
for Fe and Zn concentrations in seeds (Kumar et al. 2016).

8 Mutation Breeding for Nutrient-Enhanced Legumes

Different approaches have been designed and implemented from time to time to
achieve the goals of biofortification. Among various approaches mutation breeding
has played a vital role in developing biofortified crops. More than 1150 mutant
varieties with improved nutritional quality have been developed and officially
released (MVD-2022). Mutation breeding has proven a suitable technique for
improving various attributes such as yielding potential, adaptability, stress tolerance
and nutrient quality of economically important crops such as cowpea (Rasik et al.
2022; Raina et al. 2022a, b), faba bean (Khursheed et al. 2018a, 2019), urdbean
(Goyal et al. 2021a, b), mung bean (Wani et al. 2017), chickpea (Laskar et al. 2015;
Raina et al. 2017), lentil (Laskar et al. 2018; Raina et al. 2022a) and black cumin
(Tantray et al. 2017; Amin et al. 2019). However, one of the most important attri-
butes is the biofortification of crops. The success of mutation breeding aimed at
biofortification is determined by several factors such as selection of appropriate
mutagen, mutagen dose and duration of the treatment. The dose employed must be
optimum that could induce maximum frequency of mutation with least biological
damage (Goyal et al. 2019, 2020a, b). In addition to mutagen attributes, selection of
plant material is also important. Depending on the degree of utilization, the crop can
be selected, and it is always preferred to improve the grain quality and nutritional
status of staple crops (Raina et al. 2016, 2018). Developing crops with increased
nutrient density may prove a sustainable approach to mitigate the devastating impact
of malnutrition. Several workers have employed mutation breeding technique to
improve the nutritional status of several crops. For instance, Raina et al. (2020)
treated two varieties of cowpea with different doses of gamma rays and sodium
azide employed individually and in combination. They were successful in develop-
ing 11 mutant lines with increased micronutrient concentration. Similarly, Laskar
et al. (2018) developed lentil mutant lines that showed increased micronutrient den-
sity. They treated traditional lentil cultivars with different single and combined
doses of gamma rays and hydrazine hydrates. Khursheed et al. (2018b) while work-
ing with mutagenized faba bean reported few biofortified lines and emphasized the
role of mutation breeding in developing biofortified crops. Wang et al,
2022 attempted to incorporate zinc biofortification in rice through mutation
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Fig. 5.2 The number of undernourished people in the world continued to rise in 2020. Between
720 and 811 million people in the world faced hunger in 2020. NOTES: * Projected values for
2020 in the figure are illustrated by dotted lines. Shaded areas show lower and upper bounds of the
estimated range that considers statistical uncertainty. (Source: FAO)

breeding by treating nine popular rice varieties with ethyl methanesulphonate. They
were successful in isolating few mutant lines with increased zinc content. On the
basis of the literature, it is evident that mutation breeding has played a vital role in
accomplishing the goals of biofortification of crops; however, the technique has
been employed in limited crops. Therefore, more crops should be mutagenized to
observe the mutagen-induced alterations in the contents of micro and macronutri-
ents. This way the devastating effects of malnutrition can be mitigated to a greater
extent (Fig. 5.2).

9 Challenges and Limitations of Legumes Biofortification
Through Conventional Breeding

Although there are several benefits of breeding for legumes biofortification through
conventional breeding methods, numerous limitations exist, the most prominent of
which is the dependence on availability of the diverse gene pool of the crop under
focus (Jha and Warkentin 2020; Marques et al. 2021). Using conventional breeding
methods, no crop can be biofortified in the absence of enough genetic diversity and
only transgenic approaches remains helpful (Ahmad et al. 2012). Low levels of heri-
tability and linkage drag also make conventional methods almost ineffective. It has
also been observed that some of modern-day crops show lower nutritive quality in
comparison with their wild relatives (Didinger and Thompson 2021). But, there are
limitations of using wild relatives of several crops due to their immense underrepre-
sentation in the global gene bank (Pandey et al. 2008), reproductive hindrances in
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the development before and after the formation of zygotes (Munguia-Rosas and
Jacome-Flores 2020) and the probability of desired traits existing linked to the
undesired traits (Joshi-Saha et al. 2022). The limited efforts for in situ conservation
of wild relatives have resulted in very poor collection of such quality germplasm.
The other major limitation of the conventional breeding is that it takes quite a long
to even several years to breed and release a new desired variety since rigorous selec-
tion up to sixth generation is required to incorporate a quality trait into an agronomi-
cally desired cultivar (Sobia et al. 2014). Moreover, genotype vs. environment
interactions make the job more complex to achieve the objective (Marques et al.
2021). To tackle such problems there are some potential ways such as molecular
marker-assisted selections (MAS), seed-chipping-technology and genomic selec-
tion strategies can speed up the release of a desired quality legume cultivar.
Currently, genomes of several legume crops have been sequenced with variable
qualities, from reference genome to draft and the unassembled (Ha and Lee 2020).
It will be very helpful in developing the molecular markers which could be utilized
in high-throughput arrangements to identify the linkages/marker—trait associations
of such markers for high-yielding legumes. Moreover, the whole-genome sequence
data offers its use in genome-wide association studies (GWAS) to identify and
incorporate the micronutrient genes in legumes in addition to the use of these mark-
ers in marker-assisted recurrent selection (MARS) and the marker-assisted back-
cross breeding (MABC). At present, molecular markers which are associated or
linked with QTLs for zinc (Zn) and/or iron (Fe) have been identified in very few
legume species (Joshi-Saha et al. 2022).

However, to achieve the success at large, a potential collaboration among plant
breeders, genetic engineers and nutrition experts is crucial, and the biofortification
of legumes has huge potential to overcome the hidden hunger among the poor and
the developing states (Garg et al. 2018). In either case, to breed for a legume rich in
nutritional quality, it is also central to understand the biochemical, physiological as
well as molecular mechanisms of entire processes which are essential for their bio-
fortification. Additionally, in order to break the negative linkage between yield or
yield enhancing traits and the nutrient contents, there is an endless need to supple-
ment the conventional breeding with the targeted and random mutagenesis. It has
been reported that polyphenols and phytates are among such anti-nutrient sub-
stances which diminish the biological availability of the mineral nutrients. For
example, polyphenols normally bind themselves with non-heme iron and minimize
its absorption. Hence, to enhance the biological availability of the mineral nutrients,
the lower phytic acid contents are considered very important. It has also been
reported that the phytic acid found in numerous legumes is involved in controlling
and regulation of different abiotic and biotic stress resistance system.

The ever-increasing demand of nutritionally rich legume crops is a challenge to
be met. This challenge can be solved by incorporating the legume breeding projects
into the national level breeding networks and programs. Moreover, policy reforms
regarding markets and investments opportunities in legume are bitterly required
which should be incentive and subsidies based on the farmers growing the bioforti-
fied legumes (Joshi-Saha et al. 2022).
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10 Conclusion

Conventional breeding techniques have been intensively used to develop the legume
varieties with improved nutritional contents. Some common bean varieties such as
MAC42, MAC44, CAB2 and PVA1438 having high zinc and iron contents were
developed through conventional breeding approaches in Bangladesh. Similarly,
plant breeders released high zinc contents lentil varieties such as Alemaya, Shital,
Sisir and Simal. Through molecular breeding approaches, several QTL identified
for both nutrient and vitamins contents. These QTLs contain several genes related
to nutrients and vitamins and can be used as candidates for future studies aimed at
developing biofortified legume crops.
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Abstract Legumes are an important group food. The productivity and dietary
value of legumes have declined because of climate change. For legumes, global
warming and abrupt meteorological conditions are the main problems stemming
from climatic change. As result of these changes, more than 2.5 billion people expe-
rience hidden hunger, which is hunger caused by dietary deficiencies from a lack of
micronutrients in food. The major micronutrients, namely zinc (Zn), iron (Fe), and
selenium (Se), heavily influence human health. The symbiotic relationship between
plants’ rhizospheres and microbes has conferred several beneficial effects to plant
growth, development, and nourishment and has protected plants from biotic and
abiotic stresses. In this chapter, we discuss biotechnological and genetic modified
techniques that could be useful in improving legume crops.

There is a dearth of research on fortifying legumes to improve their quality.
Nutritional and biologically beneficial food crops can also be used to manage cer-
tain diseases. Biotechnological techniques have been used to improve specific func-
tional properties of food plants by adding bioactive compounds. The increased
availability of nutrients would significantly improve human health, especially in
developing countries. This chapter will lay out recent biotechnological approaches
to improving the availability of micronutrients in legumes and to conferring resis-
tance to the abiotic and biotic stresses that adversely affect legume crops.
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1 History of Beans

The wild common bean can be found all across Central and South America (Gepts
and Debouck 1991). All the cultivated varieties grown in the world today descend
from two pre-Columbian domestication events of wild populations in western
Mexico (Kaplan and Lynch 1999; Kwak et al. 2009) and in central Peru (Chacén
et al. 2005). In each region, human selection has produced dozens of landraces.
After 1492, the common bean was introduced to Southwestern Europe, the
Mediterranean region (Angioi et al. 2010), Africa (Westphal 1974), and parts of
Asia, and finally, it returned to the Americas.

The common bean was domesticated in central Mexico and southern America
approximately 800 years ago. This domestication resulted in two major genetic
pools: the Mesoamerican, which extends from northern Mexico to Colombia, and
the Andean, which stretches from Peru to Argentina (Rodriguez et al. 2016).
Furthermore, dried beans were domesticated and brought from the Americas to the
Iberian Peninsula approximately 500 years ago, quickly spreading into Europe,
Africa, and Asia (Santalla et al. 2002; Angioi et al. 2010).

Archaeological studies in Mexico have dated the origin of the common bean
(Phaseolus vulgaris L.) back >7000 years (Piperno and Smith 2012). There is no
evidence of wild beans in archaeological remains, implying that it was already an
established cultivated and widespread crop on the American continents (Schmutz
et al. 2014). The American continents are thought to be the origin of the wild com-
mon bean and the source of its spread. Nevertheless, its center of origin remains
unknown. It is now thought that this plant was domesticated in Mexico and the
Southern Andes approximately 8000 years ago (Bitocchi et al. 2012). During the
pre-Columbian era, common beans spread throughout North, Central, and South
America. The “three sisters” (winter squash, maize, and bean) were at the heart of
many Native American agricultural peoples’ cropping systems (Ngapo et al. 2021).

A significant amount of evidence has shown that the common bean arrived in
France in 1508, most likely unfit for human consumption at that time. Fuchs
(1542-1543), in his first review, reported that the European common bean is a
climbing herb with red or white flowers, along with red, white, or yellow spotless
seeds. Roesslin described it further in 1550, Oellinger in 1553, and Dodonaeus in
1554 (Zeven 1997; Piergiovanni and Lioi 2010). However, Fuchs and Dodonaeus
only mentioned that this bean plant has a propensity for climbing. However, Krell
and Hammer (2008) recently mentioned P. vulgaris or its synonyms in their selec-
tion of old manuscripts (1493—1774). In Europe, Mesoamerican biotypes are not
common, so McClean et al. (1993) hypothesized that the dispersed germplasm in
Europe was native to the Andes.

The term bean has been used haphazardly without a specific botanical denotation
and remains in use. For example, in the epic poem “The Iliad” (Homer 1998), the
world’s oldest work of Greek literature, “dark fava beans” have at times been trans-
lated as “dark (common) beans.” Beans have been referred to as dolichos by
Teophrastus, the founder of botany, and fasiolos by Dioscorides in ancient Greek.
The bean was also thought to have been brought to Rome from the Greek—Roman
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city of Phaselis in ancient Lycia—hence the genus name (Comes 1909). It has also
been proposed that the term phaselus derives from the ancient Greek “phaselusa,” a
small sailing vessel with a bean-shaped hull (Quattrocchi 2012). In Latin, the word
phaselus is also used to describe a yacht (Corrado 2022). The species name is
derived from the fact that beans have always been considered a common and plebe-
ian food: vulgaris means “of the masses” (Alcock 2004; Merrow 2020).

Previous studies have shown that most Phaseolus species are in Mesoamerica,
where most of the diversification has occurred within the past 4—-6 Ma (Delgado-
Salinas et al. 2006). This diversification occurred because of tectonic events
(Delgado-Salinas et al. 2006) in the Late Miocene period (Nieto-Samaniego et al.
1999; Alva-Valdivia et al. 2000).

2 Beans as Sources of Micronutrients

2.1 Mineral and Protein Content of Fava Beans (Vicia faba
L.) Seed

According to Khazaei and Vandenberg (2020), more than half of the global popula-
tion is at risk of negative outcomes from lacking more than one essential nutrient.
The elevated number of essential minerals in pulse seeds has been found to be harm-
ful to human health. Although previously this abnormal concentration of tannin was
reported in twenty-five accessions of fava beans, with low tannin in twelve and
normal tannin in thirteen accessions. Inductively coupled plasma mass spectrome-
try (ICP-MS) was used to examine the seed mineral concentrations, and near-
infrared (NIR) spectroscopy was used to determine the protein content. It was
observed that minerals were positively affected by location and year, particularly for
calcium and protein. Genotypic and environmental interactions were found to
slightly affect magnesium, calcium, cobalt, zinc, and protein. Higher concentrations
of calcium, magnesium, manganese, and cadmium were found in low-tannin acces-
sions compared with normal tannin accessions. It was also observed that low-tannin
accessions had 1.9% higher protein content compared to normal tannin-containing
accessions. The higher estimated heritability of seeds in terms of mineral and pro-
tein content suggested that these species were genetically capable of modifying
their mineral composition (Khazaei and Vandenberg 2020).

2.2 FAO Report

The most important pulse crop for global production is common beans (Phaseolus
vulgaris L.), followed by other pulse crop, such as peas (Pisum sativum L.), cow-
peas (Vigna unguiculata L. Walp.), chickpeas (Cicer arietinum L.), and lentils (Lens
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culinaris Medik.). China is the largest producer of fava beans, followed by Ethiopia
and Australia, in that order.

2.3 Protein Content in Beans

Fava bean protein content varies depending on the seed dry matter (24-35%) when
trying to make it the most abundant protein-enriched crop (Crépon et al. 2010;
Robinson et al. 2019). In addition to using fava beans as protein supplements for
human health, animals also consume them. They can be consumed in many ways,
such as in a broth or as a paste for humans and as unadulterated seeds for animals
(Khazaei and Vandenberg 2020).

2.4 Micronutrients in Beans

The common bean is also an important crop because of its high nutrient composi-
tion, with carbohydrates, vitamins, micronutrients, and protein. This plant also has
higher iron content than barley, corn, rice, or wheat crops. Beans are high in a vari-
ety of micronutrients, many of which are often deficient in human diets. Bean seeds
contain more minerals—i.e., iron, magnesium, zinc, and calcium—than other cereal
crops (White and Broadley 2009). They are cultivated worldwide, more specifically
in Asia, Africa, Europe, and North, Central, and South America. There are two glob-
ally cultivated varieties: Andean beans (large seeds) and Mesoamerican beans
(small seeds) (Broughton et al. 2003). Several studies have been conducted to inves-
tigate the nutrient diversity of pulse crop species.

2.4.1 Iron and Zinc Content in Beans

Beebe et al. (2000) studied the enhanced micronutrient content, specifically iron
and zinc, of common beans. The authors evaluated more than a thousand cultivated
accessions and found a mean iron concentration of 55 mg/kg. The calculated zinc
ranged from 21 to 54 mg/kg, with a mean value of 35 mg/kg. The above-measured
observations show that this crop has genetic variations to enhance iron content and
zinc content by up to 80% and 50%, respectively.

2.4.2 Beans as Sources of Micronutrients and Other Beneficial Nutrients
According to the literature, beans are the cheapest sources of proximate and mineral

nutrition to meet the dietary requirements of many countries (Guzman-Maldonado
et al. 2003; Hillocks et al. 2006). When supplemented with other cereals and
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carbohydrate-enriched food, beans help to provide basic nutrition and reduce cho-
lesterol and cancer risk (Singh 1999). However, their concentrations can fluctuate
depending on genetic and environmental factors (Grusak 2002).

2.4.3 Low-Tannin Beans Rich in Micronutrients

Low-tannin white-flowered fava beans have high contents of calcium, magnesium,
iron, zinc, protein, and carbohydrates. These minerals have been found to be in low
quantities in human diets, and white flour made from low-tannin beans can be used
to counteract these deficiencies (Khazaei and Vandenberg 2020).

2.4.4 Deficiency of Micronutrients

Fe deficiency is the most prevalent micronutrient deficiency in the world, impacting
over two billion people, the majority of whom depend on beans in their main meals,
according to recent reports (Welch and Graham 1999). Children with diets high in
starchy foods had Zn shortages (Ranum 1999). Further, 40% of the iron consumed
in underdeveloped countries comes from cereals and legumes (Rosado et al. 2007).
Food legumes typically have high levels of iron and other mineral elements (Beebe
et al. 2000; Grusak 2002). The fact that nonstaple foods, especially those derived
from animals, are the richest sources of bioavailable micronutrients yet are out of
the price range of the majority of people in underdeveloped nations is a root cause
of micronutrient deficiency and a key barrier to resolving this deficiency. In order to
create cultivars with higher performance or cultivars that are tailored to specific
environments and/or farming systems, bean breeders have also extensively selected
plants on the basis of their yield and other agronomic traits, such as resistance to
biotic and abiotic stresses, upstanding plant layout, growth habits, lodging resis-
tance, and maturity (Taran et al. 2002). Although there is genetic heterogeneity for
this feature in germplasm collections, seed nutrient composition is not currently a
precise selection criterion for plant breeding (Vreugdenhil et al. 2004).

According to the available research, the mineral concentration ranges in most
leguminous seeds are comparable (Wang et al. 2003). Therefore, identifying culti-
vars with high amounts of Fe and Zn could significantly enhance the micronutrients
of people whose diets heavily rely on common beans. Deficits in iron and zinc have
been linked to anemia, stunted growth and development in children, and low perfor-
mance in adults (George and Susan 2010). To maintain appropriate iron and zinc
delivery with a diet predominantly constituted of staple foods such as common
beans, certain plant-breeding techniques are needed (Phaseolus vulgaris L.).

In this study, the variation in Fe and Zn concentrations among genotypes of com-
mon beans cultivated in Tanzania’s four main bean-growing regions was evaluated
for breeding purposes. Ninety genotypes were tested at the Sokoine University of
Agriculture in a screen house. An atomic absorption spectrophotometer (AAS) was
used to check for the presence of iron and zinc in collected, dried, and ground seeds
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and leaves. The best genotypes were found to have the highest iron and zinc levels,
which differed between genotypes in both seeds and leaves. The results showed a
strong and favorable association.

2.5 Cause of Reduction in Bioavailability of Micronutrients

Fava beans contain mineral-rich proteins. The bioavailability of these micronutri-
ents may be hindered by antinutritional elements, such as phytates and tannins.
Most of the phytic acids (PAs) or phytates are stored in the seeds of plants (Raboy
1997). A high percentage of PA in food can cause micronutrient deficiencies in Ca,
Mg, Zn, Mn, K, Fe, and/or Ba (Shunmugam et al. 2015). Phytic acids negatively
affect the edibility of proteins, starches, minerals, and other dietary nutrients. The
concentration of PA in the seeds of fava beans is 1% (Afinah et al. 2010). Using
processing methods such as soaking, cooking, baking, and fermentation has led to a
significant decrease in PA level (Multari et al. 2015; Gupta et al. 2015).

3 Factors that Limit Productivity

The following are some of the factors that limit the production of legumes.

3.1 Optimum Land Preparation

The best land preparation for seed germination, seedling emergence, and subse-
quent legume growth is urgently needed. The yields of legumes can be significantly
increased by using simple management approaches. Zero tillage is the most fre-
quently used method for growing mungbeans, black grams, cowpeas, khesaris (lath-
yrus), and lentils in rice fallows.

Although zero tillage lessens the risk of crop failure due to early season drought,
lowers field preparation costs, and allows for the timely seeding of numerous
legumes, yield levels are often poor. To ensure optimal growth conditions and real-
ize the full potential of yields for grain legume crops, limited tillage should be
encouraged in both lowland and highland rice fields of the Indo-Gangetic Plains
(IGP), especially in medium- to heavy-textured soils. Legume crops can be sown in
strips to enhance deeper root development and subsurface water access (Ramakrishna
et al. 2000).
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3.2 Time of Sowing

The date to start legume sowing is determined by factors such as the length of the
rice/wheat crop, the cropping sequence, and the time between harvesting the rice/
wheat crop and preparing the field for legume cultivation. Adjustments can be made
within the available window to improve sowing timeliness. To synchronize sowing
with the proper soil moisture for good crop establishment, several changes in field
preparation and sowing procedures may be required. In rare circumstances, it may
be necessary to adjust the variety or sowing date of the preceding crop in order to
advance the sowing date of the following legumes to avoid drought stress during the
later phases of growth (Pooniya et al. 2015).

3.3 Water Management

Because legumes are prone to waterlogging, they require appropriate drainage. In
semiarid and arid locations, legumes are produced mostly as rainfed crops. Lentils
produced in the summer, on the other hand, demand a lot of water, especially during
the critical period when soil moisture becomes a limiting factor. In pulse physiol-
ogy, the vegetative, blooming, and fruiting stages are critical, so closely following
an irrigation schedule throughout these stages is critical. Alternate-furrow irrigation
(AFI) and water-conservation strategies are viable approaches in water-scarce
places (Sharma et al. 2005).

3.4 Tillage

To achieve perfect conditions for seed germination, seed establishment, and plant
growth in arable land, agricultural tools must be used to treat the soil. The main
purpose of tillage is to provide good soil and soil conditions for crop establishment
and early root and shoot growth. Tillage is required for the kharif legume, which
includes a spinning plow, two cross wrinkles, and a plank.

To maintain appropriate moisture in rabi legumes, soil plows and irrigation
should be started before planting. The use of rotary tillers and cropping systems to
recycle summer mungbean waste boosts the system’s productivity, profitability, and
soil health. Crop residue integration in organic fields using tillage techniques is also
auseful way to regulate crop fertilizer usage while improving the soil’s organic mat-
ter composition (Pooniya et al. 2014).
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3.5 Nutrient Management

For legumes to achieve and maintain higher productivity, they need an adequate and
balanced supply of plant nutrients. Nutrient management for legumes in rice-wheat
cropping systems is complicated and has previously received little attention.
Because the majority of studies on fertilizer use for legumes are based on particular
crops, the results are applicable only to a restricted number of situations.

Although legumes obtain a lot of their nitrogen from biological nitrogen fixation
(BNF), a beginning dose of 10-15 kg N ha has been advised. Although microbiolo-
gists contend that this lowers nodulation and nitrogen fixation, it is frequently rec-
ommended. Late-sown legumes, on the other hand, react to treatments of up to
40 kg N ha in fields with low rhizobial populations. The application of nitrogen may
benefit not only the legumes but also subsequent cereal crops, possibly because the
legumes improve the physical conditions of soil (Singh and Chahal 2020).

3.6 Symmetrical Planting

The amount of space required is determined by the type of crop, variety, planting
season, and cropping system. Most short-lived legumes require a small amount of
land, whereas long-term types thrive in larger areas. Appropriate planting densities
in fields and vegetables result in the more efficient use of solar radiation, which
translates into higher yields. Grain legumes that are planted in the first week of June
will have the largest percentage of pods or seeds. Grain yield decrease because of
the tighter and broader gap performance values in different kinds and when seeding
after this date.

Growing green peas at a distance of 10-20 cm is more than enough space to
produce good yields. Because of the relatively mild temperatures, long vegetative
growth time, and extensive branching, kharif farming requires more spacing and a
smaller plant population than summer crops do.

3.7 Weed Management

The most frequent fusarium wilt disease, which is part of the root rot complex,
causes severe yield losses in mungbeans. On green and urban peas, fusarium wilt,
sterile mosaic, phytophthora blight, yellow mosaic, Cercospora spp., and white rust
cause substantial damage. In India, 250 bug species attack legumes. Nearly a dozen
of them cause considerable crop damage. Each year, pest damage results in the loss
of roughly 2-2.4 million tonnes of legumes, worth around 6000 rupees (INR 6000)
(Singh et al. 2022).
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3.8 Abnormal Soil Condition

Legumes prefer neutral soil responses and are sensitive to acidic, salty, and alkaline
conditions, and most legumes are phosphorus deficient. As a result, P must be given
special consideration in legume production systems. The soil in the northwest of
India, in particular, has a high pH, in contrast to the respective soils of the east and
the northeast, which are characterized by acidic conditions. These soil conditions
lead to micronutrient deficiencies, which result in severe nutrient shortages. Acute
shortages of zinc, iron, boron, molybdenum, and secondary elements like sulfur,
particularly in legumes, reduce the production quality and quantity of legumes
(Kumar et al. 2014) (Fig. 6.1).
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4 Biotechnology Approaches and Beans

The following are some of the biotechnological tools employed to improve beans
(Obembe 2019):

1. Molecular markers for the assessment of genetic diversity and marker-assisted
breeding

2. Plant tissue culture for mass propagation

3. Genetic modification for novel trait integration

4. Omics

Biotechnological techniques and its application
in improvement of beans

Plant tissue Molecular
culture markers
* Clonal propagation via nodal explant » Genetic diversity assessment based on
e Callus induction (from leaf, root, and random amplified polymorphic DNA
stem explants) (RAPD)
« Explant sterilisation ¢ Evaluation of genetic diversity using
« Direct organogenesis (from the embryo, amplified fragment length
leaf, cotyledonary node, and shoot tip polymorphism (AFLP)
explants)- e Transferability of cowpea simple
e In vitro morphogenic response in sequence  repeat  (SSR)  for  the
mature embryo explant evaluation of genetic diversity in beans

* Genetic diversity assessment using inter
simple Sequence Repeat (ISSR) markers

5 Micropropagation Techniques for Improving Beans

For the sterilization of bean explants, Aliyu and Adesoye (2007) showed that using
0.1% mercuric chloride was the best solution. For landraces of beans, Otsoseng
(2005) created a nodal explant-based clonal propagation technique.
N-phenyl-N’-1,2,3 thidiazol-5-ylurea [TDZ], 6-(y,y-dimethylallylamino) purine
[2iP], and 6-benzylaminopurine [BAP] cytokinins were added to an Murashige and
Skoog (MS) basal medium by the author to retain the nodal segments of stems. In
both the stage of culture establishment and the stage of shoot proliferation, BAP
produced a more favorable effect than the other cytokinins.

Applying growth regulators known to decrease callogenesis, such as gibberellic
acid (GA3) and 2,3,5-triiodobenzoic acid (TIBA), had no beneficial effects in the
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same study. Some shoots rooted in the presence of the auxins—namely naphthalene
acetic acid (NAA) and indole-3-butyric acid (IBA)—but irregular adventitious root
development was seen in vitro. IBA generated more roots than NAA did, which
resulted in a more satisfying impact. According to the author, cuttings of beans
developed adventitious roots whether auxin was present or not. The callus induction
of two AYB accessions, SSSWN56 (brown seed) and SSSWN75 (gray seed) from
the root, stem, and leaf explants was studied by Akande et al. (2009). According to
the authors, the maximal callus percentage (100%) was seen in stem explants from
both accessions grown on media supplemented with 1.5 mg/L of kinetin (KIN) and
NAA, compared to the minimal callusing seen in root explants. In plant growth
regulator (PGR)-free and indole acetic acid (IAA)-fortified media, callus induction
was not seen.

5.1 Analysis of Genetic Diversity

Morphological characterization, which is influenced by environmental influences,
has been the subject of numerous studies. To confirm that variance is hereditary and
not caused by the environment, molecular studies are crucial. Evaluating genetic
diversity is important when breeding African beans. For the preservation and use of
germplasm resources, obtaining accurate information on genetic variability is
essential.

Random amplified polymorphic DNA (RAPD) markers were used in the genetic
analysis of AYB by Moyib et al. (2008) and Popoola et al. (2017), separately, whose
similarity indices ranged from 0.42 to 0.96 and from 0.72 to 0.93, respectively.
According to Moyib et al. (2008), the eight clusters formed by the cluster analysis
for the twenty-four accessions had a similarity index of 0.80. According to a princi-
pal component analysis (PCA), the first three main components accounted for 30.0,
22.0, and 8.60—or 60.98%—of the overall variation seen among the twenty-four
AYB accessions. The phylogenetic tree and the structure were supported by the
PCAs. According to their phenotypic differences, primarily tuber formation, tuber
flesh color, and seed shape (demonstrating a predicative relationship between geno-
type and phenotype), these accessions were divided into three categories.

6 Techniques for Improving Beans Breeding

The common bean is the most important cultivated crop among bean species.
Thanks to the many classical methods used to improve bean breeding, the regenera-
tion ability of beans has become limited. Now, many biotechnological processes
and methods are needed to improve common beans, and many biotechnological
techniques have been used.
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6.1 Micropropagation and Morphogenesis

Many meristems cultures are used for mass propagation, the removal of seedborne
infections, and the preservation of germplasms, because they are essential for germ-
plasm cryopreservation. Some achievements have been made from investigating the
in vitro meristem cultures of some grain legumes, supplying them with different
concentrations of benzyl adenine (BA) (1-10 pM) for bean regeneration. Some
amino acids are also included, such as L- methionine and L- cysteine HCI, in regen-
eration media to reduce the volume of growing explants. The conditions of cultiva-
tion, such as temperature variability and the content used for media (e.g., hormonal
combinations and osmotic drugs), are important. Apical meristem plant regenera-
tion needs a BA concentration of (1-10 uM) and an in vitro optimal temperature
of 26 °C.

Whole plants developed from an apical meristem culture supplied with coconut
water, honey water, and light, without any growth regulators. Phaseolus vulgaris
regeneration through meristem culture bud initiation and elongation process depends
on the concentration of BA, isopentenyl adenine (2ip), GA3, and cytokinin.
Micropropagation developed fifty-one meristem and shoot-tip cultures and axillary
buds used for multiplication. Through meristems, cultures that have hormones pro-
duced multiple buds that were comparable to the regenerated buds, thanks to the
breakdown of the cytokinin—auxin ratio necessary for plant regeneration. Several
reports have provided a protocol for seed production without disease and for shoot
production from explants and from callus cells.

For plant regeneration, screening the genetic lines, age, and physiological state
of parent plants is helpful. The first indirect organogenesis protocol was published
by Muhammad et al. in 2007. Genetic factors are important for in vitro responses.
By developing a system for organogenesis in Phaseolus vulgaris and Phaseolus
coccineus, more shoots are developed from Phaseolus coccineus. The limitations on
regeneration are due to low frequency and the source of the explant. Some seed
legumes have a high tendency to produce roots rather than shoots, and the frequency
of root initiation must be high. For example, forage legumes form roots at low fre-
quencies without being affected by auxin and cytokinin concentrations. Cytokinins
and auxins heavily influence the regeneration ability of beans, and many legumes’
species require higher cytokinin concentrations. Through direct organogenesis, the
regenerated bean plants showed that the buds that developed from the subepidermal
parenchyma cells of the node have adventitious structures. The bean regeneration
process depends on the genotype, type of explants, concentration of cytokinins,
duration of subcultures, and inhibition of phenols released into a medium. Explants
that are used for the regeneration of beans also vary in type depending on the coty-
ledonary and primal nodal cultures of common bean cultivars.

The three methods for multiple-shoot formation and plantlet production in beans
use BAP and NAA combinations: (1) The biolistic apical meristem method achieved
bean regeneration through direct organogenesis; (2) the BA-treated donor seedlings
of petiole and juvenile leaf explants underwent shoot organogenesis; and (3) the
organogenic responses of early-germinated beans grown in dark conditions were
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also determined. In vitro bean embryogenesis and the organogenesis of BA, TDZ,
and CPPU play essential roles in determination, and the molecular and physiologi-
cal roles of cytokinin are under investigation. A plant’s ability to regenerate in cell
culture media is related to growth regulators and some other factors. Other additives
also influence growth media. For example, jasmonic acid helps in the shoot induc-
tion of Phaseolus vulgaris and develops a system for shoot organogenesis to occur
in beans when cotyledonary explants are used as the initiating materials and when
the nitrogen source is glutamine. These are some of the methods for the indirect
organogenesis of somaclonal genetic variations.

6.2 Synthetic Seeds

Synthetic seeds are similar to zygotic seeds, or somatic embryos enclosed in a coat-
ing. Synthetic seeds come in many types: somatic embryos enclosed in water gel;
coated, uncoated, or dried somatic embryos; fluid carriers containing suspended
somatic embryos; and shoot buds enclosed in water gel. In Japan, only at a smaller
scale and with moderate-size seeds where each contained an enclosed somatic
embryo in a water gel were synthetic seeds studied with F by using hybrids of celery
and lettuce. Synthetic seeds have many applications, and they save time and money
and last a long time compared with vegetatively propagated crops. They also avoid
the time-consuming process of transferring plants from in vitro conditions to field
conditions.

Other applications include the development of male sterile lines, parental lines
for the hybrid production of crops, and the elite genotypes of woody plants that have
long juvenile phases, which are preserved and multiplied. Development of male
sterile lines is not used as extensively, but before its widespread usage, somaclonal
variation was minimized. The quality of the embryos must be high for larger-scale
productions of interested species, and the technique should be more cost-effective
than current micropropagation techniques (Brown and Thorpe 1995).

6.3 Pathogen Eradication

Pathogen removal is another bean-improvement technique, and it plays an impor-
tant role in the eradication of pathogens. Vegetatively propagated crops are more
infected with pathogens. For example strawberries are vulnerable to over sixty
viruses and mycoplasmas, and these vulnerabilities require that mother plants be
replaced every year. Most of the time, the presence of viruses and pathogens is not
obvious, but when they infect crops, they reduce the yield and quality of the crops.
In China, virus-free potatoes are produced through in vitro culturing, increasing
yields by up to 150%. Care should be taken while propagating seeds because this
can remove viruses from plants as only 10% of viruses are transmitted through
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seeds. The distribution of viruses in plants is not equal, and the apical meristems are
less susceptible to viruses. This is why an apical meristem is called the virus-free
area of a plant. The excision and culturing of apical meristems connected with ther-
motherapy and chemotherapy have been successfully used to produce pathogen-
free plants for micropropagation (Brown and Thorpe 1995).

6.4 Germplasm Preservation

Conserving germplasm is an alternate to using seed banks, filed collections, or
in vitro storage because it provides slow growth conditions, such as low temperature
and growth-controlling factors, to media; This is also called cryopreservation or
desiccated synthetic seed. All these technologies have been developed for plants and
to directly control or stop their growth and metabolic activities. Some of the limita-
tions of the common methods used for all species and genotypes include their high
costs, possible somaclonal variation, and the selection of an unintentional cell type
in stored material. For example, aneuploidy occurs at low temperatures and under
nonoptimal conditions, conferring a selective growth advantage to a cell (Brown
and Thorpe 1995).

6.4.1 Advanced Genomic Tools in Beans

Many genomic technologies can be used to improve beans. A high-throughput
genetic investigation into several African yam beans characteristics was conducted
using diversity array technology sequencing (DArTseq). The DArTseq method
relies on a set of restriction enzymes to simplify the genome. Genomic representa-
tions use microarray hybridization to determine whether certain pieces are present
or absent. This technology is increasingly being utilized to analyze and study the
diversity of various crops to improve gene bank conservation. By using this afford-
able technology, a few orphan crops and some tropical crops have been examined
(Huttner et al. 2005).

One technique for determining the association between single-nucleotide poly-
morphisms (SNPs) and variance in a certain phenotypic characteristic is the
genome-wide association study (GWAS). This method has been used on numerous
crops to identify the genes influencing certain features, and it eliminates several of
the problems in conventional breeding (Table 6.2). When utilizing GWAS, the
degree of linkage disequilibrium (the degree of nonrandom association between
alleles at distinct loci) and potentially misleading associations resulting from the
population structure and genetic relatedness are taken into account (Luo et al. 2020).

SNPs and phenotypic variation based on linkage disequilibrium are used in
GWAS to pinpoint the loci in charge of a given characteristic. At the Genetic
Resources Center (GRC) of the International Institute of Tropical Agriculture
(ITTA), in Ibadan, Nigeria, GWASs on beans are now being conducted. Oluwole
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Table 6.2 Collection of legume transcriptome data and web sources

Web

resource Legume Type of information Reference

LegumelP | Medicago sp., Lotus | RNA-sequence data, | http://plantgrn.noble.org/LegumelP/
sp., soybean microarray data

MtGEA Medicago sp. Microarray data http://mtgea.noble.org/v3/

LjGEA Lotus sp. Microarray data http://ljgea.noble.org/v2/

CTDB Chickpea RNA-sequence data http://www.nipgr.res.in/ctdb.html

SoyPLEX | Soybean Microarray data http://www.plexdb.org/plex.

php?database=Soybean
SoySeq Soybean RNA-sequence data http://www.soybase.org/soyseq/

et al. (2020) used the DArTseq method to produce 3.6 K of SNPs from a GWAS on
the nutritional characteristics of beans. About fifty potential quantitative trait loci
(QTLs) that are connected to a seed’s starch, protein, and oil concentrations were
discovered by these scientists.

The third-largest family of higher plants, with more than 20,000 species, legumes
have had major effects on agriculture and on human and livestock nutrition, which
consist of legumes. But mostly, legume grains produce low yields. The reduction in
the adaptability and productivity of legumes is due mainly to major biotic and abi-
otic stresses from fungal and viral diseases, drought, frost, chilling, insect pests,
salinity, mineral toxicities, and water logging. Several restrictions limit crop quality
and productivity, which are being managed by enhanced management strategies and
by conventional plant-breeding methods. But sometimes the required traits are
missing from existing genetic resources.

The development of a model system for investigating genetically important char-
acteristics initially helped to advance legume biology. For Arabidopsis thaliana,
two legumes, namely Lotus japonicus and Medicago truncatula, have emerged as
model legume plant systems thanks to their autogamous natures, prolific seed pro-
duction levels, short generation times, and small and diploid genomes. Powerful
genetic and genomic tools have been developed, including genome sequencing, the
construction of genetic and physical maps for each model species, and the isolation
of expressed sequence tags (ESTs). The genetic models of these two valuable spe-
cies help in studies on the molecular genetics of various agronomic characteristic
related to the increased productivity of legumes. A legume’s genome contains an
increasing wealth of genetic and genomic data and a high degree of synteny.
Advances in plant genomics have recently shifted from model systems to economi-
cally important varieties of plant species. The release of the genomic sequence of
plants in the past and that of many legumes, such as Lotus japonicus, Glycine max,
Cajanus cajan, Cicer arietinum, and Medicago truncatula, in the present have led
to the development and use of many comprehensive tools for sequence assembly,
functional annotation, high-throughput expression via microarray platforms, large
cDNA and gDNA libraries, and transformation systems. These tools have been
developed for a wide range of species, including many important legumes. Recently,
a new challenge has emerged: the incorporation of these various tools to better
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evaluate the genome structures and functions of legumes. To solve these problems,
more-comprehensive approaches for various qualitative and quantitative analyses of
gene-expression products are needed. The development of these approaches will
provide better options to understand functional genomes and their regulatory mech-
anisms by combining computational approaches with translational genomics (Gupta
et al. 2014) (Table 6.1).

6.4.2 Bioinformatics

Bioinformatics is a technique that refers to the organization of biological data for
logical evaluation that involves biology, computer science, and information technol-
ogy. This field combines data from different fields, like omics, to produce novel
results (Kumar and Chordia 2017). As a result of the development of high-throughput
omic technologies and the creation of a sizable data set, bioinformatics has
expanded. There are many online databases from which information can be down-
loaded, some of which include the legume information system (Legumelnfo.org)
and the chickpea transcriptome database (CTDB). Bean analysis has made use of
bioinformatic technologies. For instance, the GWAS of the AYB nutritional trait
was analyzed through trait analysis by association, evolution, and linkage (TASSEL)
(Oluwole et al. 2020).

6.4.3 Genome Editing

It is possible to analyze gene regulation, genomic variations, genome evolution, and
genome sequence data thanks to genomics, the study of genomes. Not all facets of
genetics have yet been used to enhance beans. The crop’s entire genome needs to be
sequenced in order to develop a successful breeding program. As a result, the
Whole-Genome Sequencing Project is currently being carried out for beans by the
Alliance for Accelerated Crop Improvement in Africa (ACACIA) (ACACIA 2020).
The precise detection of multiple QTL sites in the bean’s genome and the discovery

Table 6.1 Modern biotechnological tools applied to legumes

Sr.

No. | Biotechnological tools Function

1 Bioinformatics Verification and identification of DNA sequences and
DNA motifs

2 Proteomic technology Identification of protein stresses and responses

3 Genetic modification Modification of genes or traits—e.g., against biotic
and abiotic stresses

4 Genome-wide associated study | Identification of gene loci for different plant traits

(GWAS)
5 Genome editing—CRISPR/Cas9 | Improvements to genes or gene expressions in plants




6 Contribution of Biotechnological Approaches to Micronutrient Improvements... 147

of markers would both be greatly enhanced by the availability of a comprehensive
whole-genome sequence (Zheng et al. 2021).

6.4.4 Genome Sequencing

The nuclear genomes of legumes vary widely: from 370 Mbp of Lablab niger to
13,000 Mbp of Vicia faba. Completing the sequence information for some impor-
tant legumes is a major task these days. Whole-genome sequencing has been com-
pleted for legume genera such as Medicago, Glycine, and Lotus. Drafts of genome
sequences for the Cajanus and Cicer genera are also available. In some other
legumes, the genome sequencing is in various stages of development. Those
expected to be completed soon include mungbeans, alfalfas, peanuts, peas, cow-
peas, and some other common beans. The whole-genome sequencing of these crops
can be completed with the help of next-generation sequencing. Thanks to short read
lengths, method-specific sequencing errors, and the absence of physical clones,
next-generation sequencing has more advantages than capillary-based sequencing.
It provides assembly and sequence accuracy to challenges related to sequencing. It
also allows plant genomes to be assessed at their functional levels (Guptaet al. 2014).

6.4.5 Genetic Maps

Different types of populations and molecular markers have been used for the devel-
opment of genetic linkage maps. Genetic maps were first developed in the 1990s
with the help of morphological markers, isozymes, seed protein genes, and random
amplified polymorphic DNA markers (RAPDs). Later, microsatellites, simple
sequence repeats (SSRs), expressed sequence tags (ESTs), EST-SSRs, and single-
nucleotide polymorphism (SNP) development were used in genetic studies and the
breeding of many legumes. The genetic map of fava bean was identified as having
nineteen genomic factors forming four linkages groups. Translocation lines can be
used to match the different loci of morphological observations, such as flower color
and seed coat color, to their respective chromosomes.

6.4.6 Sequencing-Based Trait Mapping

Sequencing-based trait mapping has provided a thorough understanding of trait
mapping at the sequence level and also facilitated plant selection at nucleotide lev-
els in legumes. The two mostly commonly used techniques to conduct high-
resolution trait mapping to attain large-scale genome-wide SNPs are genotyping by
sequencing (GBS) and genome-wide association studies (GWASS). A large number
of SNPs for trait mapping can be identified through GBS, while GWAS is a promis-
ing approach to sequencing many crops. Both GBS and GWAS provide beneficial
advantages over other sequencing techniques insofar as they don’t require prior
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genome information, have low genotyping costs, and provide high-density genotyp-
ing data. The construction of high-density linkage maps, analyses of genetic diver-
sity, and GBS applications to improve horticulture crops in legumes are performed
by GBS and GWAS. Some other trait mapping approaches do not require the pro-
cess of whole-genome sequencing to map populations. Instead, the whole analysis
is conducted by comparing crops, using QTL sequence (Seq), bulked segregant
analysis (BSA)-Seq, and bulk segregant RNA (BSR)-Seq. These approaches have
been used in legume breeding to construct a high-density trait-specific map (Rai
et al. 2018).

6.4.7 Molecular Marker

Several problems related to conventional breeding have been solved by the identifi-
cation of various molecular markers and genes related to agronomic traits. Several
physical and genetic maps of legumes have been constructed by using molecular
markers. Isozyme markers, restriction fragment length polymorphism (RFLP),
amplified fragment length polymorphism (AFLP), random amplification of poly-
morphic DNA (RAPD), and various simple sequence repeat (SSR) markers have
been used to study genetic mapping and diversity. Genomic DNA libraries are used
to generate SSR markers. Gene-based molecular markers with transcriptome
sequences that confer resistance to environmental stresses have been developed
from EST-SSR markers. The genome of different species and the accession of
legumes could be sequenced and resequenced to identify the coding and noncoding
regions of the markers (Ghangal et al. 2020).

6.4.8 Transcriptome Sequence

Transcriptome sequencing based on expressed sequence tags (ESTs) has used
legume tissues to generate many single-pass sequences for legumes under different
stress conditions. High-throughput, deep-sequencing technologies have been used
for the transcriptomic sequencing of wild and cultivated legumes. This can help
reveal the evolutionary relationships among legumes. The high transcriptome
sequence of wild legume varieties that are more commonly consumed in human
diets also illuminates the various platforms of next-generation sequencing (NGS)
and several of their hidden biological pathways and processes (Ghangal et al. 2020).

The cheapest methods for sequencing, such as Sanger FLX/454 and Illumina,
have developed EST libraries for legumes—e.g. hyacinth beans resist stresses. This
practice has been followed for other beans, such as chickpeas and pigeon peas. The
hybrid transcript assembly congtigs (TACs) is formed by using transcriptomic data
and comparative analysis. Many transcriptomes have been developed for different
legume crops at the National Center for Genome Resource (NCGR), which is asso-
ciated with United State Department of Agriculture (USDA). Expressed sequence
tags (ESTs), SNPs, and insertions/deletions (InDels) are useful transcriptomic
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resources for breeding programs that aim both to produce legumes that can resist
biotic and abiotic stresses and to improve the yield and quality of legumes (Rai
et al. 2018).

6.4.8.1 Improving Micronutrients in Legumes through Transcriptomics

Improvements to biological variety are beneficial for molecular breeding and for
progress in crops. Identifying the transpiration of a genome and producing more
markers for particular traits will improve legume breeding systems. The sequencing
and resequencing of legume varieties have made physical mutations and functional
genomics possible. Next-generation sequencing (NGS) and the emergence of differ-
ent techniques, such as molecular markers, ESTs, quantitative trait locus (QTL)
identification, genotyping, high-density linkage maps, single-nucleotide polymor-
phisms (SNPs), and transcription factors added to current breeding techniques, have
accelerated the provision of accurate data to scientists. EST generation delivers a
fast and simple method of identifying the novel gene responsible for sustainable
agricultural production. The NGS provides a quick and economical way of sequenc-
ing transcriptomes (Morozova et al. 2009). Four legume gene-sequencing species,
gene discovery, and the generation of ESTs are represented in Table 6.1.

Transcriptomics can be used to diagnose and profile diseases in beans. Scientists
can employ RNA-sequencing (RNA-Seq) to find disease-associated SNPs. It can
also be used to research how plants and pathogens interact in order to formulate
effective control strategies. Dual RNA-Seq technology can be utilized to outline the
identifications of pathogens and crops. Thanks to the development of transcrip-
tomics, it is now possible to discover the genetic factors and traits that can resist
biotic and abiotic stresses and the genes that are responsible for particular physical
expressions (Lowe et al. 2017).

A study was performed on the basis of the genes in chickpeas to identify drought-
responsive genes and molecular markers. The study observed 435,018 reads and
21,491 ESTs. The gene sequence for fava beans and the gene sequence for Medicago
were estimated to have undergone 41,141 ranged tentative unique sequences (TUSs)
for the putative gene assembly produced. The transcranial ultrasound stimulation
(TUS) technique recognized the markers, including inter simple sequence regeats
(ISSR) (2088), conserved ortholog sets (COS) (387), single nucleotid polymor-
phism (SNP) (495), and simple sequence repeats (SSR) (728) (Hiremath et al.
2011). Pyrosequencing technology was used, and about two million arrangements
with a mean length of 372 base pairs (bps) were produced in chickpeas. The new
transcript’s long and short reads, which predicted the best results for about 34,760
transcripts’ 1020 bps, were represented. The results mapped 4.8% of the total chick-
pea genome (Garg et al. 2011).

Another study documented 20,162 ESTs and 48,796 bacterial artificial chromo-
somes (BACs) (Varshney et al. 2009). The 2000 SSR markers were reported in
another study. The whole-genome sequencing for chickpeas generated 80,329
sequence tags (Molina et al. 2008). The transcriptomes of Sri Lankan wing beans
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were analyzed in a study by Vatanparast et al. (2016). The study recorded almost
804,757 new transcripts, which generated 16,115 contigs and revealed substantial
genome information. It was observed that 97,241 singleton transcripts and 12,956
SSRs were also generated from the data set. The wing bean genome documented
2594 repeat primers and 5190 SNPs. In one study, the seed transcriptomics of
Pongamia (Millettia pinnata) was observed by using Illumina’s sequencing technol-
ogy. The outcome showed that eighty-three billion reads cover 53,586 assembled
unigenes with a mean length of 787 bp. The information about unigenes contains
73.90% and 44.93% similar proteins to those in the NCBI and Swiss protein data-
bases, respectively.

In total, 364 unigenes were involved in oil biosynthesis and accumulation. These
unigenes had an ability desirable in upcoming functional genomics research. Almost
5710 ESTs and SSRs have documented 7.39 kb of density arrangements (Huang
et al. 2016). One study revealed a PLACS transcription that is symbiotically associ-
ated with N, and is particularly expressed in the roots of legumes. It consists of a
cysteine-rich region and a region that regulates cell numbers (Libault and Stacey
2010). The cytochrome P450 showed significant expression. One study on P450
revealed that these cytochromes also participate in the synthesis and production of
bioproducts. Lotus japonicus L. contains remorin one gene in its root nodule, and
the overexpression of remorin one gene causes an increase in the nodule figure
(Téth et al. 2012).

In a study by Joshi et al. (2013), two soybean species (Glycine max and Glycine
soja) were resequenced. The results identified 425 genes; these genes were not
found in Glycine soja. Twelve genes associated with seed development and two
genes interlaced with lipid metabolism were also identified. Sequencing and phylo-
genetically studying these soybean species confirmed that these two cultivars
belonged to the same ancestor. The resequencing of ninety chickpea genotypes was
performed. The study identified 122 essential genes; these genes were used in the
latest breeding experiments. Six genomic regions (50-200 kb) were also identified.
The resistant genetic traits are beneficial against an assortment of diseases (Varshney
et al. 2013). The resequencing of stable mutation genotypes was performed to locate
the mutation and express it in physical appearance with linking transformation,
offer the ground as a genomic tool, and to define gene tasks (Afzal et al. 2020). A
similar study was performed in Arabidopsis to identify the fast neutron mutagenesis
that induced the deletion and replacement of single base pairs, determined by using
the old chip method (Belfield et al. 2012). Moreover, 2700 coding regions were
identified by Leshchiner et al. (2012) by using old chip methods that influence
mutant phenotypes and using 17,000 SNPs. Also, 0.1 kb deletions were identified in
three genetically mutated lines. The efficiency of old chip methods could improve
other tasks and allow mutated expressions to be removed (Tables 6.2 and 6.3).
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6.4.9 Proteomics

Another excellent omic tool for examining the functional components of proteins in
a particular circumstance is proteomics. It can be used to keep track of potential
genes or proteins involved in biological processes at a specific stage in a particular
tissue. Multiple genes’ functions can be determined by using proteomics in a single
experiment, and new genes can be found that can be employed to combat biotic and
abiotic stresses. Breeding initiatives for legumes, especially beans, may be made
more sustainable by combining the omic approach with these efforts (Afzal
et al. 2019).

Global interest has been shifting toward legumes because they provide 27% of
the world’s principal crops (Duc et al. 2015). They have become the diet of choice
for low-income people in developing nations because of their comparatively higher
protein, fiber, carbohydrate, mineral, and vitamin contents and relatively low cost
compared to nonvegetarian meals. Cowpeas, peas, lupins, and Medicago sp. are the
main legume crops undergoing proteome research. Through these investigations,
the proteins involved in stress tolerance, seed physiology, and plant growth and
development have been discovered (Fecht-Christoffers et al. 2003).

To reduce hidden hunger, the nutritional quality of food crops must be improved.
Deficits in micronutrients are for the most part responsible for that hidden hunger.
Mental illness, poor health, and low productivity have also resulted in this problem.
Globally, nearly two billion people, or one in four people, experience such hidden
hunger (Assembly 2014; Tubiello et al. 2013). Additionally, this hidden hunger can
hinder socioeconomic progress, particularly in low- and middle-income nations. By
supplying wholesome food to large populations, this issue might be solved.
Moreover, according to recent studies, 70% more food will be needed to feed the
global human population by the time it reaches nine billion people, in 2050 (Zargar
et al. 2011).

Proteins that are differently expressed, their subcellular localization, post trans-
lational modification (PTMs), and protein—protein interactions could all be studied
by taking a proteomic approach. Studying post-translational modification, however,
continues to be a significant barrier for proteomic research. The model legume plant
Medicago truncatula (commonly called barrel medic) has been used for the major-
ity of proteome research in legumes. But this is not considered a common crop that
is consumed by humans as food. Therefore, proteomic studies of agricultural
legumes are urgently needed to understand the unique molecular and genetic path-
ways of legumes (de Bruijn 2020). To solve the problems from food insecurity and
nutritional deficiencies, comibining genomes and proteomes with other omic meth-
ods is crucial. These integrated omic techniques may also be used to find other trait-
specific biomarkers.

Proteogenomics is a rapidly developing field of biological study that combines
genomics and proteomics to better understand the mechanisms driving alterations in
plants that have been caused by various stressors. In 2004, Jaffe coined the term
proteogenomics (Jaffe et al. 2004). Several genes and proteins that are crucial to
several biological processes have recently been found by using proteogenomics.
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However, little is known about the mechanisms through which these genes and pro-
teins function in different pathways (Alexandersson et al. 2014). By using a bioin-
formatic method, integrating proteomics into current genomic data shed light on the
cellular processes in agricultural plants.

In order to identify prospective genomic loci, such as transporters and other can-
didate genes important for nutrition transport and accumulation, it is essential to use
this information to establish a relationship between differential protein expression
and stress-derived mRNAs. Additionally, when using a nutrigenomics method, the
correct and accurate enrichment of food crops may result from the discovery of
nutrition-contributing biomarkers and associated QTLs, and proteomics can be used
to further analyze the translated products for stability.

Proteomics contains a high-throughput analysis of all cellular proteomes present
and expressed in a specific cell, tissue, or organ of a species at specific developmen-
tal stages. The protein structure and the modification of the stress-induced regula-
tory functions of proteins encoded by specific genes can be predicted by determining
a proteome’s composition, thanks to the large proteome coverage from improved
quantitative analysis. Proteomics has become indispensable in crop research because
it studies the response mechanisms of different stress-specific traits. The informa-
tion obtained from such analyses can be used to construct proteome mapping that
will help in comparing the protein profiles of different genotypes. Proteomic analy-
sis has been carried out in many model legumes, including Medicago sp., Lotus sp.,
and soybean, which provide sufficient proteomic data on and reference maps of
these legumes, which in turn provide information on the abiotic and biotic stress on
plants. However, many legumes still lack proteomic data, which can be increased by
increasing the availability of transcriptome data and legume genome sequences.
Both differential expression and comparative proteome studies have substantially
contributed to interpretations of stress-specific protein responses in legume crops,
such as responses to dehydrin proteins in chickpeas, drought stress in common
beans, and drought/salt stress in groundnuts (Rai et al. 2018).

6.4.10 Metabolomics

Specialized metabolites that determine the biochemical phenotype of a cell or tissue
are produced in plants and are often thought to be the results of gene expression
(Sumner et al. 2003). Measurements of cellular metabolites, both quantitative and
qualitative, offer comprehensive perspectives on an organism’s metabolic condition,
which may be used to track and evaluate gene activity (Fiehn et al. 2000).
Additionally, metabolomics has made a substantial contribution to the study of
stress biology by discovering a variety of substances, including waste products from
stress metabolism, molecules involved in stress-signal transduction, and plant accli-
matization (Larrainzar et al. 2009; Weckwerth 2003).

Currently, metabolite-profiling and metabolic fingerprinting methods are
employed in the rapidly evolving field of metabolomics. Several analytical
approaches, including separation and identification, have been used to cover the
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large spectrum of metabolites (Doerfler et al. 2013, 2014; Scherling et al. 2010).
Gas chromatography (GC) has been used for the separation of volatile and primary
metabolites such as sugars and amino acids; liquid chromatography (LC) for the
separation of secondary metabolites; capillary electrophoresis (CE) for ionic metab-
olite separation, and ultraperformance liquid chromatography (UPLC) for metabo-
lite separation (Scherling et al. 2010; Soga 2007; Soga et al. 2003; Weckwerth
2011). UPLC is a potent technology that outperforms traditional high-performance
liquid chromatography (HPLC) on resolution, sensitivity, and throughput.

New and improved metabolomic data, industrial platforms, and plant-engineering
methods can be used to refine and increase the production of plant-derivative and
nonplant compounds and to search for new genes. The metabolomics behind the
stress-tolerance mechanism in legumes can be induced. However, metabolomic
studies face many challenges when evaluating large numbers of target metabolites
under stress conditions. Until now, the profiling studies on other legume crops have
provided very limited data on metabolomics. For example, Lotus sp. and peas were
subjected to abiotic stress, common beans to heavy-metal stress, and chickpeas to
biotic stress. Legume crops are sources of flavonoids, which have medicinal and
therapeutic activities, and metabolomic studies can facilitate isoflavonoid profiling
in response to abiotic and biotic stresses. When recombinant DNA technology com-
bines with metabolic approaches, the combination can unveil the mechanism behind
the basic resistance in legume crops and reaffirm the use of biotechnology in breed-
ing management and crop improvement. Extensive metabolic investigations into
coincidences with genomics-assisted breeding strategies is, therefore, crucial for
improving crops and for analyzing the regulatory networks that govern plant growth
and reproduction against climate extremes (Rai et al. 2018).
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6.4.11 Linkage Maps

Linkage maps of legumes can be created by using different molecular markers, such
as isozyme markers. It can also be carried out by using interspecific crosses among
species of the same genus. An integrated genetic linkage map of legumes is conse-
quently a sequence of different morphological and molecular markers, such as
RFLP, RAPD, and isozyme markers. Recombinant inbred line (RIL) population
mapping can be taken as a reference for the construction of genetic maps of high-
density legumes. Further, the reference mapping can be used for the development of
comprehensive maps of all cultivars enriched with markers. Locus-based genetic
maps can also be constructed, which may help in the identification of novel loci in
legume cultivars. Molecular marker screenings from transcriptomic sequences have
been used to map loci in the parental and offspring lines of legumes such as chick-
peas. Interspecific mapping is used to identify the genes of crucial morphological
characteristics. The sequence tagged microsatellite site (STMS) markers used for
genetic map construction, as well as inter simple sequence repeats (ISSRs) and
resistance-gene analogs, can be used to map legume populations. The mapping of
specific populations instead of interspecific populations can lead to the development
of linkage maps that contain diverse agronomical characteristics and molecular
markers. The inheritance of various features, such as seed size, could be used in
linkage mapping for either interspecific populations or intraspecific populations of
legumes (Ghangal et al. 2020).

6.4.12 QTLs for Agronomically Important Traits

Many studies have been conducted to join genomic regions and traits that are agro-
nomically important, such as resistance to biotic stresses (diseases and fungal infec-
tions) and/or abiotic stresses. Identifying the QTLs associated with specific
responses can help elevate the agronomic features in legumes. Various assumed
genes can be identified in major genomic regions. Genome-wide association studies
(GWASs) and QTLs related to disease resistance can be finely mapped. The attempts
at resequencing the whole genome revealed many genomic regions that were under
positive selection for various agronomic traits in different legumes, traits such as
yield, nitrogen fixation, and resistance to abiotic stress. A pool-based DNA analysis
can be conducted to identify the QTLs related to different features in legumes, such
as seed weight, size, color, yield, filling rate, etc. The environmental influences on
agronomic traits are significantly less impactful than the genetic influences (Ghangal
et al. 2020).

For instance, a study carried out by Hossain et al. (2010) found two major QTLs
accounting 20% of seed size variation in chickpeas. Both loci also showed genetic
relationships between seed size and seed weight, which accounted for 37% of this
variation. The roles of environmental factors such as rainfall, soil type, and tempera-
ture were also assessed and were determined to be limited.
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6.4.13 Gene-Expression Data Sets

Genes across various stages in the development of tissues play potential roles in
plants’ adaptability to stress conditions, which is expressed differently depending
on whether the stress is biotic or abiotic. This affects the development of organs and
other tissues. Transcriptomic sequencing has helped in the detection of various
genes or ESTs related to diverse stress responses. However, other methods, such as
EST sequencing, microarray, the super serial analysis of gene expression
(SuperSAGE), and suppression subtractive hybridization, have also been employed
for the detection of genes responsive to abiotic stress. A transcriptome analysis and
a deep SuperSAGE analysis can be performed for the detection of numerous genes
responsive to stresses such as salt, drought, desiccation, low temperature, etc.
Stress-tolerant and stress-susceptible genes can be identified, and their upregulation
or downregulation mechanisms can be explained. The genes expressed under stress
conditions may involve transcription regulation, photosynthesis, secondary metabo-
lite biosynthesis, hormonal responses, energy metabolism, and osmopectorant
metabolism. Some genes are upregulated under specific stress conditions. For
example, in chickpeas, 4954 genes are specifically upregulated in drought-tolerant
genotypes and 5545 genes are upregulated in salinity-tolerant genotypes under
drought stress and salinity stress, respectively. A microarray analysis can be carried
out to profile the disease and immune state of legumes, and those genotypes can be
compared and contrasted to shed light on gene expressions. Gene-expression
switches during host-specific resistance. a global network and a subcellular analysis
have been used for the identification or detection of core genes regulated by and
core genes related to disease or immunity in legumes. Gene-expression studies pro-
file the different tissue types and developmental stages of legumes. Transcript abun-
dance could be measured by high-throughput sequencing. A gene-expression
resource for legumes that consists of tissue samples obtained from different organs
and different developmental stages can help identify the differentially expressed
genes involved in various mechanisms, such as nodulation, flowering, root and seed
development, and stress-responsive genes. This can also help generate a QTL
hotspot for that legume. Differential gene expression can be observed in the same or
different cultivars, according to a specific study that carried out a transcriptomic
analysis (Ghangal et al. 2020).

6.4.14 Noncoding RNAs

The expression of protein coding genes is regulated by noncoding RNAs because
they do not code for functional proteins. In legumes, many micro-RNAs that directly
target mRNA are involved in processes such as plant development and biotic and
abiotic stress responses. The roles of these micro-RNAs (miRNA) analyzed in dif-
ferent tissues of plant suggested their involvement in the regulation of transcriptome-
factor-encoding genes. Moreover, they can be responsible for the gene expression of
tissues, organs, or specific developmental stages. Long intergenic noncoding RNAs
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(lincRNAs) are usually represented by transcripts that are >200 bp long, but they do
not have the ability to encode functional proteins. For instance, 2248 lincRNAs have
been reported in chickpeas as functionally annotated by a network propagation
algorithm. Comprehensive expression profiles for legumes can reveal the presence
or expression of different lincRNAs in various developmental stages and in actively
dividing cells. These lincRNAs can be associated with stress-responsive genes or
any function of legumes during developmental stages (Ghangal et al. 2020).

6.4.15 DNA Methylation

There has been a rapid increase in epigenetic studies for the regulation of gene
expression. Eukaryotic gene expression is widely studied because many epigenetic
factors, such as DNA methylation and histone modifications, are mostly responsible
for their regulation. The methylation-sensitive amplified polymorphism (MSAP)
method helps profile the DNA methylation changes in legume genotypes under any
stress. Single-base resolution methylome analyses of different tissues and organs
reveal many differentially methylated regions (DMRs) between the cultivated and
wild varieties of legumes on the basis of a large number of CG contents (the number
of G’s and C’s in the primer as a percentage of the total bases) or Crustacean
Hyperglycemic Hormone (CHH) contents abundant in organs or tissues. In the
future, many more studies are expected to scrutinize epigenetic regulation in differ-
ent biological contexts (Ghangal et al. 2020).

6.4.16 Genome-Wide Mapping of Epigenetic Markers

Epigenomic-assisted breeding (EAB) is defined as the mapping of epigenetic factors
by manipulating DNA methylation or the demethylation markers that are linked
with the heritable epialleles of a specific trait. It involves two techniques: chromatin-
immunoprecipitated sequencing (Chlp-Seq) and whole-genome bisulfite sequencing
(WGBS), used mainly for the mapping of epigenetic factors. WGBS, accompanied
by the NGS technique, rapidly and vigorously scans the whole genome for the
occurrence of 5-methlycytosine as a symmetrical cytosine methylation. It is used as
a major epigenetic marker that changes the gene-expression regulatory mechanism
and cellular metabolism under difficult environmental conditions. This NGS-based
WGBS approach is very useful in understanding the molecular mechanism of epi-
genetic modification in plants and the methylation pattern in segregated offspring
generations. Recently, epigenetic recombinant inbred lines (epiRIL) have been gen-
erated by crossing the homozygous recessive plant with its wild type to qualify the
heritable phenotypic effect variations on several important traits. Now, this tech-
nique is extensively used to shed light on the de novo DNA methylation mechanism
containing basic heterosis lines of parental and hybrid populations of legumes
through siRNA profiling. This can be further prolonged for other legume crops so
that epigenetic markers can be mapped under stress conditions (Rai et al. 2018).
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6.4.16.1 Challenges of Legume Transformations

DNA must be transferred into a plant to ensure the success of plant transformation.
Legumes show resistance to transformation. It has been documented that some tis-
sues of legume crops have the potential to transfer and some have the ability to
regenerate; these two possibilities are not always in the same tissue. A stable and
efficient transformation protocol is necessary to combat transformation resistance
(Bhowmik et al. 2021). An agrobacterium-mediated gene transformation protocol is
used in most of the legume crops, whereas a biolistic protocol is followed in a few
cases. The CRISPR/Cas9 protocol has been widely applied to soybeans (Zhang
et al. 2020). Until recently, forty-one cultivars of soybeans have been released by
the CRISPR/Cas9 system (Bhowmik et al. 2021). The main issue of using the
CRISPR/Cas9 protocol for large seeded legumes is rooting in vitro, in classes, and
in editing systems. In legumes, method specification and some obstructions prevent
large-scale transformations. For an effective genetic transformation, conventional
and classical transformation approaches cannot be used. CRISPR/Cas9 is an effec-
tive technique to reduce these concerns and obstructions. The commercial fruitful
production of some legume species can be realized only by generating stable and
reproducible methods. Until now, owing to poor in vitro renewal regeneration meth-
ods, the attempted transformations of many legumes have not been successful.
These issues cannot be solved by taking old genetic transformation approaches
(Dewir et al. 2016; Negi et al. 2021).

It has been observed that some countries that produce large quantities of legumes
have been resistant to the production of GMO (genetically modified organism)
crops because of a lack of acceptance in their local markets. The advancement of

Fig. 6.2 Key objectives of
CRISPR/Cas9-based
genome editing in legumes

Objective of
CRISPR/Cas9
Based Genome

Editing in Legumes

Stress resistance Yield and Quality
* Resistance to biotic * Seed size
factors (viruses and * Seed color
insects) . Seec.i flavor
+ Resistance to abiotic * Grain number

factors (heat, salinity,
cold, drought)
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effective transformation techniques is vital not only to reduce hunger but also to
validate the role of genes in targeted crops (Bhowmik et al. 2021). Various methods,
such as sonication-assisted agrobacterium transformation, have earned serious
attention because they hasten the process of genetic transformation in legume crops.
Significant strategies to enhance the rate of genetic transformation in legume include
optimizing explants, increasing the affinity in host—plant relationships, and refining
culture media additives (Sehaole 2022). Further, obstructions to legume transforma-
tion and the methods to overcome these obstructions must be investigated (Fig. 6.2).

6.4.16.2 CRISPR/Cas9 Classes and Editing Systems

The CRISPR/Cas9 method can be divided into two classes: I and II. This classifica-
tion was created on the basis of the function and structure of Cas9 and has been
further classified into six more types (Makarova et al. 2015). Types I, III, and IV fall
under class I, whereas types II, V, and VI fall under class II. Types I, II, and V can
identify and cut DNA, type VI mutates RNA, and type III can improve DNA and
RNA. Previous studies have explained the systems that are derived from similar
forefathers. During the evolution from class II, class I is coded by a particular func-
tion as a gene and loses a section of the added Cas9 gene. Types Il and V are easy to
handle and are useful in agriculture.

6.4.16.3 Base Editing

Two systems—namely, an adenine-base editor (ABE) and a cytosine-base editor
(CBE)—have been extensively used in modern genome-editing systems. The coor-
dinated transfer of DNA into another DNA without damaging the DNA is possible
thanks to ABE and CBE. ABE converts adenine to guanine, and CBE converts
cytosine to thymine (Zhu et al. 2020). The excision results can be yielded by fol-
lowing sequential steps. The initial step is started by the deamination of cytosines
to uridines in nontarget components. The targeted strand designed by Cas9 starts
the different repair pathway of DNA, converts the U-G gap into a U-A base
arrangement, consequently generating the favored T—A base-pairing exchange and
subsequently the DNA duplication. The preferred editing competence is increased
by using uracil glycosylase inhibitor (UGI). UGI can stop Uracil-DNA glycosylase
(UDG) action to deaminate the cytosines to apyrimidinic places (Komor et al.
2016). Recently, a twin base-pairing scheme acted as an additional base corrector
to a cytosine-base editor, and an adenine-base editor has been introduced, imple-
menting the conversion of A to T and G to C (Lin et al. 2020; Grunewald et al.
2020). ABE and CBE are experimental tools and have been primarily exercised in
numerous plants. Some defects, such as low editing efficiency and the formation of
byproducts, need to be explained in upcoming research.
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6.4.16.4 Prime Editing (PE)

The Maloney murine leukemia virus has linked an enzyme (reverse transcriptase)
with the C terminal of CRISPR/Cas9 H840A to a supple connector in the prime
editors (Anzalone et al. 2019). This combination merges pegRNA, a major base edi-
tor, and an enzyme (reverse transcriptase) through an editing array. The equilibrium
between three flap entertaining edits without editing five flaps is created when the
Cas9 nickase enzyme produces an incision in the selected site; the three ends of the
double-stranded DNA and template initiate the reverse transcription (Anzalone
et al. 2019). Various experimental studies have shown that variations can produce
alterations in plant protoplasts, long lasting genotypes with less editing efficiency
(Buttet and Dolar 2020). Many variables can affect plant-editing capacity, such as
the nature of the reverse transcriptase, heat factors, template length, prime binding
site (PBS) length, and second nick (Tang et al. 2020). PE has been completed in
maize. It can be concluded that PE can be a noteworthy genome-editing tool for
harvests, especially for legumes.

6.4.16.5 CRISPR/Cas9 Applications to Improve Major Legume Crops

A CRISPR-based genome editing tool was applied to essential legumes such as
soybeans, chickpeas, lentils, Medicago truncatula, etc. Legumes are grown all over
the globe. It was documented that the total production of soybeans yielded 306 mil-
lion tonnes in 2016 (FAOSTAT 2017); that of lentils was 6.3 million tonnes in 2018
(FAOSTAT 2017); cowpeas yielded 7.4 million tonnes in 2016 (Nkomo et al. 2021);
and chickpea production yielded 11.5 million tonnes in 2017 (FAOSTAT 2019;
Merga and Haji 2019). CRISPR/Cas9 has been documented to improve harvest vol-
ume, quality, and resistance against biotic and abiotic stress (Fig. 6.2). The CRISPR/
Cas9 tool is used to improve various traits of crops, and it will continue to improve
the traits of commercially important crops (Rasheed et al. 2021). CRISPR/Cas9 has
gained much attention in legume trait improvement. Several plant transformation
mechanisms are available, such as agrobacteria, plant protoplasts, and transforming
Arabidopsis thaliana (Narusaka et al. 2012). Cas12a, a new kind of Cas nuclease,
offers free genetic editing. Cpfl brings various site-specific nucleotide deletions.
Cpf1 protein synthesizes crRNAs into protoplasts (Table 6.4).

6.4.17 Applications in Crop Improvement

The aforementioned methods and techniques have been widely used to efficiently
analyze and improve genotypes. Different plant genotypes—namely transcripts,
proteins, and metabolites—were identified and collected, and these biomarkers for
plant metabolism were subjected to different environmental conditions, such as
day—night rhythms. Incorporating metabolites and transcript data demonstrations
assisted in revealing the connection between mRNA operation and the subtleties of
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Table 6.4 Key Applications of CRISPR/Cas9 to improve traits of major legume crops
Crop Genes Traits Tool Delivery system Reference
Soybean | GmIPK] Hairy roots Cas9 A. rhizogenes Carrijo
(SpCas9) et al.
(2021)
GmFEI2 and Hairy roots Cas9 Agrobacterium Cai et al.
GmSHR rhizogenes K599 (2015)
DD20, DD43 Resistance to Cas9 Particle Lietal.
herbicides bombardment (2015)
Glyma06g14180, | Hairy roots and Cas9 A. rhizogenes Sun et al.
Glyma08g02290 | nodules (2015)
Glyma03g36470, | Hairy roots Cas9 Agrobacterium Di et al.
Glymal4g04180 rhizogenes K599 | (2019)
Green forescent Hairy roots Cas9 Agrobacterium Zheng
protein gene rhizogenes K599 | etal.
(2021)
GmFT2a and Delayed Cas9 Agrobacterium Cai et al.
GmFT5a flowering tumefa ciens strain | (2020)
EHA105
GmFAD2—-1 A and | Seed oil profile Cas9 Agrobacterium Do et al.
GmFAD2—-1B rhizogenes K599 (2019)
GmPDS11 Biosynthesis of | Cas9 Agrobacterium Du et al.
carotenoids rhizogenes K599 | (2016)
GmF3HI, Resistance to Cas9 Agrobacterium Zhang
GmF3H2 soybean mosaic rhizogenes K599 | et al.
virus (2020)
GmLoxl, GmLox2 | Soybean seed Cas9 A. tumefaciens Wang
favor GV3101 etal.
(2020)
GmSPL9 Altered pod Cas9 Agrobacterium Bao et al.
number tumefaciens U3 (2019)
FAD2-A Fatty acid content | CRISPR/ | Agrobacterium Duan et al.
Casl2a rhizogenes strain (2021)
K599
GmHSP17.9 Seed yield Cas9 Agrobacterium Yang et al.
rhizogene K599 (2022)
Chickpea | CrylAabc Resistance to pod | Cas9 Agrobacterium Das et al.
borer tumefa ciens strain | (2017)
EHA105
OsNAS2 and Fe biofortification | Cas9 Agrobacterium Das et al.
CaNAS2 tumefa ciens strain | (2019)
AGL1
4CL, (RVE7) Drought tolerance | Cas9 Protoplast Badhan
transformation et al.
using polyethylene | (2021)

glycol (PEG)

(continued)
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Table 6.4 (continued)

Crop Genes Traits Tool Delivery system Reference
Peanut AhNFRI1 Improved Cas9 Agrobacterium Shu et al.
rhizobia rhizogenes strain (2020)
inoculation K599
ahFAD28 Increased linolic | Cas9 Agrobacterium Yuan et al.
acid rhizogenes strain (2019)
K599
Ara h?2 Improved Cas9 Polyethylene Biswas
nutritional glycol et al.
properties (2022)
FAD2B Oleic acid content | Cas9 Agrobacterium Wei et al.
tumefaciens strain | (2022)
GV3101
Cowpea | VuSPO11-1 Improved Cas9 Agrobacterium Che et al.
regeneration auxotrophic strain | (2021)
efficiency LBA4404
Alfalfa NOD26 Enhanced protein | Cas9 A. tumefaciens Bottero
content for LBA4404 etal.
nutritious values (2021)
MsSGR Green plants Cas9 A. tumefaciens Wolabu
strain EHA 105 et al.
(2020)
Lotus LjLB3 Nodule Cas9 A. rhizogenes Wang
Jjaponicus development for LBA1334 et al.
nitrogen fixation (2016)

Table 6.5 Legume-genome-sequencing results, the discovery of genes, and ESTs generated

Sr. # | Legume species No. of genes | No. of ESTs | Reference

1 Cajanus cajan 48,680 25,640 Varshney et al. (2012)
2 Cicer arientum (chickpea) 28,269 46,064 Varshney et al. (2013)
3 Lotus japonicus (trefoil) 46,430 1,530,030 Schmutz et al. (2010)
4 Medicago truncatula (barrel medic) | 47,845 286,175 Young et al. (2011)

secondary metabolisms. Manipulating these approaches in QTL-based marker-
assisted breeding methods produces a noticeable expansion.

Several studies on legumes have focused on DNA markers, proteomics, and
metabolomics. Such efforts need to be made for crops. Marker-assisted selection
can hasten the procedure and the recognition of essential traits in the early years of
the assortment process. However, the effectiveness of these markers should first be
analyzed with numerous samples and by using strong statistical powers (Gupta
et al. 2014) (Table 6.5).
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6.4.17.1 RNA Sequencing in Legumes

Transcriptome RNA sequencing is an advanced technique for profiling genes. This
RNA-sequencing technique provides information about gene characteristics, gene-
expression analysis, and functional genomic studies, even when little information is
known about the studied genome. Next-generation sequencing—genome sequenc-
ing, RNA sequencing (transcriptome sequencing), and resequencing (DNA sequenc-
ing)—offers information on legume growth and expansion systems by using genome
evolution and structural design studies (Orourke et al. 2014). RNA sequencing is the
cheapest method for quantification. It obtains efficient, precise, and wide-ranging
results. Chip-based methods have been replaced by NGS (modern plant omic tech-
niques) for genomic studies and need precision on bioinformatics and data analysis.
The complete transcript profiling of the seeds and similar phenotypes can offer
genes of interest and their functions, which can regulate the desired traits and pro-
vide a beneficial platform from which a gene map of the species could be assem-
bled. Regarding genome-wide transcriptome profiling, RNA-based sequencing
techniques were used for different crops, such as rice (Davidson et al. 2012), maize,
chickpeas, (Mahdavi Mashaki et al. 2018), and Raphanus sativas (Arun-Chinnappa
and McCurdy 2015). RNA sequencing has been applied to study the development,
nitrogen fixation, composition, and stress adaptation of the following legumes:
M. truncatula (Boscari et al. 2013), soybeans (Atwood et al. 2014), Lupin sp.
(O’Rourke et al. 2013), and alfalfas (Yang et al. 2011). RNA sequencing has been
used to analyze micro-RNA in M. truncatula, common beans, and soybeans (Turner
et al. 2012; Simon et al. 2009). The results of the soybean genome investigation
revealed that 90.4% of gene models are transcriptionally active, that there are 46,430
high-confidence genes, and that there are 19,780 lower-confidence genes (Schmutz
et al. 2010).

Three upper-group tissues, ground tissues, and seed tissues were predicted by a
hierarchical clustering analysis using tissue and development transcripts (Severin
et al. 2010a,b). In a transcriptomic investigation, extraordinarily high-throughput
next-generation RNA-sequencing established a precedent (Garg and Jain 2013).
Transcriptomic research benefits from the availability of software that assembles
genome-sequencing data (O’Rourke et al. 2013). The greatest of the legume crops’
RNA-sequencing data have been gathered, although research on Medicago sativa,
chickpeas (Garg et al. 2011), and peanuts has received the most attention (Zhang
et al. 2012), though lentils (Kaur et al. 2011) and common beans (Kalavacharia
et al. 2011) have also undergone remarkable development.

By using the genotype of the fava bean, RNA-sequencing techniques were
employed to identify the root transcriptome of differentially expressed genes
(DEGS) under drought stress (Hassawi 2). Samples were taken at the vegetative and
blooming stages. The results of the data analysis suggested that there were 198,155
unigenes with an average length of 738 bp and roughly 624.8 M quality reads. The
majority of the unigenes were downregulated at both stages (vegetative and repro-
ductive), according to the results. Furthermore, 14,097 upregulated genes were
found at the vegetative stage, compared to 15,366 upregulated genes at the
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blooming stage. At the flowering stage, 20,144 genes were downregulated, whereas
at the vegetative stage, 22,737 genes were downregulated (Afzal et al. 2020).

Different regulatory proteins, including kinases and phosphatases, transcription
factors (TFs), plant hormones, and functional proteins (including enzymes for
osmoprotection, detoxification, and transportation). The expression and upregula-
tion of drought stress—responsive genes was induced by these genes. At the expres-
sion level, significant change was seen in the genes under drought stress. The
qT-PCR results are consistent with the sequencing data, which is helpful for func-
tional genomics and understanding plant tolerance mechanisms (Alghamdi
et al. 2018).

6.4.17.2 Computational Resources for RNA-Seq Transcriptome Analysis

Several studies have obtained transcriptome data for a select few legumes (Medicago
sp., soybeans, chickpeas, and Lotus, sp.) (Garg and Jain 2013). The ability to handle
and make these data available to researchers, thanks to transcriptome analysis, will
aid them in providing and analyzing the specific transcription activity of certain
genes at particular developmental stages.

These numerous experiments are further aided by the ability to describe and
annotate the functions of these genes in legumes. Characterizations and measure-
ments of the transcriptome are now possible because of next-generation sequencing.
The development of advanced bioinformatic software has been aided by the charac-
terization and quantification of the transcriptome. Performing a transcriptome anal-
ysis is important for any research on organisms (Yang and Kim 2015).

The software used routinely for the RNA-sequencing workflow is shown in
Table 6.5. It starts with designing the RNA-sequence experiments and progresses to
performing quality control on the sequence reads, quantitative expression analysis,
annotation, and alignment.

7 Conclusion

Currently, more than half of the world’s population is facing the same problem:
malnutrition. Improvements to the micronutrients in legumes can themselves
improve agriculture systems so that they can addresses food security.

This chapter focused on biotechnological approaches to improving the micronu-
trients in legumes. The most common micronutrient deficiency problems are affect-
ing human health all over the world. The latest biotechnological techniques need to
be applied to produce micronutrient-enriched crop yields. These modern biotechno-
logical techniques have been used in molecular markers, genetics, transcriptomics,
metabolomics, and proteomics. The application of biotechnology techniques can
help to unlock the genetic potential of legumes, which can lead to further research
opportunities.
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Chapter 7
Nutritional Enrichment in Legumes
Through Omics Approaches
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Abstract Legumes belong to the Fabaceae family are nutritionally rich in protein,
especially black-eyed peas, mungbeans, soybeans, and peas. Legumes are important
sources of plant protein in many diets. They are also an excellent reservoir of dietary
fiber and complex carbohydrates, resulting in a low glycemic index (GI). Legumes
are considered to be valuable sources of potentially functional ingredients, and a
remarkable shift toward the increased consumption of legume proteins has been
noticed in the past decade. Legumes are pods or fruits containing seeds or dry grains
and have a tendency to fix nitrogen in soil. In the past twenty years, the scientific
community have made great strides in different fields thanks to the development of
high-throughput omic technologies. Four major types of omics have emerged:
genomics, transcriptomics, proteomics, and metabolomics.

Functional foods are natural products of plants that have health benefits beyond
necessary nutrition. Efforts to identify functional foods in our diet and their benefi-
cial aspects have been limited to a few crops. Advances in sequencing and the avail-
ability of different omic technologies have given opportunities to utilize these tools
to enhance the functional components of certain foods to ensure nutritional security.

This chapter provides insights into omic studies that have been carried out to
determine the active components of crops and improve them by enhancing the func-
tional compounds in legume plants. The functional foods that are being used to
improve staple foods need to be characterized in order to more effectively tackle
malnutrition and hunger.
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1 Nutrients in Legumes

The term legume is a derivative of a botanical word—Leguminosae, which are the
dry seeds of the family Papilionaceae, which is the third largest family of higher
plants. Legumes are also called pulses. Soybeans are the most cultivated legumes in
the world, followed by fava beans and peas. They have made positive contribution
to soil fertility by promising nitrogen availability to plants thanks to their symbiotic
relationship with rhizobia. The daily consumption of legumes is highly commended.
In the Middle Ages, legumes were sources of high energy in human diets thanks to
their containing starch and protein. Nowadays, the inclusion of legumes in daily
diets has been replaced by other foods, like cereals, potatoes, etc. Many factors are
responsible for their current low consumption: the expanding effect of legumes,
their simple and rustic image, their being perceived as animal fodder, their low cul-
tivation level, etc. (Erbersdobler et al. 2017).

Nearly a thousand varieties of legumes are now known, among which only
twenty are cultivated for human consumption. Some common legumes used as food
are chickpeas (Cicer arietinum L.), pigeon peas (Cajanus cajan L.), mungbeans
(Vigna radiata L.), cowpeas (Vigna unvuiculata), urdbeans (Vigna mungo L.),
French beans (Phaseolus vulgaris), field peas (Pisum sativum L.), lentils (Lens culi-
naris Medik), horse grams (Macrotyloma uniflorum), soybeans (Glycine max),
moth beans (Vigna aconitifolia), grass peas (Lathyrus sativus L.), and a few others.
In combination with other cereals, pulses can be used as tools in processing and
developing new food products, such as breads, pastas, snacks, soups, cereal bar fil-
ings, meats, and bakery products (Kumar and Pandey 2020).

Legumes are used as staple foods for a large portion of the world’s population,
especially for low-income people. Legumes’ seeds contain valuable numbers of
carbohydrates, fibers, proteins, and important structures of essential amino acids.
Sulfur-containing amino acids are limiting. Legumes are reported to have some
non-nutritional compounds as well. These compounds have toxic effects when the
absorption of nutrients is reduced. However, these non-nutritional compounds also
have many bioactive compounds, such as antioxidants and hypolipidemic, hypogly-
cemic, and anticarcinogenic properties, depending on the number of legumes con-
sumed. These beneficial properties of non-nutritional compounds have been
scientifically proven.

People in countries that consume a lot of legumes have lower risks of colorectal
cancer. Studies have suggested that legumes are substitutes for preventive chemo-
therapy against various cancers, such as colon cancer. Legume grains are important
for human health, more so for people in low-income countries (Sanchez-Chino et al.
2015). Percentages of some of the principal constituents of commonly used legume
seeds and their nutrient compositions, in terms of g/100 g, are in Tables 7.1 and 7.2
below, respectively;

Before the use of potatoes, legumes and cereals were the important sources of
starch in human diets because starch is one of their major components. They contain
relatively high levels of carbohydrates, fats, dietary fibers, proteins, etc. Peas and
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Table 7.1 Principal constituents of some major legume seeds

Legume Protein (%) Oil (%) Starch (%) Fiber (%) Sucrose (%)
Soybean 35.1-42 17.7-21.0 1.5 20 6.2
Common bean 20.9-27.8 0.9-2.4 41.5 10 5

Pea 18.3-31 0.6-5.5 45 12 2.1

Fava bean 26.1-38 1.1-2.5 37.5-45.6 7.5-13.1 04-2.3
Lentil 23-32 0.8-2 46 12 2.9

Chick pea 15.5-28.2 3.1-7 44.6 9 2

Cow pea 23.5 1.3 - - -
Mungbean 22.9-23.6 1.2 45 7.0 1.1

Pigeon pea 19.5-22.9 1.3-3.8 443 10 2.5

Reference: Kumar and Pandey (2020)

Table 7.2 Nutrient composition of the most-consumed legumes (g/100 g)

Components Chickpea |Pea Lentil | Broad bean |Bean | Soybean | Peanut
Proteins 23.6 21.9 |20.6 26.6 21.6 36.9 24.8
Carbohydrates | 62.3 52.5 |564 354 47.8 6.1 19.0
Fibers 3.8 10.4 6.83 |313 18.4 20.9 3.1
Lipids 6.4 2.3 2.15 1.8 1.6 18.1 49.7
Ashes 3.7 3.0 2.8 4.1 4 4.7 2

Reference: Sanchez-Chino et al. (2015)

fava beans are rich in starch content. Soybeans contain considerable numbers of fats
and proteins but have a low level of functional carbohydrates. Lupines are high in
dietary fibers and proteins. Therefore, soybeans and lupines can be used to produce
isolates and concentrates of proteins for technological and nutritional purposes.
White lupines contain more proteins and fats but have low fiber content than blue
and yellow lupines. Therefore, white lupines are more useful in daily nutrition
(Erbersdobler et al. 2017).

A series of treatments were conducted before the consumption of legume seeds,
consisting of mostly soaking the legumes in water before cooking them and before
germination. These treatments help promote the deliciousness of legumes and also
accelerate bionutrient availability. The number of bionutrients is also enhanced
thanks to the inactivation of various enzymes, such as proteases, inhibitors, and
hemagglutinins, and that of many other compounds. A mature legume seed is com-
posed of a seed coat (testa), a cotyledon, and an embryonic axis. The energy reser-
voirs that form the anatomical structure of seeds are present within the cotyledon in
the form of protein bodies and starch granules. Although the chemical composition
of legumes varies from species to species, the high concentration of proteins, fibers,
and carbohydrates and the low level of lipids are significant in each species
(Sanchez-Chino et al. 2015). Detailed studies on each nutrient in legumes are pre-
sented below.
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2 Carbohydrates

Legumes contain a special proportion of carbohydrates, which is their distinguish-
ing characteristic. Carbohydrates make legumes a desirable food, and their slow
digestion rate makes them a food with a low GI (Sanchez-Chino et al. 2015). This
low glycemic index has made them preferable for people with diabetes as it keeps
blood glucose levels under control. Additionally, legumes are gluten-free and can be
used by people with celiac disease (Maphosa and Jideani 2017).

About 6-62% of legume seeds contain carbohydrates, mainly starch. The starch
in a legume may change the legume’s structure for the starch’s functional activity. It
is transformed into a resistant starch during processing and acts as fiber. Many other
carbohydrates are also in legumes. Monosaccharides (ribose, galactose, glucose,
and fructose), disaccharides (maltose and sucrose), and a-galactosides (stachyose,
raffinose, and verbascose) are also present. After reaching the colon, a-galactosides
are fermented by bacteria. The fermentation results in the production of oxygen,
carbon dioxide, and methane. These gases result in flatulence because the human
digestive system lacks the enzyme used to degrade polysaccharides—a-galactosidase
(Sanchez-Chino et al. 2015) (Table 7.3).

3 Proteins

Plant-derived proteins are healthy and sustainable substitutes for animal-based pro-
teins and will reduce the latter’s immense consumption in human diets. One unit
study found a certain correlation between uptakes of animal-based food and an
increase in early cardiovascular death. Food from plants is associated with lower
early cardiovascular mortality and lower overall mortality. As a result of overpopu-
lation, more plant-derived proteins need to be consumed in human diets. Legumes
are rich in protein content at 20—40% of their dry matter, which is relatively higher
than cereals, whose protein content amounts to only 10-15% of their dry matter.
The isolates and concentrates of proteins are most often used in the nutrition-rich
special diets of athletes. However, high-quality protein foods are needed for the
growing tendency toward vegetarian and vegan diets (Erbersdobler et al. 2017).
Pulses rich in proteins can be used as additives in various food substances, such as

Table 7.3 Concentrations of a-galactosides in various legumes (% on dry matter basis)

Lentil Chickpea Broad Lupin Soybean
Carbohydrates | Bean (%) (%) (%) Pea (%) | bean (%) | (%) (%)
Raffinose <0.05-0.93 |0.3-1.0 |0.4-1.2 0.3-1.6 |0.1-0.3 |0.5-1.1 |0.5-1.3
Stachyose 0.5-4.1 1.7-3.1 12.0-3.6 1.3-5.5 [0.7-3.1 [0.9-74 2243
Verbascose 0.06-4.00 |0.6-3.1 |0.64.2 1.642 |1.7-3.1 |0.6-3.44/0.0-0.3
Total 2.6-6.6 3.0-7.1 |7.4-175 5.1-8.7 |3.1-42 | 74-95 |2-6

Reference: Sanchez-Chino et al. (2015)
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sauces, chocolates, soups, confectionaries, sausages, etc. because of their water-
and oil-binding aptitudes (Kumar and Pandey 2020).

The protein concentration in legumes is affected by various factors, including
genetic and environmental circumstances. A seed assembles proteins in its cotyle-
don during its growth period, which provides nourishment through freely available
amino acids, ammonia, and carbon. The carbon in amino acids acts as a skeleton for
the seeds during germination. The large fractions of storage proteins are found
mainly in legume seeds, classified on the basis of their solubility: globulins, albu-
mins, prolamins, and glutelins. About 70% of the total protein amount is occupied
by the globulins, which are soluble in saline solution and have a high quantity of
legumin and vicilin. Albumins, which are water soluble, make up 10-12% of the
total protein content. Glutelins account for 10-20% of the total protein content and
are easily soluble in diluted acids and in alkaline solutions, whereas prolamins make
up very little to none of the protein content in seeds. Prolamins are soluble in a
50-80% ethanol solution. Sulfur-containing amino acids appear in low concentra-
tions in legumes. Tryptophan has received more attention than lysine amino acids.
Combining legumes with different cereals in a dietary regime provides amino acids
that are essential for balanced nutrition (Sanchez-Chino et al. 2015).

The global consumption of soybeans is rather important. Its production is above
330 million tonnes. Of its contents, 37-42% are proteins, mainly storage proteins
such as globulin, B-conglycinin, and glycinin. The soybean proteins lack sulfur-
containing amino acids but have all the functional essential amino acid necessary
for the human body—e.g., lysine, leucine, isoleucine, methionine, cysteine, tyro-
sine, threonine, tryptophan, valine, histidine, and phenylalanine.

Mungbeans are widely cultivated in Asia, which produces approximately 90%
of the global supply. The proteins in mungbeans, which are also storage proteins,
account for 20-25% of mungbean dry weight. They are composed of 60% globulin
and 25% albumin, along with many other essential amino acids, including leucine
(1.847%), isoleucine (1.008%), phenylalanine (1.443%), valine (1.237%), arginine
(1.672%), lysine (1.664%), methionine (0.286%), tryptophan (0.26%), histidine
(0.695%), and threonine (0.782%). The digestibility of mungbean protein is 70%,
which is higher than that of soybean protein, at 65%. Protein concentrations in peas
range from 21.2% to 32.9%, among which the major storage proteins are globulins.
The nutritional value of globulins varies depending on their amino-acid profiles.
Arginine, valine and methionine are present in higher concentrations than the con-
centrations of glutamic acid and cysteine (Kumar and Pandey 2020) (Table 7.4).

Table 7.4 Protein concentrations in legumes, according to Osborne’s classification

Legume Globulins (%) Albumins (%) Glutelins (%) Prolamins (%)
Bean 35-39.3 27.6-36.6 0.2-0.4 0.1-0.2

Lupin 71.8 11.2 5.5 1.0

Pea 66 21 12 Not determined
Soybean 90 10 0 0

Reference: Sanchez-Chino et al. (2015)
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4 Fibers

The amount of fiber material in legumes is another reason for humans to consume
legume seeds. The fiber content varies depending on the species, variety, and pro-
cessing of seeds. In legumes, concentrations of fiber content range from 8% to
27.5%, and around 3.3% to 13.8% of this is soluble fiber. The cotyledon’s cell wall
contains various polysaccharides: 55% are pectic substances, 9% are cellulose, and
6—12% or 16-18% are noncellulosic glucans with no starch. However, inside the
seed coat, the cellulose content is higher: 35-57% (Sanchez-Chino et al. 2015).

S Lipids

Legumes have either low fat content or high fat concentrations, so they can be cat-
egorized into two classes on the basis of their various lipid contents. Legumes with
low fat content are chickpeas, beans, lentils, and broad beans, which have about
1-6% lipid content. Peanuts and soybeans are classified into the category of legumes
with high fat content because 50% and 18% of their contents are lipids, respectively.
High concentrations of triglycerides, monounsaturated, and fatty acids are also
prominent in legumes (Maphosa and Jideani 2017). Lastly, 52.5% of soybean con-
tent is linolenic and 7.5% is linolenic acids (Sanchez-Chino et al. 2015).

6 Minerals

Mineral accessibility is defined by mineral content, mineral-mineral interactions,
and the level of tannic and phytic acids, which differ among legumes. The mineral
content depends in part on the conditions at the time of cultivation but mainly on the
level of phytic acid. Soybeans have the highest phytic acid content—i.e., >2%—fol-
lowed by fava beans and peas (Erbersdobler et al. 2017). These minerals are essen-
tial for proper physiological responses in humans. For example, calcium regulates
bone health, copper is required for enzyme activity and proper iron metabolism, and
chromium and zinc are responsible for the metabolism of carbohydrates and lipids.
Zinc is also necessary for plasma membrane stability and protein synthesis, and iron
is used for hemoglobin synthesis and antioxidant activities. Sodium content is com-
paratively low in legumes. On the other hand, although legumes are rich in iron,
little of this iron is available to human, which decreases the bioavailability of iron in
legumes. To increase iron absorption from legumes, they can be combined with
foods that are rich in vitamin C, which can also prevent anemia, especially in women
(Maphosa and Jideani 2017).

Legumes contain important amounts of different minerals required by humans.
For instance, chickpeas contain 5 mg 100~¢ of iron (Fe), 4.1 mg 100~¢ of zinc (Zn),
and 138 mg 10072 or 160 mg 100~¢ of calcium (Ca). Half the daily required intake
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Table 7.5 Most important minerals in legumes
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Minerals Peas Fava beans Lupines (blue) Soybeans
Potassium (g) 1.0 1.2 1.1 1.8
Calcium (g) 0.05 0.14 0.24 0.21
Magnesium (g) 0.12 0.15 0.13 0.22

Iron (mg) 5.2 6.7 5.4 8.0
Copper (mg) 0.66 1.1 0.6 1.2

Zinc (mg) 32 4.1 5.1 4.2
Selenium (pg) 1.6 2.0 4.7 19

Reference: Erbersdobler et al. (2017)

of Fe—i.e., 1.05 mg/day for men and 1.46 mg/day for women—and Zn—i.e.,
4.2 mg/day for men and 3.0 mg/day for women—can be obtained from 100 g of
chickpea seeds. Also, 200 g of seeds can be consumed for their magnesium (Mg),
where 260 mg/day is needed by men and 220 mg/day is needed for women. However,
chickpeas contain lower iron amounts—5.45 mg 100~¢—than other pulses. Lentils
and beans contain 8.60 mg 1007¢ and 7.48 mg 1007¢ of iron, respectively. Beans can
be sources of about 10-20% of daily nutrients in terms of the minerals required by
adult humans. They contain high proportions of Fe, Mg, and Mn and low propor-
tions of Zn, Cu, and Ca. These values of Fe, Zn, and Ca are lower than those in
animal-based foods. Legumes also contain trace elements of selenium (Se), an
essential trace element in human nutrition. Chickpeas, for example, contain 8.2 mg
of Se and contain many other trace elements, such as 10.2 mg of aluminum (Al),
0.12 mg of chromium (Cr), 0.26 mg of nickel (Ni), 0.48 mg of lead (Pb), and
0.01 mg of cadmium (Cd) (Sanchez-Chino et al. 2015) (Table 7.5).

7 Vitamins

Legumes are rich in vitamins, mainly the B group of vitamins, such as thiamin,
riboflavin, and folate. But many fat-soluble vitamins and vitamin C are not present
in them. Folate as an important nutrient and has been reported for its therapeutical
significance. It is used to diminish the threat of neural tube imperfections such as
spina bifida in newborn babies (Maphosa and Jideani 2017) (Table 7.6).

8 Bioactive and Non-nutrient Compounds

Many bioactive compounds, such as phytochemicals and antioxidants, are in
legumes. Lignin, saponins, alkaloids, isoflavones, phytoestrogens, phytates, trypsin,
and chymotrypsin inhibitors are nontoxic chemicals but are known as antinutrients.
These non-nutrient compounds have physiological effects on the digestibility of
proteins and the availability of some bioactive compounds, such as minerals.
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Table 7.6 Most important vitamins in legumes

A. Younas et al.

Vitamins Peas Fava beans Lupins (blue) Soybeans
a-tocopherol (mg) 0.11 0.08 1.1 6.5
y-tocopherol mg 5.0 Not determined 15.3 23.0
Thiamine (mg) 0.7 0.255 0.32 1.0
(vitamin B,)

Riboflavin (mg) 0.27 0.29 0.59 0.46
(vitamin B,)

Pyridoxine (mg) 0.12 0.37 0.4 1.1
(vitamin Bg)

Folates (pg) 274 423 40 250

Reference: Erbersdobler et al. (2017)

Table 7.7 Non-nutrients in common legumes (% on dry matter basis)

Legume Polyphenols Phytic acids Tannins a-galactosides
Common bean 0.3 1.0 0 3.1

Brown bean 1.0 1.1 0.5 3.0

Pea 0.2 0.9 0.1 59

Lentil 0.8 0.6 0.1 35

Fava bean 0.8 1.0 0.5 2.9

Chickpea 0.5 0.5 0 3.8

Soybean 0.4 1.0 0.1 4.0

Pigeon pea 0.2 0.1 0 0

Reference: Maphosa and Jideani (2017)

Antinutrients are heat sensitive, so when legumes are cooked for consumption, they
pose no threats to human health. The decontamination of legumes before processing
can be carried out by dehulling, soaking, boiling, steaming, sprouting, roasting, and
fermenting them. Most of the antinutrient compounds have antioxidant activities,
which are used to manage some cancers, heart diseases, bone diseases, and other
chronic diseases. Some of the non-nutrients in legumes are listed in Table 7.7.
Although legumes contain large proportions of nutritional compounds, many
people have rejected the consumption of legumes in their daily diets because of the
presence of these non-nutritional compounds, which may have positive or negative
effects on their health. The effect of antinutrient compounds completely depends on
the how many legumes a person consumes. These non-nutrient compounds accumu-
late in seeds as defense mechanisms against attacks from parasites, fungi, and her-
bivores and to maintain the growth of their plants during unfavorable conditions.
Non-nutrient compounds in legumes are classified into two major groups. The first
group contains all the protein compounds, such as lectins, agglutinins, protease
inhibitors (e.g., trypsin and chymotrypsin inhibitors), and bioactive peptides. The
second group contains all the nonprotein compounds, such as alkaloids, phytic
acids, phenolic compounds (tannins), and saponins (Sanchez-Chino et al. 2015).
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Some of the other bioactive compounds in legumes include polyphenols and
their derivatives, including flavanols, flavans, tocopherols, and anthocyanins.
Legumes contain 321-2404 pg of glutathione and tocopherol per 100 g. Tannins
inhibit protein digestion thanks to their reducing nature and are thus considered
undesirable. The color of a legume’s seed coat is now being associated with antioxi-
dant properties. The denser the color of the seed coat, the higher the value of anti-
oxidant material in a legume. For example, black beans, red kidney beans, black
grams, and Bambara groundnuts possess high antioxidant and anticarcinogenic
potentials (Maphosa and Jideani 2017) (Figs. 7.1 and 7.2).

9 Multiomic Techniques for Legumes

9.1 Multiomics

Omic technologies have revolutionized an emerging scientific era. These techniques
are based on the comprehensive study or detection of genes (genomics), proteins
(proteomics), Ribonucleic acid (RNAs) (transcriptomics), metabolites (metabolo-
mics), and the quantitative aspects of medical imaging (radiomics). Multiomic tech-
niques are widely used in the basic research on and clinical treatment of many
diseases. Genomics and transcriptomics, based on next-generation sequencing
(NGS), shed light on genomes, especially diseased genomes, and can also find dif-
ferently expressed genes, which are responsible for the establishment of different
molecular subtypes and stratifications (Lu and Zhan 2018). Integrating mutiomic
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data s also being used to design a single model for trait extrapolation. Transcriptomic
data and genomic data can be combined to understand the agronomic traits of plants.
Transcriptomic, genomic, and metabolomic data can be used to study phenotypic
hybrids (Xu et al. 2021).

9.2 Genomics

In recent decades, omic technologies have gained the interest of researchers and
emerged as a promising new technology. Such approaches gained importance and
became valuable for discovering the molecular and genetic bases of crop develop-
ment thanks to their various levels of modification for mineral nutrients, metabo-
lites, proteins, transcripts, and DNA in response to physiological and environmental
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stresses (Muthamilarasan et al. 2019). Plant systems corresponding to molecular
compositions have been revealed by multiple omic approaches, including genomics,
phenomics, transcriptomics, ionomics, proteomics, mutagenomics, and metabolo-
mics. Legume crops are important for the global food supply and for food security.
The instability and low yields of legume grains, compared with cereal crops, is a
massive constraint to expanding legume crop cultivation.

The past few decades have witnessed remarkable growth in genomics-derived
legume crops. Approaches based on genomics have fast-tracked the growth and
development of different varieties of crops with agriculturally superior traits.
Genomics helps researchers optimally use resources to improve the predictability of
field performance. Legume crop improvements based on genomics have reduced a
prolonged generation time to a short generation time thanks to rapid-generation
technologies (RGT). Genomics supports hybrid breeding in legumes to obtain
good-quality crop yields (Bohra et al. 2021). Such robust approaches are also used
in the identification of senescence, yields, and stress responses—essential compo-
nents to making legume crops more economical (Deshmukh et al. 2014).

Genomics is the study of genes, gene products, and genomes, focusing mainly on
the evolution, function, structure, mapping, and editing of genomes. Several tech-
nologies have been developed from genomics, including structural and functional
genomics, epigenomics, transcriptomics, pangenomics, and proteomics (Pennie
et al. 2001). Genomics illustrates the genetic variation in legumes and enhances the
breeding efficiency of crops, thus producing improved legume crop species (Bohra
et al. 2021).

9.3 Structural Genomics

Structural genomics incorporates sequence polymorphism and chromosomal orga-
nization. It enables biologists to use DNA markers to create genetic and physical
maps in order to identify certain traits, and it provides proteins with 3D structures
by encoding genes in legumes (Sato et al. 2010; Skolnick et al. 2000; Tettelin et al.
2005). In legumes, the most used DNA marker technologies can be divided into two
categories: non-PCR-based and PCR-based approaches. Non-polymerase chain-
reaction-based approaches include restriction fragment-length polymorphism
(RFLP). In RFLP, restriction fragments of DNA are formed through digestion with
restriction endonuclease enzyme and separated by using gel electrophoresis. Such
fragments help in the detection of polymorphism by undergoing southern blotting
using chemically labeled probes of DNA. Polymerase chain-reaction-based
approaches include random amplified polymorphic DNAs (RAPDs), amplified
fragment-length polymorphisms (AFLPs), and single-nucleotide polymorphisms
(SNPs) (Govindaraj et al. 2015; Sato et al. 2010).
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9.4 Functional Genomics

Functional genomics sheds light on the functions of particular genes in regulating
specific traits, also called traits of interest. A variety of information provided by
structural genomics is used in functional genomics in the experimental evaluation of
gene functions. Numerous biotechnological tools have been developed for isolating,
colonizing, and characterizing specified genes. Functional genomics requires fol-
lowing arduous procedures—expressed sequence tag (EST), complementary DNA
and amplified fragment-length polymorphism (cDNA-AFLP) sequencing, and sup-
pression subtractive hybridization (SSH)—for gene detection. It facilitates assess-
ing genetic variation in legume species by improving traits in legumes such that
they become resistant to several biotic and abiotic stresses (Muthamilarasan et al.
2019; Mishra et al. 2014). After the publication of the reference genome sequences
of different legumes, many wild and cultivated genomes of legumes, their genetic
diversities, and their selection signatures have been identified. An accurate refer-
ence genome can enhance functional genomics research and the de novo assembly
of genomes on the basis of using advanced sequencing technologies.

Genomic approaches can be used for the discovery of the genes associated with
productivity as well. Hybrid analysis, fine mapping, and expression analysis can
also be performed. Various agronomic traits related to the genes responsible for
flowering and yield can be analyzed, and a more-productive cultivation of legumes
can be performed. The genes identified for better productivity can be used to make
hybrids that are ecologically adaptable and produce higher yields. The bionutrients
in legumes are immensely important in human diets. Sequencing and the sequenc-
ing of the genomes of legumes can help in identifying the gene that can increase the
availability of these nutrients to organisms. It can also result in an increase in seed
size, oil content, etc. Genomic analysis has helped in the identification of only a few
genes that regulate legume productivity. The flowering-time-related genes could be
used to plant legumes in new ecological locations (Benlloch et al. 2015). Genes
responsible for nutrient contents, such as for oil and protein, could be used to
improve the seed composition of legumes. Scientists need a platform that integrates
global data on reference genome series because the number of wild and cultivated
legume germplasms are increasing day by day. Such a platform would expand the
range of available germplasm resources from legumes (Wang et al. 2003).

9.5 Pangenomics

Pangenomics deals with pangenomes and is the study of the core genome or genomic
sequences of all individuals of a species. It allows for the characterization and min-
ing of the genes responsible for genetic variation among legume species (Hu et al.
2020). Pangenomics consists of a set of accessory genes (present in some individu-
als) and core genes (present in all). Accessory genes, also known as dispensable
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genes, act as disease-resistant genes, are quite valuable, and play significant roles in
maintaining the diversity and quality of legume crops (Zhou et al. 2015).

Pangenomes can facilitate the construction of core genomes and enable genomic
comparisons in order to identify lineage-specific genes, genes with copy number
variations, and genes with large-effect mutations. They are based on long read
sequencing, which can be used for the detection of many genetic variations that can-
not be identified by short sequence reads. They provide a platform for evaluating
and discovering the evolution and functional genomics of legumes.

9.6 Epigenomics

Epigenomics refers to epigenetic changes at the genomic level, such as the methyl-
ations of small RNAs or DNAs and histone modifications (Tettelin et al. 2005).
Epigenomics in legumes contributes to growth at the cellular level and the develop-
ment of environmental stress responses by revealing genetic regulations, thus
improving the adaptability and productivity of legume crops (Windels et al. 2021).

Over the past few decades, knowledge related to approaches to epigenomics has
been rapidly increasing. When combined, genomics and epigenetics are termed
epigenomics. In the 1940s, Conard Waddington was the first to introduce the term
epigenetics, which deals with heritable changes without altering DNA sequences or
genetic code, leading to gene expression modification and changes in phenotype. It
does not change DNA sequences but rather leads to changes through two mecha-
nisms, namely histone modification and DNA methylation. These changes generate
stress-responsive genes, which increase tolerance in response to stress. Epigenomics,
unlike genomics, is influenced by different biotic and abiotic stresses. Epigenetic
events can be analyzed at several stages of legume development to assess abnor-
malities related to plant diseases and stress conditions. Legumes are exposed differ-
ent abiotic stresses, so understanding legume responses to such stresses helps in
developing resistant crops, which in turn helps to fulfill increasing worldwide
legume demand (Deans and Maggert 2015; Muthamilarasan et al. 2019; Chang
et al. 2020; Yung et al. 2021).

9.6.1 DNA methylation

Cytosine DNA methylation is the most-used modification in epigenetics. It affects
DNA by placing the S-adenosyl-L-methionine methyl group into the carbon num-
ber 5 position on the cytosine ring, resulting in SmC-5-methylcytosine. In plants
such as legumes, the methylation of DNA passes from one generation to the next
generation and acts as an epigenetic marker in memory (Gupta and Garg 2020).
DNA methylation can be identified through bisulfite sequencing (Cokus et al. 2014).
It empowers in retaining genome integrity, gene expression regulation and sup-
presses transposable elements.
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DNA methylation plays a significant role in legume responses to a variety of
abiotic stresses, such as cold, heat, drought, and salt stresses (Akhter et al. 2021).
Drought stress is a serious problem in agriculture worldwide and induces different
morphophysiological and biochemical changes, along with epigenetic modifica-
tions—i.e., DNA methylation. Under distinct conditions in the genomic region,
DNA methylation refers to regions of differential methylation (Anjum et al. 2011;
Trenberth et al. 2014; Kim et al. 2015; Wu et al. 2015). Salt stresses alter the process
of DNA methylation and regulate tolerance to salt in various legume species (Karan
et al. 2012). Methylation-sensitive amplified polymorphism (MSAP) has been used
under salt stress for DNA methylation quantification (Zhong et al. 2009; Pandey
et al. 2016). In general, plants can tolerate temperatures below optimal levels. A
10-15 °C increase in temperature is considered as heat stress. The determination of
heat-stress tolerance in general is acquired by thermotolerance (acquired and basal)
and regulated by DNA methylation. Temperature stress causes changes in the level
of DNA methylation (Lim et al. 2013; Clarke et al. 2004). Cold stress from chilling
temperatures (0—15 °C) and freezing temperatures (<0 °C) affects legume produc-
tivity. To acclimate against cold stress, legumes have developed some sophisticated
mechanisms, including epigenetic regulations (Ding et al. 2020; Shi et al. 2018;
Garg et al. 2014; Rakei et al. 2016).

9.7 Transcriptomics

Transcriptomics is the study of transcriptomes, which deal with the production of
RNA transcripts (Raza et al. 2021). Transcriptomics is a dynamic technique for
analyzing the expression of genes in response to or against any stimuli during a
particular period. Such an approach helps researchers to assess the transcriptional
activities of genes at distinct stages of legume development and legume reproduc-
tion. It also defines the characteristics and functions of genes in legumes (Yang and
Kim 2015). This strategy uses microarray analysis, digital gene or RNA profiling,
next-generation genotyping, serial analyses of gene expressions (SAGEs), and
RNA-Seq for sustainable agriculture and breeding programs (Morozova et al. 2009;
Kawahara et al. 2012).

Transcriptomics is becoming a foundation of many plant studies thanks to the
development of sequencing technology. RNA sequencing, also known as transcrip-
tome analysis, and NGS are used for the balanced, high-output detection of all
expressed transcripts. It provides new perceptions into molecular profiles and sig-
naling pathways at a systemic biological level and can also recognize helpful gene
markers for the efficient breeding of legumes (Garg and Jain 2013). RNA-sequencing
data cover the overall model of the metabolic activities of storage compounds dur-
ing seed development in legumes. For instance, it has enabled the gene network
modeling of seed lipids and protein deposition in soybeans. Applying transcrip-
tomics to the different tissues and developmental stages of legumes could construct
RNA-sequencing graphics of clustered gene expression profiles on the basis of
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hierarchy, highly expressed genes, and legume-specific genes. Transcriptome
sequencing has revealed that gene-encoding storage proteins, lipids, and starch
enzymes are highly expressed at the embryonic stage, suggesting their immediate
deposit into seeds before desiccation. Some seeds in the dry stages have expressed
other genes marked with water-shortage-related hydrophilic proteins. These pro-
teins facilitate nutrient preservation and cellular structure in legumes during seed
desiccation. Many transcription factors have been identified as seed development
regulators, such as APETALA2 (AP2), VIVIPAROUS1/ABI3-LIKE (VAL), fertil-
ization independent endosperm (FIE), GLABRA2 (GL2), PICKLE (PKL), and
DNA binding with one finger (DOF4) factors. PKL is an embryonic development
activator, while FIE inhibits premature endosperm development. The interactions
between transcription factors are quite complex, especially during the embryonic
development and germination of legumes, because they involve several factors at
every stage (Afzal et al. 2020).

Transcriptomic analysis provides a deep understanding of molecular and genetic
responses that trigger adaptation to environmental stresses in legumes. The data can
be exceptionally valuable for determining differences among the gene expression of
stress-tolerant and stress-sensitive genotypes. These transcriptomic data can be used
to facilitate the development of the stress-tolerant genotypes essential for legume
breeding. Comparative transcriptome analyses on legumes have uncovered different
stresses, which have led to the identification of functional regulator genes acting
individually or mutually in stresses. These can be used in stress-tolerant breeding.
Protein kinase, phosphatases, and many transcriptomic factors, such as ethylene
response factors, myeloblastoses, the absence of apical meristems, and WRKY fam-
ilies, are included in these genes. Transcriptomic studies allow for the comparative
genomic analysis of wild and cultivated crop relatives, the identification of target
genes crucial for breed improvement, etc. (Perez-de-Castro et al. 2012). For
instance, RNA sequencing has been used to study the expression profiles of legumes
under alkaline stress, which provide insights into the functions of genes responsive
against alkaline stress. Transcriptomic research is a high-output technology used to
study all the transcript levels of multiple genes with biological functions from a
large data set. It has become the most common approach for solving biological
problems thanks to the discovery of new transcripts, detailed transcripts, graphs,
and precise metabolic pathways for identification. Because it has large-scale data-
processing capabilities, it reduces the resequencing cost. Current analysis methods
and basic assumptions need re-evaluation and adjustment to cope with large num-
bers of omic data owing to the continuous development of sequencing technology.
Specific biological applications, such as plant transformation, can be obtained from
cell- and tissue-specific transcriptomic techniques. Single-cell transcriptomics pro-
vides accurate spatial and temporal data on biological responses. The integration of
transcriptomics into genomic techniques and other omic techniques could optimize
legumes’ regulatory network and refine core gene aspirants for breeding (Verdier
et al. 2008).
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9.8 Proteomics

Proteomics is a type of analysis focused on proteomes, which deal with profiling
protein expressions. In the science of legumes, proteomic analysis has been deemed
a new hope. It enables the interpretation of specific proteins adaptive to biotic and
abiotic stress conditions (Rathi et al. 2016). Proteomics can be further divided into
four categories: sequence proteomics, expression proteomics, structural proteomics,
and functional proteomics (Mosa et al. 2017; Aizat and Hassan 2018).

Proteins govern biological activities and are the executors of different biological
processes, including physiological functions. Proteomics is the study of the expres-
sions and functions of proteins. Proteomics has developed very fast since its incep-
tion, rapidly increasing the amount of proteomic information and the number of
plant genome resources and EST sequence libraries available. It helps in the identi-
fication of proteins and provides basic information about protein expression in
legumes. It can be widely used in research on different topics of legume biology,
such as growth, development, stress, root—nodule interactions, and changes in pro-
tein expression during the life cycle of legumes (Rose et al. 2004). Before pro-
teomics, the study of proteins relied solely on gel electrophoresis, but advances in
liquid chromatography mass spectrometry (LC-MS) have increased output and
made proteomics possible while improving the efficiency of proteome research.
High-resolution proteome maps of legumes can be constructed through proteomics;
however, 2D gel electrophoresis integration and multidimensional protein identifi-
cation technology, such as LC-MS, have improved the metabolic profiling of pro-
cesses that occur during seed filling in legumes (Ramalingam et al. 2015).
Tissue-specific proteins can be detected from the proteome profiling of the leaves,
roots, and hypocotyls of young legume seedlings. Proteomics is being widely used
for analyzing enzyme expression and enzyme regulatory functions that accumulate
in seeds during storage. Isobaric tags of relative and absolute quantitation (iTRAQ)
have been analyzed to detect the proteins related to root hair and seed development.
For instance, the seed storage and seed oil proteins detected by using this method
are believed to be the main seed reserves in soybeans (Komatsu and Ahsan 2009).

Proteomics can be used to analyze the differences in protein expression profiles
and oil synthesis between the cultivars and parental variety of legumes. It can be
widely used in stress biology for the identification of key proteins. For example,
GmDGAT1-2 transgenic soybeans that have high oil contents were analyzed
through quantitative proteomics and lipidomics. The overexpression of GmDGAT1-2
stimulates the downregulation of lipoxygenase and the upregulation of oleosin and
significantly changes the composition of fatty acids. Flood- and drought-response
mechanisms in legumes can also be analyzed by proteomics (Hossain et al. 2013).
Stress-sensitive tissues can be identified in legumes at different developmental
stages on the basis of protein profile. These stress responses could be documented
in a tissue-specific manner. Quantitative proteomics has revealed the agitation in the
proteins of legumes that are related to the metabolic pathways of fatty acids, the
abundance of proteins associated with initiation, and elongation and desaturation
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processes. A study combining proteomics and physiological data would help in
identifying the effects of environmental factors such as temperature stress and
humidity stress on embryos, cotyledons, leaves, and pods.

The scope of proteome research on legumes remains quite narrow compared
with that of other crops. On the other hand, it provides a starting point for the func-
tional genomics studies of biotic and abiotic stresses and the natural product biosyn-
thesis mechanism of legumes.

The information acquired from the proteomic data can help in the identification
of novel proteins, the determination of protein expression patterns for correspond-
ing genes, and the improvement of molecular cloning. Proteome reference maps of
legumes can advance research on legumes. When combined with genomics and
transcriptomics, proteomics could facilitate the screening of elite alleles responsible
for the end development of different molecular markers while advancing the molec-
ular breeding of legumes (Cao et al. 2022). Single-cell transcriptomic studies on
plants are trending thanks to recent advancements in protoplasts and sequencing
technologies, but single-cell proteomic studies need more development to achieve
equivalent output. Single-cell proteomics has naturally lowered the volume of sam-
ples, which challenges the conventional sample preparation methods and LC-MS
sensitivity, which is the major difficulty of adopting this technique. Nevertheless,
the protein data more heavily suggest closely controlling many cellular processes
than the transcriptome data do, and the protein data are highly efficient thanks to an
output technique for analyzing factors such as protein expression, interaction, and
modification, which are essential to understanding the molecular mechanisms that
underly plant phenotypes.

9.9 Metabolomics

Metabolomics is defined as the qualitative and quantitative analysis of small metab-
olites with relative molecular weights less than 1000 in a tissue or cell. Metabolomics
is an important approach in system biology, and its development will have future
research implications for legumes. These analyses can reveal metabolic signaling
pathways, gene-discovery resources, metabolic engineering, and explanations of
regulatory pathways (Hall 2011). Quantitative metabolomic techniques, such as lig-
uid chromatography electrochemistry mass spectrometry (LC-EC-MS), thin-layer
chromatography (TLC), gas-liquid chromatography mass spectrometry (GC/
LC-MS), NMR, Fourier transfer infrared spectroscopy (FTIR), capillary electro-
phoresis LC-MS, and direct infusion mass spectrometry (DIMS), are used for plant
metabolite detection. The most commonly used plant metabolomic techniques are
LC-MS, GCMS, NMR, and capillary electrophoresis LC-MS. The results from
plant metabolomics are directly related to plant phenotypes, unlike those of tran-
scriptomics and proteomics. A dual effect of manipulating and controlling gene
transcription and protein expression has been observed in metabolites. Metabolomics
can reveal delicate changes in regulatory mechanisms. One metabolomic study
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included plant sample collection, metabolite isolation, and metabolite detection
(type, content, and assay) techniques to build metabolic fingerprints. Metabolomics
can be used to gain a comprehensive understanding of plant metabolic processes,
and changes can be analyzed by combining bioinformatics with integrated meta-
bolic pathways (Patel et al. 2021).

The seed composition of legumes can be modified after their metabolic regula-
tions have been characterized. The metabolites involved in the key pathways of seed
development can be studied. Variations in metabolites, metabolite—metabolite cor-
relations, and bioactive compound profiles for different cultivars can be observed.
The effect of seed dry weight, seed coat, seed color, maturity from the abundance of
metabolites, the responses of several metabolites on seed maturation, and nutrition
enhancement in legumes can also be observed. The use of metabolomics could be
used to detect the effects of abiotic stress on legume metabolites. The exposure of
some legumes to abiotic stress enhances the biosynthesis of secondary metabolites.
The levels of polyphenols, alkaloids, phytochemicals, and phenylpropanoids
increase in response to drought stress. Metabolomic research can be used to dis-
cover the metabolomic markers required for crop improvement (Borisjuk et al. 2003).

In the past decade, metabolomics has provided new perspectives on clarifying
plant metabolic pathways and genetic buildup. Metabolomics has determined the
isoflavone profile in soybeans and the metabolites related to seed dry weight, matu-
rity, and differentiating disease-resistant varieties from disease-susceptible varieties
under stress. Because the plants have complex metabolic pathways and broad mech-
anisms of product synthesis, there are some early-stage gaps between metabolomic
findings on and practical applications for legume breeding. No single metabolomic
analysis alone can cover all the aspects. The methods used in metabolomics also
differ according to the research purpose and objectives, and their techniques have
different requirements for processing samples. It also fails to assimilate well with
other approaches, narrowing its area of research. Obtaining comprehensive infor-
mation on plant metabolites is still difficult. Future research on metabolomics
should aim to formulate strategies to solve these methodological issues (Lin
et al. 2014).

9.10 Phenomics

Given the rapid development in sequencing technology and the absolute number of
plant materials to be tested, gathering phenotypic data will be crucial for plant
breeding in the future. The plant phenotypes are rather complex and dynamic in that
they are easily affected by environmental factors. Manually investigated plant phe-
notypes are less efficient and come with many errors. Plant phenomics is receiving
meaningful attention as an approach to solve the plant phenotype problem (Yang
et al. 2020). Many articles have been published on high-throughput phenotyping in
legumes, mostly over the past decade. The breeders are becoming aware of how to
accelerate legume breeding thanks to phenotypic studies. One defined growth
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method is followed for plant growth and development, but the harvested plants dif-
ferent in their cotyledon size, stress resistance, and metabolic functions. Minute
differences in development can cause striking changes in the physical and anatomi-
cal characteristics of plants. Plant phenomics controls high-throughput, high-
resolution phenotyping techniques and platforms to attain phenotype data before
and after plant production. Phenomics is characterized by a large number of trait
data and an ability to divide a trait into many smaller units of traits for testing pur-
poses (Falk et al. 2020).

For instance, the accurate legume yield estimation and classification of efficient
mature pods by reconstructing time-course multispectral high-throughput image
data could be achieved by using professional uncrewed aerial vehicles (UAVs), each
equipped with a high-definition dual camera and multispectral equipment. The esti-
mation accuracy of legumes’ physiological, biochemical (like chlorophyll content
and nitrogen concentration), and biophysical parameters, such as leaf-area index
and biomass (aboveground fresh and dry), has been improved thanks to the fusion
of high-spatial resolution (e.g., a red, green, and blue (RGB) image) with multispec-
tral and thermal data from UAV systems. The color and texture characteristics of
early-season RGB images of canopies have been used for the prediction of legume
yield, maturity, and seed size. The high-precision sampling of canopy traits such as
height, leaf wilting, area, and temperature are being estimated by the increasing use
of professional UAVs with expensive hyperspectral, multispectral, and thermal-
imaging equipment. Two-dimensional (2D) images cannot help identify higher-
dimensional phenotypic traits, and in order to estimate certain morphological traits,
calibration is still needed. For this purpose, researchers have used three-dimensional
(3D) reconstructions of plant morphologies from 2D image sequences by using the
fully open-source structure-from-motion (SfM) and multiview stereo (MVS) meth-
ods. For instance, high-density 3D painted clouds from plant image data can be
established to obtain plant height and growth phenotype data. In 2020, 3D recon-
struction technology was used by researchers to analyze soybean growth patterns
and soybean phenotypic fingerprints throughout the growth period. Moreover, 3D
reconstructions are cost effective, and this method can replace many expensive laser
scanners and can automate certain procedures (Zhu et al. 2020).

Plant phenomic research has entered a stage of rapid growth with the develop-
ment of robotics, remote sensing, visualization, and artificial intelligence (Al).
Unparalleled challenges are present, however, owing to the large number of data
and pictures. To solve this problem, artificial intelligence and machine learning
(e.g., algorithms) make predictions and learn from data without using any obvious
programming techniques. A new field within machine learning has emerged since
2006, termed deep learning. It contains various approaches, such as convolutional
neural networks (CNNs), recurrent neural networks (RNNs), and multilayer percep-
trons (MLPs). CNNs are widely used for plant phenotyping and commonly include
the following deep-learning frameworks: TensorFlow, Caffe, and PyTorch.
Advancements in cloud computing and graphic processing unit (GPU) parallel
computing have supported the development of deep-learning programs. Today,
modern, multisite, high-frequency, and standardized phenotypes and standardized
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storage for phenomics data are still needed. Nevertheless, a large number of image-
based tasks have come with remarkable results, which have been obtained from
low-cost sensors and deep learning. These methods enable the efficient, accurate,
and timely predictions of the legume phenotypes in different regions and at different
scales. They also reveal the regional variations in and evolution of the phenotypical
traits of legumes and assist in their breeding and cultivation (Jiang and Li 2020).

In spite of the current advancements in plant phenomics, the identification of
plant phenotypes has been limited, owing to descriptions of external physical traits
and a failure to address their internal characteristics; therefore, they are not appli-
cable in practical breeding.

Additionally, other issues still need to be researched. Phenotyping apparatuses
are expensive and require personnel with specific biological and technical back-
grounds to follow the standardized process. Some equipment operates under spe-
cific environment and weathers conditions. Thus, the data selection can be subject
to huge deviations because of these weather conditions. Al techniques and com-
puted tomography (CT) imaging have been used in legumes breeding. It will be
beneficial to breeders to filter useful data out of massive data sets and integrate them
with other biological data to perform deep data mining for the selection of new
varieties (Burridge et al. 2020).

9.11 Ionomics

All the minerals, nutrients, and trace elements in an organism are referred to as the
ionome (Huang and Salt 2016). The meaning of the word metallomehas been
expanded from its original meaning to now encompass physiologically important
nonmetals (Ziegler et al. 2013). Additionally, the ionome contains both essential
and nonessential components. This description emphasizes and encompasses a
number of important ideas in the study of the ionome. First of all, the study of the
ionome is based on the idea that it should give an overview of the functional status
of a complex biological organism. This information is stored in the quantitative and
qualitative patterns of macro- and micronutrients in the different tissues and cells of
the organism. Such an approach is based primarily on the early research of Salt et al.
(2008), who came up with the idea that a quantitative metabolite composition may
be indicative of a certain physiological or pathological state. First, the accurate and
simultaneous assessment of as many ionome components as feasible is required to
fully extract this information from the ionome. Second, the value of ionomics comes
from its capacity to precisely record data on an organism’s functional status under
various circumstances. These problems might be caused by genetic and develop-
mental variations or by biotic and/or abiotic influences.
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9.12 Microbiome

Plants have a diverse microbiome that aids in their development, defense, and
absorption of nutrients. In legumes, nitrogen-fixing microbial associations are pro-
ductive and well understood, but they are few in cereals, including maize. Plants
provide significant contributions to the soil’s organic carbon pool in the form of
lysed cells, mucilage, and root exudates (Jones et al. 2009). A complex combination
of simple and complex sugars, organic and amino acids, fatty acids, and vitamins
can be found in root exudates. The amount and forms of exudates might vary
depending on the plant genotype, growth stage, soil texture, soil nutrients, water-
holding capacity of soil, and—most critically—the rhizosphere’s microbial popula-
tions. In addition, the rhizosphere’s root exudate composition could affect the soil’s
microbial population and the availability of mineral elements, particularly nitrogen
and phosphorus (Turner et al. 2013).

Additionally, the composition of the root exudate acts as a complex for the attrac-
tion of certain bacterial and eukaryotic populations (Turner et al. 2013). More nota-
bly, some microbiotas develop by secreting certain carbon sources. For example,
dicarboxylates in tomato root exudates promote the establishment of biocontrol
strains of Pseudomonas, whereas pea plants exude homoserine to favor the growth
of Rhizobium leguminosarum (Baetz and Martinoia 2014). Plants may protect them-
selves by secreting phytochemicals that can stop the development of certain micro-
organisms. The capacity to withstand these toxins might be a key factor in the
colonization of the plant. For instance, the primary antibacterial benzoxazinoid gen-
erated by maize (a nonlegume plant) is both tolerable and attractive to the plant
growth-promoting rhizobacteria (PGPR) Pseudomonas putida. However, compared
with wild-type plants, transgenic plants that express the genes for opine biosynthe-
sis have been demonstrated to remodel existing rhizosphere populations to enhance
the populations of opine-catabolizing microbes.

Legume nodule symbiotic nitrogen fixers contribute a considerable quantity of
nitrogen to both wild and cultivated environments (Brewin 2004). Perennial forage
legumes can fix as much nitrogen as traditional farming methods can through the
application of nitrogen fertilizers. In addition, the rhizosphere receives a significant
amount of nitrogen and other vital plant nutrients through rhizodeposition from
legumes. Thanks to the direct impact of British National Formulary (BNF) and the
indirect impact of rhizodeposition, there was a reported 28% increase in nitrogen
availability in temperate woods (Lai et al. 2022) In North America, certain legumi-
nous plants have primarily been grown for livestock and poultry feed, including dry
beans (Phaseolus vulgaris L.), fava beans (Vicia faba subsp. minor L.), and peas
(Pisum sativum L.) (Ashworth et al. 2015).

Most of the common legumes for human consumption include dried beans
(Phaseolus vulgaris L.), cowpeas (Vigna unguiculata L.), chickpeas (Cicer arieti-
num L.), lentils (Lens esculenta L.), peanuts (Arachis hypogea L.), and pigeon peas
(Cajanus cajan L.). All these legumes can fix nitrogen, and intercropping or crop
rotation are common reasons for growing them. The growth, development, and
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maturation phases of soybeans have been significantly influenced by nitrogen fixa-
tion via the symbiotic interaction of the root system with rhizobacteria. It is possible
to transform an increase in plant components, such as soybean pods, into an increase
in nitrogen-fixation capability. The levels of nitrogen derived from fixation (Ndfs),
soil, and 15 N-labeled fertilizer (Ndff) in field-grown soybeans (Glycine max cv.
chippewa) were 47%, 50%, and 3%, respectively, upon physiological maturity.

In comparison to soil nitrogen (43%), 55% more nitrogen was contributed to
soybean pods and seeds through nitrogen fixation (Thilakarathna et al. 2016).
Forage legumes might produce larger yields and vital nitrogen for the soil so that
they can be cultivated in a variety of climatic conditions. The majority of the hot and
dry regions of Earth’s grasslands are covered by the four primary forage legumes:
alfalfas (Medicago sativa L.), red clovers (Trifolium pratense L.), subterranean clo-
vers (T. subterraneum L.), and white clovers (7. repens L.). The cool-season peren-
nial forage legume alfalfa (Medicago saliva L.) symbiotically associates with soil
bacteria in its root nodules to receive nitrogen from the soil and the BNF. Alfalfas
are becoming more and more desired as animal feed in grass pastures because of its
ability to supply fixed nitrogen (Thilakarathna et al. 2016; Ledgard and Steele 1992)
(Fig. 7.3).

Fig. 7.3 Multiomic techniques for legumes
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10 Multiomic Approaches to Enhancing the Nutritional
Quality and Productivity of Legumes

To identify the genes and genomic regions prevailing in specific plant traits, a com-
prehensive whole-genome-sequence data analysis is crucial. A gold standard
genome sequence has become significant for biological purposes: It occurs when
the genes are being described with their functions and the genome is sequenced. The
key to understanding the different traits of legumes at the genetic level is sequencing
their genomes. However, there are many concerns related to different legumes; for
example, in the case of pigeon peas, the main concern about breeding and improv-
ing its trait is that it is naturally an outcross with the help of insects, which can cause
inadequacy problems in maintaining the breeding programs and a pure line. In
legumes, because pollination is uncontrolled, it can result in the loss of many key
traits, such as disease resistance, productivity, and seed control. There are also some
unwanted traits of seeds that are not required for variety adoption and breeding
programs, such as the cleistogamous flowers, which can self-pollinate.

The use of modern genomic tools can help lower these hurdles in the way legume
breeding. The rapid advancement of genome-sequencing technologies has led to an
explosion of data. The data can be collected from gene sequencing, transcriptomics,
proteomics, and metabolomics. These sequencing tools help in the determination of
cellular network variability and systemic functions. Molecular determinants can be
integrated with this information. Multiomic approaches also offer opportunities to
increase crop yields by enhancing crop-quality traits. These are also essential for
producing biofortified crops, which reduce the risk of malnourishment. To eliminate
hunger and reduce malnutrition, the qualitative and quantitative traits of legumes
that underly complex genetic structural designs need to be identified.

The quantitative trait locus (QTLs) of many legumes have been mapped over the
past several years. For instance, in pigeon peas, the QTLs related to plant type, earli-
ness (including days of flowering), growth habit, and disease resistance have been
developed in recent years, but studies on seed quality and nutritional and nutraceuti-
cal traits have not yet been conducted. The development of legumes that have high-
quality nutritive traits and enhanced yields is urgently needed. To enhance breeding,
trait-improvement programs, and the functional validity of legumes, different gene-
sequencing techniques—including marker-assisted selection (MAS), genome-wide
association studies (GWASs), phenome-wide association studies (PheWASs),
genome-phenome-wide association studies (GPWASs), transcriptome-wide associ-
ation studies (TWASs), proteome-wide association studies (PWASs), and
metabolite-based genome-wide association studies (MGWASs)—can be employed.
The resequencing of legumes will elevate researchers’ understanding of the current
level of genetic diversity, population structure, and phenotypically associated genes
and will improve genetic diversity in order to develop superior breeds.

Currently, seed protein content (SPC) and its connection with four agronomic
traits, including seed weight, seed yield, seed growth habits, and the number of
days to the first flowering, have been analyzed by conducting a
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genotyping-by-sequencing (GBS) analysis. This analysis was carried out on five
populations of pigeon peas, and its data were recorded. In total, 192 main QTLs
(M-QTLs) and 573 epistatic QTLs (E-QTLs) were found in the four traits. Among
the main QTLs, fourteen were associated with seed protein content, sixteen with
seed weight, seventeen with seed yield, nineteen with seed growth habits, and
twenty-four with the number of days to the first flowering, all of which had major
effects (PVE > 10%). The construction of comprehensive high-density genetic
maps is necessary to map the genomic regions associated with these traits. Another
important achievement of these multiomic techniques is that they not only acquire
molecular data but also enable powerful data, mining tools, and machine-learning
algorithms to predict and explain them. Deep-learning models can help in accu-
rately evaluating the flow of information from DNA genomic sequences to molecu-
lar phenotypes.

The whole-genome-sequencing information has aided in the development of new
possibilities in legume genomics. However, the development of a high-quality refer-
ence genome to promote effective gene discovery and molecular breeding is still
needed. For the development of superior, nutritionally rich legumes, their corre-
sponding genes need to be mapped and tagged and the origins of allelic differences
at specific loci need to be determined (Singh et al. 2020).

10.1 Current Challenges and Future Directions

In today’s increasing population growth, one of the major global challenges is the
increasing demand of food—more importantly, nutritious food. Efforts have been
made to meet the demands of food, which has decreased the diversity of food. The
green revolution started in the 1940s, helping to increase the food production of
high-yield varieties, but no steps were taken to provide appropriate micronutrients,
including vitamins and minerals. Because of this, malnutrition has become a serious
problem in many human societies, one that needs immediate solutions.

Malnutrition is a complex condition of inadequate and inappropriate nutrition,
and it is a problem in both developed and developing countries. Micronutrient defi-
ciencies cause chronic and clinical problems in more than two billion people (Jain
et al. 2019). Rapidly increasing population growth has led to deficiencies in macro
and micro, or trace, elements—i.e., macronutrients and micronutrients. The macro-
nutrients that are essential for human health are potassium, calcium, magnesium,
phosphorous, sodium, sulfur, and chlorine, and the essential micronutrients, or trace
elements, are zinc, copper, boron, fluorine, cobalt, selenium, etc. The terms micro-
nutrient deficiency and malnutrition are used interchangeably.

The current health statuses of more than half of the world’s population, in most
cases infants, kindergarteners, and pregnant people, meet the critical criteria of
micronutrient malnutrition (MNM). Currently, Southeast Asia and sub-Saharan
Africa are the regions with the most undernourished populations. The average
uptake of Ca is higher in people living in developed countries compared to those in
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developing countries. According to a world health report (2000), these people have
notable health deficiencies in vitamin A, L, Fe, and Zn, but other deficiencies, such
as that in folate, have also been reported. Globally, over 30% of people are Fe defi-
cient and two billion are iodine deficient, which makes them vulnerable to malaria
and infectious diseases (Bohra et al. 2015). There are many causes of malnutrition,
but the leading cause is globalization, in which people are more dependent on read-
ymade food items that contain high amounts of sugar, salt, and fat but lower amounts
of nutrients such as protein, minerals, and vitamins, which is the main cause of
malnutrition. Fortification techniques can increase nutrition levels, but they are very
expensive and are not affordable by people in rural areas, who are the main casual-
ties of malnutrition. To overcome this problem, the already-existing nutrients of
certain crops can be used, and legumes are first on the list (Banerjee et al. 2021).

Omic technologies comprise four disciplines: genomics, transcriptomics, pro-
teomics, and metabolomics. Genome editing uses these approaches, specifically
computational and bioinformatic tools, for data science applications such as artifi-
cial intelligence and machine learning, which have helped in studying the biological
processes and crop-prediction models related to genomic selection. These
approaches have been used to obtain nutrient-rich, balanced human diets, have
enhanced the key component of nutrients, and have removed wasteful compounds
so that people can consume more food. Biofortification is a process that increases
the micronutrient content of crops such as rice, maize, and wheat by using conven-
tional breeding and transgenic methods to solve nutrient deficiencies. Proteomics,
which is the total protein complement for crop improvement and includes an array
of tools to improve food quality and composition, has recently been revolutionized.
There have been many advancements in the field of crop improvement, such as
phenomics, machine learning, nanotechnology, and artificial intelligence. Assessing
these traits for breeding plants and developing food security is now a global issue
insofar as food insecurity and food waste can be reduced by enhancing the nutri-
tional value of crops. Many initiatives have been taken to estimate and prevent food
waste, but the current methodologies still pose challenges. These technologies alle-
viate malnutrition by reducing food waste, stabilizing the bioeconomy, and convert-
ing food waste to bioproducts (Nayak et al. 2021). Innovative technologies in
metabolomics for extraction and microencapsulation can be used to enhance the
functional food of plants, and epidemiological studies on omic technologies should
be conducted. With the help of omic techniques, in the future, advances in food
omics and nutrigenomics can be used to increase food security and explore more
crops, such as fruits, vegetables, and medicinal plants. Now, multiomic technolo-
gies need to be used to clarify functional food research and enhance the nutrient
components of plants. Nutrigenomics has shown the interactions among functional
foods in human health, and it can suggest scientifically support, personized diets
(Nayak et al. 2021).

Nutritional breeding is considered one of the main techniques for improving
food security in legume crops thanks to its high protein and mineral contents.
Further, more research is required to develop a metabolic system responsible for
nutrient synthesis, their accumulation, and their transportation to different parts of
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plants. Enhancing the nutrient profiles of legumes through genetic engineering
needs international approval as a multidisciplinary approach to crop improvement.
Today, legumes are entering a new field of genomic-aided marker-assisted breeding
and biotechnological approaches to increase their global production (Banerjee
et al. 2021).

New technologies are emerging in the fields of ionomics and metabolomics—
providing data on minerals, metabolite dynamics, and relevant gene networks—and
are increasing access to sequencing and genotyping systems so that the novel genes
in the crop gene pool or QTLs that are responsible for the production of improved
mineral contents in plants can be identified (Bohra et al. 2015).

11 Conclusion

Legumes are great sources of food and nutrition because they contain large amounts
of proteins, minerals, and micronutrients. Obtaining proper nutrition is a major
problem for half of the world’s population. Modern omic techniques, namely
genomics, proteomics, metabolomics, phenomics, and ionomics, can improve
legumes’ genetic composition, molecular networks, and physiological and bio-
chemical compositions. These omic approaches are involved in the nutrient enrich-
ment of and mineral accumulation in legumes’ edible parts. Through genetic
modifications, molecular and metabolic pathways can advance nutrient-dense
legume crops.

This chapter focused mainly on the improvement strategies that depend on varia-
tions available in gene pools. Omic approaches should be adopted because they
have shown promising results. Recently, nutritional enrichment has been the pri-
mary aim of improving legume crops, especially their seed quality, quantity, genetic
composition, protein expressions, and ion exchanges. We expect that omic
approaches will become the most effective strategies for the nutritional enrichment
of legumes and will improve food security all over the world.
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Chapter 8 )
How Genome Editing Can Be Helpful ST
in the Biofortification of Legumes

Zakir Ullah, Javed Igbal, Banzeer Ahsan Abbasi, Shumaila Ijaz,
Javad Sharifi-Rad, Tabassum Yaseen, Siraj Uddin, and Tariq Mahmood

Abstract Legumes are consumed as a staple food in low-income countries to meet
growing nutritional demands and are used as rich sources of protein and micronutri-
ents. However, they are unable to deliver enough calories, because they are deficient
in several essential nutrients and are rich in antinutrient compounds that prevent the
absorption of micronutrients. Billions of people in the world are being malnourished
as a result, leading to disease in the population. Researchers have worked predomi-
nantly to identify new and improved genetic features in legumes, such as high yield,
stress tolerance, and nutritional quality, in consideration of the significant roles that
they play in human nutrition and agricultural productivity. Genome-editing (GE)
technologies have provided new opportunities for the development of biofortified
legumes. We evaluate the experiences from the past and various strategies to dem-
onstrate the necessity of biofortifying pulses to reduce malnutrition and hidden hun-
ger and provide the general population with enriched diets. Grain legumes could be
biofortified with micronutrients as a potential method to improve the nutritional
value of food. Biofortified grain legumes have been produced using a variety of
technologies, including classical techniques, genomics, transcriptomics, proteomics,
and metabolomics. Moreover, NBTs are utilized to biofortify grain legumes by
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silencing, overexpressing, and transferring genes from other species. Developing
nutrient-dense and antinutrient-free grain legumes holds considerable promise for
transgenic, small single-stranded, 21-23 nucleotide, non-coding RNA molecules
(micro-RNA), and genome-editing technologies. Using genomics and genome-
editing-based methods, we highlight recent attempts to manipulate the genes/QTLs
controlling biofortification and antinutrient buildup in legumes. Technologies for
genome editing have opened new opportunities for breeding legumes to improve
important agronomic traits. With the help of these innovative technologies and
methods, we intend to accelerate the development of varieties of legume crops high
in micronutrients and low in antinutritional elements, which will help in the biofor-
tification of legumes and address issues such as malnutrition and hidden hunger.

1 Introduction

One of the most important concerns in the world is to provide a balanced diet to a
fast-growing global population. The improvement of crops in terms of tolerating
extreme climatic challenges, such as drought and heat stress, and can provide a bal-
anced diet for people, but the changing environment is exerting significant pressures
on agricultural output (Lewis 2005). In these conditions, pulses have become vital
components in the food chain that can appeal to a sustainable source of vitamins,
lipids, and proteins (Lewis 2005; Bauchet et al. 2019). Leguminous crops also play
a significant part in sustainable farming by improving soil quality via symbiotic
nitrogen fixation and the discharge of high-quality organic compounds into soils
(Varshney et al. 2019). Even though legumes are ecologically significant and have
positive health effects, antinutrients such as phytates, lectins, tannins, protease
inhibitors, and calcium oxalates interfere with the absorption of essential minerals
and reduce them in individuals, and these negative properties have effects on the
cultivation of legumes (Afzal et al. 2020).

Biofortification refers to the process of enhancing the nutritional value of dietary
legumes by using fertilizer, selective breeding, or genetic manipulation. Legumes
that have been biofortified can increase production and generate more revenue,
which benefits the economy and decreases both hunger and infectious diseases (Jain
et al. 2017).

Currently, the main objective of biofortification is to accelerate genetic advance-
ments in yield, stress tolerance, and nutritional quality. Over the past fifty years,
pedigree- and performance-based selection have been the basic techniques for
genetically improving legumes. However, enhanced bean varieties with significant
agronomic features have been produced because of the widespread application of
innovative genomics techniques and high-throughput phenomics, which have accel-
erated genetic improvements in legumes (Mousavi-Derazmahalleh et al. 2019).
Though using genetic engineering implies the insertion of foreign genetic material,
the objective of targeted crop improvement has changed because of the develop-
ment of new molecular approaches. As part of improving pulses by using recently
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developed genome-editing (GE) techniques, the agricultural output must rise to
meet the needs of the expanding population (Varshney et al. 2015, 2019). The goals
of numerous studies on legume are to alter their genomes to fulfill global food
requirements and to improve the legumes themselves, and they must meet the fol-
lowing requirements:

* A genome-edited legume must be efficient and successful in eliminating micro-
nutrient deficiencies.

» Edited legumes must produce a considerable amount of food for the people and
be profitable.

* Biofortification via genome editing must overcome the shortcomings and limita-
tions of supplementation.

e The secondary metabolites involved in directly transferring the genes in elite
genotypes include carbohydrates, lipids, proteins, minerals, vitamins, and other
nutrients. This modern technique is also used to improve mineral shortage.

e The focus must be on farmers, and consumers must learn to accept consuming
gene-edited legumes.

Over the past ten years, massive advancements have been made in the structural
analysis and sequencing of legume genomes. The identification and use of molecu-
lar markers in the selection of complex traits and the production of improved culti-
vars of grain legume crops have been made possible by these fundamental resources
(Varshney et al. 2019; Bibikova et al. 2002). The mentioned strategies can both
reduce antinutrients and enhance promoters, resulting in increased bioavailability of
micronutrients as well as their concentration (Li et al. 2011; Zhang et al. 2011).

This chapter focuses on current developments in genome-editing technology and
how they might be useful in improving legume crops through precision breeding
(Fig. 8.1). Gene editing involves making precise, targeted alterations to an organ-
ism’s genome by using synthetic nucleases and cellular DNA repair pathways.

2 Concerns over Food Security Administration

In 2015, the United Nations (UN) established seventeen sustainable development
goals (SDGs). A unified roadmap for peace and prosperity of people and the planet,
both now and in the future, is provided by the 2030 Agenda for Sustainable
Development, which was accepted by all United Nations Member States in 2015.
SDG3 aims to “ensure healthy lives and promote well-being for all at all ages,”
according to its mission statement. “Nutrition is the foundation of good health, and
without it, people cannot survive, learn, ward off illnesses, or lead fulfilling lives.”
A study by the European Food Safety Authority found that our daily diets fall short
of the daily dietary reference values for several nutrients, including 8—11 mg of
zinc, 8—18 mg of iron, and 750 mg of calcium, depending on gender (Cong et al.
2013). The UN states that having access to a sufficient amount of nutritious, safe
food that meets one’s dietary needs and food preferences is essential for living an
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Fig. 8.1 Current developments in genome-editing expertise and how they might be useful in
improving legume crops

active and healthy life. Moreover, Food and Agriculture Organization of the United
Nations (FAO) research claims, 2.3 billion people worldwide experienced moderate
to severe food insecurity in 2021, while 11.7% of the world’s population had severe
food insecurity, a rising percentage that reflects a worsening situation. In 2020,
more than three billion people worldwide could not afford nutritious food.

In a quiet epidemic, micronutrient insufficiency slowly compromises the immune
system, stunts physical and intellectual development, and can even result in death
(Cong et al. 2013; Mali et al. 2013). With more than 2 billion people affected,
micronutrient insufficiency, commonly known as hidden hunger, is exceedingly
widespread (Lloyd and Carroll 2005). In many low-income countries, this shortage
increases the risk of infectious illnesses and fatalities from pneumonia, measles,
malaria, and diarrhea (Fig. 8.2).

3 Initiatives Taken to Combat Poor Nutrition
and Food Insecurity

* The FAO claims that now is the ideal time for governments to show their support
for the agricultural industry.
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Fig. 8.2 In 2021, 2.3 billion people worldwide experienced moderate to severe malnutrition.
(Source: FAO)

e From 2013 to 2018, a worldwide average of over USD 630 billion was spent on
agriculture. However, a lot of this funding not only distorts the market but also
does not reach many farmers, harms the environment, and does not encourage
the development of wholesome foods.

e The FAO is urging the community to refocus its support to make it easier for
people to purchase more reasonably priced nutritional goods.

e By 2050, the World Economic Forum predicts that 60% more food will be
required to feed everyone on the planet.

e The global agriculture industry, however, is ill-equipped to meet this demand.

» To biofortify food for the global population, innovative technologies should be
implemented.

3.1 [Innovative Technologies to Combat Poor Nutrition
and Food Insecurity

e The biofortification method is used for the dietary value of legumes
e Breeding, transgenic techniques, agronomic practices, and microbial approaches
have been implemented to mitigate malnutrition (Fig. 8.3).
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3.2 A Recent Approach to Legume Biofortification
3.2.1 Genome-Editing Technology

Genome-editing approaches, including clustered regularly interspaced palindromic
repeat (CRISPR)/Cas9, transcription activator-like effector nucleases (TALENS),
zinc-finger nucleases (ZFNs), and mega-nucleases (MNs), appear to be faster,
cheaper, and more accurate than alternative technologies, such as transgenic meth-
ods and conventional practices (Adli 2018). According to a study conducted by the
University of Illinois, TALENs-based gene editing (Table 8.1) is five times better
than CRISPR/Cas9 in heterochromatin, a highly dense type of DNA (Malzahn et al.
2017). MNs are endodeoxyribonucleases that identify the targeted location and
adopt changes. They are combined with a 12—45 bp DNA sequence. They can cause
mutations and are important in the advancement of legume crops (Ashokkumar
et al. 2020). ZFNs and TALENs have advantages and limitations, but CRISPR/Cas9
is more effective and dependable. Although genome editing is the main application
of these approaches, they take time and require specialized expertise (Fig. 8.4).
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Fig. 8.4 A recent approach to legume biofortification

3.2.1.1 Transcription Activator-Like Effector Nucleases (TALENS)
and Zinc-Finger Nucleases (ZFNs)

The development of nucleases (e.g., TALENs and ZFNs) that cut only the target
DNA was the true breakthrough of genome editing. The earliest nucleases were an
isolated 5-GGATG-3'-recognized dimeric-type IIS restriction enzyme from
Flavobacterium okeanokoites (FoklIl)-based endonucleases, called ZNFs, which
were based on transcription factor zinc-finger proteins. Long DNA sequences are
identified by linked series of ZFNs on a highly selective target, and ZFNs recognize
trinucleotide DNA sequences. The specificity of nearby ZFs is affected and the pro-
cessing time is increased in an array with linked series of ZFN units. Furthermore,
the final configuration is difficult to predict because the FokI dimer domain permits
dsDNA synthesis only at locations where two ZFNs are attached (Fig. 8.5). To
reduce the off-target effect, two ZNFs domains that concurrently detect and bind
distinct but nearby nucleotide sequences located in the target have been developed
(Clasen et al. 2016; Bo et al. 2019).

A bacterial transcription activator-like effector (TALE) protein and the endonu-
clease2 Fokl combine to form TALENSs. Like ZFNs, TALENSs also achieve target
detection and specificity through DNA—protein interactions. A single TALE unit in
a TALEN identifies a single nucleotide, and several TALEs eventually bind to a



214 Z. Ullah et al.

Fig. 8.5 Ata particular position, two ZFN motifs recognize and bind to opposing strands of DNA,
and coupled FoklI dimer units preferentially bind strands of DNA

.| .
o
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Fig. 8.6 TALENSs’ two motifs recognize and bind to a DNA’s opposing strands at a precise loca-
tion, and connected FoklI dimer units specifically prevent DNA

longer sequence (Fig. 8.6). Engineering TALENS is easier than engineering ZFNs
because each TALE unit functions on a single nucleotide without changing the adja-
cent TALE’s binding specificity. Two TALENs attach in proximity at opposing
strands of the target DNA and are connected by ZFNs that resemble the FokI endo-
nuclease, which requires dimerization to cleave a target DNA (Bo et al. 2019;
Bortesi and Fischer 2015).
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3.2.1.2  Mechanism of Clustered Regularly Interspaced Palindromic Repeat
(CRISPR)/Cas9

In 2013, CRISPR/Cas9 gene-editing technology, a third-generation gene-editing
approach, was employed for the first time in legumes. Since then, it has emerged as
the most innovative genome-editing method (Cantos et al. 2014). Using sophisti-
cated computational models and biotechnological methods, miRNA fine-tuning is
being used to improve crops. The three steps of the Cas9 system are as follows: the
acquisition of a spacer, the processing of the CRISPR ribonucleic acid (crRNA),
and the specific editing of targets. Figure 8.7 describes GE via the CRISPR/Ca9
method. The Cas9 protein and single-guided RNA (sgRNA) complex provide the
basis of the initial step. To match the Cas9 protein with the gene, guided RNA must
first recognize the area of DNA that is being targeted.

Cas9 starts to act as a biological scissor to cut DNA, which causes double-
stranded breaks, much like the guided RNA was unwinding the DNA. The repairing
of double-stranded DNA is usually initiated by two naturally occurring repairing
processes: homology direct repair (HDR) and nonhomologous end joining (NHEJ).
These are nucleic acids’ repair mechanisms. These repair mechanisms prevent the
genome’s random insertion of broken template parts (Cermédk et al. 2011).
Microhomology-mediated end joining (MMEIJ), the third repairing process, is an
error-prone restoration technique that involves placing microhomologous arrange-
ments into the damaged ends before linking them (Cheng et al. 2021; Johnson
et al. 2015).

3.2.1.3 Comparisons Between CRISPR, TALEN, and ZFNs

Table 8.1 An in-depth comparison of CRISPR, ZFNs, TALENs, and MNs and other genome-
editing techniques

Functions MNs ZFNs TALENs CRISPR/Cas9

Target High High High Very high

recognition

efficacy

Cost High High High Small/low

PAM Absent Absent Absent Present

Off-target effects | Low Low Low Small

Multiplexing Challenging Challenging Challenging Easy

Editing efficacy | Low Low Low High

RNA/protein Protein based Protein based Protein based RNA/protein

component

Restoring MMEJ, HDR, MMEIJ, HDR, MMEJ, HDR, MMEIJ, HDR,

pathways NHEJ NHEJ NHEJ NHEJ

Targeted DNA 12-45 bp 9-18 bp 30-40 bp 20 bp

chain size

Protein type Restriction Restriction Restriction Cas9 protein,
endonuclease endonuclease endonuclease Casl0, Cas12
Fok 1 Fok 1 Fok 1
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strand RNA

Fig. 8.7 A brief schematic of CRISPR/Cas9 operation showing how it preferentially nicks the
target double-stranded DNA

4 Challenges of Legume Modifications and Solutions

A successful plant transformation requires the ability to incorporate DNA into the
plant. Legumes are repellant as well as resistant to transformation (Christian et al.
2013). This is given additional complexity by the understanding that not all tissues
in legume crops are capable of both changing and regenerating. Only for this reason
is a reliable and effective transformation protocol needed, one that doesn’t only
produce a renewal mechanism but combines a vector from the beginning (Christian
et al. 2010).

*  Most legume crops employ agrobacterium-mediated genomic transformation
» The biolistic approach has been employed in a few instances
* Plant regeneration from seed tissues is one example that has been effective

One of the legumes that have been widely examined is the soybean, in which the
genetic change is complete. The single crop for which the use of CRISPR/Cas9 has
been extensively described is soybean (Clasen et al. 2016). Rooting large-seeded
legumes in vitro is a significant problem as well. Method specificity and a few addi-
tional obstacles inhibit large-scale transformation in legumes. Effective genetic
transformation cannot be achieved using conventional or outdated transformation
approaches, but CRISPR/Cas9 can ease these worries. Some species of legumes are
produced successfully for commercialization because of dependable and predict-
able regeneration techniques, however, inadequate in vitro rooting during renewal
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has hindered the success of regeneration techniques for many other legumes. Using
outdated breeding methods will not be able to solve these problems (Cong
et al. 2013).

Culturing genetically modified (GM) legumes has been met with resistance in
many cultures. Even if there is no demand for transgenic cultivars, the progress of
effective transformation procedures is significant in that it confirms the use of spe-
cific genes in legumes (Cong et al. 2013). In speeding up the genetic transformation
of legumes, various approaches have gained popularity:

* Transforming sonication-assisted agrobacteria

* Boosting the rate of genetic transformation in legumes by making the explant
more effective

 Increasing the affinity of the host—plant relationship

* Refining culture media additives

Investigations into the obstacles to the transformation of legumes and potential
solutions still need to be conducted. New concepts will emerge as molecular science
advances, shedding light on the rapidly increasing rate of legume change.

4.1 Genome Editing Legumes via CRISPR/Cas9

The CRISPR-based gene-editing approach has been developed for several model
legume crops, including chickpeas, soybeans, lentils, Medicago truncatula, and
others. Large areas of the world are used to raise legumes. In total, 306 million
tonnes of soybeans were produced in 2016 (FAO 2017), 6.3 million tonnes of lentils
in 2018, 11.5 million tonnes of chickpeas in 2017, and 7.4 million tonnes of cow-
peas in 2016 (Haun et al. 2014). Crop quality, productivity, and tolerance to biotic
and abiotic stresses were all improved by using CRISPR/Cas9. Recent improve-
ments to legumes have been due to the calibration of CRISPR/Cas9. We have cov-
ered how genome-editing technologies have enhanced critical traits in legumes. We
now focus on how genome editing via CRISPR, and other techniques, is helpful in
biofortification.

4.1.1 Soybeans

One of the most significant crops of legumes is soybeans. A major aspect of soy-
beans is delayed flowering, which results in an increase in nodes, a change in the
shape of the flowers, an increase in internode length, and an increase in plant height.
In one experiment, the Cas9-based mutagenesis method was used to create mutants
of GmFT2a, which led to a delay in soybean flowering. For gene transfer, A. fume-
faciens was utilized (Martinez-Forttn et al. 2017). By crossing GmFT5a with the
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ft2a mutant, the soybean research team continued to mutagenize the ft2aftSa
mutants. Compared with the natural type, double mutants’ flowering dates were
reported to be thirty-one days later, and they produced more pods and seeds when
the days were short. The modified gene was transferred into soybean by using the
A. tumefaciens strain EHA105. Therefore, by focusing on the flowering and bloom-
ing time gene, we can boost production and thereby improve food safety (Kim
et al. 2021).

Four GmSPLY genes were edited by using a sophisticated gene-editing method
based on Cas9, and transformation was conducted by using A. tumefaciens. The
mutants displayed a different phenotype. This method produced many soybean
mutants with various combinations of changed loci and various pod and branch
counts. The increase in pods would result in a rise in soybean yield and grain pro-
duction. The CRISPR/Ca9 gene-editing technology simultaneously enhanced the
critical seed-related properties of an oil, isoflavone, and viral disease resistance
(Komor et al. 2016; DeFrancesco 2011). With the use of CRISPR, a sizable gene
library made up of a hundred soybean genes has been generated.

Similarly, several mutants have recently been produced (Li et al. 2012). Without
external growth regulators, the hairy root can grow swiftly. Hairy roots are fre-
quently utilized as transgenic instruments for the generation of metabolites, and in
investigations into gene activities in soybean plants, hairy roots are frequently uti-
lized as transgenic instruments (Li et al. 2013). Following the deletion of GmIPK1,
the gene in the hairy root of soybeans was edited by using Cas9, demonstrating the
effectiveness of the Cas9 tool. A phytic acid synthase enzyme was encoded by this
gene. A. rhizogenes was used for the transformation (Li et al. 2011).

Moreover, the Cpf1l nuclease, also known as Cas12a, is another strong and effec-
tive Cas nuclease. For transformation, the A. rhizogenes strain K599 was employed.
The outcomes demonstrated the usefulness of this method in enhancing the four-
gene cluster in soybeans. Similarly, GmHSP17.9 was effectively transformed by
A. rhizogene K599 to produce more seeds by using the CRISPR/Cas9 tool (Li et al.
2012). The most important breeding goal is to enhance soybean output, and more
seeds result in higher yields.

4.1.2 Chickpeas

Chickpeas, which are grown all over the world, are the second-most significant and
valued of the legume crops (Shu et al. 2020). The genomic sequence of the Desi
chickpea (C. arietinum) was published in 2013 (Liang et al. 2014), but sadly,
attempts to create a unique genetic variation by using reliable genome-editing tech-
niques are infrequent because there is no reliable plant-regeneration system. In
addition, chickpeas now contain a transgenic plant-generating system (Liu et al.
2019). The transgenic plants of chickpeas bearing chimeric genes encoded the
CryAabc protein of Bacillus thuringiensis to thwart pod borers. Being resistant to
pod borers is essential because they are responsible for the drastic reduction in
chickpea yields that is occurring globally. The EHA105 strain of A. tumefaciens
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conducted the transformation. In a comparable way, this recently developed, reli-
able transformation technology was used to create stable transgenic lines of chick-
peas. For the transformation of the gene, strain AGL1 of A. tumefaciens was
employed. The stress-tolerance genes AtBAG4 and TIBAG and the genes for Fe
biofortification (OsNAS2 and CaNAS?2) were all successfully expressed in the sta-
ble transgenic lines (Liu et al. 2020). One of the essential plant nutrients is iron (Fe).
Among the ecological solutions to combat Fe insufficiency, which is decreasing
chickpea output, is the Fe biofortification of chickpeas (Lor et al. 2014). The use of
modern gene-editing practices (e.g., CRISPR) for the development of agricultural
features in chickpeas is made possible by whole-genome sequencing, the reference
genome, and the successful history of whole-plant transformation. Therefore, the
most promising method to combat drought stress is to create drought-tolerant chick-
peas by using CRISPR/Cas9 (Lou et al. 2017).

Moreover, many chickpea cultivars are herbicide sensitive. An essential enzyme
involved in the synthesis of lignin is encoded by the gene. Chickpeas’ ability to
withstand drought was boosted through effective gene deletion. This work involved
protoplast-mediated transformation. Plant hormones and photosynthetic pigments
both depend on the carotenoid production process. The basis for future gene knock-
outs was established by the discovery and characterization of many genes involved
in the synthesis of carotenoids in chickpeas (Lyzenga et al. 2019; Ma et al. 2015).

These recent experiments have proven that gene editing is feasible in chickpeas,
providing a solid foundation for the future discovery and development of traits. We
are hopeful that CRISPR/Ca9-mediated gene editing may open new avenues for
gene editing in chickpeas for a number of essential characteristics.

4.1.3 Mungbeans

A large crop, the mungbean (Vigna radiata), is grown and eaten predominantly in
Southeast Asia, including China, Pakistan, and India. Of the total area used by
legumes in these nations, 85% is taken up by mungbeans (Miao et al. 2013). The
mungbean is high in proteins, fiber, and vital amino acids (Ntui et al. 2020). Owing
to its nonsynchronal development attitude and the lack of superior cultivars avail-
able, mungbean production is quite low (Pramanik et al. 2021). Multiple cycles of
domestication and breeding have led to the successful release of a large diversity of
mungbeans. Thus, crop enhancement using contemporary genome-editing tech-
niques can also be conducted more quickly, effectively, and reliably. To improve
mungbeans throughout the initial stages of crop development, various markers,
including single-sequence repeats (SSR) and single-nucleotide polymorphism
(SNP), have been designed. Early mungbean features include yield, nutrient con-
tent, and resistance to abiotic stress (Ramalingam et al. 2011).

Cas9 gene editing in cowpeas provides evidence of the effectiveness of using
Cas9 in mungbeans. By knocking down the kinase gene, cowpeas were able to fix
nitrogen in a symbiotic manner (Rashid et al. 2017). Because there has not been
much CRISPR/Cas9 use in mungbeans, there is a lot of room and opportunity to
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employ the method to promote self-sufficiency and accomplish desired goals (Shan
et al. 2013a).

For future investigations, ensuring that all information is up to date would be
useful. Future gene-engineering efforts in mungbeans could start with the goal of
improving quality traits and disease resistance. The global cultivation of mungbeans
could be increased with the development of climate-resilient mungbean variants.

4.1.4 Lentils

Among the legumes, lentils (Lens culinaris) account for 6% of the total production
of dry pulses. Numerous abiotic stressors, including drought, salinity, cold, and
elevated temperatures, significantly limit its yield. Lentils’ limited genetic diversity
inhibits the production of stress-tolerant cultivars. Germplasm screening is being
carried out to find plants with excellent qualities, including high yield, nutrient effi-
cacy, water-use efficiency, disease-fighting ability, and high mineral uptake (Shan
et al. 2013b). The lentil-breeding program’s ongoing goal is to create cultivars with
better climatic stability and desirable meal qualities. New features in lentils are
mostly the results of the genetic diversity that already exists in legumes. Important
developments in achieving high yield and meal quality in lentils call for the genera-
tion of novel allelic sources within legume germplasm pools.

Targeted genome editing, such as CRISPR/Cas9, can successfully increase the
yield and quality of cultivars and combine conventional approaches into an approach
that could help advance new steps toward the successful production of new cultivars
in order to address all these questions and current issues. A. tfumefaciens-based
transformation techniques have been extensively researched (Shu et al. 2020); how-
ever, their success rate has often been less than 1% (Szczepek et al. 2007). The
regeneration of explants from different plant sources, such as shoots, roots, and
embryo apices, has successfully achieved genetic change. One of the finest tech-
niques to successfully regenerate explants was to use in vitro plant regeneration, but
breeders concluded that extensive review was necessary to better understand the
difficulties and to boost productivity (Cermdk et al. 2015). Soon, method optimiza-
tion with a proper blend of inorganic media and hormones will be necessary because
the number of shoots produced per explant directly impacts agrobacterium and
Cas9 transformation efficiency. Random mutagenesis’s innovative techniques have
advanced our understanding of the genes responsible for seed size (Gaj et al. 2013).
Other than these features, novel gene-editing approaches can also be used to target
disease resistance, herbicide tolerance, and pod shattering.

Lentils from the current wild-type gene pool have long-lasting resistance to abi-
otic stressors such as cold and drought. The inability to isolate reproductive compo-
nents, hybrid infertility, and imprecise genetic variety are barriers to employing
these resources more extensively in lentil breeding. However, there is still much
work to be carried out in the genome transformation of lentils to move genes around
genomic restrictions (Kelliher et al. 2017). A new age of gene editing for lentil her-
bicide tolerance has started. The uses of gene editing have expanded thanks to the
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Ala251Thr mutation in the psbA chloroplast gene that causes herbicide resistance
(Tilman et al. 2011). A more convenient, less expensive, and more precise method
of altering genes to enhance lentils can be provided by using CRISPR/Cas9 genome
editing.

4.1.5 Peanuts

One of the major legume crops grown worldwide is the peanut (Arachis hypogaea).
The top two producers of peanuts are India and China, with the United States com-
ing in at number five (Tsai et al. 2014). Because of its polyploidy and sterile DNA,
peanut breeding has always been difficult (Shukla et al. 2009). The successful appli-
cation of various molecular approaches for its genetic enhancement has been made
clear by a current study on the peanut genome. Future research on the novel alleles
of desirable features that can be pursued by the CRISPR/Cas9 approach will result
from the integration of DNA recombinant technology and operational genomics
(Ainley et al. 2013). The generation of transgenic peanuts via agrobacterium-
mediated transformation is more interesting and less competent than that of
Arabidopsis and rice (Wada et al. 2020). In this instance, A. rhizogenes has been
frequently sprayed to change the hairy roots of peanuts, but there is no proof that the
transformed roots have produced any plants (Wang et al. 2014).

A successful and repeatable approach for producing and transforming the Cas9/
gRNA complex is required. The creation and the transformation of the Cas9/gRNA
complex are essential to assess the potential role of CRISPR/Cas9 in peanuts. One
of the key breeding goals for peanuts is higher oil content. Oil is widely used in
industry and provides benefits such as high shelf life and antioxidant properties. In
one study, the gene responsible for converting oleic acid into linoleic acid, ahFAD28,
was edited by using the CRISPR/Cas9 gene-editing technology. Using A. rhizo-
genes strain K599 to convert the gene, CRISPR/Cas9 was able to modify the gene
to introduce the desired features. The specific mutation of this gene was carried out
in the peanut protoplast and culture (Naik et al. 2022; Wang et al. 2014). CRISPR/
Cas9 technology was used in a different experiment, where it was used to modify
the allergen gene (Ara h 2) in peanuts. For individuals who are allergic to peanuts,
a mutation in this gene increases the nutritional value of peanuts. Protoplast was
successfully isolated, and the polyethylene glycol (PEG) approach was used to con-
vert it. The results demonstrated the utility of the protoplast transformation method
as a quick and precise tool for temporary expression (Zegeye et al. 2022; Wu et al.
2020) and investigated the role of the gene AhNFRI in the growth of root nodules
using the CRISPR/Cas9 technology. Strain K599 of A. rhizogenes was employed
for the transformation.

The findings suggest that by using the peanut hairy root transformation technol-
ogy, CRISPR-Cas9 could be employed to specifically investigate the function of the
genes in roots for functional genomic research (Wu et al. 2014). Peanut plants pro-
duce root nodules, which fixate nitrogen and promote growth and development. We
can boost root nodule growth and boost peanut production. This research
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collectively established the immense potential of the CRISPR/Cas9 tool to precisely
alter any desired gene in peanuts. Recently, Wei et al. (Ran et al. 2017) effectively
used the CRISPR/Cas9 technology to delete the FAD2B gene in peanuts. The resul-
tant mutants contained 80% or more oleic acid. For plant transformation, they used
the A. tumefaciens strain GV3101. In the future, additional genes will be able to be
modified by using the CRISPR/Cas9 method.

4.1.6 Cowpeas

The cowpea (Vigna unguiculata), first domesticated in Africa, is now grown all over
the world. It goes by the name black-eyed pea as well. Larger amounts of fats, min-
erals, and carbohydrates are in them (Ran et al. 2017). According to estimates, 200
million people in Africa consume cowpea (Sun et al. 2013). The cowpea is one of
the world’s most significant and valuable legume crops. It contains 25% more pro-
tein than average and important amino acids such as lysine. Cowpeas are recalci-
trant to genetic transformation, which limits the application of CRISPR/Cas9 in this
plant. This resistance is a result of inadequate agrobacterium-based DNA transfer to
the targeted cell, ineffective transgenic assortment techniques for workable trans-
genic plant recovery, and the lack of a flexible in vitro shoot regeneration system
(Zafar et al. 2020). Igbal et al. (2020) reported that cowpeas recently had an effec-
tive transformation ratio of 37%. To produce mutant plants, these authors modified
the GmEF1A2 gene by using the CRISPR/Cas9 gene-editing system. Gene transfer
was carried out by using agrobacterium strain LBA4404. The VuSPOI11-1 was
altered to create hybrids (Zeng et al. 2020). For this reason, a second rapid CRISPR/
Cas9 technique was created in 48 hours by using leaflet invasion by
agrobacterium.

By expressing the Cas9 protein by using AtPS5A, researchers have explored a
variety of designs. It has been used to make mutant plants after the deletion of
VuSPO11-1, and the frequency of mutation in the transient array was found to be
3.9% (Zhang et al. 2016). Future targeted gene editing in cowpeas may give rise to
the extensive use of CRISPR/Cas9 gene manipulation.

Other legumes could benefit from the increased transformation efficiencies pro-
vided by the principles described here. But it’s important to find a reliable technique
for genetic modification. The effective application of CRISPR/Cas9 in cowpeas
could be made possible by conducting more genetic investigations (Zhang
et al. 2013).

4.1.7 Alfalfas

One of the most important crops in the legume family and the queen of forages is
alfalfa (Medicago sativa L.). The CRISPR/Cas9 tool’s overall effectiveness in the
polyploid alfalfa genome is limited. For successful gene editing in alfalfas, an
improved CRISPR/Cas9 system will be required.
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Editing the MsSGR gene in alfalfas by using CRISPR/Cas9 proved effective.
The findings revealed a sizable color diversity in mutants. To draw in insects and
birds for effective pollination, color variation is important. The mutants had a green-
ish color and demonstrated that knocking off alfalfa genes by using CRISPR/Cas9
might have important long-term effects (Zhang et al. 2010).

In a similar manner, Zhang et al. (2014) used CRISPR/Cas9 to modify the
NOD26 gene in alfalfas to boost their protein levels. Mutants displayed transgenic
alfalfas with strong beta-glucuronidase (GUS) activity after genes were transferred
by using Agrobacterium tumefaciens. Tetraploid alfalfas are one of the most impor-
tant sources of vegetable protein used in the production of milk and meat in temper-
ate zones. These outcomes showed prospective ways for CRISPR/Cas9 in alfalfas to
be used in future research to produce high-yielding, nutrient-rich, and disease-
resistant varieties.

Furthermore, the primary goals of pulse biofortification through transgenic
breeding are to enrich important amino acids, to fortify them with iron and zinc, and
to decrease the number of antinutrient chemicals (Fig. 8.8). The overexpression of

Glycine max
Reduce
cholesterol, Boost
Digestive health,
and reduce breast
cancer risk

Vigna unguculata
Enhanced lipid
profile, Enhanced
Blood glucose,
‘and B.P Reduce
the risk of cancer

Fig. 8.8 Genome editing and its application in some important legume crops
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heterologous proteins rich in these amino acids helped to overcome the lack of
sulfur-rich amino acids. A cysteine-rich protein derived from maize, called 27 kDa-
zein, was introduced and overexpressed in several pulse crops to improve the nutri-
tional value of cysteine amino acids (Zhang et al. 2020a). Similarly, methionine
content was increased in carbon beans and lupins by overexpressing S-rich proteins.
Upregulating aspartate kinase and the 2S albumin storage protein with a seed-
specific promoter boosted methionine content in Brazil nuts, and fourfold higher
methionine accumulation was accomplished in Brazil nuts seeds (Zhang et al.
2019). Transformed adzuki beans accumulated more free tryptophan thanks to the
rice OASAID transgene (Zheng et al. 2021). Because chickpeas have higher iron
bioavailability, the genes for glycine max ferritin and chickpea NAS2 were inserted
and upregulated (Zhou et al. 2014).

Moreover, the y-synthase gene also increased the content of methionine in soy-
beans that overexpressed cystathionine. Increased cysteine and methionine contents
were achieved by overexpressing the maize zein protein in soybeans. Increased cys-
teine concentration in seeds was another benefit of O-acetyl serine sulthydrylase
overexpression. The lysine content of seeds was increased in transgenic soybeans
by upregulating the genes for dihydrodipicolinic acid synthase and aspartokinase
(Bhowmik et al. 2018). The PSY, bktl, crtW, and crtB genes as well as the overex-
pression of carotene desaturase improved provitamin A accumulation in soybeans
(Wang et al. 2020). To lower the content of linolenic acid in soybeans, the 3-FAD3
genes were silenced by using siRNA-mediated deletion. The renovation of methio-
nine-rich storage albumin from Brazil nuts enhanced the methionine concentration
in common beans. The transformation of the analogous gene from sunflower and
albumin increased the S-rich amino acid profile of lupins (Zhang et al. 2020b).

A double-stranded RNA (dsRNA) molecule triggers the sequence-specific gene
regulatory process known as RNA interference (RNA1), which inhibits a particular
gene from being translated or transcribed. RNAi has opened new possibilities for
crop development since its discovery. Compared to antisense technology, it is a
more accurate, reliable, effective, and overall superior tool. The incorporation of
biotic and abiotic stress tolerances and the supply of high-quality food through bio-
fortification and bioelimination have been made possible thanks to RNAI. It is com-
monly used to improve the dietary quality of crops and remove pollutants and food
allergies (Yadav et al. 2017). Because of its capacity to chelate micronutrients and
limit the bioavailability of critical elements, phytic acid (PA), found in cereals and
pulses, is regarded as a primary antinutrient. Because the role of RNAI in pulse
nutrient uptake has not been fully explored, there is still room for development.

Studies have shown that phytate limits the bioavailability of micronutrients in
pulses and reduces their solubility qualities by complexing with calcium, magne-
sium, copper, and iron (Ochatt et al. 2018). Other substances, primarily the prebiot-
ics inulin and fructans, absorb iron, zinc, and calcium on their own and limit the
activity of phytic acid. Similarly, p-carotene promotes iron and zinc absorption in
lentils, peas, and chickpeas. Thus, genes encoding these substances could be over-
expressed to increase the bioavailability of micronutrients (Ali and Borrill 2020).
Furthermore, it has been suggested that selenium increases iodine’s bioavailability
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in lentils, peas, and chickpeas. But some inhibitors that impede bioavailability
require more research. To develop nutritionally enriched pulse crops, the biochemi-
cal processes involved in the generation of antinutrients should be investigated, and
genes that play a crucial role should be silenced or knocked out by using RNAi
(Carvalho and Vasconcelos 2013).

Saponins are antinutrient substances that are beneficial at lower concentrations
but can act as antinutrients when consumed in larger amounts (Simkin 2019).
Furthermore, 13 OSC genes, 246 P450 genes, and 112 uridine diphosphate glycos-
yltransferases (UGTs) were found to be involved in the manufacture of saponins in
an A. thaliana-based study. To minimize saponin production, it is necessary to iden-
tify and remove important regulatory genes in the saponin biogenesis pathway
(Shoab and Hefferon 2022). Similar steps must be taken to identify and modify the
genes that make other antinutrients, such as lathyrogens, protease inhibitors, and
amylase, to decrease the number of these molecules (Lal et al. 2020). Increased
mineral concentrations were seen in transgenic chickpea lines with the cytokinin
oxidase (CaCKX6) gene expressed specifically in the roots, including Cu (26-62%),
Mg (13-21%), Zn (27-62%), Fe (22-48%), K (11-27%), and P (5-19%) (Nogué
et al. 2016). The rice (OsNas2) and chickpea (CaNas2) Nicotianamine Synthase
(NAS) genes were identified, and both are elaborate in Fe absorption and transporta-
tion in plants. They both catalyze the manufacture of nicotinamide (NA). It has been
successful at creating firm transgenic chickpea lines carrying the GUS (uidA) and
Fe-biofortification genes (OsNAS2 and CaNAS2) (Ko¢ and Karayigit 2021).

Up to 94% more methionine was present in lupin thanks to increased levels of
gene expression for sunflower seed albumin (Wu et al. 2015). It has been demon-
strated that expressing the bacterial PSY (phytoene synthase) gene can increase the
provitamin A, oleic acid, and seed protein content of soybeans (Goredema-
Matongera et al. 2021). The overexpression of PSY and carotene desaturase in soy-
beans has also been observed to enhance beta-carotene levels (Kawakami and
Bhullar 2018). Cysteine and methionine, two necessary amino acids that contain
sulfur, are insufficient in soybean proteins. O-acetyl serine sulthydrylase gene over-
expression was used by Johns and Eyzaguirre (2007) to demonstrate enhanced
cysteine content in soybeans. It has been found that overexpressing cystathionine-
synthase increases the amount of methionine in soybeans (Ricroch et al. 2017).
The isoflavone content of soybeans was increased by manipulating the maize C1
and R transcription factor-driven gene (Wilson 2021). CRISPR/Cas9 gene edit-
ing has unlocked a new capacity for functional genomics in legume grain crops. The
ability to supply the DNA/RNA components with the regeneration of a complete
plant is the fundamental goal of genetic transformation, including CRISPR/Cas9
gene editing. Most dietary legumes are resistant to absorbing and integrating for-
eign DNA, and many of them are also recalcitrant (Saltzman et al. 2017).

The availability of efficient plant transformation and whole-plant regeneration
technologies, a supportive regulatory framework, and consumer acceptance of
gene-edited crops are all required for the achievement of genome editing and for
legume improvement.
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5 Output and Expected Results Following Genome Editing

Both governmental and private breeders consider gene editing to be a promising
breeding strategy for creating new crop varieties. Most nations experienced initial
confusion over the regulation of gene editing, which has been addressed over the
past three years. With the development of the technical (i.e., regeneration and trans-
formation) potential of legumes, this new generation of genome-editing technology
will significantly advance research on breeding legumes to increase production and
enhance tolerance to biotic and abiotic stresses. The choices for precisely and effec-
tively altering genes through the addition or deletion of genetic material have
expanded because of recent developments in genome-editing technology (Fig. 8.9).

In this chapter, we examined several methods and materials that can be used for
both the creation and delivery of genes and the identification of genetic changes.
New opportunities for functional genomics and the enhancement of numerous fea-
tures in legume grain crops have been made possible thanks to genome-editing tech-
nology. However, the successful application of genome editing for legume
enhancement depends on the availability of efficient techniques for plant transfor-
mation and regeneration. Figure 8.9 depicts the output of legumes after
biofortification.

Fig. 8.9 Output of legumes after biofortification
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6 Conclusion and Future Points of View

Genome editing is the most popular and adaptable tool for improving legumes. The
efficient, multiplexing, integrity, simplicity, and highly precise character of the
genome-editing technologies discussed here, as well as their attractive survival
landscapes, point to how legume breeding is conducted and paves the way for future
generations. This chapter encompasses the initiatives being carried out to improve
the nutritional value of major pulses in future key regions. To raise the level of
micronutrients and their bioavailability, it is possible to take advantage of the vari-
ety in Fe and Zn contents and other micronutrients in legume crops. The bioavail-
ability and intake of legumes can be further improved by reducing antinutritional
factors, such as phytate, trypsin, and chymotrypsin inhibitors. A study of the litera-
ture on transcriptomics, biotechnology, genomics, and phonemics has shown that
this novel approach to improving legumes is effective. To assist the quick develop-
ment of this technology and make transgenic crops suitable for consumption, the
regulation of these crops has also been made systematically simpler. To achieve
nutritional security, one significant goal of legume improvement programs is to find
genetic constitutions with low antinutrient content in the germplasm, through
genome editing. Because the wild-type relatives of many legume crops lack these
antinutrients, they could be employed in prebreeding initiatives. Recent research
should be recognized as opening the door for the future use of transgenic and gene-
editing techniques in legumes to improve dietary quality. The widespread applica-
tion of genome editing for improving legumes is already a reality. However, the
process of genome editing presents ethical issues that society and researchers must
address on a large scale.
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Abstract The agriculture sector is facing severe challenges in producing high-
quality food materials in significant quantities because of climate change and food
insecurity. Therefore, efforts are needed to ensure global food security with millions
of people experiencing malnutrition, and this challenge is expected to further inten-
sify in the near future. Conventional approaches have been used for trait enhance-
ment in crops, but these approaches are often laborious and time-consuming and
have failed to keep up with rising food demands in recent times. In this regard,
molecular approaches for various crops have shown some promising results with the
recent introduction of site-specific genome-editing technologies such as transcrip-
tion activator-like effector nucleases (TALENS) and CRISPR (clustered regularly
interspaced short palindromic repeat)/CRISPR-assisted 9 (Cas9) systems. CRISPR
technology has gained fame over the past few years because the technology gener-
ates DNA-free target mutations in plants, avoiding any possibility of introducing
foreign DNA into host cells. This technology is also more cost-effective and less
time-consuming than other gene-editing technologies. CRISPR/Cas-based gene-
editing approaches also provide an escape from many GMO restrictions, increasing
societal approval and paving the way to meeting the global agricultural demands of
the future. In this chapter, we will discuss some basic concepts on gene editing and
its application for nutrition enrichment and global food security.
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1 Introduction

Plants are key components of maintaining a sustainable life in that they technically
serve as key sources for all four Fs; food, feed, fuel, and fiber (Hendrickson et al.
2008). Earlier human life primarily focused on meeting these demands by hunting
animals, but as time passed and civilization progressed, humankind became more
aware of the domestication of plant crops and how to use these plants to meet basic
necessities. This change of events led to numerous spells of rapid food production
over time, leading to increases in global population. During the eighteenth and nine-
teenth centuries, new discoveries, ranging from the steam engine to electricity and
digital devices, created a fusion between surplus food and innovation, which ulti-
mately resulted in an explosive growth in birthrates and increasing populations
(Mohajan 2019; Galloway and Cowling 2002; Romer 1990).

A growing population has been a major concern since the early twentieth cen-
tury. Many of the famines (i.e., the Irish famine) and events of economic turmoil
(i.e., the Great Depression) exposed the vulnerability of global efforts to satisfy the
basic needs of human beings and showed how easily the inability to meet global
food demands can become a complete disaster (Romer 1990; Fotheringham et al.
2013). Lessons learned from the tragic events of the past prompt new thinking about
the world and have forced humankind to make efforts in certain directions to avoid
such catastrophic events and so that enough food supplies can be secured for the
global population. In response to these threats, the Green Revolution of the 1970s
witnessed an immense increase in crop yields across the globe, especially among a
large number of middle- and low-income countries, and was instrumental in improv-
ing socioeconomic outlooks for many countries. This revolution was powered
mainly by the development of high-yield cereal crop varieties, along with use of
modern weed killing, pest-controlling synthetic chemicals, fertilizers, and other
agrochemicals (Tilman et al. 2002). This revolution introduced an era of stable food
supplies and reduced hunger around the globe for the better half of the past century
and the early years of the twenty-first century; however, the overall impact of these
approaches was not properly assessed, which resulted in issues such as the runoff of
harmful chemicals, soil degradation, and unintended climatic crises (Pingali 2012).
Now, this plus resource scarcity, reduced availability of fertile and arable land, and
the increasing negative impacts of climate change are grave threats to global food
security.

Climate change and human activities have created some major issues for sustain-
able agricultural production: Higher levels of carbon dioxide, increasing global
temperatures, heat waves, droughts, and resource depletions will lower yields across
the world (Nelson et al. 2009; Gliessman 2015). Meanwhile, the UN’s estimates
suggest that the global population will reach more than ten billion by the middle of
the twenty-first century, and to feed this immense population, an increase of about
70% in production output is required (Prosekov and Ivanova 2018). Securing food
for such a population is a complex task as agricultural production systems need to
be adjusted in accordance with different agro-climatic zones and soil conditions to
attain maximum growth (Tubiello et al. 2007).
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Breeding practices have been used for a long time in plants with the specific aim
of enhancing key agricultural traits. Over time, four key approaches have been used
for this purpose: crossbreeding practices, mutation breeding, transgenic approaches,
and (most recently) genome-editing approaches. Crossbreeding is among the earli-
est approaches focusing on trait enhancement by targeting the sexual crossbreeding
of plants with certain desired characters, and it was the most common approach
during the Green Revolution era. However, a key limiting factor for the wide-scale
adoption of this approach was that it could be used only for traits that were part of
parental genome, and under the low availability of genetic variability, the method
tended to lose its efficiency. Mutation breeding focuses on the use of mutagens
(chemical or radioactive) to introduce mutations into genomes, creating new genetic
combinations and increasing the genetic variability of crop plants (Holme et al.
2019). Although this approach was useful for the introduction of new allelic combi-
nations, a key challenge was screening for desirable traits and the cultivar type’s
possessing those traits, making the whole process laborious while undermining its
efficiency. Transgenic breeding was the most common technique for trait enhance-
ment during late 1990s and early 2000s; this technique was based on introducing
foreign genes with desired traits into other plants. Although the results were promis-
ing, with increased yields and better nutrition profiles evident among treated plants,
a major challenge to obtaining regulatory approval for GMOs is still restricting the
potential benefits of this approach (Raman 2017). Recent advancements in molecu-
lar biology have now led to a fourth key approach to plant trait enhancement, based
on breeding crops with site-specific genome editing using molecular scissors and
gene-editing tools. These techniques tend to introduce a site-specific mutation into
a plant genome to achieve the desired status without introducing any foreign DNA
into the host cell (Chen et al. 2019). The most common of these approaches, with
wide-scale applications, is the CRISPR (clustered regularly interspaced short palin-
dromic repeat)/Cas (CRISPR-associated) approach, and its use has been rapidly
growing for trait enhancement in several crops (e.g., wheat, rice, and potatoes) over
the past few years (Zhu et al. 2020).

The central idea of food security is access to healthy, nutritious food as part of
people’s daily diets, regardless of socioeconomic boundaries. Currently, over 8§00
million people around the globe are malnourished, and this challenge is more preva-
lent in underdeveloped countries (Jensen 2002). Not taking a sustainable approach
to maintaining steady increases in food production would spell disaster because the
food security researcher community predicts stagnant growth in food supplies in the
face of resource scarcity and threats from global warming (Eitelberg et al. 2015).
Modern genetic-based breeding approaches, though, provide a key lifeline for the
effective manipulation of plant genomes and can introduce new traits in order to
meet the food demands of the future (Cook et al. 2014).

In order to solve the massive challenge of sustainable food production and global
agriculture, genomic approaches can ensure global food security while maintaining
balance among changing climate conditions, socioeconomic impacts, sustainable
production, and global food production (Fig. 9.1).
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Fig. 9.1 Common plant-breeding approaches

2 Transgenic Approaches

Guaranteeing food availability for everyone is among the basic human norms and is
a part of one of the UN’s sustainable development goals: “zero hunger” worldwide.
This includes not only the quantity of food but also its quality, as over 800 million
people in the world experience malnutrition (Von Grebmer et al. 2008). The situa-
tion is worse in developing countries, where accessing numerous mineral- and
vitamin-rich foods (e.g., fruit, meat, and fish) is not easy for everyone. People are
more dependent on cereal crops to meet their daily food demands, and these do not
pack enough vitamins and minerals in them to satisfy human needs. Therefore, this
lack of vitamins and minerals has given rise to several malnourishment-related dis-
eases (i.e. scurvy, night blindness, and rickets), posing grave risks to public health
(Semba 2012). Although different nutrient supplements have often been used as
solutions to this issue, a long-term solution remains a priority. For this purpose,
efforts are being made to improve the nutritional traits of less-nutrient-rich crops
(e.g., cereal crops), through a process called biofortification. In this transgenic
approach, genetic encoding for nutrient enrichment is directly introduced into host
cells. These cells then act as green production units that produce minerals and vita-
mins that generate genetic information introduced into the plant cells. Some of the
reported works related to transgenic-based biofortification are discussed in this
chapter.

The transgenic approach has been used for the vitamin enrichment of crop plants
to make up for vitamin deficiencies. Research has been conducted on enhancing
vitamin A and vitamin E contents in numerous crops, with positive results. Vitamin
A, an essential nutrient, is required for the normal functioning of the human body,
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specifically key biological process such as normal growth, cell integrity, immune
responses, and reproduction activity (Aslam et al. 2017). The human body can pro-
duce additional quantities of vitamin A from beta carotene (provitamin) precursor
molecules, but cereal crops normally have lower contents of it. Therefore, efforts
have been made to metabolically engineer biochemical pathways in crops to trigger
beta-carotene biosynthesis (Ye et al. 2000). The development of golden rice was a
key milestone on this journey, for which biosynthesis pathways in rice endosperms
were engineered to increase the production of beta carotene. Its initial development
included introducing a phytoene synthase from Narcissus pseudonarcissus (daffo-
dil), causing the accumulation of vitamin A precursor molecules, followed by intro-
ducing a combination of phytoene synthase (psy) and lycopene p-cyclase (B-Icy)
coding sequences from N. pseudonarcissus, under the influence of a glutelin pro-
moter and together with bacterial phytoene desaturase from E. uredovora. The engi-
neering of metabolic pathways resulted in the accumulation of beta carotene in rice
grains, which emitted a golden color, from which the name golden rice derived for
this newly developed variety (Beyer et al. 2002).

Vitamin E is another major essential compound needed for the normal function-
ing of the human body, playing a key role in preventing molecular oxidation and
unsaturated fatty acid polymerization. Initial efforts involved the conversion of
Y-tocopherol to o/p-tocopherol by using a combination of genes from Arabidopsis
and Synechocystis PCC6803, encoding for Y-tocopherol methyltransferase
(Y-TMT), indicating the possibility of enhancing vitamin E content in plants
(Shintani and Dellapenna 1998). A similar approach was later used in soybean
crops, where a combination of genes encoding for 2-methyl-6-phytylbenzoquinol
(MPBQ) methyltransferase and Y-TMT were introduced to increase vitamin E con-
tent; an eightfold-plus increase in concentration has been observed (Van Eenennaam
et al. 2003). In addition to this, vitamin biofortification has also been carried out in
other crops (e.g., maize and lettuce) (Nunes et al. 2009; Naqvi et al. 2009).

Amino acids are other important components for the human diet, especially the
essential amino acids that are not synthesized by the human body under normal
conditions. Nine amino acids are known to be essential amino acids and are continu-
ous required by the human body. Cereal and legume crops are the most essential
components of the human diet, and these crops are often deficient in some of these
essential amino acids, which is why researchers are interested in developing new
varieties with higher nutritious values. The sunflower seed’s albumin-coding gene,
AmAL, has been introduced in chickpeas to increase methionine content, and the
same gene has also increased protein content in potato crops (Chakraborty et al.
2000; Chiaiese et al. 2004). In most of the higher plants, the syntheses of lysine,
threonine, and methionine take place from aspartic acid through a biochemical path-
way with a feedback control mechanism. Two enzymes—namely aspartate kinase
(AK) and dihydrodipicolinate synthase (DHPS)—play important roles in these
pathways. Bacterial homologs for these enzymes expressed in Arabidopsis have
improved lysine content in seeds. The introduction of DHPS into corn stimulated
higher levels of lysine in soybean and canola crops, and increased concentrations of
lysine and threonine were evident in corn (Falco et al. 1995).
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Enhancing mineral concentration in plants is a rather difficult task, because
unlike organic compounds, they are not synthesized by plants but rather are taken
up from their surrounding environment. The most common approach used for min-
eral biofortification increases the uptake of minerals in the harvestable part of
crops—i.e., fruits or vegetables. A second approach increases the content of digest-
ible minerals available during digestion. Research has been carried out on enhanc-
ing the uptake of iron and zinc minerals by crop plants, by increasing the activity of
certain chelating biomolecules, namely pyhtosiderophores. Success has been
reported by using the naat-A and naat-B genes from barley when expressed in rice,
which improved the synthesis of nicotianamine aminotransferases, which plays a
vital role in siderophore synthesis (Takahashi et al. 2001). Soybean-based ferritin
has also been used for mineral biofortification in crop plants (Goto et al. 1999).

In order to fight global food insecurity, both the quantity and the quality of food
crops need to be improved. Transgenic approaches have provided early successes in
the biofortification of crops, enabling humankind to combat malnutrition. Although
this approach has its own set of challenges, such as wider adoptability, regulatory
challenges, and public perception, dealing with these challenges can make trans-
genic approaches valuable assets in integrated efforts to combat global hunger.

3 Genome-Editing Concept and Technologies

Genome editing, or genome engineering, is an approach in molecular biology that
allows for the insertion, alteration, and/or deletion of genetic information in DNA. A
key difference that separates genome editing from previous mutagenesis approaches
is that it allows the modification of genomes to be specific rather than produce ran-
dom mutations (Bak et al. 2018). This approach has been used to alter traits in vari-
ous life-forms, including plants, animals, and bacteria. The most common type of
gene-editing technology is the CRISPR/Cas technology; others include zinc-finger
nucleases (ZFNs) and transcription activator-like effector nucleases (TALENS)
(Table 9.1).

Table 9.1 Comparison of the ZFN, TALEN, and CRISPR technologies

Technology ZFN TALEN CRISPR
Target Protein—DNA interaction | Protein—-DNA interaction | DNA-RNA
detection interaction
Construction | Target specific protein Target specific protein Single-guide RNA
engineering engineering (sgRNA) used
Delivery Two ZFNs required for the | Two TALENS required for | sgRNA with Cas
target the target protein required
Multiplexing | Challenging Challenging Feasible
Affordability | Resource- and time- Affordable but time- Affordable approach
consuming approach consuming approach
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Recent advances in biological sciences have generated a better and more-efficient
gene-editing technology that is based on programmable nucleases that enable site-
specific nuclease (SSN) activity. These technologies have been reported to produce
double-strand breakage at the point of their programmed target sequence. The natu-
ral process for DNA repair results in either knockout from a nonhomologous end
join (NHEJ) or knockin for a new gene of interest thanks to homology-directed
repair (HDR) (Symington and Gautier 2011). The following subsections detail
some of the most important gene-editing technologies.

3.1 Zinc-Finger Nuclease (ZFN)

ZFN is among the earliest developed gene-editing technologies and is based on a
combination of a zinc-finger-mediated DNA-binding domain for target identifica-
tion and a FokI nuclease domain for cleavage activity, and it acts on a protein—DNA
recognition system (Kim et al. 1996). The nuclease domain for the ZFN has been
engineered for enhanced catalytic activity. The technology has over time been used
on multiple crop plants, with positive results (Petolino 2015; Townsend et al. 2009;
Zhang et al. 2010). Although there has been some initial success, wide-scale com-
mercial applications are absent because of its costly, laborious procedure and the
complex technical challenges impeding its application (Ramirez et al. 2008).

3.2 Transcription Activator-Like Effector Nucleases (TALENs)

Plant pathogenic bacteria such as Xanthomonas spp. secrete a specific kind of mol-
ecule—transcription activator-like effector (TALE)—which has a DNA-binding
domain of 33-35 amino acids in a series (Boch et al. 2009). These DNA-binding
domains are re-engineered according to a specific target sequence and later on are
combined with a sequence-specific, independent FokI nuclease domain. A re-
engineered TALEN molecule is then used for the site-specific gene modification of
different life-forms (Li et al. 2011). A major challenge to the wide-scale application
of TALEN is the high similarity of the TALE recognition sequence and the com-
plexity of the procedure involved in increasing the specificity of the recognition
domain for specific target sites in DNA.

3.3 CRISPR/Cas Proteins

First observed in bacterial species Streptococcus pyogenes, the CRISPR system was
originally discovered as a type of bacterial defense mechanism against phage viruses
and was later on harnessed and re-engineered for targeted genome modification
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purposes. The most common of these systems is the CRISPR/Cas9 system, which
uses a Cas9 protein molecule for genome engineering. The process combines a
Cas9 molecule and a single-guide RNA (sgRNA) for the targeted modification of
genes; it introduces a double-strand break at the target site, introducing targeted
mutations into living cells. The CRISPR system uses an engineered version of
sgRNA to enable identification on the basis of base pairings between sgRNA and
the DNA target, making it much easier to manipulate and work with compared with
ZFNs and TALENs (Jinek et al. 2012). These systems have exhibited relatively
higher degrees of efficient modification in comparison to their predecessors, with
positive results observed in all cellular life-forms, including plants and animals
(Doudna and Charpentier 2014) (Fig. 9.2).

3.3.1 History of CRISPR Systems

CRISPR is a form of bacterial immunity against various phage viruses. This system
was discovered in bacteria for the first time in 1987 by a Japanese scientist who
discovered a long continuously repetitive sequence of DNA separated by a small
segment of spacer DNA with an unknown function (Ishino et al. 1987). Later, in the
1990s, closely resembling long repetitive sequences were also observed in the
archaea H. mediterrane, and further, similar sequences were discovered in a few
other archaea. On the basis of these discoveries in archaea and bacteria, Francisco
Mojica deduced that both archaea and bacteria possessed these segments of DNA
and that the presence of these segments of DNA indicate that they play important
roles in these microbes (Mojica et al. 1995). By the end of 2002, all the key ele-
ments of CRISPR loci had been identified, including the Cas (CRISPR-associated)
genes, but the true function of the CRISPR loci was still unknown (Jansen et al.
2002). In 2005, after a massive bioinformatics analysis, it was deduced that many of
the spacer sequences were a perfect match for various phages and conjugative plas-
mid DNA segments. Later, it was proposed that CRISPR is an adaptive immunity
system in bacteria and that multiple-spacer DNAs are the memories of past inva-
sions. In 2007, a group of scientists, including Rodolphe Barrangou and Philippe
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Horvath, while working on lactic acid bacteria S. thermophilus for Danisco DuPont,
provided the first experimental evidence for CRISPR’s being an adaptive immunity
system. Dr. Barrangou and his team focused on isolating phage-resistant bacteria
and found that bacterial strains that have phage sequences in their CRISPR loci are
resistant to specific phage viruses. Also, a larger number of spacer DNA enhances
bacterial resistant to various phage viruses, and slight mutations in the correspond-
ing phage DNA can result in the loss of resistance (Barrangou et al. 2007). This also
showed a direct correlation between the numbers of spacer sequences acquired and
an increased range of phage resistance. During 2011-2012, Virginijus Siksnys, a
Lithuanian biochemist, created in vitro CRISPR/Cas9, crRNA, and tracrRNA com-
plex, showing that a combination of Cas9 and artificially programmed crRNA and
tracrRNA can be used in gene-editing experiments. In the same year, the team of
Jennifer Doudna and Emmanuelle Charpentier performed a similar experiment,
where they used Cas9 from Streptococcus pyogenes in combination with artificially
synthesized crRNA and tracrRNA; in addition to this, they showed that the two
RNAs can be fused to form a single-guide RNA (sgRNA) (Jinek et al. 2012). The
creation of sgRNA was a huge step forward in the nascent field of CRISPR genome
editing because it resolved many issues related to the creation, handling, and imple-
mentation of two separate RNAs. Following the discoveries of the artificial synthe-
sis of crRNA and the creation of sgRNA, CRISPR soon became the headline of
numerous major studies around the world as scientists began to use it heavily and
started to produce positive results in a short period of time. The creation of artificial
sgRNA laid the foundation of a wide range genome-editing experiments on various
species. Numerous scientists, including the likes of Feng Zhang, George Church,
and Keith Joung, conducted successful gene-editing experiments on various types
of mammalian cells (Cong et al. 2013; Mali et al. 2013). What was initially observed
as an immune system of bacteria has now become an efficient tool for genetic
manipulation. The use of Cas9 for genetic editing in mammalian cells has shown the
ease of using prokaryotic Cas9 RNA—protein complexes for introducing gene into
various eukaryotic cellular forms.

In a similar manner to how CRISPR/Cas9 has been used in mammalian cells,
CRISPR/Cas9 genome editing is also being widely used in plants for their genetic
enhancement. Creating new, effective genetic combinations and producing benefi-
cial genetic variations are essential for ensuring global food security. Conventional
plant-breeding practices have been used for centuries to improve plants, followed
by the creation of genetically modified plants (GMPs), which ensures optimal
increases in crop yields. But the success of these approaches has been concealed by
issues such as long duration, losing genetic variations among plants, compatibility
issues among various species, and political controversies over GMPs. In recent
years, the field of plant science has entered into a new phase, where site-specific
genome editing is emerging as a worthy means for improving plants. Among vari-
ous site-specific genome-editing techniques, CRISPR/Cas9-based gene editing has
proven to be the most effective. The CRISPR/Cas9 has several advantages over
other site-specific genome-editing techniques: It is cost-effective, easy to handle,
and easy to implement, and it enables effective multiplex gene editing. The use of



242 F Alietal.

Guide RNA

Cas9

Matching genomic
sequence oﬁ

DNA

tTTIITTr Ty e TR rnTedg L L LR L
T T O O T 00O O O T o I Y

DELETING A GENE / \ INSERTING A GENE

anng
L
7
TrrrrrrrrrrrrrTreeTy rrry LILILBLEL TrrrrrrTrrrrrrrTrrrrarremreTy LELBLLIL
||l|||l||l|||l|||||l ALLLL LLLLL AL L L L L L Ll L Ll Ll L L L Ll LLLLL
Gene is disrupted Gene has anew sequence

Fig. 9.3 Molecular mechanism of CRISPR/Cas9

CRISPR/Cas9 in plants was first reported in 2013, when it was used to introduce
various sorts of mutations into plants (Li et al. 2013). The system is now being used
in plants of greater importance, including wheat, rice, and maize (Fig. 9.3).

4 Applications of CRISPR in Food and Agriculture

Improving crop traits is a major focus of today’s agricultural research. Over time,
the focus on increasing yields and quality trait enhancement has greatly increased.
Plants are key sources for numerous essential minerals, vitamins, and fiber, which
make them important for global food security. For this purpose, numerous technolo-
gies have been used, and with the advent of modern genome-editing technologies,
precise trait enhancement has gained serious attention in recent times (Gaj et al.
2013). A lack of nutrients in plants can lead to several health complications, and
efforts are being made to address this challenge. One of the approaches involves
engineering the root systems in plants because they carry out most of their vital
functions related to growth and nutritional uptake. Therefore, re-engineering these
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roots can help us to overcome these challenges by improving root systems to pro-
mote better nutrient uptake and alleviate water stress (Comas et al. 2013; White
et al. 2013).

The root system of a plant is complex trait influenced by multiple genes, and
thus, improving it, especially via the traditional breeding approach, poses a great
challenge (Ramireddy et al. 2018). Numerous factors, including the availability of
nutrients, distribution, mobility, soil texture, etc., tend to interact with and influence
root genetics. In order to absorb all these different nutrients, roots must deeply pen-
etrate into soil to increase their absorption rates, which can further help deal with
drought conditions (White et al. 2013). Studies have shown that various quantitative
trait loci tend to regulate the root system. Also, cytokinins tend to have a negative
impact on root growth. However, the degradation of cytokinin can lead to better root
system development and the accumulation of more nutrients and better survival
under drought conditions (Werner et al. 2010). Research has been carried out on
multiple crops in order to stimulate the growth of root hair systems, enabling deeper
penetration into soil and improving the accumulation of nutrients. Early efforts
include the induction of root hair development via Agrobacterium tumefaciens—
mediated transformation in soybean crops. The CRISPR/Cas9-based genome-
engineering approach was used mainly to target the specific genes involved in the
hairy growth of roots, including GmFEI2 and GmSHR. The final results of this
study have shown mutated hairy root systems in gene-edited plants, indicating a
higher degree of root hair growth (Cai et al. 2015).

In addition to this, gene-editing approaches can also be used in the metabolic
engineering of crops to improve biochemical profiles and obtain a higher degree of
metabolite content. Recent studies have used CRISPR-based knockin approaches
for this task: One of the early studies focused on the insertion of carotenoid biosyn-
thesis sequences into rice plants. The experiment was based on the insertion of two
carotenoid synthesis genes at two safe harbor sites in the genome without damaging
the genome (Dong et al. 2020). Recently, the multiplex gene-editing approach has
gained great interest among the research community, and studies have yielded effec-
tive results from this approach in various crops. Multigene manipulation was carried
out in tomato crops; for this purpose, four genes involved in lycopene metabolism
were targeted, and the resultant mutant showed a 2.5-fold increase in lycopene con-
tent in tomatoes (Li et al. 2018). A similar approach was used in soybean crops, in
which three key genes responsible for isoflavonoid synthesis were targeted (i.e.,
GmF3H1, GmF3H2, and GmFNSII), and a corresponding triple-mutated specimen,
which exhibited a twofold increase in isoflavone content, was obtained (Zhang et al.
2020). Similarly, two genes in soybean crops were targeted to create mutants with
improved oil contents. For this purpose, two genes (i.e., GmFAD2-1A and
GmFAD2-2A) were targeted in soybean plants, and the corresponding mutants pro-
duced showed a nearly threefold increase in oleic content and an increase in protein
content (Wu et al. 2020).

The gene-editing approach has been attracting serious attention in recent years
for the nutritional trait enhancement of crops, especially with the ongoing long-term
screening for transgenic plants. CRISPR-based approaches are being used in the
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genetic manipulation of several crops, where the technology focuses on manipulat-
ing the traits responsible for the efficient removal of antinutritional metabolites.
These results point to a potential application of this technology in improving nutri-
tional quality in and eliminating allergens from crop plants. These efforts are made
possible mainly by re-engineering metabolic pathways in a manner that enhances
the synthesis of useful metabolites via genetic manipulation. This precise editing at
target sites with minimal off-target effects guarantees that the changes made to gen-
erating nutrition-rich crops remain sustainable in the long run.

5 Conclusion

The nutritional enhancement of food products is urgently needed, and with a boom-
ing global population, the challenge will only be further exacerbated. In this regard,
a combination of approaches, including the conventional approach, the transgenic
approach, and the gene-editing approach, can provide a viable way of overcoming
this challenge. Many pre-existing (transgenic-based) products are waiting to enter
the market, owing to legal challenges and public approval. Efforts can be made to
improve public understanding and build confidence, thus paving the way to getting
these products on the market. In the long run, CRISPR-based gene-editing technol-
ogy is a valuable addition in to research tool box. This technology has emerged as a
breakthrough approach in modern agricultural research, and with continuous
upgrades to pre-existing CRISPR/Cas9 technology and the addition of new CRISPR-
based systems, the potential for more-efficient genome editing is increasing. It has
become a fast, efficient, easy-to-manage tool for introducing enhanced agronomic
traits into crop plants. Therefore, the technology provides a new and superior way
of developing new crop varieties with better traits in shorter amounts of time. At this
rapid pace and with the efficient application of this technology, the world will soon
benefit from the better traits in crops on the market thanks to the short amount of
time needed for their development. This will help fight against large-scale malnutri-
tion and hunger and ensure global food security for the current and future
generations.
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Chapter 10

Biofortification of Legume Hybrids
Obtained Through Intergeneric
Hybridization

Ash Kiiciikrecep, Siikran Yildiz, and Dilek Tekdal

Abstract Agricultural biotechnology has allowed scientists to introduce novel fea-
tures into commonly consumed staple crops to enhance their productivity. One of
the most critical applications for obtaining high-yielding cultivars is hybridization.
Intergeneric hybrids are progenies obtained from parents who belong to distinct
genera. The fertilization of distant relatives could pose a problem. Because of a lack
of genetic information in one parent, incompatibility between parents can develop,
resulting in pre- and postpollination occurrences. Pollen germination failure, poor
pollen penetration through stigma, poor pollen tube growth, and pollen arresting in
gynoecium are prefertilization barriers. Inadequate endosperm growth resulting in
embryo abortion owing to a lack of nutrition, hybrid sterility, and lethality induced
by chromosomal or genetic variations are instances of postfertilization barriers.
Biofortification can be an alternative method to prevent these problems. This review
focuses on the following topics: (i) the importance of hybridization for crop devel-
opment; (ii) problems encountered in the hybridization of crop plants, including
legumes; and (iii) the importance of mineral nutrition in legume hybrids.

1 The Importance of Hybridization in Crop Development

Somatic hybridization is also called protoplast fusion or somatic cell fusion and
refers to the fusion of plant protoplasts from the somatic cells of different species or
the same species. Regeneration is required to obtain hybrid plants from fused pro-
toplasts (Hoffmann-Tsay et al. 1994). It has become essential to produce hybrids
from sexually incompatible species with the techniques developed by protoplast
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fusion. In recent years, the rapid development of somatic cell genetics has made
possible intra- and interspecies gene transfer via somatic hybridization. The somatic
hybridization process includes (1) protoplast isolation, (2) protoplast fusion, (3) the
selection of somatic hybrids, and (4) culturing somatic hybrids for whole-plant
regeneration (Tomar and Dantu 2010).

Protoplast fusion requires the approach, adhesion, and union of two protoplast
cells. The approach of protoplasts to each other is determined by many electrostatic
forces arising from the potential at the cell surface (Bhojwani and Razdan 1986).
The selection of heterokaryon cells resulting from fusion is crucial for somatic
hybridization (Veltcheva et al. 2005).

Before proceeding to somatic hybridization, we must address the genetic varia-
tions among existing crops. Fusing protoplasts isolated from their somatic tissues
by trying to carry genetic information from one species to another provides essential
opportunities for plant improvement studies (Belete 2018).

Crop production can be affected by biotic stresses such as bacterial, fungal, and
viral diseases or by abiotic stress such as adverse environmental conditions. The
most crucial key to increasing crop yields is the genetic improvement of cultivated
species to withstand biotic and abiotic stresses and meet the dietary needs of an
increasing population. For crops to be more resistant to the environment and biotic
stress and to increase their yields, it is imperative to cut and use the gene of interest
from related or distant culture plant species. Because of some limiting factors, such
as sexual incompatibility, it is challenging and time-consuming to transfer the
desired traits to the cultured species through traditional breeding methods (Grosser
and Chandler 2000; Johnson and Veilleux 2001; Orczyk et al. 2003). Protoplast
fusion, developed and successfully used by Melchers and Labib (1974), is an uncon-
ventional method that shortens the crop improvement process (Melchers and Labib
1974). Interspecific and intergeneric crosses, which are difficult to improve with
conventional breeding methods, can be easily achieved. The obtained hybrid plants
can be obtained by transferring, via fusion, a resistant characteristic against any
biotic or abiotic stress to another plant that may be susceptible to diseases
(Shuro 2018).

1.1 Interspecific Hybridization

Interspecific hybridization is a vital process in plant species’ ecological adaptation
and evolution. Hybridization leads to gene flow, and new combinations of genes not
found in a species can be created (Sikka and Joshi 1960). Thanks to many studies,
it is becoming increasingly clear that hybridization between species sometimes
results in the formation of entirely new species (Chapman and Burke 2007
Rieseberg et al. 2003; Rieseberg 1995; Soltis and Soltis 2009).

In a study conducted on alliums, interspecific hybridization was reviewed for the
cross-compatibility and transfer of a desired gene. Because alliums have high
medicinal values, it is vital to develop these species. However, biennial crop cycles
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make it difficult to rehabilitate these species. For this reason, interspecific hybrid-
ization, which can provide gene transfer, was part of a study on improving alliums.
Interspecific hybridization enables the transfer of genes that can provide resistance
to pests and to abiotic and biotic stresses, which can minimize or eliminate the use
of plant protection agents. This method helps increase genetic diversity by provid-
ing new gene sources and is helpful in the genetic improvement of alliums. With the
information obtained in that study, the breeder was given an idea about using certain
species to improve the genetic basis of alliums (Benke et al. 2021).

1.2 Intergeneric Hybridization

In order to feed the increasing world population, the productivity of crops must be
increased and their genomes enriched. Gene transfers are required to enrich the
genome, and diversity must be exploited. For example, rice varieties, one of the
most used crops, have become very sensitive to biotic and abiotic stresses because
of environmental effects and pests, and their yield has decreased (Shakiba and
Eizenga 2014). It is very important to improve rice varieties and develop new breed-
ing strategies to increase the germplasm available. It can be used for breeding spe-
cies closely related to the crops of interest and distantly related genera. Studies have
been carried out to use distantly related species in improvement programs to increase
the studied product’s resistance properties and obtain high yields (Zeigler et al.
2013). Hybridization is a very strategic method to increase plants’ genetic diversity
and obtain crops with increased yields. Successful crosses can be made between
two species of the same genus, called interspecific hybridization, or between two
different genera of the same family, called intergeneric hybridization (Ballesfin
et al. 2018).

Intergeneric hybridization is an essential tool to increase genetic diversity and
improve species in many similar crop species in yellow mustard and rapeseeds
(Brown et al. 1997) and in turnips and radishes (Bang et al. 2007; D’Hont et al.
1995; Hu et al. 2002). Produced by using the tissue culture technique of intergeneric
hybrids, it is also a tool to preserve the rare characteristics of species in danger of
extinction. It is very important that the hybrids obtained by intergeneric hybridiza-
tion, which is one of the techniques used to increase crop yields via genetic transfer,
successfully turn into a whole plant. For this, intergeneric hybrids can be obtained
via tissue culture techniques. A protoplast fusion study to transfer a trait of interest
used rice and barley to produce an intergeneric hybrid (Kisaka et al. 1998). Ballesfin
et al. (2018) successfully obtained intergeneric hybrids between Oryza sativa L. and
Leersia perrieri (A. camus) by using the embryo-recovery technique (Ballesfin
et al. 2018).

Hylocereus is a genus of high interest in horticulture, while Selenicereus and
Epiphyllum are species grown for ornamental purposes only. The intergeneric
hybridization method was used to develop and improve these species (Tel-Zur et al.
2012). An intergeneric cross between Hylocereus and Selenicereus and one between
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Epiphyllum and Selenicereus were developed. Genetic compatibility between par-
ent breeds indicates successful interspecies hybridization.

As can be understood from the aforementioned studies, the protoplasts used in
hybridization are excellent resources for improving existing species and increasing
genetic diversity. However, there are some problems with this technology. Different
levels of somatic incompatibility can be achieved in somatic hybrids from fusion
combinations containing distant species, which can lead to the undesirable perfor-
mance of hybrids (Fahleson et al. 1994). At the same time, hybrids resulting from
aneuploidy, growth retardation and late development, loss of growth vigor, and
abnormal morphology may be challenging to use in hybrids resulting from sym-
metrical or asymmetric fusion (Leino et al. 2003). Despite these disadvantages, suc-
cessful results have been obtained from intergeneric somatic hybridization in some
studies, and the hybrids obtained will probably be used for cultivar development
(Grosser and Chandler 2002; Xia et al. 2001).

2 Problems Encountered in Hybridization in Crop Plants

Traditional breeding methods aim to develop new varieties by using existing varia-
tions in the target population. This purpose is to develop new varieties through
selection from hybrid progeny obtained by crossbreeding between parents with
desired characteristics. It aims to transfer the desired gene to the cultivars cultivated
in intraspecies and interspecies hybridizations (Uysal et al. 2007). Interhybridization
studies in plant breeding have been carried out to transfer genes that provide resis-
tance against various biotic and abiotic stress factors from wild species to cultured
forms or any economically important trait from one species to another related spe-
cies (Christie 1987).

The first culture hybrid in plants was made between Nicotiana rustica and
N. paniculata in a study conducted by Koelreuter in 1760. The F1 generation
obtained from interspecies hybrids is generally sterile (Demir 1990).

Various problems are encountered in obtaining successful hybrids, and these
problems are examined under two headings: prefertilization problems and postfer-
tilization problems. Reproductive isolation falls into two basic categories. Among
these mechanisms, those that play a role in preventing mating and fertilization are
called prezygotic. In contrast, mechanisms that prevent the survival or reproduction
of the hybrid zygote or hybrid offspring are called postzygotic (Rieseberg and
Carney 1998).

Abnormal pollen germination or failure to germinate on the stigma, loss of the
pollen tube before it reaches the egg or ovary, or a lack of fertilization are prefertil-
ization problems. Hybrid necrosis is classified as a postfertilization problem (Bajaj
1990). In addition, cell and tissue necrosis and hybrid necrosis—which are charac-
terized by low growth rates and, in some cases, lethality—are among the problems
encountered (Bomblies 2009). Hybrid necrosis is molecularly well defined and
genetically explained by the Bateson—Dobzhansky—Muller (BDM) model (Chen
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et al. 2016). According to this model, as ancestral species diverge, each lineage
develops nondestructive mutations in its natural genomes, but when two genomes
recombine, they negatively interact in a hybrid (Bomblies 2006).

Although abortion of the zygote or young embryo after fertilization is the most
common problem in interspecies hybridization, this problem can be solved by the
in vitro culture of the developing embryo in the ovary or the ovule containing the
ovule of the zygote at any stage of development (Pierik 1997). The biggest obstacles
to using wild gene resources in classical breeding studies are incompatibility and
sterility. The commitment that expresses the transfer of desired genes and unwanted
genes to hybrids poses a significant problem (Koca 2015).

Although the success rate of interbreeding is less than that of intergeneric
hybrids, new species can be obtained with increased genetic variability thanks to the
combination of different genomes in the crossing of distant relatives (Saxena et al.
2013). Because successfully obtaining hybrids varies depending on the degree of
kinship and genetic relationships between the hybridized species, attention has been
paid to the fact that the parents used in the crossing studies carried out until recently
were of the same species (Uysal et al. 2007). It is vital to use varieties with different
ploidy levels to obtain successful results in interspecific and intergeneric hybridiza-
tions (Deniz and Ozer 1990).

Although various problems are encountered, approximately 30%—35% of flow-
ering plants in nature today have emerged as a result of interspecies hybridization
and the chromosome folding that follows this process (Stebbins 1971). Plant
research aims to understand and overcome the hybridization barriers and thereby
increase and improve the gene pools of plants. The studies carried out by transfer-
ring the genes related to desired characteristics to the cotton plant in order to
increase its use in the food industry had the following features:

The cessation of endosperm development
Differences in DNA sequences in genomes
Differences in ploidy levels

The death of the hybrids

Sterility in the hybrids

Dk e =

Successful crosses could not be realized because of such problems, and the embryo
culture technique was used to overcome this problem (Basal 2002).

2.1 Problems Encountered in Hybridization
in the Brassicaceae

Raphanobrassica is an intergeneric hybrid obtained from R. sativus and B. oleracea
plants and was reported by Karpechenko in 1928 (Karpechenko 1928). Cross-
incompatibility has adversely affected the development of hybrids in extensive
intergeneric hybridization studies conducted to develop strains resistant to biotic
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and abiotic stress factors (Tsunoda et al. 1980). When the pistillate parent used in
Brassicaceae species is selected from a self-compatible line, it has been observed
that the pollen tubes grow well and penetrate the ovule. It has been reported that the
barriers to prefertilization observed in intergeneric hybridization are similar to the
self-incompatibility observed within the species (Kaneko and Bang 2014).

In 1968, Wilmar and Hellendoorn evaluated postfertilization barriers to the
growth and development of embryos by using B. oleracea in their work (Wilmar
and Hellendoorn 1968). Various researchers determined that low hybrid embryo
development was due to abnormally developing endosperm in intergeneric hybrid-
ization studies and reported their hypotheses on what could have caused this result.
These hypotheses are listed as follows:

1. Endosperm equilibrium number (Johnston et al. 1980)
2. The activation of polar nuclei (Nishiyama and Yabuno 1978)
3. Genomic imprinting in the endosperm (Kinoshita 2007)

Tonosaki et al. (2013) conducted intergeneric hybridization studies between B. rapa
and R. sativus. Studies have revealed that hybrid embryos degenerate at an early
stage of their development, and they conducted development studies of in vitro pro-
cedures to overcome this problem (Bang et al. 2009; Tonosaki et al. 2013).

2.2 Problems Encountered in Hybridization in the Solanaceae

In order to develop varieties with high resistance to biotic and abiotic stresses,
extensive hybridization studies have been carried out on tomato plants because wild
tomato taxa are resistant to stress factors and have rich qualities of quality charac-
teristics. The survival of tomato cultivars depends on the successful transfer of resis-
tance genes from wild strains to cultivars to be successfully produced. Transferring
the desired economic characteristics from wild species takes more time than trans-
ferring within the same variety. The problem of transferring undesired characteris-
tics to the varieties to be obtained arises (Kalloo 1991).

Because Solanum lycopersicoides Dun. is a plant not found in Lycopersicon but
has essential features such as resistance to cold stress, extreme drought, and many
diseases, crossing the two genera provides access to the relevant genes and desired
characterization features (Ji et al. 2004). By crossing S. lycopersicoides and
S. sitiens, F1 hybrids are readily available and show high fertility and normal mei-
otic behavior (Rick 1979). Despite this high success achieved in interspecies cross-
ing, in intergeneric hybridization studies using L. esculentum and S. lycopersicoides,
styles reject L. esculentum pollen, and incompatibility problems arise from chromo-
somal genetic effects and male sterility (Chetelat et al. 1997).
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2.3 Problems Encountered in Hybridization in the Poaceae

It has been reported that the low frequency of various alleles in modern wheat cul-
tivars had reduced the existing diversity, and many of these alleles are in danger of
being genetically lost (Alvarez and Guzman 2018). These emerging problems have
paved the way for variant searches where studies use various wheat subspecies and
old varieties (Alvarez and Guzman 2018). In addition, intergeneric hybridization
studies have started to be carried out by using Triticum and Aegilops genera (Hajjar
and Hodgkin 2007; Feuillet et al. 2008; Schneider et al. 2008).

Although extensive studies and applications have been carried out for many
years to transfer the beneficial properties of various plants to wheat through cross-
ing studies, it has not always been reported that the grain quality has improved. For
example, the presence of secalin, which is transferred together with the relevant
genes, as a result of crossing studies carried out to improve resistance and yield
against various diseases and adaptation to stress factors, brings with it adverse
effects such as relatively lower grain quality, increased stickiness and low volume in
the dough obtained (Smartt 1979).

In the intergeneric hybridization studies carried out between Hordeum jubatum
and Secale cereale in the same family, it was observed that the obtained hybrid
seeds were destroyed after fertilization. Although the hybrid embryos grew thanks
to endosperm incompatibility, it was determined that their development stopped
ahead of time (de Fernandes et al. 2000).

2.4 Problems Encountered in Hybridization in the Fabaceae

Legumes are the third-most-prominent family in the world, and they contribute to
the enrichment of the soil they are in by binding the free nitrogen of the air to the
soil as a result of the symbiotic relationship that they establish with the Rhizobium
bacteria in their roots (Vural et al. 2015). Thanks to their nutritional value, low fat
content, and high protein content, they are essential in managing diseases that
require special diets, such as cancer, diabetes, and cardiovascular diseases
(Arslan 2019).

Plant breeders have conducted various studies to increase the diversity and size
of the gene pool of this important plant group. Although many intergeneric hybrid-
ization studies have been attempted to obtain functional variants, most attempts
have reportedly failed (McComb 1975).

In Knobloch’s review in 1972, he reported eight possible intergeneric hybridiza-
tions in the Fabaceae family. All of the genera that he reported include crosses
between Phaeoleae members of the species in the Papilionoideae subfamily
(Knobloch 1972).

Phaseolus vulgaris, an essential member of the legume family, is a plant that is
not resistant to root rot and bacterial diseases, and P. acutifollius carries genes that
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provide resistance against these disease agents. Although transferring these resistant
genes to P. vulgaris may contribute to developing varieties resistant to these disease
factors, incompatibility problems have been observed in intergeneric and interspe-
cific hybridization (Uysal et al. 2007).

Peanut (Arachis hypogea) is a protein-rich plant that ranks third among edible
oils globally in terms of production (Uysal et al. 2007). The first hybridization
among species in the genus Arachis was reported in 1952 by Krapovickas and
Rigoni, in a study with A. hypogaea and A. correntina (Krapovickas and Rigoni
1957). Breeding studies have aimed to enrich the protein content of peanuts, increase
the yield, and develop varieties resistant to diseases and pests.

Studies conducted by Varisai (1973) and Raman (1976) have shown that the sim-
ilarity to the parent of hybrids assumed to be obtained between species is open to
debate insofar of being productive and lacking the vital characteristics of the polli-
nator parent (Raman 1959; Varisai Muhammad 1973). In crossbreeding, problems
such as incompatibility or the slow development of hybrids have been encountered
(Uysal et al. 2007).

Again, no success was reported in the crossing studies using C. microphyllum,
C. pinnatifidum, and C. arietinum plants, the lattermost of which are also in the
legume family, and as a result of crosses with more wild species, cultivars suitable
for culture were obtained (Smartt 1979). In studies with C. arietinum and C. echi-
nospermum, it has been reported that they are sterile, although viable hybrids were
obtained (Ladizinsky and Adler 1976).

Although Sacinadze (1961) reported that hybridization could be obtained in his
study with Phaseolus vulgaris and Glycine hispida in his study in 1961, he later
reported, in 1967, that the morphological and biochemical changes aimed to be
achieved by hybridization disappeared from subsequent generations (McComb
1975; Saginadze 1961).

Thanks to its high protein content and easy digestibility, Vigna radiata, preferred
in nutrition, is a sensitive plant against pod cracking and yellow mosaic virus, and
V. munga is resistant to the diseases mentioned above (Uysal et al. 2007). Although
hybridizations were efficiently carried out in the studies conducted, reciprocal
hybridizations resulted in unsuccessful results (Bajaj 1990).

In Tsitsin’s study in 1946, he conducted intergeneric hybridization between
Caragana arborescens and Pisum sativum and reported that although peas showed
changes, they were not hereditary. However, crosses were carried out in both direc-
tions, and seeds could not be obtained (Tsitsin 1946).

Although a spontaneous hybridization between Lens esculenta and Vicia sativa
was thought to have taken place, crosspollination as a result of the karyological
analyses showed that the hybrid formed by eliminating the genomes of the Lens
esculenta plant had the same genome as Vicia sativa (Zadrail 1960).
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3 The Importance of Biofortifying Crops

Grain production may decrease owing to various abiotic stress factors in legumes,
and plants tend to be vulnerable to stress factors. Plants need mineral nutrients at
every stage of their development, and obtaining the necessary minerals is an essen-
tial variable in obtaining maximum yields from plants. Potassium (K), phosphorus
(P), zinc (Zn), iron (Fe), and selenium (Se) are among the essential nutrients
involved in various morphological and biochemical processes (Hossain et al. 2020).
Biofortification is a method that can increase the nutritional value of crops with
agronomic applications and various transgenic techniques (Bouis and
Saltzman 2017).

Approximately half of the world’s population is exposed to some form of min-
eral deficiency, and mineral deficiency is one of the biggest health problems experi-
enced today (Pfeiffer and McClafferty 2007). With its cost-effective and sustainable
features, biofortification is an application that can provide a solution to the problem
of malnutrition, especially in developed countries, and it aims to enrich the nutrient
content of products (Dwivedi et al. 2012). In addition to eliminating mineral defi-
ciencies in human nutrition, crop viability, seedling formation, and durability can be
increased in plants enriched with minerals such as zinc and iron (Blair 2013).

In addition, various studies have shown that the low concentrations of minerals
such as zinc in seeds may be sensitive to various stress factors of the plants obtained
from these seeds (Obata et al. 1999). The difficulties experienced in obtaining
hybrid individuals from hybrid seeds obtained in breeding studies may also be
caused by various mineral deficiencies. Various enrichment studies on minerals may
provide an advantage in obtaining hybrid individuals.

In various studies, it has been reported that zinc-enriched seeds perform better in
germination, obtaining products from these seeds, and various yield characteristics,
such as seedling health (Cakmak et al. 1996).

Various studies have shown that the inheritance of micronutrient traits is con-
trolled by various genes (Blair and Izquierdo 2012). The possibility that this trait
shows multigenic inheritance, that unwanted genes are transferred to hybrid indi-
viduals in individuals obtained by the hybridization method, or that these traits can-
not be transferred to hybrid individuals should be considered one of the reasons that
make it challenging to obtain hybrid individuals.

In addition to obtaining the desired properties in breeding studies for the improve-
ment of beans, high zinc and high iron contents are among the producers’ goals. On
the bean plant, a vital legume, its rate of iron (Fe), its placement in the embryo and
cotyledon, its seed, and its seed coat varies between genotypes, and in particular,
49%—-22% of the total iron is located in the seed coat. In addition, the embryonic axis
is also rich in iron and contains 2%-3% of the existing iron (Ariza-Nieto et al.
2007). In hybridization studies, it has been reported that iron levels can reach 90+
ppm levels. Interspecies crosses with Phaseolus dumosus (Phaseolus polyanthus)
and Phaseolus coccineus have reported hybrids containing up to 127 ppm of iron
(Blair 2013). Although promising developments have been reported, it is known that
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there have been significant regressions in interspecies hybridization thanks to stud-
ies conducted with various species (Blair 2013).

A different study reported that the chance of success in interspecies crossing
between methionine-rich (1.8-2.0 g/kg) black lentils and mungbeans was signifi-
cantly increased (Kumar and Pandey 2020). Various studies have been reported on
producing sulfur-rich Vicia narbonensis, Medicago sativa, and Lupinus angustifo-
lius to obtain legumes rich in methionine (Nair et al. 2013).

4 Conclusions

The ever-increasing world population and the day-by-day decreases in agricultural
areas appear as factors that threaten the food security of a large part of the global
population. Given the problems above, high-quality and high-yield products need to
be obtained. Although there have been various advances in obtaining crops with
desirable characteristics thanks to the breeding studies that have been conducted for
many years, faster, practical, cost-effective, and target-oriented studies are needed
today. Biofortification is considered an application that can provide advantages both
in achieving success in breeding studies and in transferring the traits aimed to be
gained by hybridization to crops with different applications. The lack of access to
food and the consumption of foods that lack essential minerals (such as iron and
zinc), called hidden hunger, pose threats to the food security of the world popula-
tion. Enriching the mineral content of easily accessible foods with high protein
content, such as legumes, can be a new option to break down the crossing barriers
experienced by similar plant groups.
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Chapter 11

The Importance of Plant
Growth-Promoting Rhizobacteria
in the Biofortification of Legumes

Dilek Tekdal

Abstract Sudden climate changes have made their impact being felt in Turkey and
all over the world in recent years, suggesting that humanity may face severe prob-
lems in the future. Among the most pressing of these problems is the possibility of
drought due to increasing global temperatures and the possibility of associated high
yield reductions in plants used as human food. Since new agricultural lands cannot
be created worldwide, the most acceptable rational approach is to make maximum
use of existing agricultural lands. Increasing the concentration of bioavailable
micronutrients in consumable crop tissues named biofortification is one of the strat-
egies that should be developed against the problem of hunger that may occur in the
future. Existing biofortification methods, which include some agronomic
approaches, conventional plant breeding, and genetic engineering, have not always
been effective in biofortification. Plant growth-promoting rhizobacteria (PGPR)
have been recognized as a potential strategy for the biofortification of essential
crops. This review will pay attention to the significance of legumes in human food
and identify the importance of PGPR in plant nutrition and mineral nutrition of
legume crops with PGPR to cope with hidden hunger.

1 Introduction

After the industrial revolution, the use of fossil fuels and the increase in greenhouse
gas emissions in the atmosphere are the main reasons behind climate change (Huxel
2019). It is stated that the sudden changes in the climate will increase with the effect
of the human factor, and if it is not prevented, it will cause serious problems. In
addition to climate change, severe decreases in agricultural areas show that the risk
of serious conditions such as hunger will be high. The temperature changes affect
the precipitation regimes and time and, therefore, the amounts of underground water
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resources and surface waters. The evaporation that occurs due to the increase in
temperature further increases and causes a decrease in the irrigation water capacity.
It is thought that with the increase of evaporation, more humid air will prevail on the
earth, the precipitation regime will change in some regions, an increase in heavy
precipitation will be observed, and the risk of flooding will increase due to these
precipitations. It is predicted that the expected increase in evaporation will increase
the risk of drought (Bayrag 2016). With the increase in seawater temperature, many
species living in the sea and oceans, especially fishing, are threatened (Johansen
et al. 2014). Water stress reduces the water or turgor potential in the plant tissues to
levels that negatively affect optimum development (Kudoyarova et al. 2013). Acute
water shortage occurs in plants with a sudden increase in air temperature or a rapid
decrease in humidity (Kili¢aslan et al. 2020). Drought stress affects plants’ different
structures, such as vegetative growth, yield, water relations, and photosynthesis
(Farooq et al. 2009).

Globally, productive agricultural areas have shrunk in recent decades.
Desertification, salinization, and soil erosion are human-caused declines linked to
unsustainable land management. However, urbanization is the primary cause of this
loss of agricultural land. People from rural areas migrate to cities, searching for bet-
ter economic and social possibilities (Cohen 2006). In addition to the loss of farm-
ing land, the world’s population is increasing exponentially; the global population
is expected to exceed 9 billion by 2050, implying that 70—100% more food produc-
tion will be required to ensure food security (da Dias 2020). For these reasons,
obtaining maximum efficiency from the limited area has been included in the priori-
ties of agricultural strategies. Since the arable land in the world has reached the
limit, the process that needs to be done is not to expand the cultivation areas but to
increase the amount of product taken from the unit area. As a result of attempts such
as agriculture on steep slopes that are not suitable for agricultural production, delib-
erate drying of lakes to make agricultural areas, and artificial lakes for water and
electricity needs, the risk of deterioration of the ecological balance and reduction of
biodiversity has emerged as a result of attempts such as disturbing the balance of the
areas in the valley (Bullock et al. 2001).

In order to reduce the water used in the agricultural sector, it is essential to use
new techniques that reduce water losses and reduce the use of excess fertilizers and
pesticides that cause soil and water pollution. For this reason, the use of microor-
ganisms in agricultural production, which provides the nutrients needed for the
plants to carry out their vital activities related to their growth and development, and
plays a role in the intake of these nutrients, comes to the fore.

2 Plant Growth-Promoting Rhizobacteria

In recent years, the importance of microorganisms that naturally exist in the soil and
interact beneficially with plant roots has increased day by day. Free-living soil bac-
teria of the genus Azotobacter, Agrobacterium, Bacillus, Beijerinckia, Burkholderia,
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Clostridium, Enterobacter, Erwinia, Flavobacterium, Klebsiella, Micrococcus,
Pseudomonas, Rhizobium, Rhodobacter, Rhodospirrilum, Serratia, Xanthomonas,
Alspirtazobacter of Arspircaillium, and Azobacter have a plant growth-promoting
effect by colonizing the plant root zone (Nazir et al. 2018). Among these microor-
ganisms, plant growth-promoting root bacteria (plant growth-promoting rhizobacte-
ria, PGPR) have an important position due to their antagonistic effects and increased
plant growth and yield (Beneduzi et al. 2012). PGPR positively affect parameters
such as germination rate, yield, leaf area, nitrogen ratio, protein ratio, drought toler-
ance, root and stem weight, and provide positive features such as delaying leaf
aging and developing resistance to some diseases (Cakmakci 2005; Roriz et al. 2020).

The most studied group of PGPR are rhizobacteria, which can colonize near the
soil surface, root surface, and in the rhizosphere, promoting plant growth (Kloepper
and Schroth 1978). Inoculating plants with these bacteria directly affects the devel-
opment of roots and shoots and helps to increase product quality by increasing
biomass production (Kiiciik and Almaca 2020). The following steps are involved in
the colonization of PGPR: (1) seed exudates are used to replicate in the zone sur-
rounding the seed (spermosphere), (2) adhesion to root surfaces, (3) inoculation
onto the seed, and (4) colonization of expanding root systems (Vacheron et al. 2013;
Zhang et al. 2019).

Plant growth-promoting rhizobacteria are a viable alternative to the overuse of
chemical fertilizers due to their ability to solubilize a wide range of nonsoluble
minerals such as phosphorus and the synthesis of essential hormones that aid plant
growth and biological control. Rhizobacteria promote plant growth through nitro-
gen fixation, the bioavailability of phosphorus, uptake of iron by plants with the
help of siderophores, production of plant hormones such as auxin, cytokinin, and
gibberellin, and reduction of plant ethylene level (Bal et al. 2013). PGPR positively
affect parameters such as germination rate, yield, leaf area, nitrogen ratio, protein
ratio, drought tolerance, root and stem weight, and provide positive features such as
delaying leaf aging and developing resistance to some diseases (Yadegari et al. 2010).

Bacteria living in the rhizosphere constitute 7-15% of the plant root area. These
bacteria, which use amino acids and sugars secreted in this region as a rich energy
and nutrient source, benefit from carbon and nitrogen sources leaking from the rhi-
zosphere (Pinton et al. 2000).

Islam et al. (2013) investigated the effects of N-fixing bacteria such as
Novosphingobium and Pseudomonas on plant nutrient uptake in tomatoes and pep-
pers. As a result of the study, the researchers reported that Pseudomonas sp. RFNB3
bacterial strain increased the amount of P by 67% according to the control applica-
tion, Novosphingobium sp. RENB21 bacterial strain increased the amount of N by
66% and the amount of K by 61% (Islam et al. 2013). As a result of PGPR applica-
tions, phosphate dissolves, and its uptake by the plant increases. As a result of the
application of seven different PGPR isolates to determine the effect on the develop-
ment, water, and nutrient uptake of the tomato plant, the fresh and dry weights of the
tomato plants treated with PGPR were higher than those of the control plant, and the
N, P, K, Ca, and Mg amount increased in the PGPR-applied groups (Fan et al. 2017).
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3 Legumes

Legume crops are vital in terms of food security. Legumes, which are a joint family
worldwide from tropical to temperate and cold belts, are annual or perennial herba-
ceous plants, some of which are woody or in the form of shrubs. Although intense
cultivation of essential crops such as maize, rice, and wheat may offer enough calo-
ries for people to thrive, their protein level is frequently inadequate in several criti-
cal amino acids (Tharanathan and Mahadevamma 2003).

Leguminous plants belonging to the Fabaceae family are essential sources of
energy and protein; important complex carbohydrates (dietary fibers), vitamin C,
riboflavin, and niacin, and their seeds contain copper, iron, zinc, calcium, and
omega-3 fatty acids. In addition to its nutritional values, it contains phenolic com-
pounds with antioxidant activity and prebiotics such as tannins and oligosaccha-
rides, and some bioactive components such as phytate, lectin, and enzyme inhibitors
that are thought to play a role in satiety. Legumes (Fabaceae), which have economic
value and are the third largest family globally, contribute to the enrichment of soils
with nitrogen. They generally contain bacteria species belonging to the Rhizobium
genus and show symbiotic characteristics in their roots. Rhizobium bacteria convert
the free nitrogen of the air into nitrite or nitrate form that plants can use (Ogiitcii
et al. 2008; Uyanik et al. 2011). Fabaceae, placed in the Fabales order according to
the APG IV system, includes six subfamilies: (1) Cercidoideae LPWG, (2)
Detarioideae Burmeist., (3) Duparquetioideae LPWG, (4) Dialioideae LPWG, (5)
Papilionoideae DC., and (6) Caesalpinioideae DC (Azani et al. 2017).

Legumes are considered a good source of phenolic compounds found in plants
that play a role in their antioxidant, antimicrobial, and cytotoxic effects. Legumes,
alternative food for diseases like diabetes and obesity, which require special diets,
low-fat, and high-fiber content, are plant groups with various economic advantages,
especially in developing countries. In developing countries, protein availability for
low-income people is less than one-third of the recommended requirements.
Legumes have played an essential role in human nutrition for many years due to
their high-protein content. As a result of research, it has been reported that legumes
have great importance in the better management of chronic diseases such as cardio-
vascular diseases, diabetes, and cancer and their nutritional protective role and pref-
erable fatty acid content, reducing cholesterol and glycemic index (Arslan 2019).
Legumes, which have a high export potential economically, and provide various
contributions to employment, can quickly enter crop rotation and play an essential
role in reducing fallow areas (Bolat et al. 2017).

4 The Role of PGPR in Legume Biofortification

Balanced nutrition is the adequate and correct intake of the required compounds and
minerals from the consumed plant and animal products. Insufficient intake of vita-
mins and minerals required for body metabolism from consumed foods is
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malnutrition. It is known that millions of people globally are undernourished in
terms of energy and protein needs, and nearly 2 billion people suffer from deficien-
cies in microelements such as Fe, B, Zn, and Se (Welch 2002; Khalid et al. 2015).
For this reason, it has become essential to increase the nutritional value of the prod-
ucts consumed, especially for people living in undernourished, underdeveloped, and
developing countries.

Biofortification eliminates deficiency in humans by increasing the concentration
of vitamins and minerals, which are commonly deficient in society, in the products
most consumed by society (Qaim et al. 2007). Unlike traditional fortification, bio-
fortification aims to increase the micronutrients in the structure of the plant during
the development period instead of adding minerals during food production. Plant
growth-promoting rhizobacteria have been shown to improve soil fertility and crop
productivity by producing siderophore, in addition to fortifying the iron content of
food crops (Rana et al. 2012). Siderophores are chemical compounds with low
molecular weight and a strong affinity for iron. PGPR create siderophores, release
them into the environment, displace iron by forming an iron chelate complex, and
then translocate toward the plant by sprouting roots. The plant absorbs these iron
siderophores complexes via transporter proteins found on the plasma membrane of
the root. According to Sharma et al. (2013), the use of PGPR enhanced the iron
content of rice grains (Sharma et al. 2013). The use of PGPR to boost plant nutrient
content is one example of a biofortification method that appears to be very promis-
ing. Some research has shown that PGPR can be used to biofortify legumes, with
the majority being chickpeas, mungbeans, and soybeans. In their study, Khalid et al.
(2015) aimed rhizobacterial inoculation to boost iron intake and overall growth and
output of chickpeas and reported that if the soil is treated with more Fe, PGPR can
assist plants in uptaking the extra Fe (Khalid et al. 2015). Co-inoculation of fodder
galega plants with Rhizobium galegae bv. orientalis HAMBI 540 and Pseudomonas
trivialis 3Re27 boosted nodule numbers and nitrogen content (Egamberdieva et al.
2010). In common beans, co-inoculation with Pseudomonas sp. LG and Rhizobium
phaseoli strain 123 increased plant growth and N and phosphorus content (P)
(Stajkovi¢ et al. 2011).

PGPR increased chickpea plant development by increasing P-solubilization and
indole acetic acid synthesis (Khalid et al. 2015). Inoculating soybean and chickpea
seeds with fluorescent Pseudomonas that produce siderophores boosted plant
growth and yield (Praveen Kumar et al. 2015). In beans, siderophore-producing
strains increased growth variables such as shoot and root dry weight (Omidvari
et al. 2010). Furthermore, it has been observed that siderophore synthesis by PGPR
boosted soybean growth in nonsterilized soil conditions (Cattelan et al. 1999).

5 Conclusion and Prospects

The world is seriously affected by environmental damage caused by human inter-
vention in the workings of nature, misuse, and a massive population of natural
resources pressure. These adverse situations carry the risk of causing undesirable
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consequences, such as the world’s global food not being enough to feed the whole
world in the coming years. In order to feed the increasing population, agricultural
production must increase significantly in the coming decades without harming
nature. In order to minimize these risks, sustainable and environmentally friendly
agricultural practices such as biofortification come to the fore. Increasing the qual-
ity of food with biofortification contributes to the development of healthy individu-
als worldwide. It is thought that biofortification studies in legumes, which constitute
an important part of human nutrition, will intensify daily with increasing climatic
problems. Soil-friendly PGPR have been successfully applied to provide legume
biofortification but have not been sufficiently developed. However, it is thought that
these applications will increase in the future due to their increasing importance.
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Abstract Climate change and the rapidly growing global population, coupled with
the problem of hidden hunger, necessitates the implementation of environmentally
friendly agriculture practices to boost crop nutritional value and productivity. An
effective solution for this is the use of plant growth—promoting bacteria (PGPB) in
legume biofortification, which offers numerous health benefits and decreases the
risk of various diseases. Legumes, being a significant source of plant proteins, can
engage in symbiotic nitrogen (N) fixation, solubilize phosphorus (P), reduce CO,
emissions, improve plant resistance to pathogens, and enhance soil exploration, ulti-
mately leading to improved plant growth and soil preservation. However, the poten-
tial of microbe-mediated legume biofortification has not yet been fully explored.
This chapter focuses on the significance of microbe-mediated legume biofortifica-
tion in improving plant nutritional value, agronomic traits, and yields. It also empha-
sizes the need for the integration of genetic, biochemical, physiological, and
environmental data to achieve this. Hence, the use of beneficial rhizobacteria as
biofertilizers constitutes a cost-effective and promising approach for sustainable
agriculture and the resolution of food security issues around the world.
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1 Introduction

By 2050, the global population is expected to reach 9.7 billion, requiring 333.67
million tons of food and water (Alexandratos and Bruinsma 2012; Poveda 2021).
The intensive application of synthetic fertilizers and intercropping have resulted in
the depletion of soil nutrients, the degradation of soil structure, and environmental
pollution. The production of food with negligible residual chemicals and environ-
ment impact could lead way to developing ecologically sustainable agriculture
(Suman et al. 2022). Plants require an adequate amount of macro- and micronutri-
ents, sufficient water, light, and specific temperatures for their optimal growth and
maximal yield (Dhuldhaj and Pandya 2017). Therefore, plant-microbe interaction
at the root—soil interface is the most fruitful way to reduce environmental pollution,
nutrient deficiencies, and food security issues.

Legumes are excellent food crops and rich in proteins, nutrients, dietary fiber,
complex carbohydrates, and several other bioactive molecules (Sathya et al. 2017).
The symbiotic interaction between leguminous crops and Rhizobium represents
65% of the N required for agriculture. Rhizobia have also shown other desirable
traits, including the synthesis of growth-promoting hormones such as indole-3-
acetic acids (IAA), cytokinins, and gibberellins (GA) (Dakora and Phillips 2002,
Dakora et al. 2015). These phytohormones play diverse roles in stimulating plant
growth and productivity. The better adaptability of legumes with cereals crops sup-
ports livelihood resilience for smallholder farmers.

Legume biofortification offers a way to achieve naturally enriched nutritive crops
through conventional breeding strategies, agronomic practices, or genetic engineer-
ing (Malik and Magbool 2020). These strategies of biofortification are not well
suited to conventional breeding and agronomic practices for the long term and could
cause deficiencies in a few essential nutrients, such as the iron (Fe) required for
wheat. On the contrary, the biofortification of legumes using microbial associations
is a promising technique for developing sustainable crops with enhanced micronu-
trients, improved yields, and better soil fertility. Plants can make the most of benefi-
cial soil bacteria because they facilitate mineral solubilization, more-efficient
nutrient uptake, and phytohormone biosynthesis (i.e. cytokinin, auxin) (Bowen and
Rovira 1999; Gopalakrishnan et al. 2015a). Beneficial microbes are key engineers
that can restore the biogeochemical cycle and protect the agroecosystem (Kaur et al.
2020). Additionally, plant growth—promoting microorganisms (PGPMs) signifi-
cantly improve plant growth status through phosphorus solubilization, phytohor-
mones synthesis, metabolites, nitrogen fixation, and ethylene mitigation. In this
context, PGPMs strengthen soil structures and increase soil fertility, which returns
a supply of nutrients and phytohormones to plants, ultimately enhancing plant toler-
ance to salinity, drought, and metal toxicity (Singh and Singh 2017; Sun et al. 2021).
In microbe-assisted biofortification, the inoculation of plants with beneficial
microbes affects crop production and crops’ nutritional values (Sura-de Jong et al.
2015). It has been reported that endophytic microbes are more effective relative to
rhizosphere microbes because they more closely interact with plants (Reiter et al.
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2002). Wheat and rice, which are used as daily consumed food crops in several
regions of the world, are also facing nutrient deficiencies. Several studies have
shown that the fungi and bacteria belonging to either Acinetobacter, Bacillus,
Klebsiella, Piriformospora indica, or Rhizophagus intraradices are important for
zinc (Zn) and selenium (Se) biofortification in wheat (Durdn et al. 2014, 2015;
Padash et al. 2016). Cereal crops fortified with minerals and other nutrients can
minimize the risk of deficiencies (Bouis et al. 2011). Current agricultural practices
are concentrating on increasing crop productivity and grain yields but also focus on
increasing the production of nutritionally enriched staple food crops, which would
help fight against global food security (Khush et al. 2012).

1.1 Importance of Biofortification

The human body requires twenty-one essential nutrients that can be supplied only
through an appropriate diet. Around 60% of people in the world are facing Fe defi-
ciency, 30% facing Zn and iodine (I) deficiencies, and 15% facing Se deficiency,
while calcium (Ca), magnesium (Mg), and cooper (Cu) deficiencies are commonly
found in people living in developing countries (Thacher et al. 2006). These nutrient
deficiencies may cause diseases, some of them fatal, including cancer, birth defects,
cardiovascular diseases, stunted growth, osteoporosis, and many others (Calton
2010). The reduction of micronutrients in the staple food crops has affected more
than two million people, led to hidden hunger, and become a global threat (White
and Broadley 2005, 2009). Therefore, the biofortification of legume crops, in coor-
dination with selective breeding, to achieve nutritional demand is encouraged as
part of an important strategy to improve crop quality and yields under infertile soil
conditions.

The excessive and disproportionate application of chemical fertilizers to improve
crop nutrients may over time accumulate in soil and cause soil contamination and
thus become ineffective. Furthermore, biofortification is an effective technique for
increasing the nutritional quality of staple food crops (Khush et al. 2012) and for
increasing crop yields (Pfeiffer and McClafferty 2007) without adversely affecting
the environment. It is now being used for raising the nutritional value of legume
crops and their yields. For instance, biofortification can increase the nutritional
value of a few important stable food crops, such as maize, rice, pearl millet, and
wheat, for which biofortification was being achieved through conventional and
molecular breeding strategies for several years. To date, the bioavailability of nutri-
ents to crops is achieved through breeding strategies, which is cost-effective. Unlike
conventional or molecular breeding, biofortification is a cost-effective, long-term
process that can reach underserved areas. Finally, microbe-assisted biofortification
is another promising strategy for increasing microbiome-mediated micronutrient
availability to plants.

The evolution of microbial symbiosis plays a key role in the various biological
and ecological processes that plants carry out and assists in various nutrient cycles
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through the mineralization and decomposition of organic matter or litter and by
transforming inorganic nutrients to plant-usable forms. Plant growth—promoting
rhizobacteria (PGPR) can influence plant development, growth, and nutrient supply
through solubilization, chelation, and oxidation or reduction in soil (Pfeiffer and
McClafferty 2007). In addition, plant root—microbe interactions initiate root exuda-
tions, which may adversely impact certain properties of soil physiology, such as pH
and nutrient solubility (Dakora and Phillips 2002). Therefore, the use of beneficial
microbes as biofertilizers is a cost-effective technique offering a promising alterna-
tive to using chemical fertilizer.

1.2 Strategies for Legume Biofortification

Micronutrient deficiencies such as those in Fe, I, Zn, and vitamin A are major threats
to human health, particularly during pregnancy and early childhood (Stewart et al.
2010). To mitigate these micronutrient deficiencies, the biofortification of the stable
food crops to increase nutrient contents offers a sustainable solution to enhance the
availability of micronutrients (Yadav et al. 2020). Therefore, biofortification is a
low-cost technique that contributes to the development of sustainable agriculture.
The main strategies that have been successfully adopted to increase the nutritional
quality of plant-based foods are agronomic biofortification, microbe-assisted bio-
fortification, conventional plant breeding, and genetic engineering (Kaur et al.
2020). Agronomic biofortification is the use of mineral fertilizer to improve the
mineralization and solubilization of nutrients in soil (White and Broadley 2009).
Microbe-assisted biofortification is the application of microbial inoculants as bio-
fertilizers to solubilize micronutrients in soil, to make it accessible for plant uptake.
One strategy of using beneficial microbial inoculum is to reduce environmental tox-
icity and ensure that they are accessible to farmers because they are cost-effective
and easy to cultivate, thereby maintaining the biogeochemical cycle of the environ-
ment (Prasanna et al. 2016). Conventional breeding programs tend to improve nutri-
tional quality by enhancing the availability of edible plant tissues via genetic
engineering (Singh et al. 2022).

2 Microbe-Mediated Biofortification of Different Legumes

2.1 White Lupin Biofortification

White lupin is favored among legumes thanks to its potential to improve nitrogen
fixation and nutrient deficiency and to provide significant human food in marginal
soils with low water supply (Atnaf et al. 2020). Because of the nitrogen fixation
capacity of lupin, it may be used to increase soil fertility and rehabilitate damaged
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areas. When lupins (white and Andean) are intercropped with other seasonal annual
legumes, the result may be increased grain yields and high forage/fodder with
greater protein content (Miki¢ et al. 2013). A cool-season, environmentally friendly
protein crop, white lupin does not require nitrogen or phosphorus fertilizer, and it
prefers well-drained soils with low lime content (3%). In fine clay and silt fractions,
lime inhibits lupin’s ability to take the soil Fe, which is needed by nodules for N
fixation (Arncken et al. 2020). Precipitation during the crucial time of vegetation is
one of the most essential elements influencing crop yields (Mazur et al. 2019). The
lupin family is better adapted to a wide range of abiotic stresses than other legumes
are, and they can regenerate soil in poor and polluted soils. Because of its ability to
absorb Cd, Zn, and other heavy metals through root nodulation, it might serve as a
pioneer plant to prevent soil erosion and as a prospective phytoremediator
(Fernandez-Pascual et al. 2007).

White lupin is one of the most protein-rich legume seeds (Kohajdova et al. 2011),
and they have been utilized for more than 3000 years. They are used not just as food
but also for therapeutic purposes, although their use as food is not regarded as safe,
owing to their high alkaloid content (Janusz 2017). Researchers have recently
focused on breeding and producing lupin cultivars with low alkaloid contents, high
protein contents, and short vegetative durations (Sujak et al. 2006). However, the
domestication and the breeding of this legume have resulted in a reduction in alka-
loid content, cultivar classes, and breeding lines (Kroc et al. 2017), so this crop
could be a valuable raw material. To treat illnesses resulting partly from dietary
habits—i.e., type II diabetes, obesity, and cardiovascular diseases—healthy nutri-
tion is vital. White lupin seeds also provide several health advantages to combat the
problems associated with cholesterol levels, high blood pressure, and insulin resis-
tance. Given the estimates of an ever-increasing number of deaths due to these ill-
nesses, functional foods developed with the utilization of lupin seeds will become
increasingly important (Martins and Bento 2007; Martirosyan and Singh 2015).
These researchers believe that lupin could be a nutraceutical and functional food.

White lupin is among the few crops capable of creating stunning structures,
known as cluster roots, and have a specific physiology dedicated to the efficient
accumulation of inorganic phosphate (P;) (Lambers et al. 2013; Aslam et al. 2020,
2021a). Despite being a pivotal micronutrient, plants have developed various strate-
gies to improve P; remobilization and uptake from soil to plant (Kurlovich et al.
2002; Lamont and Pérez-Fernandez 2016). In addition, mycorrhizal symbioses
increase soil exploration in most terrestrial ecosystems, but white lupins lack such
associations. Instead, soil microorganisms can encourage the growth of cluster roots
(Lamont and Pérez-Fernandez 2016). White lupins’ ability to absorb approximately
five times more P; per root length unit than legumes with mycorrhizal associations,
such as soybean (Martinez-Villaluenga et al. 2006), indicate their high potential for
improving the nutrient uptake efficiency of crops (Lambers et al. 2013; Aslam
et al. 2021b).

Soil bacteria such as Bradyrhizobium sp. are those that most commonly infect
Lupinus plants and cause the development of root nodules (Gonzdlez-Sama et al.
2004). Field studies in two soil types showed that inoculating white lupin seed
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exclusively with bradyrhizobia or rhizobacteria substantially improved root dry
matter, nodulation status, and the total N contents of plants growing in clay loam or
sandy soils. Furthermore, lupin yield and its qualities showed a similar trend thanks
to improvements to nodulation, plant vigor, and nitrogen fixation ability. For exam-
ple, the largest percentage increase in white lupin yield (approximately 47.46%)
was observed when grown in sandy soil and inoculated only with bradyrhizobia,
and this value increased by 75.36% to 99.33% as a result of coinoculation with other
rhizobacteria (Abdel-Wahab et al. 2008).

PGPB were used to analyze nutrient enrichment in white lupins. PGPB increase
the effectiveness of biological nitrogen fixation, promoting the growth and increas-
ing the yields of white lupins. The experiment included different inoculation vari-
ants, such as seeds inoculated with nitroflora, nitragine, Bacillus subtillis strain, and
Pseudomonas fluorescens strain, and the few that were coinoculated with Rhizobium
from nitroflora or nitragine + Bacillus subtillis or + P. fluorescens showed that all
seed vaccinations resulted in positive responses in white lupins. The highest seed
production was obtained following seed inoculation with Rhizobium (derived from
nitragine) and the coinoculation of P. fluorescens with Rhizobium (Sulewska et al.
2019). Another study found that two bacteria (P. brenneri LI215 and Paenibacillus
glycanilyticus LI121) boost plant growth in sterilized and seminatural environments
(Ferchichi et al. 2019). Therefore, microbial biofortification is a promising tech-
nique to make nutritious, safe food containing increased levels of vitamins and
macronutrients.

2.2 Soybean Biofortification

Soybean (Glycine max) crops are considered primary sources of oil worldwide and
are essential thanks to their commercial importance and nutritional value (Singh
et al.; Valliyodan et al. 2016), as they are good sources of vegetable oil and proteins
(de Santos Silva et al. 2017; Singh and Kumar 2019). Soybeans are extremely
important for animal feed and also have many other industrial applications (Singh
and Kumar 2019). From a nutraceutical perspective, soybeans contain polyunsatu-
rated fatty acids and good-quality fats (Tidke et al. 2015; Kamshybayeva et al.
2017). Being an excellent source of Ca, Zn, and Fe elements, which are marginally
ingested, soy seeds have a higher percentage of minerals (5%) than cereal seeds
(1%) (Board 2013; Kahraman 2017). As a source of bioactive peptides, soybean
proteins also offer unique health benefits in that they help prevent chronic illnesses
associated with aging, such as obesity, cardiovascular disease, decreased immune
function, and cancer. Among the major sources of plant protein, soybeans and their
products are considered important because they contain large amounts of vital
amino acids and are beneficial for human health. Therefore, the demand for its grain
will likely increase in the future (de Santos Silva et al. 2017).

Micro- and macronutrients are present in variable amounts in various parts of the
soybean and usually are absorbed from soil. Improvements to soil’s micro- and
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macronutrients status through microbial biofortification can enhance the nutritional
status of crops and can contribute to decreasing nutrient deficiencies in humans.
Microbial fertilizers and pesticides can be made from beneficial microorganisms
associated with plants (Vryzas 2016), and new biotechnology tools develop stress
tolerance and ameliorate nutrient efficiency in crops for a sustainable agroecosys-
tem. Soybeans form symbiotic relationships with nitrogen-fixing rhizobia—a key
bacterium for N nutrition and for agricultural production because soybean root resi-
dues supply N to cultivated crops during crop rotations (Herridge et al. 2008;
Peoples et al. 2009).

Most cultivated plants, including soybeans, are colonized by arbuscular mycor-
rhizal fungi, which transport nutrients (P, N, and K) from the soil and assist in con-
ferring tolerance to biotic and abiotic stresses, including salinity, heavy metals,
drought, and pathogens (Smith and Read 2010). For instance, soybean-associated
bacterial or fungal endophytes offer a range of plant growth—stimulating qualities
that inhibit dangerous microorganism growth. These include phytohormone synthe-
sis, biological nitrogen fixation (diazotrophic endophytes), 1-aminocyclopropane-1-
carboxylate (ACC) deaminase biosynthesis, phosphate solubilization, antimicrobial
metabolites, and siderophore biosynthesis and release (Santoyo et al. 2016). In soy-
beans, B. aryabhattai was investigated for its Zn solubilization capability. In soy-
bean rhizosphere soils, B. aryabhattai encouraged auxin accumulation and
glucosidase, dehydrogenase, microbial biomass-C, and microbial respiration while
decreasing pH, calcium carbonate complex with Zn, and organic complexes
(Ramesh et al. 2014a, b). Furthermore, only twenty (20) of the one hundred fifteen
(115) isolates from soybeans were effective in solubilizing the insoluble Zn com-
pounds with various Bacillus species, including B. anthracis, B. cereus, B. inaquo-
sorum, B. tequilensis, B. thuringiensis, and B. subtilis. Among these, B. anthracis
and B. cereus were the most efficient in increasing Zn concentrations in soybeans
and seeds (Khande et al. 2017).

In addition, the rhizospheric soil of soybeans (genotype = PK 1024) contained
Enterobacter cloacae subsp. dissolvent. This strain is capable of producing TAA,
siderophores, ammonia, mineralized phytate, and solubilized K, Zn, and P, among
other plant growth—promoting features, and it boosts soybean shoot weight (13.77%)
and soybean seed weight (16.09%). When soybeans were inoculated with E. cloa-
cae, they proved to have increased concentrations of Fe, Cu, Mn, P, and N in the
shoots of the soybeans, which ultimately improved overall plant growth (Ramesh
et al. 2014a, b). Another study showed that the application of B. japonicum intensi-
fies the root nodulation, grain production, plant dry mass, and total seed protein
content of soybeans in Uzbekistan’s salinized soils (Egamberdiyeva et al. 2004).
Furthermore, coinoculating PGPB such as Bradyrhizobium increases soybean seed
production by up to 44% per hectare compared to using a single inoculant
(Prakamhang et al. 2015). Therefore, the microbe-mediated biofortification of soy-
beans significantly improves their nutritional value and reduces the risk of malnutri-
tion in humans who consume soybeans.
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2.3 Common Bean Biofortification

The common bean (Phaseolus vulgaris) is the grain legume cultivated for its edible
seeds as dry beans and its fresh vegetables as green beans and pods. Globally, in
2018, 24.7 million tons of fresh beans and pods and 30.4 million tons of grain were
produced from 34.5 million hectares dedicated agricultural lands. In general, the
common bean is a rich source of proteins, vitamins, complex carbohydrates, dietary
fiber, and minerals (Broughton et al. 2003; Hayat et al. 2014). Beans are good
sources of dietary protein, vital in human nutrition (Broughton et al. 2003). The
most prevalent storage proteins in common bean seeds include phaseolins, globu-
lins, legumins, albumins, lectins, and lectin-related proteins (Sparvoli et al. 2015).
Among these proteins, globulins account for up to 50% of the common bean’s total
protein (Vitale and Bollini 1995).

The common bean is nutritionally useful because of its low lipid content and
high vitamin, mineral, and protein contents (Messina 1999; Broughton et al. 2003;
Paredes et al. 2009; Hayat et al. 2014; Rebello et al. 2014). Among the total lipid
contents (which account for only about ~2% of total content) are beneficial exo-
genic polyunsaturated fatty acids such as oleic acid, linoleic acid, and palmitic acid
(Hayat et al. 2014). Among the others, phospholipids and triacylglycerols are the
most abundant lipid components in beans, with minor components such as diacylg-
lycerols present in trace amounts. In contrast, beans have the greatest mineral con-
centration among agricultural legumes (Campos-Vega et al. 2011) and are essential
sources of inorganic minerals, including Zn, Fe, P, Al, and Cu (Broughton et al.
2003; Shimelis and Rakshit 2005). Furthermore, the biological functions of com-
mon beans are associated with various health-promoting effects, such as the preven-
tion and/or regulation of chronic illnesses such as cancers, coronary heart disease,
diabetes, and obesity (Messina 2014).

A sustainable approach for increasing common bean output in developing coun-
tries is to inoculate them with symbiotic and associative bacteria to enhance plant
growth (de Souza and de Brito Ferreira 2017). Rhizobium inoculation significantly
increases N, P, K, Mg, and Ca absorption levels in common bean plant tissues,
which subsequently enhance nodulation, plant dry mass, and final productivity
(Goettsch et al. 2017). Some studies have shown that soil microorganisms such as
rhizobacteria have various effects on soil quality and pH, mineral solubilization, and
the nutrient absorption of plants (Saharan and Nehra 2011).

Consistent with the coinoculation of common beans with Rhizobium and P. fluo-
rescens by Yadegari and Rahmani (2010), Khaitov et al. (2020), the coinoculation of
Rhizobium phaseoli R9 and Mesorhizobium ciceri R6 significantly improved plant
height, grain production, root/shoot biomass, the number of nodules/plants, nodule
dry mass, and root length. Similarity, the coinoculation of the rhizobial strains was
effective insofar as it increased seed yield by 35.1% and 37.9%. The bacterial coin-
oculation of common beans with Azospirillum sp., Bacillus, and Rhizobium sp.
improved plant growth, productivity, and nodulation capacity (Massoud et al. 2009).
Meanwhile, a combination of Pseudomonas, Rhizobium, and Bacillus significantly
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increased plant growth and N and P contents in the common bean. It was found that
phosphate solubilization, IAA, siderophores, and ammonia ultimately contribute to
plant growth (Knezevic-vukcevic 2011). Hungria et al. discovered that inoculating
the common bean with Rhizobium tropici enhanced its dry nodule weight, root
weight, and shoot weight by 33%, 32%, and 26%, respectively (Hungria et al.
2003). These findings might be explained by the efficacy of symbiosis between vari-
ous rhizobial strains and the common bean, which subsequently increased nutrient
uptake in low quantities of accessible soil N (Goettsch et al. 2017). Therefore, the
microbe-mediated biofortification of the common bean is a significant technique for
reducing mineral deficiencies and human health issues.

2.4 Chickpea Biofortification

Chickpeas (Cicer arietinum), which are self-pollinating pulse crops (Varshney et al.
2013), contain forty-four perennial and annual species (Zohary and Hopf 2000;
Kerem et al. 2007). Among these, kabuli and desi (Knights and Hobson 2016) have
gained popularity in Western and Southeast Asia and are consumed canned, in hum-
mus, in salads/soups (as raw-seeds), and in channa dal. Chickpeas are excellent
nutritional sources comprising carbohydrates (50%—-58%), fats (3.8%—10.20%),
proteins (15-22%), micronutrients (<1%), and moisture (7%—8%) (Jukanti et al.
2012; USDA, 2021). Chickpea carbohydrates such as sugar alcohols, fructo-
oligosaccharides, raffinose oligosaccharides, inulin, and resistant starches are
highly prebiotic (Peterbauer and Richter 2001; Johnson et al. 2020), regulating gut
microbiota and promoting human health (Roberfroid et al. 2010). In comparison
with lentils and field peas, chickpeas are rich in proteins, 18% of which is kabuli and
18.2% is desi (Upadhyaya et al. 2016). Likewise, chickpeas are high in amino acid
contents, such as arginine, lysine, methionine, and cysteine (Jukanti et al. 2012).
Furthermore, several minerals, including iron (Fe), zinc (Zn), and selenium (Se),
have also been found in chickpeas.

The aim of one of the United Nations’ sustainable development goals (SDGs) is
to reduce malnutrition and minimize global hunger in the forthcoming years. The
biofortification of staple food crops increases micronutrient concentrations, which
has proved critical in combating global hunger and malnutrition. Microbes and
chickpeas are involved in a specific method that makes nutrients available for plant
absorption to supply plants with nutrients. Several studies have shown that benefi-
cial microorganisms have effects on growth, nodulation, and final yield (El-Mokadem
et al. 1989; Saini et al. 2015; Martinez-Hidalgo and Hirsch 2017; Rahman and
Monira 2018; Kumari et al. 2019; Zaheer et al. 2019), on grain protein content
(Pellegrino and Bedini 2014; Saini et al. 2015; Rahman and Monira 2018), and on
biofortification (Pellegrino and Bedini 2014). Microorganisms can enhance plant
growth by promoting the absorption of essential nutrients such as nitrogen (N),
phosphorus (P), and potassium (K). They also boost the activities of antioxidant
enzymes such as peroxidase dismutase (POD) and superoxide dismutase (SOD).
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Additionally, the accumulation of root organic acids reduces the pH of the rhizo-
sphere. These effects are attributed to the microorganisms’ abilities to produce sid-
erophores (Verma and Yadav 2012), solubilize minerals such as phosphorus (Ansari
et al. 2015; Aslam et al. 2022), increase root exudation (Akrami et al. 2012; Israr
et al. 2016), chelate iron (Gopalakrishnan et al. 2015b), fix atmospheric nitrogen
(Verma and Yadav 2012; Gopalakrishnan et al. 2015b; Ortega Garcia et al. 2016),
and synthesize phytohormones (Verma and Yadav 2012; Yadav and Verma 2014;
Gopalakrishnan et al. 2015b).

PGPB have emerged as a desirable option for enhancing the sustainability of
agricultural systems worldwide, thanks to their environmental friendliness, low pro-
duction costs, and reduced consumption of nonrenewable resources (Gopalakrishnan
et al. 2015b), and they are widely used in chickpea cultivation. The use of PGPB has
been found to be effective in improving the growth and yield of chickpea plants.
One example is the use of bacteria from the genus Pseudomonas, which have been
found to stimulate growth and increase yields in chickpeas (Joshi et al. 2019).
Additionally, PGPB have been found to reduce stem-rot disease and root dryness,
which are caused by pathogens such as Sclerotinias clerotiorum and Rhizoctonia
bataticola (Patel et al. 2011). Another study found that in chickpeas inoculated with
Pseudomonas sp. strain AZS and Bacillus sp. strain AZ17, P- and Zn-solubilizing
bacterial strains increased Zn and P uptake, along with grain yield, nodule number,
and nodule dry mass. Pseudomonas sp. strain AZ5 was found to produce better
results (Zaheer et al. 2019). Other studies have found that Serratia marcescens iso-
lates increased crop grain production in fertile irrigated soils and nutrient-deficient
rainfed soils (Zaheer et al. 2016). Moreover, Streptomyces sp. strains had higher
root and sprout mass at 30 days after sowing (DAS) with an aggressive mass/num-
ber of nodules. In addition to this, yield-related traits such as leaf area, leaf, and
stem masses at 60 DAS, pod number, and pod mass were also increased to gain
better grain yields at harvest (Gopalakrishnan et al. 2015b). Furthermore, in chick-
pea plants, Azospirillum lipoferum (FK1) has been found to increase salinity toler-
ance by increasing biomass, nutrient uptake, chlorophyll accumulation, gas
exchange, enzymatic/nonenzymatic antioxidant levels, and phenolic/flavonoid con-
tents (Mazumdar et al. 2020). Coinoculation with different types of PGPB has been
found to have a positive impact on crop production. For example, coinoculation
with Bacillus halotolerans FSZ 47 and Mesorhizobium sp. FCAP 26 resulted in
increased plant growth, development, and seed production (Mohammadi et al.
2010). Lastly, coinoculation with B. lentus, Trichoderma harzianum, and P. putida
resulted in more grain production and to higher contents of K,O, P,Os, Fe, N, and
Mg in both grains and leaves (Jat and Ahlawat 2006).

Microorganisms such as arbuscular mycorrhizal fungi (AMF) have positive
impacts on chickpea crop productivity and nutrient uptake. Studies have found that
the inoculation of chickpea plants with AMF, such as Rhizophagus irregularis and
Funneliformis mosseae, leads to increases in plant biomass and seed yields and
improve the nutritional contents of grains and the concentrations of proteins, Fe,
and Zn in grains (Solaiman et al. 2012; Pellegrino and Bedini 2014; Rahman and
Monira 2018). Additionally, these effects are further enhanced when local inoculum
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is used, as opposed to foreign inoculum (Pellegrino and Bedini 2014). Research has
also shown that the combination of AMF inoculation and Rhizobium etli —a PO,*-
solubilizing bacterium—can significantly increase plant growth and yield indicators
(Pramanik and Bera 2012). These results suggest that the use of plant growth—pro-
moting rhizobacteria and AMEF, either alone or in combination, can significantly
enhance yields and improve the nutritional quality of chickpea grains.

3 Biofortification of Legumes Using Plant Growth-
Promoting Microbes

Research has shown that the main barrier to absorbing micronutrients occurs at the
root—soil interface (Welch 2001). One potential solution to this issue is to use
microbes, known as “invisible engineers” of soil health, which play crucial roles in
various biogeochemical cycles (Gadd 2010). PGPB can be found in the rhizosphere
or as endophytes and can impact plant growth and development through multifaced
mechanisms, such as N fixation, growth hormone production, and essential nutrient
solubilization for Zn, P, and K (Bhattacharyya and Jha 2012). The use of PGPB is
considered a promising approach for the biofortification of crops such as legumes
(Roriz et al. 2020). Legumes are key symbiotic N fixating plants: They improve soil
composition, reduce the amount N fertilizer and CO, emissions, and offer a broad
spectrum of resistance to diseases and pests (Roriz et al. 2020). Biofortification has
been used to enhance the nutritional content of pulse crops, with a focus on micro-
nutrients such as Fe, Zn, Se, iodine, folates, and carotenoids—essential components
of the various metabolic processes required for normal human development and
growth (Jha and Warkentin 2020). Given that plant-based foods that are often low in
key micronutrients are consumed by most of the world’s population (Jha and
Warkentin 2020), PGPB need to be applied to enhance the nutrient content of
legumes for healthy human consumption. Table 12.1 lists the studies that used plant
growth—promoting rhizobacteria to carry out the biofortification of legumes crops.

3.1 Biofortification of Legumes Using Rhizobacteria

Using plant growth—promoting bacteria (PGPB) for biofortification programs is a
promising technique for enhancing the nutritional value of food crops. Studies have
shown that inoculation with PGPB, including free-living bacteria, those in a symbi-
otic relationship with a plant’s rhizosphere, and those that developed via endophytic
colonization, can have positive effects on various crops, particularly legumes such
as soybeans, chickpeas, and mungbeans (Roriz et al. 2020). PGPB can impact plant
growth thanks to many of their traits, including nitrogen fixation, the production of
growth hormones, the secretion of siderophores, and the solubilization of essential
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Table 12.1 Biofortification of legume crops with plant growth—promoting rhizobacteria

Legumes Rhizobacteria Fortified Mineral | References
Chickpeas Siderophore producer Iron Khalid (2015)
Galga plants | Pseudomonas trivialis 3Re27 and Nitrogen Egamberdieva
Orientalis HAMBI 540 etal. (2010)
Chickpeas Brevibacterium antiquum SRI-158, Tron, zinc, copper, | Gopalakrishnan
and pigeon | Pseudomonas plecoglossicida SRI-156, | manganese, and et al. (2016)
peas P. monteilii SRI-360, Enterobacter calcium
ludwigii SRI-211, E. ludwigii SRI-229,
Acinetobacter tandoii SRI-305, and
Bacillus altitudinis SRI-178
Lentils and | Pseudomonas sp. PGERs17, Nitrogen, Mishra et al.
peas Pseudomonas sp. NARs1, and Rhizobium | phosphorus, and (2011, 2012)
leguminosarum-PR1 iron
Common Pseudomonas sp. LG and Rhizobium Nitrogen and Kne (2011)
beans phaseoli phosphorus
Soybeans
Bacillus aryabhattai strains (MDSR7 and | Zinc Ramesh et al.
MDSR14) (2014a, b)
Mungbeans | Pseudomonas putida MPJ6 and Pantoea | Iron Patel et al.
dispersa MPJ9 (2018)
Soybeans Streptomyces griseoflavus P4 and Nitrogen, Htwe et al.
Bradyrhizobium japonicum SAY3-7 phosphorus, (2018)
potassium,
calcium, and
magnesium
Mungbeans | Bacillus aryabhattai S10 and B. subtilis | Nitrogen, Dogra et al.
ZM63 phosphorus, and (2019)
potassium
Chickpeas Symbion-K (Frauteria aurantia), Increased Dogra et al.
Pseudomonas sp. RA6, P. citronellis macro- and (2019)
(PC), Serratia sp. S2, and Serratia micronutrient
marcescens CDP-13) concentrations
Soybeans Bacillus Zinc Sharma et al.
(2012)
Chickpeas Acinetobacter sp. Iron Sathya et al.
(2016)
Chickpeas Enterobacter sp. MN17 Zinc Ullah et al.
(2020)
Soybeans Paraburkholderia megapolitana, Selenium Trivedi et al.
Alcaligenes faecalis, and (2020)
Stenotrophomonas maltophilia
Chickpeas Streptomyces Iron, Zinc, Sathya et al.
Calcium, Copper, | (2016)

Manganese, and
Magnesium
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micronutrients such as zinc, phosphorus, and potassium (Bhattacharyya and Jha
2012). PGPB offer promising crop biofortification alternatives in that they can
increase nutrient content and improve overall plant health (Roriz et al. 2020).

Iron is an abundant element in the Earth’s crust is one of the critical parts of plant
content. Its assimilation is crucial for human health, and iron deficiencies pose sig-
nificant challenges (Lurthy et al. 2021). Zinc is also an essential nutrient for plants,
humans, and microorganisms to carry out the entire arrays of their physiological
functions. Biofortification is an approach aimed at increasing the bioavailability of
micronutrients such as zinc and iron in crops, including legumes (Hafeez et al.
2013). Studies have shown that coinoculation with plant growth—promoting bacteria
(PGPB) can improve the nutritional content of crops. For example, the nodule num-
bers and nitrogen contents of galega were significantly improved via coinoculation
with P. trivialis 3Re27 and R. galegae bv. orientalis HAMBI 540 (Egamberdieva
et al. 2010). In pulses such as peas and lentils, improved chlorophyll accumulation,
iron content, and nitrogen and phosphorus uptake, as well as nodulation and leghe-
moglobin, were improved thanks to coinoculation with Pseudomonas sp. NARsI,
R. leguminosarum-PR1, and Pseudomonas sp. PGERs17 (Mishra et al. 2011, 2012).
In common beans, nitrogen and phosphorus contents were improved upon
Pseudomonas sp. LG and Rhizobium phaseoli coinoculation, subsequently resulting
in improved plant growth (Kne 2011). Similarly, in soybeans and wheat, inoculation
with B. aryabhattai strains (MDSR7 and MDSR14) enhanced Zn uptake in
Zn-deficient soils (Ramesh et al. 2014a, b). Additionally, chickpeas and pigeon peas
inoculated with Acinetobacter tandoii SRI-305 and E. ludwigii SRI-229 displayed
significant increases in Zn, Fe, Cu, Ca, and Mn uptake levels. Furthermore, these
bacteria are able to promote root-shoot growth and development, nodulation, crop
production and yield, and the nutritional factors in soil (Gopalakrishnan et al. 2016).
Siderophore-producing bacteria such as P. putida MPJ6 and Pantoea dispersa MPJ9
could increase Fe content under Fe-deficient conditions, by increasing the Fe con-
tent of mungbeans 3.4-fold, protein content 2.0-fold, and carbohydrate content 1.5-
fold following P. dispersa inoculation (Patel et al. 2018). However, in soybeans, the
absorption of other nutrients, including N, P, K, Ca, and Mn, were improved thanks
to coinoculation with Streptomyces griseoflavus P4 and Bradyrhizobium japonicum
SAY3-7 (Htwe et al. 2018). Coinoculation of mungbeans with B. aryabhattai S10
and B. subtilis ZM63 improved their nutritional composition in terms of N, P, and
K. The inoculation of two varieties of chickpeas with five PGPB, namely
Pseudomonas sp. RA6, Serratia marcescens CDP-13, Serratia sp. S2, Frauteria
aurantia (Symbion-K), and P. citronellis (PC), increased macronutrient and micro-
nutrient accumulation (Dogra et al. 2019). It has been found that the presence of
Zn-solubilizing bacteria in soil can enhance the absorption of Zn in soybean seeds
(Sharma et al. 2012). Additionally, research has shown that the Fe concentration in
chickpeas can be significantly increased through inoculation with siderophore-
producing bacteria, with observed increases of 81% in roots and 75% in shoots
(Khalid 2015). Similarly, a study found that chickpea seed coinoculation with nine-
teen Acinetobacter species encouraged an increase in iron content by up to 38%
(Sathya et al. 2016).
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Fig. 12.1 Plant-microbe interaction for legume biofortification

Selenium is an essential trace element that plays a crucial role in animal health
(Ligowe et al. 2020). It serves multiple physiological functions and is a basic com-
ponent of a variety of selenium-containing proteins, making it vital for overall well-
being (Ye et al. 2020). The importance of functional food production that contains
high levels of essential elements such as selenium and iodine has been well estab-
lished in that their deficiency can have significant impacts on human health
(Golubkina et al. 2021). Research has revealed that soil microbial processes have
significant impacts on the availability of inorganic selenium in soil. Microbes can
alter soil properties and the redox chemistry of selenium to make selenium more
bioavailable to plants. They can also affect root morphology and stimulate plant
growth by secreting certain compounds, which aids in the uptake of selenium.
Additionally, the expression of certain genes and proteins associated with selenium
metabolism are increased, and the inoculation of certain microorganisms leads to
the accumulation of certain metabolites, further contributing to the absorption of
selenium (Yang et al. 2021). In leguminous plants, the phenomenon of nodulation is
critical for nitrogen fixation, and iron-containing proteins play crucial roles in this
process (Terpolilli et al. 2012).

The use of nodulation as a strategy for acquiring iron in leguminous plants has
been well established, with research showing that rhizobia, which are bacteria that
live in symbiosis with legumes, can enhance iron acquisition through the secretion
of siderophores and the synthesis of Fe-binding proteins (Ku et al. 2019). This has
been demonstrated in various legume species, such as Phaseolus vulgaris, Pisum
sativum, and Lens culinaris (Mishra et al. 2011, 2012; Slatni et al. 2012). Microbial
processes within roots are crucial for legume biofortification, and further research
on microbial ecology is needed to fully understand these interactions and key regu-
latory processes (Fig. 12.1). Microbes adopt different means, such as nodulation,
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zinc solubilization, and siderophore production, to improve the mineral content and
nutritional quality of legume crops.

3.2 Legume Biofortification Using Endophytic Microbes

The use of microbiomic and endophytic components as inoculants can improve
plant productivity and micronutrient concentrations in plants (Singh et al. 2018a,
b). For example, in chickpeas, the combination of Zn-coated seeds and a
Zn-solubilizing endophyte, Enterobacter sp. MN17, has been shown to improve
grain yields and Zn availability (Ullah et al. 2020). Similarly, endophytic seleno-
bacteria from Ricinus communis plants, identified as Paraburkholderia megapoli-
tana, Alcaligenes faecalis, and Stenotrophomonas maltophilia, have been found to
improve the growth of soybean crops 7.4-fold compared to the controls (Trivedi
et al. 2020). Plant growth—promoting actinobacteria have also been found to signifi-
cantly improve the seed mineral density of chickpeas, including minerals such as Fe
(10%-38%), Zn (13%-30%), Ca (14%-26%), Cu (11%—-54%), Mn (18%-35%),
and Mg (14%-21%), when grown under field conditions (Sathya et al. 2016). While
research on bacterial and fungal endophytes is limited, some studies have demon-
strated endophytes' potential for Fe/Zn biofortification in wheat and rice.
Mechanisms that enhance Fe/Zn uptake through the inoculation of endophytes
include the chelation of Fe by siderophore-producing microorganisms, the excre-
tions of root organic exudates (for altering soil pH), rhizospheric microbe proton
extrusions, and phytohormone synthesis for gibberellic acid, ethylene, and auxin
(Singh et al. 2018a, b). Further research on the endophytes that can mediate biofor-
tification in legumes, and their morphological and physiological traits, is needed to
gain a better understanding of their potential for improving the nutrient content of
these important food crops.

4 Conclusion and Prospects

Undoubtedly, legumes are highly important food crops because they can meet
human nutrition needs and develop sustainable agriculture. Plant—-microbe associa-
tions are part of an environmentally friendly promising approach to not only improv-
ing the nutrition quality of crops but also reducing environmental pollution by
minimizing the input of chemicals. Currently, climate change and the rapid increase
in the global population are fundamental concerns, and the microbe-assisted biofor-
tification of legumes is probably the most influential and cost-effective way to deal
with hidden hunger. Meanwhile, understanding microbes, identifying the desirable
traits of legumes, and learning how they interact under different environmental con-
ditions and in different soil compositions would be meaningful. The primary pur-
pose of legumes, for human health, is to provide nutrients and minerals, and
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insufficient investigations have restricted their application in cereal crops.
Nonetheless, the microbe-assisted biofortification of legumes can support the Green
Revolution and achieve sustainable environment.
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Chapter 13
Improving Iron Nutrition in Legumes
to Overcome Hidden Hunger

Umed Ali, Tahmina Shar, Mahpara Khatoon Bhutto,
and Ghulam Hussain Jatoi

Abstract Iron (Fe) is a trace element and an essential component in human nutri-
tion. Cytochromes and myoglobin are the forms of Fe found in different types of
cells and that act as major carriers of oxygen in the heme group of hemoglobin. Fe
deficiency is a worldwide problem in underdeveloped and industrialized countries.
Nearly two billion people have been affected by Fe deficiency, causing a serious
health problem, namely iron-deficiency anemia (IDA). Food crops are major sources
of Fe, and among them, legume crops are considered vital sources of iron intake in
humans. Legumes can play key roles in improving Fe nutrition to overcome hidden
hunger. By monitoring this scenario, the World Health Organization (WHO) has
provided a strategy to improve nutritional qualities of cereal and legume crops,
namely biofortification, which uses techniques such as agronomic methods, crop
genetics and breeding technologies, the application of modern biotechnology, and
the use of various microorganisms. Legume crops can play an important part in the
biofortification process by improving Fe content and producing an Fe-rich and cost-
effective dietary source for human health. In this chapter, we discuss the Fe status in
pulses and focus on agronomic practices, breeding methods, and biotechnological
approaches, along with the role of soil microbes in improving levels of iron in
legume plants and overcoming hidden hunger problems in the global population.
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1 Introduction

Mineral nutrients play key roles in the metabolism and homeostasis of all living
organisms, especially humans. Every essential mineral nutrient has various func-
tions in the human body and is equally important for the human diet. The absence
of or a deficiency in these minerals develops various diseases and metabolic disor-
ders in our bodies. To overcome these diseases and metabolic disorders, the status
of these minerals in the balanced diets of the global human population should be
improved. Mineral sources, their quantities, their bioavailability, and their use in the
biofortification of food grains need to be identified to overcome malnourishment
(Stein 2010). Therefore, the nutritional quality of cereal and legume crops can be
improved by understanding the mechanisms of mineral biofortification and
bioavailability.

Humans require twenty-one mineral elements in our diets to maintain the physi-
ological and biochemical functions of our bodies (Martinez-Ballesta et al. 2010).
Deficiencies in iron (Fe), zinc (Zn), and iodine (I) are the most serious in the world
because they have the most significant negative effects on human health (Ezzati
et al. 2004; Horton et al. 2009). Because of the redox properties of iron, it is consid-
ered the third-most-essential element for the survival of human beings, after two
other elements (Connorton et al. 2017). Fe is the fourth-most-abundant nutrient in
soil, but unfortunately, it is not in a readily available form for uptake and absorption
by the roots of many plants (Eng et al. 1998). The low accessibility of this element
remains high in calcareous soils, which comprise 30% of the soils in the world. This
is why the crops grown in that soil show severe Fe deficiency symptoms and reduced
productivity (Kobayashi et al. 2016). The plants grown in such soils face iron-
deficiency chlorosis (IDC), a condition in which a plant is deficient in iron.

Sustainably producing foods with their maximal nutrient values has become a
recently demand, but our modern agriculture is more focused on obtaining higher
yields while ignoring the nutritional status of the crop plants (Shaikh and Saraf
2017). Humans can take up Fe from both animal and plant sources, but the crop
plants are considered the main sources of Fe in the ecosphere (Gibson et al. 2010).
Various grain legumes—i.e., field peas (Pisum sativum), chickpeas (Cicer arieti-
num), lentils (Lens culinaris), pigeon peas (Cajanus cajan), common beans
(Phaseolus vulgaris), and soybeans (Glycine max)—are considered Fe rich and
contribute most of the nutrients that we require, including Fe. Iron-deficiency ane-
mia (IDA) is a serious problem faced by countries that have low food availability
and poor diet diversity. IDA has affected two billion people all around the world.
Pregnant women most commonly experience the symptoms of IDA, and they may
give birth to a child that is already deficient in Fe. Small children and nonpregnant
women also face IDA problems.

Nowadays, experts are trying to overcome microelement deficiencies in humans,
also called hidden hunger. One possible mechanism to fight hidden hunger is biofor-
tification. Biofortification is a strategy for enhancing the content and bioavailability
of microelements in edible seed crops through various methods, such as agronomic
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practices and plant breeding (Allen et al. 2006; Vasconcelos et al. 2017). The WHO
has taken the initiative on overcoming these problems by following biofortification
methods. The WHO is running various biofortification projects, such as the biofor-
tification of Fe in the Fabaceae family crops, Oryza sativa (rice), Ipomoea batatas
(sweet potatoes), and Manihot esculenta (cassavas) (Allen et al. 2006). The biofor-
tification of Fe is made possible via agronomic methods, crop genetics and breeding
technologies, the applications of modern biotechnology, and the use of various
microorganisms (Vasconcelos et al. 2017). Modern fields of research, such as
molecular biology and genetic engineering, have been used instead of conventional
breeding. But successful Fe biofortification via these techniques requires a vast
molecular knowledge about Fe uptake; Fe accumulation; Fe transportation, storage,
and remobilization; and Fe enhancement in crop plants (Vasconcelos et al. 2017).

In the current scenario, grain legumes can be considered usable for Fe biofortifi-
cation because they contain high nutritional levels and can be cost-effective sources
of Fe. Biofortification in legumes can benefit the populations of low-income coun-
tries (Suttle 2010). Legume crops are considered a staple food in parts of Africa and
Asia and can act as basic nourishment in poverty scenarios (Allen et al. 2006). In
this chapter, we discuss iron, its nutritional value and functions in human health, the
current status of iron in crops (particularly legumes), biofortification strategies e.g.,
agronomic practices, conventional and molecular breeding, biotechnological tools,
and the use of plant-associated microorganisms to improve iron content in plants to
overcome hidden hunger.

2 Functions of Fe in the Human Body

Enormous quantities of minerals and vitamins are essentially required for the proper
functioning of the human body. Deficiencies in such minerals are called hidden
hunger (Trijatmiko et al. 2016; Daly et al. 2017; Sharma et al. 2017).

Fe is the most important essential micronutrient required by all living organisms
and an important element required in human nourishment and the constituents of
the human body (Eng et al. 1998). Its biological significance relies on its reactivity,
which allows for the emergence of reversible one-electron oxidation—reduction pro-
cesses to transition between ferrous (Fe?*) and ferric (Fe**) forms of Fe (Mann and
Truswell 2017). Different age groups need different amounts of iron, depending on
their age factors. Also, the amount of Fe required for women is different from that
required for men. The prescribed intake of Fe in our daily diets is 8—18 mg per day,
but this can be extended to 30 mg day~! for pregnant women (Vasconcelos et al.
2017). Depending on the type of iron consumed, the human body can absorb only
between 5% to 35% of the ingested amount (Abbaspour et al. 2014).

A deficiency in iron or iron-deficiency anemia (IDA) causes unavoidable physi-
ological problems—especially in children because Fe deficiency affects the cogni-
tive development and growth of children (Ouf and Jan 2015). The amount of oxygen
that is transported to the muscles of the human body is decreased because of Fe
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deficiency, which affects the overall physical performance and working efficiency
of human beings. It weakens the immune system, which ultimately increases the
risk of infection. Iron-deficiency anemia increases the risk factors during perinatal
period, which affects both mother and child, and it leads to infant mortality. It has
been observed that the breakdown of a few neurotransmitters, the level of thyroid
hormones, and the actions of some enzymes that depend on Fe are all adversely
affected by a shortage of Fe in human body. Because of these high-risk problems
occurring in human body due to iron inefficiency, the WHO has started a chain of
projects to mitigate iron-deficiency issues, particularly in the developing nations of
the world (Hassan et al. 2016).

Iron-deficiency problems in developed countries are most commonly caused by
absorption disorders, blood loss, or not consuming a diet rich in Fe from plants.
Different diets contain different types of iron in their bioavailability, depending on
the source of that food. Hemic iron, just like hemoglobin and myoglobin, provides
advanced bioavailability, and it is found mainly in meat, fish, and shellfish (WHO
2015). On the other hand, various organic and inorganic sources contain nonhemic
Fe in different chemical forms (Fig. 13.1). The various sources of nonhemic Fe in
different foods come in the form of ferric citrates, ferric phosphates, phytates, oxa-
lates, or hydroxides, which are all molecules of low molecular weight, whereas
lactoferrin, leghemoglobin, and ferritin are all considered compounds of high
molecular weight. Different parts of the plant are used to fulfill the human body’s
requirements for nonhemic Fe, through the consumption of seeds from the Fabaceae
family plants, grains from rice, dry nuts, and the green leaves of vegetables (Geissler
and Singh 2011; WHO 2015).

Similarly, iron absorption is influenced by the amount of iron in the human body
and by enhancers such as ascorbic acid and specific muscle tissue proteins.
Maintaining an iron-rich diet is one method to combat Fe deficiency. However, the
WHO supports food biofortification techniques to boost Fe nutrition in the human
population in order to overcome hidden hunger (Abbaspour et al. 2014).

3 Current Status of Fe in Legumes and Other Crops

The nonhemic form of Fe is found in pulses, cereals, and vegetables, in both organic
and inorganic forms. Hence, each iron type has a different capacity for absorption
and a different level of digestion efficiency (Theil and Briat 2004).

Legumes are considered important sources of nutrients in the human diet; they
account for 20% of daily human protein intake. Legume crops are also healthy and
affordable source of digestible fiber and nutrients such as Fe (Table 13.1.) (Garcia
et al. 2008; Guillamoén et al. 2010). Fe is found in two forms in foods: hemic iron
types, which support the arrangement and structure of various proteins, and non-
hemic iron types—i.e. ferric citrates, phosphates, phytates, hydroxides, and oxa-
lates—which are compounds with low molecular weights and which are most
commonly found in the foods that humans consume (Zielinska-Dawidziak 2015).
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Plant Source Anim al Source
(Legume, Cereals, Vegetable) Meat, Fish, Shelfish

Non-hemic Fe

4

Organic Fe Inorganic Fe

1. Ferric Citrate
2. Ferric Gluconate
3. Ferrous Fumarate

4. Ferritin

Haemoglobin Hemic Fe
and Myoglobin

Fig. 13.1 Sources and forms of iron in food

Ferritin and leghemoglobin are the proteins found in vegetables that contain the
hemic form of Fe. Edible parts of plants vary in ferritin distribution. The ferritin
concentration in seeds can be between 50 and 70 mg kg~!, while the portion of iron
content in those amounts of ferritin are 10 mg kg~! (Valdes-Miramontes et al. 2015).
The root nodules of soybeans and lupines contain both the ferritin and leghemoglo-
bin forms of Fe, and these nodules have more iron content than soybean leaves do
(Chungopast et al. 2017). According to a study conducted by Valdes-Miramontes
et al. (2015), the Fe content in the roots was higher (70 mg per 100 g) than that in
the seeds (6.12 mg per 100 g) of L. rotundiflorus. This higher concentration of iron
in roots is due to the presence of nodules, which are rich sources of leghemoglobin
protein and contain high amounts of Fe. Neudorf (2015) concluded a study of root
nodules from the Fabaceae family of plants and found that they have high
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Table 13.1 Iron profile of legume crops

Food name Fe (mg/100 g)
Chickpea (Cicer arietinum L.) 6.2
Pigeon pea (Cajanus cajan L.) 5.2
Lentil (Lens culinaris L.) 7.5
Mungbean (Vigna radiata L.) 6.7
Black gram (Vigna mungo L.) 8.4
Field pea (Pisum sativum L.) 4.4
Common bean (Phaseolus vulgaris L.) 34
Cowpea (Vigna unguiculata L.) 7.5
Horse gram (Macrotyloma uniflorum L.) 7.0
Moth bean (Vigna aconitifolia L.) 9.6
Soybean (Glycine max L.) 13.7

concentrations of iron due to the presence of leghemoglobin. In a study on the iron
content of bean plant (Phaseolus vulgaris) leaves, Martinez-Zavala et al. (2016)
revealed that hematological markers such as hemoglobin, erythrocyte count, and
hematocrit recovered when rats with induced anemia were fed a meal containing
iron from this legume plant.

Proulx and Reddy (2006) revealed that Fe bioavailability from the nodules of
soybeans was observed at 28 + 10% and that the bioavailability of soybean leghe-
moglobin extract was observed at 19 + 17%, having corresponding relative biologi-
cal values (RBVs) of 125 and 113, respectively, when 100% ferrous sulfate was
applied. They reported that adding 50 ppm of partly purified leghemoglobin soy-
bean extract or bovine hemoglobin to corn tortillas enhanced their bioavailability by
27% and 33%, respectively. In comparison to fava beans, which had a 37.10%
absorption rate for a base diet supplemented with 21 g of dry thyme leaves per kilo-
grams of food, it was observed that the bioavailability of iron in bean leaves was
only 8.5%. However, consuming these leaves results in an iron content of 70.67 ppm
(Rosado et al. 2005; Yossef 2010). Valdes-Miramontes et al. (2015) imparted that
the bioavailability of Fe was 13.80% in root nodules and 13.70% in the cooked
seeds of L. rotundiflorus.

4 Legume Crops Are Best Choice for Fe Biofortification

Soybean, field pea, chickpea, bean, lentil, and peanut crops belong to the
Leguminosae (Fabaceae) family, and their seeds serve as edible sources of nutrients
for human being (Mann and Truswell 2017). Legume crops possess low fat con-
tents, high quantities of carbohydrates, vitamins, proteins, minerals, and dietary
fiber. Legume or pulse crops are considered the most effective source of nutrients to
satisfy the nutritional requirements of human beings (Erbersdobler et al. 2017). The
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consumption of fresh fruits, vegetables, and legumes has increase in recent years
because the consumption of plants has been widely recommended over that of ani-
mals (Fabbri and Crosby 2016). Given the increasing population of the world, plant-
derived protein is the best option for the future (Erbersdobler et al. 2017). The
information provided by the European food information for consumer regulations
claimed that 100 g of soybeans, lupines, field peas, and common beans contained
40% to 60% of the Fe needed in our daily diets (Erbersdobler et al. 2017). This
shows that legume plants are key sources of dietary Fe (Balk and Schaedler 2014).

Numerous studies have focused on examining the various traits of legume crops
related to the accumulation of iron (Blair et al. 2013; Tan et al. 2017). Blair et al.
(2013) revealed an important method for the biofortification of iron: He found that
some of the genes associated with the seed coat and cotyledonary iron are located
on the linkage groups of BO4 and B11 in common beans. Pulse legumes are rich in
proteins compared with other crops, and these legumes have high values of starch,
which is what makes pulse seeds a complete nutritional complement for the human
diet (Tan et al. 2017). Field peas (Pisum sativum L.) alone can deliver 28% to 68%
of the daily suggested intake of iron (Amarakoon et al. 2012). The consumption of
microminerals in gram, another legume crop, was evaluated for Fe by using ten
commercially cultivated gram genotypes. The authors concluded that these geno-
types can provide 4.6—6.7 mg per 100 g of Fe content (Thavarajah 2012). Another
study, conducted on lentils (Lens culinaris L.), confirmed that lentils are strong
dietary sources of iron with high bioavailability (DellaValle et al. 2013).

With high nutritional values, grain legumes possess proteases, amylases, lectins,
saponins, some phenolic compounds, and PA in their makeup. These compounds
are considered as antinutrient compounds (Magalhaes et al. 2017). The color of
seeds and the sensory characteristics of plants are associated with phenolic com-
pounds, which have antiallergenic, antiatherogenic, anti-inflammatory, antibacte-
rial, and antioxidant properties. In addition to these properties, phenolic compounds
have the potential property of cardiac protection (Balasundram et al. 2006). Phenolic
acids, flavonoids, and condensed tannins are the most abundant phenolic com-
pounds. These compounds occur mostly as attachments or as efficient byproducts
(Balasundram et al. 2006; Magalhdes et al. 2017). Generally, phytates fix elements
such as iron and zinc and reduce absorption ratios in plants (Mann and Truswell
2017). In legumes, phosphorus is stored in the shape of PA, which is known as an
inhibitor of food. This is because PA chelates with iron and makes it unavailable for
humans (Gupta et al. 2015). Gupta et al. (2015) showed that when iron content is
increased in plants, PA content also increases; these increased values of PA decrease
the absorption ratio of iron.

Cooking and processing legume grains is the best way to reduce these toxins and
antinutrient compounds and thus improve the absorption of Fe (Fabbri and Crosby
2016). Ascorbic acid is also present in legumes, which combats and helps overcome
the negative effects of these inhibitors, containing phytate and polyphenols, in the
Fe absorption process of plants (Abbaspour et al. 2014).

The crops of the Fabaceae family play key roles in ecological sustainability
because legumes can fix nitrogen (N) through the nodules in their roots (Denton
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et al. 2017). The formation of root nodules occurs in the symbiosis of Rhizobium
bacteria and plant roots (Popp and Ott 2011). The closeness of Rhizobium bacteria
to the root hair cells of legumes results in legume infections, and a symbiosome
membrane develops in the cortical cells of legume roots (Popp and Ott 2011; Brear
et al. 2013). Nitrogen content affects the transportation of other elements from the
roots to the shoots in a plant body. The symbiosis between N-fixing bacteria and
legumes produces higher amounts of Fe. Here, iron is utilized in the manufacture of
a protein called leghemoglobin and of the nitrogenase enzymes and cytochromes of
the electron transport chain in the roots of host plants (Brear et al. 2013).

Another benefit of legume crops is that they are grown in the fallow period of
other crops to increase fertility of soils, they can also be used as cover crops (Dapaah
and Vyn 1998). They can be cultivated to control weeds, to recycle nutrients and
manage pests, to increase soil N content, and to enhance the productivity of crops
(Tonitto et al. 2006; Lundgren and Fergen 2011; O’Reilly et al. 2011). Alfalfas, red
clovers, and crimson clovers, are the legume crops mostly cultivated for the above
purposes. But the constraining problem is the life cycle of these crops (Coombs
etal. 2017). Furthermore, some input is required to establish these kinds of systems,
but the benefits of these systems far outweigh their costs (Snapp et al. 2005).

Green manuring is a technique in which legumes are used as cover crops and are
incorporated in soil to enhance the fertility and nutritional status of soils (Toda and
Uchida 2017). Symbiosis between a legume crop and a bacteroid can also be con-
sidered a good practice in green manuring because the N-fixing rhizobacteria in soil
are reusable (Brear et al. 2013). The intercropping of nodule bearing crops close to
weeds is another environment friendly practice (Wang et al. 2017). The concentra-
tion of iron in plants can also be enhanced when peanuts are intercropped with
maize, wheat with chickpea, and guava with sorghum (Zuo and Zhang 2009), but
further study is required to understand the mechanism behind this positive effect.

5 Raising Iron Content in Plants via Biofortification

Biofortification is defined as a procedure of improving the nutritious content of food
grains. This procedure follows a series of techniques, including agronomic meth-
ods, crop genetics and breeding technologies, modern applications of biotechnol-
ogy, and the use of various microorganisms. The objectives of this procedure are to
improve the micronutrient quantities of foods and to reduce the antinutrients that
negatively affect nutrients’ capacity to be absorbed by humans. The availability of
certain phenolic compounds and toxins and the state of oxidation and that of all
food matrices influence the bioavailability and solubility of minerals (Etcheverry
et al. 2012). Food crops are the main sources of minerals available for human con-
sumption. The appropriate amounts of mineral elements and vitamins in plant-based
diets can support healthy human lives (Welch and Graham 2004). Mineral defi-
ciency issues have been resolved in recent decades with the help of fortification
methods for food crops and taking dietary supplements rich in these elements (Tan
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et al. 2017). The production of staple food crops that are rich in essential mineral
elements and that can be grown and distributed by using current agricultural meth-
ods can be sustainably provided by following biofortification techniques (Diaz-
Gomez et al. 2017).

The Fe biofortification of crops can be accomplished in a variety of ways
(Fig. 13.2). Agronomic practices and conventional and molecular plant-breeding
techniques are some of the available agricultural methods, whereas the genetic-
engineering methods include modifications to the genetic makeup of an organism,
fertilization procedures, modern biotechnology tools, and the use of microorgan-
isms (Van Der Straeten et al. 2017).

5.1 Agronomic Practices to Improve Iron Nutrition
in Legumes

An adequate and balanced diet for humans is one that provides all the energy, essen-
tial amino acids (i.e. lysine and methionine), essential vitamins (i.e. A, B, C, D and
E), and essential minerals (i.e., iron, zinc, iodine and selenium and folic acids) that
they need. Deficiencies in micronutrients, such as iron, zinc, and iodine, and a defi-
ciency in vitamin A in plants and soil has led the human population to the major
problem of malnutrition, which is among the primary factors of the human diseases
in developing countries. Micronutrient deficiencies have serious negative impacts
on human health and development characteristics, such as physical development,
immune system maturation, cognitive development, maternal mortality, etc. Higher
yields of agricultural crops that contain these nutrients are needed to feed the rap-
idly increasing population of the world and to sustain human well-being.

The biofortification of legumes through agronomic practices is the strategy to
enhance the nutrients, vitamins, and minerals in crops. Management practices can
also be adopted to improve the iron content in legume crops and to thus combat hid-
den hunger.

5.1.1 Cultivation Practices and Fertilizer Application

Using legume genotypes/varieties can accumulate large amounts of iron from soil is
the best option to avoid Fe deficiency and bioavailability problems (Hansen et al.
2003). Numerous fertilizers and cultural management practices can be applied in
combination or alone to prevent or remedy the deficiency of iron in different crops.
Various agronomic strategies—including lowering the pH values of soil, spraying
iron through Fe liquid fertilizers, fertilizing the soil by using chelated/complexed Fe
fertilizers, applying Fe fertilizers in band placements near the root zone of crops,
using high-iron-accumulation legume crops as companion crops, changing the
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schedule of irrigation and drainage, increasing soil fertility, and trying various sow-
ing methods—can improve the Fe status of legume plants (Hopkins et al. 2005).
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5.1.1.1 Low Soil pH Can Enhance Fe Content

Artificially lowering pH values can effectively overcome Fe deficiency (Olson
1950; Lucena 2003). For example, a tenfold increase in the activity of hydrogen ion
and a thousandfold increase in Fe solubility can be achieved when the pH of soil
drops from 7.5 to 6.5. Although the cost of the material that lowers the pH of soil
and makes it more acidic in calcareous soils (which have high buffering capacities)
is not very high, before applying that material or lowing the pH, the value of crops
and their market prices should be kept in mind. A poorly buffered sandy soil may
require 0.5 tonnes of elemental S per hectare to lower the soil pH from alkaline to
neutral, whereas several tonnes of S is required for the soils to have high buffering
capacities to obtain same results (Tisdale and Nelson 1966). Furthermore, the soil
pH values can over time increase up into the alkaline range if the irrigation water
has a high lime content. Because of its low cost, its wide availability, and its ease of
use, S is the most commonly used acidifying agent (Tisdale and Nelson 1966). Ali
et al. (2020) conducted experiments on a hydroponic culture with different pH val-
ues and revealed that Fe content in the roots was higher at the pH value of 6.0 than
at 7.0 or 8.0. Several chemical compounds, either solid or liquid—i.e., ammonium
polysulfide, aluminum sulfate, phosphoric acid, and sulfuric acid—are used to
lower the pH values of soils (Horneck et al. 2005). Adding ammoniacal fertilizers to
soils that have low buffering capacities and relatively low excess lime could be ben-
eficial in lowering the pH of soils and increasing iron bioavailability (Whitney
et al. 1991).

5.1.1.2  Foliar Method of Applying Fe Fertilizers

Liquid fertilizers containing Fe in either chelated or nonchelated form can tempo-
rarily rectify Fe deficiency (Godsey et al. 2003). The absorbed Fe is used by the
plant if these materials are applied such that the leaf surfaces adhere to the plants.
The main advantages of foliar applications of Fe are that they avoid the reactions
occurring in alkaline/calcareous soils during iron fixation (Mengel 1995).

The foliar sprays require applying an adjuvant substance, which acts in the
absorption and distribution of Fe on the leaf surface. After the leaves absorb the Fe,
it is internally distributed. The foliar application of Fe immediately supplies iron to
leaves, but this is a temporary remedy to combat Fe deficiency (Godsey et al. 2003).
However, the foliar application of Fe inhibits the natural ability of plants to combat
iron-deficient conditions (Romheld 1986). As compared to soil iron availability,
foliar sprays have few lasting advantages. Because of Fe’s immobility, once it
becomes part of a cellular structure, it shows its appearance on the tissues where it
was supplied (Vose 1982). Plant leaves that emerge after foliar applications of Fe
always face Fe deficiency until the plants take up soil Fe with their roots or until the
environment changes and makes the Fe available to plants (Anderson 1982).

Foliar applications of Fe immediately overcome the visual Fe deficiency symp-
toms of leaves. In some reports, it is stated that the foliar application of Fe may
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enhance the yields of crops but in most cases, the effect of foliar applications of Fe
is minimum. Randall (1981) conducted experiments and treated his soybean crop
with foliar applications of FeEDDHA (ethydiaminedhephen acetic-Fe). He reveled
that the Fe applied to the leaves of soybeans corrected the Fe deficiency of those
parts of the plants but did not play any role in increasing crop yields. Another exper-
iment, by Goos and Johnson in 2000, which was conducted at different location,
reported that foliar applications of FeEDTA (Ferric Ethylenediaminetetraacetic
Acid) corrected the chlorosis in soybean varieties that were deficient in Fe and
increased the seed yield in only one location, but the effect of Fe on seed yield was
not observed in most of the locations. In this study, the authors concluded that it
would be better to select Fe-efficient varieties to uptake more Fe from their soils
rather than to use foliar applications of Fe (Goos and Johnson 2000).

Cautionary measures should be taken while spraying foliar Fe because foliar
applications of Fe in excess amounts will result in tissue necrosis and because inju-
ries from foliar applications of fertilizer are prevalent. Ferrous sulfate is the most
commonly applied nonchelated source of foliar Fe. Citrates, lignosulfates, gluco-
nates, fulvates, etc. are only a few examples of the various complexed and chelated
(EDHA, EDDHA (ethylenediamine-N,N’-bis(2-hydroxyphenylacetic acid)), DTPA,
HEDTA, etc.) Fe sprays that are available in the market. Furthermore, only authen-
tic materials that have detailed instructions printed on their labels and that are
obtained from reputable companies should be used.

Field crops most often require multiple sprays of foliar applications of iron to
enhance the yields of crops to some extent, but it makes this strategy too expensive
if it is used for low-value crops or if the market prices are low (Anderson 1982;
Godsey et al. 2003). It would be more expensive if the foliar Fe fertilizers are mixed
with any foliar applications of pesticides (Mallarino et al. 2001). In this case, cau-
tion must be exercised because mixing Fe with any other substance may result in the
inactivation of other compounds.

5.1.1.3 Organic and Inorganic Fertilizers Containing Fe

Inorganic Fe fertilizers are often useless when applied to soil under alkaline pH
conditions because iron in soil reacts with other anions and because that reaction
makes very insoluble complexes, such as ferric hydroxide. The combination of che-
lated iron and compounds that are organic in nature can decrease the formation rate
of insoluble Fe (Lucena 2003). Fe is essentially grasped by an efficient chelation
that maintains the level of Fe in the soil until it is used by plants and microorgan-
isms. The exceptions are that any chemical or microbial decomposition can degrade
the Fe hold by soil solution; it also makes a strong bonding with organic matter
(OM) or mineral elements present in soil, or it is inactivated when iron is exchanged
with any other cation (Alvarez—Fernéndez et al. 2002; Lucena 2003). The efficiency
of a compound with chelated iron could also be hampered by leaching because there
is a negative charge on synthetic chelates, so it rejects soils that have negative
charges (Abadia et al. 2004). The rain or irrigation water leaches the chelated Fe
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from the root zone of plants. If it does not rain or if there’s no delays in irrigation,
the rain or irrigation water can provide Fe to the plants for a long time. Fe must be
available to plants in the early growth stages because that is when the Fe deficiency
in plants is most severe (Alvarez-Fernandez et al. 2002). The effectiveness of syn-
thetically chelated iron is also constrained by the ratio of salts in soil and the type of
soil (Siebner-Freibach et al. 2004).

Alkaline/calcareous soils are notorious for causing iron chlorosis, though most
Fe chelates are likewise ineffective in these kinds of soils. The EDDHA only and its
related types of Fe chelates are effective against soils deficient in Fe (Abadia et al.
2004). Other forms of chelated Fe, such as EDHA, HEDTA and DTPA and Fe com-
plex fertilizers such as citrates, fulvates, lignosulfates, and gluconates, are not very
beneficial or effective compared to EDDHA or similar chelated Fe against the con-
ditions where calcareous soils are present. It is because the other chelates can tem-
porarily sustain iron in soils (Lucena 2003). On the other hand, other chelated forms
of iron, except EDDHA, are used to treat only moderate Fe deficiencies when
applied on leaves in some noncalcareous soils. It has been reported that chelated Fe
fertilizers can slow the release of iron. This is beneficial because this system reduces
the chances of leaching and helps alleviate iron-deficiency chlorosis (Yehuda et al.
2003; Goos et al. 2004). Goos et al. (2004) revealed that the efficacy of chelated
forms of iron could not be improved, regardless of whether they are applied with
polymer coatings. However, it has also been reported that polymer coatings reduced
the ability of FEEDDHA in a greenhouse experiment. Fe fertilizers such as ferrous
sulfate can be rather beneficial for slow-releasing methods of Fe to plants (Morikawa
2004; Singh et al. 2004).

In noncalcareous soils, several organic chemicals may act as activators or enhanc-
ers for Fe when fixed with any form of iron, and in calcareous soils, high amounts
of organic chemicals are required. Although organic compounds may not be more
effective than FeEEDDHA in calcareous soils, complexing Fe components, such as
Fe complexes and nonspecific humic compounds, are found in biosolid substances
and the organic matter fabric of soils (Siebner-Freibach et al. 2004). These organic
compounds, like chelates, have carbon in their composition, so they are beneficial
for chemical and microbial degradation. The ratio for the degradation of organic
materials completely depends on the soil moisture, soil temperature, and soil oxida-
tion and is affected by the types and species of soil microorganisms (Tisdale and
Nelson 1966).

Organic materials (animal dung, human excreta, etc.), which contain large
amounts of Fe, applied in large quantities in either raw form or composted form can
alleviate Fe deficiency in plants (Anderson 1982). The inorganic wastes of industry
are also sources of Fe, but their availability and effects are not equal to those of
inorganic fertilizers (Wallace et al. 1976). Although organic compounds are less
efficient than chemical fertilizers in supplying nutrients, they can be beneficial in
adding Fe to the soil if they are applied in large quantities. The commercial Fe fertil-
izers contain a consistent amount of Fe, but organic biosolids do not. Their Fe quan-
tity is irregular, and it depends mostly on microbial activities to degrade the material.
In temperate regions, iron deficiency in soil occurs mostly in the early growing
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seasons, because the ability of microorganisms to degrade soil compounds is very
low in such zones. This causes the availability of Fe to be inadequate in early sea-
sons. It is also crucial to appropriately manage organic materials, to minimize nitro-
gen immobilization, salt toxicities, and particular concentrations of cations and
anions and to correctly solve the problems of pathogen and weed infestations.

Organic matter plays a complex and unpredictable function in the prevention or
treatment of Fe deficiency. Organic matter not only acts as a source of Fe for soil but
also results in loosening the soil. Soils that have low bulk density contain more
oxygen and less carbon dioxide, which has less bicarbonate effects on Fe bioavail-
ability (Lucena 2000). When easily degradable organic matter is added to soil, a
mineralization process occurs, in which microbial respiration causes the amount of
carbon dioxide to rise (Lucena 2000). According to study results, the rate of avail-
able Fe was decreased because bicarbonates formed in the soil.

The carbon added by the application of organic matter increases the activities of
microorganisms. Several microorganisms, called siderophores, release chelates that
can mobilize Fe. Iron uptake by plants is enhanced by these siderophores. Also, they
are less likely to leach or degrade than synthetic forms of chelated Fe (Siebner-
Freibach et al. 2004).

5.1.1.4 Concentrated Fertilizers and Their Placement Methods

Iron-deficiency chlorosis in plants can be removed by applying inorganic iron fertil-
izers via the band-placement method. These fertilizers should by applied near or on
the sides of seeds (Morikawa 2004; Singh et al. 2004). This is because the growing
roots of plants are in direct contact with fertilizer grains, suggesting that the rapid
accumulation of Fe by plant roots can prevent Fe losses. Goos et al. (2004) reported
that the ferrous sulfate applied to Fe-deficient soybean crops did not increase the
growth of the crop, but its growth was significantly improved when the ferrous sul-
fate was applied along with ammonium sulfate and citric acid. The controlled
release of Fe fertilizers has a major contribution to overcoming iron deficiency in a
variety of crops, but owing to their high costs, their frequency of use remains rela-
tively low compared with other Fe fertilizers.

Soaking the seeds in chelated fertilizer (FEEDDHA) has demonstrated some
benefits in preventing Fe deficiency (Wiersma 2005), but the same results have not
been consistently observed (Goos and Johnson 2000). Goos and Johnson (2000)
conducted an experiment and reported that plowing the seed after soaking it in Fe
fertilizer decreased their iron deficiency and increased the yield of soybean crops
when the seed was sown in wide rows (76 cm), while the seeds sown in narrow rows
did not show these kinds of results. They concluded that selecting Fe-deficiency-
resistant cultivars is a better option than soaking seeds in Fe fertilizers.

Low levels of fertilizer salts and less attention are required when fertilizers are in
direct contact with seeds. Such levels occur especially when salt-intolerant species
are cultivated or when these plants are grown in saline soils or with saline water
(Ayers and Westcot 1985). The strategy of soaking seeds with iron fertilizer has
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been studied on some crops, but further experiments on their rate and their place-
ment methods are needed to examine the efficiency levels and the toxicity levels in
different cropping patterns.

5.1.2 Seeding Methods and Water Management to Improve Fe Status

Agronomic practices are effective measures to combat Fe-deficiency symptoms in
plants, and some manipulations of these techniques can eliminate Fe deficiency. The
techniques include managing poor-drainage problems, compacting soil layers, min-
imizing salinity, increasing soil fertility, scheduling irrigation, arranging seed place-
ment, and applying herbicides.

The problem of iron-deficiency chlorosis is often observed in poorly drained
fields (Hansen et al. 2003). Chemical and biological processes that take place in
saturated conditions are complicated and difficult to anticipate (Marschner 1986).
Poor root activity brought on by insufficient oxygen, cold soil temperatures, and
high bicarbonate levels contributes to the issue of rising carbon dioxide in saturated
soils (El-Shatnawi and Makhadmeh 2001). Root tissues and the microorganisms
that solubilize Fe do not have ability to respond well to Fe-stress conditions under a
shortage of oxygen and low temperatures (Marschner 1986). In the soils that feature
poor drainage and a cold temperature, the chemical reaction capability or mineral-
ization of Fe in organic material is decreased (Marschner 1986). Poorly drained soil
often becomes compacted, which creates problems for root growth. In general,
crops grown in these kinds of soils exhibit symptoms of Fe deficiency. Improving
the drainage of lower areas of fields can minimize the compaction issue of soils and
also enhance the availability of Fe because of improvements in oxygen/moisture
ratio. Good root growth is exceptional in this system. Tillage practices in areas
where soil compaction is a problem can improve the soil’s structure and the bio-
availability of Fe, although the effect of tillage is not long lasting (Tisdale and
Nelson 1966).

Areas that have good water drainage and good soil structures face fewer prob-
lems from iron-deficiency chlorosis (Hansen et al. 2003). Soils that have been satu-
rated for a long time have higher availability levels of Fe nutrients (Vose 1982). In
saturated soils, Fe** is converted to the Fe?* form, which is available to plants for
their root uptake because oxygen is depleted in saturated soils. The soluble form of
iron is again converted into the insoluble ferric form, which happens when water
evaporates and soil dries out. When oxygen is reduced in the root zone, the growth
and development rates of all field crops, particularly legume crops, slowly start to
decrease and the crops eventually die off. One exception to how this condition plays
out is rice crops, which can withstand the absence of oxygen at the root regions of
plants (El-Shatnawi and Makhadmeh 2001). As a result, plants that grow in poorly
drained soils can have their iron-deficiency chlorosis reduced. However, if oxygen
deprivation inhibits root development and its biochemistry, the consequences of this
reduction may stop or even be reversed.
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The quality of water applied as irrigation may affect Fe deficiency. The water in
soil that contains carbonates or bicarbonates may increase iron-deficiency chlorosis
in plants (Hansen et al. 2003). The drainage of water under rain-fed conditions can
reduce the formation of soil bicarbonates. In irrigated areas, applying acidic irriga-
tion water to fields can decrease the concentration of bicarbonates and dissolves the
carbonates of soils, which may improve the Fe status of soils. The high cost of these
kinds of management methods is questionable given the low value crops. Soil salin-
ity is another problem under the category of water management. Salt accumulation
has mostly been linked to iron-deficiency chlorosis. As a result, managing soil salts
through the proper management of irrigation and drainage may help to prevent iron-
deficiency problems (Siebner-Freibach et al. 2004).

Iron-deficiency chlorosis can be improved or worsened by interactions with
other nutrients. The type of nitrogen in the soil can affect Fe nutrition (Lucena
2003). A deficiency in iron can also be increased by applying N in the form of
nitrate. The majority of ammoniacal fertilizers turned into the nitrate form of nitro-
gen within a few days of being in a soil that has high-aeration capacity. Managing
iron-deficiency chlorosis by applying ammonium nitrogen is unnecessary when the
total soil or more than 50% of it is applied as a basal dose. On the other hand, fre-
quent applications of ammonium-based fertilizers during the growing season may
help in overcoming the chlorosis problem caused by Fe deficiency. The presence of
ammonium ions in soils or their accumulation by plants is a better strategy to treat
Fe deficiency in plants, but this strategy alone is not sufficient to completely over-
come Fe deficiency (Lucena 2003).

Fe nutrition may also be improved through a range of crop management strate-
gies. Another method for reducing an Fe deficit is to increase the plant population
by increasing the seeding rate or decreasing row spacing (Goos and Johnson 2000;
Hansen et al. 2003), possibly due to improved Fe-stress-response systems or
improved root growth. The late sowing of crops in soils having Fe deficiency prob-
lems is another agronomic practice that can overcome the Fe-deficiency stresses
(Hansen et al. 2003). Fe deficiency mostly occurs in the early spring season, but as
the root activity and the microbial activity increase, Fe deficiency decreases. The
deficiency in Fe in plants may also increase if the plant roots are suffering from a
mechanical or pest injury. However, the toxicity of some pesticides may also exac-
erbate iron-deficiency chlorosis (Franzen et al. 2004).

Growing Fe-efficient cultivars, varieties, hybrid varieties, or species is the only
management tool for agriculture. The additional procedures listed above can still be
necessary to decrease iron-deficiency chlorosis even if Fe-tolerant varieties are
grown. However, while choosing any strategy to combat iron-deficiency chlorosis,
the soil type, the conditions of the environment, and the cropping pattern should be
kept in mind. Any strategy for combating Fe deficiency should first be verified
through field research prior to applying.
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5.2 Breeding Methods to Improve Iron Content in Plants
5.2.1 Selection of Varieties and Screening Them

Screening cultivars for resistance to iron-deficiency chlorosis can be conducted in
two ways. Field screening, which also includes assessments of plants in green-
houses and environmental testing chambers, is the standard form of screening,
where chlorosis is assessed among the varieties and compared with controls.
Measuring the responses of plants to any particular physiological trait under iron-
deficient conditions is the second way.

Screening genotypes for iron deficiency has been a principal method for isolating
resistant cultivars in soybean. Through this method, various genotypes have been
cultivated in lines in calcareous soils whose histories of iron accumulation are not
yet known (Diers and Fehr 1989). The levels of resistance between lines are then
quantified via visual inspection and an assessment of chlorosis severity. The visual
evaluation of plants is performed mostly by an imaginary scale, consisting of 1 to 5.
The different numbers refer to different levels of iron chlorosis. For example, plants
that have no symptoms of chlorosis are ranked 1 on this scale; plants that have a few
symptoms of chlorosis are ranked 2; plants that have moderate chlorosis symptoms
are ranked 3; plants that have intense chlorosis symptoms are ranked 4; and, finally,
plants that have severe symptoms of iron-deficiency chlorosis are ranked 5. SPAD
chlorophyll meters have recently become popular as alternatives to visual evalua-
tions (Frenkel et al. 2004). Successful field screening requires that the crop be cul-
tivated in multiple locations and over several years, which would be expensive,
time-consuming, and laborious. The expressions of iron-deficiency chlorosis change
from time to time at different locations. There have been several attempts to address
this heterogeneity issue, including managing the water in soil, the content of organic
matter, and soil compaction and even utilizing pesticides (Ocumpaugh et al. 1992).
Excess NO;™ has been intentionally applied to some species to exhibit the symp-
toms of iron deficiency and encourage its homogeneity (Lucena 2000).

To hasten this selection process and to avoid any environmental or soil errors,
research experts have now chosen to conduct their experiments in green houses and
growth chambers by using either pots or nutrient solutions (Chaney et al. 1992a;
Fairbanks et al. 1987; Ocumpaugh et al. 1992). In a few dicotyledonous species,
nutrient solution screening has proven successful. Managing low levels of Fe (Jolley
and Brown 1987) and adding bicarbonate (Dragonuk et al. 1989) are commonly
used to exacerbate chlorosis. The variability of iron resistance between various
chickpea and soybean cultivars was evaluated by using different levels of DPTA and
bicarbonates (Chaney et al. 1992a, b). Some crop-breeding programs have used this
approach to screen plants for Fe deficiency (Charlson et al. 2004).

Analyzing the physiological responses of plants that occur under iron-deficient
conditions has been advised because it is a faster and simpler method than field
screening. Differences in tolerance to iron-deficiency chlorosis can be discovered
by using in situ measurements in the situations that exacerbate responses to low Fe.
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Iron-deficiency responses are linked to a plant’s efficiency in taking up Fe (Jessen
et al. 1988). The iron-reduction-based screening approach takes advantage of the
early response of resistant plants to an Fe shortage. When detecting an Fe reduction
early in a plant’s life cycle, this value correlates with chlorosis resistance in plants.
Chlorosis in soybean roots is associated closely with the degree and time of Fe
reduction (Jolley et al. 1992). They concluded that longer periods of measurement
did not enhance the correlation, suggesting that a valid assessment could be achieved
in a short amount of time.

The accuracy of the screening test for Fe reduction has been further enhanced by
the addition of CaCO; as a nutrient solution buffer and by excluding Fe from the
germination and growth solutions (Stevens et al. 1993). Measuring the quantity of
reduced iron has become a practical tool in plant-breeding programs to screen for
resistance to iron-deficiency chlorosis. A hydroponic experiment was conducted to
analyze the reduced iron in five common bean cultivars. In the experiment, varia-
tions in all five cultivars were found when iron-deficiency chlorosis stress was
induced (Krouma et al. 2003). However, this experiment has no relevance to field
conditions.

Efficient dicot plants can be screened by the ability that measures the releasing
capacity of H*. Strong correlations between the releasing capacity of H* ions and
iron-deficiency chlorosis and those between a decrease in Fe and the Fe-deficiency
resistance of subclover cultivars were found (Wei et al. 1995). The cultivars that
exhibited Fe resistance had an improved H* ion pump when exposed to an Fe short-
age (Loeppert et al. 1995; Wei et al. 1995). An increase in H* extrusion under
Fe-deficient conditions was evaluated in soybean and dry bean lines (Ellsworth
et al. 1998).

The cereal crop species and the varieties within species are different in their tol-
erance levels. There was a clear correlation between the capacity of phytosidero-
phore release and the degree of susceptibility or tolerance to iron-deficiency
chlorosis in several oat cultivars (Brown and Jolley, 1989). The level of iron sensi-
tivity or iron tolerance and the releasing capacity of phytosiderophores in different
species are closely connected (Romheld and Marschner 1990; Onyezili and Ross
1993). This is why measuring the release of phytosiderophore has been recognized
as an effective method of screening Fe-efficient varieties of cereal crops (Hansen
and Jolley 1995; Jolley and Hansen 1995; Hansen et al. 1996).

In plants, enormous improvements have been made in determining the genetic
regulation and guidelines for iron-accumulating components (Bauer et al. 2004;
Rombheld and Schaaf 2004; Schaaf et al. 2004). In breeding programs, molecular
and biochemical approaches can take the role of in vivo culture techniques that are
employed to determine a plant’s resistance to iron-deficiency chlorosis. However,
these types of technologies have some limitations when practiced on large areas
(Lin et al. 2000).

Instead of screening or employing breeding techniques, the most crucial method
of minimizing the development of iron chlorosis in legume crops is the selection
and growing of cultivars resistant to chlorosis. The only concern in growing culti-
vars resistant to iron-deficiency chlorosis is that they produce lower yields in the
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areas where iron-deficiency chlorosis is not an issue. In contrast, efforts to develop
chlorosis-tolerant plants with higher yields continue. The planting of various culti-
vars in the same field can significantly enhance the yield and can at the same time
combat iron-deficiency chlorosis by following precise farming methods. For exam-
ple, the cultivars that are resistant to Fe deficiency but that have lower yields can be
planted at the sites where iron-deficiency chlorosis is high, and the cultivars that
have higher yields but that are susceptible to iron-deficiency chlorosis can be culti-
vated at the sites where iron deficiency is not a problem. This strategy may improve
the yields of legume crops on a larger scale.

5.2.2 Molecular Breeding and Modern Biotechnological Tools to Improve
Fe Status in Plants

Conventional breeding has always been engaged in improving various characteris-
tics related to vegetative and reproductive development by focusing on different
heredity values. It reflects the potential of each characteristic for genetic upgrading
(Jacob et al. 2016). The plant genome has also been modified with the help of
genetic-engineering (GE) technology. Any single plant character can be fully or
partially enhanced or modified by using GE technology.

Approximately nineteen years ago, some breeding techniques were employed to
achieve 14 pg per g dry weight (DW) of iron concentration in the grains of polished
rice (Trijatmiko et al. 2016). However, this objective was accomplished later on by
using the methods of genetic engineering, which demonstrated that high nutrition
values cannot be achieved in crop plants by following only conventional breeding.
The bioavailability of Fe takes precedence over the accumulation, transport, remo-
bilization, and storage capacity of Fe in maximizing the Fe nutrition in legume
plants (Carvalho and Vasconcelos 2013). According to Vasconcelos et al. (2003),
rice’s endosperm-specific promoter-controlled ferritin expression can enhance the
iron content of grain. Additionally, genes that are engaged in the synthesis of phy-
tosiderophores or encoding Fe carriers have brought high concentrations of iron to
the grains of rice (Boonyaves et al. 2016). This strategy to enhance Fe content in
plants has been employed by various researches. Fe content in the grains of rice
lines was reached as high as 30% due to expressing the gene for ferritin and the
NAS2 gene (Trijatmiko et al. 2016). The population that consumed pearl millets,
beans, and rice biofortified with iron displayed a high concentration of serum fer-
ritin and complete Fe nutrition in individual bodies (Finkelstein et al. 2017). The
individuals of that population were checked before conducting this experiment, and
it was found that they were at high risk of Fe deficiency at the beginning, but the
same individuals were found to have higher amounts of Fe in their bodies after con-
suming Fe-fortified food.

In Fe-biofortification efforts, new knowledge has been developed in genome
editing, reverse breeding, oligo-directed mutagenesis, sequence-specific nuclease
technology, and RNA-directed DNA methylation (Vasconcelos et al. 2017). Owing
to some concerns about environmental safety and meeting human standards, the
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genome-editing technique has not been fully accepted by the public (Hefferon 2015;
Tan et al. 2018). Before applying these strategies for Fe biofortification, the impor-
tant allelic variation related to the genes of Fe metabolism should first be identified.
The application of conventional breeding procedures for biofortification is restricted
by the gene pool’s diversity and the fertility of species (Tan et al. 2017). The genetic
improvement of crops can be sped up by employing the latest molecular methods—
such as clustered regularly interspaced short palindromic repeats (CRISPR) and
CRISPR-associated (Cas) proteins—and by the actions of various genes—i.e., tran-
scription activator-like effector nucleases (TALENSs), meganucleases, and zinc-
finger nucleases (ZIPs) (Jacob et al. 2016; Schaart et al. 2016; Vasconcelos et al.
2017). Although genetic engineering is a vital tool, it needs to overcome the chal-
lenges of public acceptance and regulations (Frewer et al. 2013).

5.2.3 Transgenic Crops Biofortified with Fe

Plant researchers have revealed that metal transporter proteins found in many crop
species may use a variety of metal substrates for nutrient uptake from soil into roots,
including iron, zinc, and even cadmium. Mutational analysis led researchers to dis-
cover that using mutants that lost the functions of these transporter proteins pre-
vented the absorption of all three metals into plant cells (Morrissey and
Guerinot 2009).

Moreover, iron accumulation in plant tissues can be performed through ferritin,
a storage protein of iron. An experiment conducted by Masuda et al. (2012) found
that Fe accumulation in rice was upregulated by ferritin and that the translocation of
Fe within plant was enhanced by the overexpression of iron (II)-nicotinamide trans-
porter OsYSL2. This method has been demonstrated to produce more iron (6.0 times
more in greenhouses and 4.4 times more in field experiments) in transgenic lines by
utilizing this methodology, implying that introducing numerous genes that regulate
the homeostasis of Fe would be better than introducing only one gene in
Fe-biofortification programs. A more recent study, conducted by Ali et al. (2020),
reported that an increase in the transcriptional response of OsYSLI5 could lead the
plants to have higher amounts of Fe content in roots under various pH levels in a
hydroponic experiment.

Moreover, Masuda et al. (2013) reported that mugineic acid, a ferric iron chela-
tor, considerably increased the accumulation of Fe via iron uptake and its transpor-
tation to other parts of plants. The authors used transgenic plants to express the
soybean ferritin gene (SoyferH2)—which was driven by two endosperm-specific
promoters—the barley nicotinamide synthase gene (HvNASI), two nicotinamide
aminotransferase genes (HvNAAT-A and B), and a mugineic acid synthase gene
(IDS3). The mugineic acid synthase gene (/DS3) was used to increase the produc-
tion of mugineic acid in plants. This showed a resistance to Fe deficiency and dem-
onstrated a 2.5-fold increase in Fe accumulation by transgenic plants. Under
conditions where Fe was sufficient in soil, these transgenic plants were able to accu-
mulate 4.0 times the iron compared with the plants grown in either commercially
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supplied soil or calcareous soil. On transgenic lines grown in calcareous soil, the
ferritin and mugineic acid biosynthetic genes showed signs of iron-deficiency resis-
tance. Fe content in grains of polished rice was improved 4.0-fold in ferritin-
expressed transgenic lines and 22.5-fold in biosynthetically expressed mugineic
acid genes when compared with nontransgenic lines cultivated in normal soil and
calcareous soil.

Because the same molecular pathway for Zn is followed to transport Fe into
plants, the correction of Fe deficiency in crop plants also increases the accumulation
of Zn. In an experiment, Aung et al. (2013) developed a line of transgenic rice that
was consumed by the people of that area of Myanmar, where 70% of the population
has an Fe deficiency. This line showed the overexpression of the HvNASI, OsYSL2,
and SoyferH2 genes, which are responsible for enhancing Fe transport in plants,
transporting Fe to the endosperm, and increasing the Fe accumulation in the endo-
sperm, respectively. The study showed that Fe was increased 3.0—4.0-fold and zinc
1.0-2.0-fold when compared with conventional varieties. The authors concluded
that transgenic lines of rice overexpressed with these genes not only overcame the
Fe deficiencies in Myanmar’s population but also increased their zinc contents.

Fe biofortification through biotechnological tools has been used not only in rice
but in other crops too. Tan et al. (2018) developed transgenic lines of chickpeas for
Fe biofortification. They used the combined action of two genes, namely chickpea
nicotinamide synthase 2 (CaNAS2) and soybean ferritin (GmFER), to improve the
accumulation and transport capacity of Fe in chickpeas. The overexpression of these
genes significantly enhanced the levels of iron (Fe) and nicotianamine (NA). They
also concluded that Fe bioavailability was enhanced by doubling the concentration
of NA in plants. Likewise, Manwaring et al. (2016) analyzed the potential of Fe
biofortification in pearl millets by further developing the presently available gene
pool. The biofortification of Fe using the transgenic approach in crops such as pearl
millets would be beneficial in areas where soil management is difficult or where
supplementation programs are inadequate. In another experiment, it was observed
that cassava plants accumulated a lot of Fe in their roots due to the overexpression
of the iron-sequestering Arabidopsis thaliana gene AtVITI. Because of this, most
Fe was sequestered in the vacuoles of plant roots. An increase in Fe concentration
in the upper parts of the plants was also noted (Narayanan et al. 2015). This shows
that the biofortification strategy using molecular and biotechnological tools
improves Fe contents in a number of crops grown in resource-poor countries.

5.3 The Role of Microorganisms in Increasing the Uptake
of Fe in Plants

The growing understanding of the complex interactions between plants and micro-
organisms has piqued interest in using soil microorganisms to further improve the
Fe-uptake processes of plants. In a number of studies, these microorganisms have
been implicated in the uptake of micronutrients and macronutrients (Srinivasagam
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et al. 2013; Wang et al. 2014; Wu et al. 2015; Berruti et al. 2016), which suggests
that these microorganisms can be used in the Fe-biofortification process to improve
iron content in food crops. The following subsections list the microorganisms
involved in improving iron content in plants.

5.3.1 Plant Growth-Promoting Bacteria (PGPB)

The importance of PGPB was first reported in 1980 by Kloepper et al. (1980). Since
then, several experiments have been conducted to investigate the roles of these bac-
teria in the mobilization of micronutrients in plants. The growth of plants is impacted
by these microorganisms either directly or indirectly through the production of
growth hormones, such as indole-3-acidic acid (IAA), nitrogen fixation, 1-aminocy
clopropane-1-carboxylate deaminase (ACC), the stimulation of systemic resistance,
the production of siderophores, and mineral nutrient solubilization (Table 13.2.)
(Zhang et al. 2011; Bhattacharyya and Jha 2012; Karthikeyan et al. 2012; Pereira
and Castro 2014; Xu et al. 2014).

Siderophores, low-molecular-weight compounds, are synthesized through the
activities of PGPB under Fe-deficient conditions. About five hundred varieties of
siderophores have been reported in plants so far (Boukhalfa et al. 2003). These
siderophores are divided into four categories: hydroxamate siderophores (the most
common), pyoverdines, catecholates, and carboxylates. Siderophores such as fer-
ribactin, pyoverdine, enterochelin, and rhizobactin are produced by the Pseudomonas
fluorescens, Pseudomonas aeruginosa, Escherichia coli, and Rhizobium meliloti
species of plant growth—promoting bacteria, respectively (Maurer et al. 1968; Smith
and Neilands 1984; Schalk and Guillon 2013). With respect to Fe, the growth of
plants is sped up by these siderophore-producing bacteria in two methods: directly,
by increasing the absorption of Fe from soil, and indirectly, through the sequestra-
tion of iron within microbes, preventing their growth (Karthik et al. 2017).

Another strategy to increase the bioavailability of Fe is to have these bacteria
develop hormonal compounds similar to plant hormones (Daly et al. 2017). Another
example of using plant growth—promoting bacteria to increase Fe concentration in
plants is the upregulation of FITI and subsequent activation of FRO2 and IRT]I by

Table 13.2 Strategies to increase Fe absorption through PGPB and to enhance plant growth

Strategy Description References

Siderophore production | Directly: promotion of Fe absorption from soil Karthik et al.
Indirectly: sequestration of available Fe, (2017)
preventing pathogen growth

Production of plant Production of IAA, gibberellins, and cytokinins Hardoim et al.

hormones (2008)

Upregulation of FIT] Activation of FRO2 and IRT1 Zhang et al.

(2009)
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Bacillus subtilis GBO3 (Zhang et al. 2009). Under Fe-deficient conditions, plants
can choose the best microorganisms to interact with them in order to produce auxins
and/or siderophores. The microorganisms that produce higher concentrations of
auxin appear in the rhizosphere in iron-deficient plants when there is a higher con-
centration of phenolic root exudates. Above-ground applications of IAA (the most
common naturally occurring plant hormone in the auxin class) have been shown to
alleviate Fe-deficiency symptoms by decreasing Fe** production, increasing the
expression of FRO2 and IRTI, subsequently increasing the network of plant roots,
creating more surface area for roots to absorb higher amounts of Fe, and increasing
the porosity of the plant cell wall, thus enhancing root exudation (Wei Jin et al.
2008; Chen et al. 2010; Glick 2012; Wu et al. 2012).

The study conducted on chickpea (Cicer arietinum L.) crops revealed that the Fe
content in plants was increased by up to 38% when the crops were inoculated with
nineteen isolates of Acinetobacter (Sathya et al. 2016). When the same crop was
inoculated with Enterobacter ludwigii SRI-229 and Pseudomonas monteilii
SRI-360, the iron concentration increased by about 18% (Gopalakrishnan et al.
2016). Both teams of authors also reported that Fe content was reduced by up to
30% due to postharvest processing and increased by about 21% due to cooking the
seed grains of chickpea crops.

5.3.2 Arbuscular Mycorrhizal Fungi (AMF)

AMF colonize plants, forming a symbiotic relationship in which the plant benefits
from the increased surface area for water and nutrient adsorption while AMF are
provided with carbohydrates necessary for their growth (Senés-Guerrero et al. 2014;
Zhang et al. 2015).

The nutritional values of biofortified Fe and increased seed and biomass yields in
chickpea crops were achieved when the soil was inoculated with AMF (Pellegrino
and Bedini 2014). Additionally, these arbuscular mycorrhizal fungi could come into
contact with beneficial rhizobacteria, which benefit these fungi by increasing pro-
ductivity and plant fitness (Scheublin et al. 2010; Cruz and Ishii 2011; Moreira et al.
2016; Qin et al. 2016). The yield and Fe content was increased when wheat crops
were inoculated with both AMF and various strains of Pseudomonas (Méder et al.
2011). The soil structure and plant-soil system can be influenced by AMF through
the secretion of high-molecular-weight glycoproteins such as glue gomalin
(Srinivasagam et al. 2013; Wu et al. 2015), which act in the phytoremediation of
heavy metals and trigger plant innate responses (He and Nara 2007; Gallou
et al. 2011).
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6 Conclusion

Iron is the fourth-most-abundant element on Earth and falls in the category of
micronutrients—which are supplied in small quantities, as opposed to macronutri-
ents. But they are as important as other essential elements. They are not always
readily available to plants for uptake and absorption. According to research results,
iron-deficiency chlorosis (IDC) occurs in most plants. Plants are considered as
important sources of Fe for people in most countries. From plants, pulse legumes
such as chickpeas, lentils, field peas, beans, soybeans, and pigeon peas are consid-
ered staple foods in most Asian and African countries and can provide large amounts
of nutrients, including Fe, to the human diet. Because of Fe deficiency, most people
in developing countries face serious health issues. Iron-deficiency anemia (IDA) is
a well-known health problem that has affected two billion people around the world.
Fe deficiency is usually observed in children and pregnant women. Fe deficiency
can affect human health in several ways, including hampering the cognitive devel-
opment and growth of children, lowering the physical performance and work effi-
ciency of adults, weakening the body’s immune system, and increasing the mortality
rate during perinatal periods. Fe deficiency negatively affects the metabolism of
some neurotransmitters and thyroid hormones and the activity of some iron-
dependent enzymes.

In consideration of the importance of Fe in the human diet, the WHO has started
several projects to improve Fe nutrition from plants to overcome hidden hunger.
Among these, the Fe biofortification of legumes has garnered much attention
because of the higher nutritional capacity of legume crops. Biofortification is
defined as a series of strategies to enhance micronutrient concentrations and their
bioavailability in edible food crops by following certain agronomic practices and
plant-breeding methods.

In this chapter, we focused on the biofortification of legume grains to enhance Fe
nutrition to overcome hidden hunger. The agronomic strategies that can increase Fe
content and avoid its deficiency include fertilizer management, cultural practices,
water management, the selection of varieties, seeding practices, and the time and
method of sowing. The breeding methods include conventional breeding, mutation
breeding, molecular breeding, and genetic engineering. The biotechnological means
to improve Fe status in legumes uses transgenic plants and tissue cultures. The Fe
contents of plants have also been increased through inoculation with various micro-
organisms such as plant growth—promoting bacteria and arbuscular mycorrhi-
zal fungi.
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Abstract Micronutrient malnutrition is a serious health problem in the world that
requires serious attention. About two billion people around the globe are facing
micronutrient malnutrition. The reduced zinc (Zn) availability in soil decreases the
Zn concentration in dietary products, which is causing Zn deficiency in humans.
Globally, different strategies are being used to improve the Zn concentration in
grains to reduce Zn deficiency in humans. Fortification is considered an important
strategy for enriching cereals with Zn and thus reducing Zn deficiency in humans.
However, this strategy is costly, and low-income countries cannot afford it. In this
context, agronomic and breeding approaches have emerged as excellent strategies to
increase Zn concentration in grains in order to fulfill human needs. The breeding
strategy is costly and time-consuming, and agronomic techniques (fertilizer appli-
cation) are considered important strategies for increasing Zn contents in grains.
Legumes are widely used around the world as food and the biofortification of
legumes could be a promising approach to minimizing Zn deficiency in humans.
Herein, we present information on the role of Zn in plants and humans and concept
of Zn biofortification to mitigate Zn deficiency in humans. We also discuss the role
of fertilization methods and breeding and molecular approaches to improve Zn con-
centrations in legumes.
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1 Introduction

Human health is directly affected by hidden hunger and malnutrition problems.
Food insecurity from imbalanced diets or the consumption of poor-quality foods
negatively affects human health (Onyango 2003; Gundersen and Ziliak 2015). The
UN’s Food and Agriculture Organization FAO (2020) has observed that malnutri-
tion and obesity problems are associated with a lack of food or poor-quality food
availability to humans. The approach of increasing the cultivation of cereals and
cash crops in intensive cropping systems has negatively affected micronutrient con-
centrations in soils and diets (Cakmak et al. 2010). Adverse effects of this approach
occur most commonly in developing nations but occur wherever the human diet
comprises only the consumption of cereals.

The introduction of some highly responsive cereals into applied fertilizers has
made farming profitable. Farmers adopted high-yielding cereals that boost the econ-
omy of the growers, and consequently, the areas dedicated to legume cultivation
were significantly reduced (Cakmak et al. 2010). In addition, Cakmak et al. (2002)
observed wide variation among dietary products: Only 30 of 7000 species are being
used for human consumption in the daily diets of the world’s population (Cakmak
et al. 2010). Malnutrition and food security in developing nations have been ever-
green problems for many centuries. Moreover, if the same attitude toward humans
dietary habits remain, more than 840 million people will experience hunger as of
2030 (FAO 2020). The economic instability in developing countries plays a signifi-
cant role in the choice of dietary foodstuff. In addition, the high consumption of
cereals and the low consumption of fruits and vegetables are common practices
among low-income people in developing countries. The long-term insufficiency of
micronutrients in human food has resulted in micronutrient malnutrition, causing
hidden hunger. Also, micronutrient deficiency has been found in more than two bil-
lion people in the world (Velu et al. 2014; Zaman et al. 2018). This was due to a high
dependency on cereals or a diet containing low micronutrient concentrations (Welch
2005; Reddy 2010). Ruel et al. (2013) suggest that the risk of hidden hunger can be
mitigated by adding specific nutrients to crops.

The nutrition-specific approach is also recognized as the direct approach, which
requires changing dietary habits or taking nutrition supplements. The addition of
nutrients to food can be attributed to the biofortification process (De Valenca et al.
2017). Improving nutrient contents in grains or any other edible part of the plant is
called biofortification, which is one of the promising approaches to meet the nutri-
tional requirements that can stave off malnutrition (Cakmak 2008; Aciksoz et al.
2011; Das et al. 2019; Magbool and Beshir 2019). Cereals are commonly being
used to fulfill nutrient demands in most developing nations (Bouis and Welch 2010;
Bouis and Saltzman 2017; Cakmak and Kutman 2018). Lacking micronutrients,
especially Zn, causes serious health issues. Therefore, cereals are being treated with
biofortification to increase Zn content in grains. Moreover, we can also combat the
threat of hidden hunger through biofortification. Different scientists have found that
zinc deficiency is most commonly found in plants and animals (Welch and Graham
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2004; Cakmak 2008; Bouis and Welch 2010; Bouis and Saltzman 2017); Cakmak
and Kutman 2018; Das et al. 2019; Magbool and Beshir 2019), but many human
health issues are related to Zn deficiency, so its inadequacy reduces human health
(Welch and Graham 2004; Cakmak 2008; Bouis and Welch 2010; Cakmak and
Kutman 2018; Das et al. 2019; Magbool and Beshir 2019; Yaseen and Hussain
2021). Prasad et al. (2014) observed that 60-70% of the populations in Asian and
African countries are susceptible to reduced Zn availability in their food. Moreover,
Zn deficiency is one of the principal factors affecting the growth and development
of children aged 5 years and under, and one-third of people in the world are at the
risk of zinc deficiency (Wessells and Brown 2012; Cakmak and Kutman 2018).
Meager physical growth, an underdeveloped immune system, uncontrolled cell
division (cancer), infection, and difficulties in pregnancy, especially during birth,
are the most common problems associated with a lack of Zn in the human body
(Hotz and Brown 2004; Prasad 2007; Cakmak 2008; Gibson 2012; Cakmak and
Kutman 2018). In addition, Zn deficiency in humans weakens the skeleton, epider-
mal, and nervous tissues, in addition to affecting the reproductive system (Roohani
etal. 2013). Thus, a healthy diet comprising essential micronutrients, especially Zn,
improves immunity and thus overall human health (Chatterjee et al. 2022).
Therefore, improving Zn concentrations in dietary products is urgently needed to
counteract malnourishment in humans due to zinc deficiency. Biofortification is an
inexpensive and promising approach to increase Zn concentrations in food, so bio-
fortifying staple crops can mitigate malnutrition from Zn deficiency.

2 Role of Zn in Human Health

Human health is heavily dependent on the percentage of Zn available in food. The
importance of Zn for human health was first reported in 1961 (Roohani et al. 2013),
an observation that has since been supported by Tapiero and Tew (2003): The aver-
age human body has approximately 2800-3000 Zn-containing proteins (Prasad
et al. 2014; Cakmak and Kutman 2018). More than 300 enzymes need Zn to func-
tion properly (Zastrow and Pecoraro 2014). In addition, Maret (2013) observed the
presence of Zn in enzymes such as hydrolases, lyases, ligases, isomerases, oxidore-
ductases, and transferases. Thus, zinc has secured a pivotal role in human growth,
immunity development, and reproductive and neurobehavioral activities (Uriu-
Adams and Keen 2010; Praharaj et al. 2021). Given all the abovementioned uses of
Zn, the bioavailability of Zn should be improved. Because of its importance in the
human body, Zn deficiency causes various illnesses and physiological disorders
(Jurowski et al. 2014). The extent of Zn insufficiency and the age of the person
experiencing it determine the number and severity of Zn-deficiency symptoms
(Roohani et al. 2013). However, the symptoms of diarrhea appear at the beginning
of Zn deficiency (Livingstone 2015).

Skin allergies and frequent infections are common if Zn deficiency occurs in
school-age children (Hambidge 1997; Roohani et al. 2013; Prasad et al. 2014). In
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adults, zinc deficiency results in regular infections, hypogeusia, ulcers (nonhealing),
and severe pregnancy pain during birth (Hotz and Brown 2004; Roohani et al. 2013;
Prasad et al. 2014). That Zn deficiency hampers growth and development remains
well understood. Zinc is most significant during the early growth stages and preg-
nancy (Roohani et al. 2013). Taking Zn supplements to fulfill Zn requirements is an
alternative approach to reducing malaria (Veenemans et al. 2011), pneumonia
(Bhutta et al. 1999), and diarrhea (Bhutta et al. 1999; Roohani et al. 2013) symptom:s.

Given the significance of Zn in human health, researchers are taking interest in
Zn to improve human nutrition. Many researchers have used different approaches to
improving Zn contents in food in order to augment the bioavailability of Zn in
humans (Moretti et al. 2013; Udechukwu et al. 2016; Saha et al. 2017). Sharma
et al. (2013) defined bioavailability for humans as the proportion of Zn content
absorbed by the human gut. And various agricultural researchers and dietary scien-
tists are trying to improve Zn nutrition (Cakmak 2008; Zaman et al. 2018). In addi-
tion, Cakmak and Kutman (2018) observed that phytate hinder Zn improvement in
grains, so by controlling the antinutrient (phytate), Zn nourishment can be increased
(Abbas and Ahmad 2018). A high proportion of phytate is present in cereals, which
leads to Zn malnutrition (Shahzad et al. 2014); this happens most commonly in
developing countries where cereals are major sources of food (Gibson 2006;
Praharaj et al. 2021). The bioavailability of zinc contents is reduced in the human
body when it relies on only cereals for food (White and Broadley 2005; Sharma
et al. 2013).

3 Role of Zn in Crops

Zinc is a highly important micronutrient. It exists either freely or in a complex by
making a bond with low molecular-weight molecules in plants (Brown et al. 1993).
Zn is a vital nutrient for plant growth, development, and yields and is required in
low quantities (Sharma et al. 2013). Zn is involved in many biochemical processes,
such as auxin metabolism (Brown et al. 1993); chlorophyll synthesis (Sharma et al.
2013), and enzyme activation (Tsonev and Cebola Lidon 2012). In addition, the
functions of carbonic anhydrase, alcohol dehydrogenase, and SOD depend on the
availability of zinc in plants (Tobin 1970; Sharma et al. 2013). Among these
enzymes, carbonic anhydrase captures CO, during photosynthesis (Brown et al.
1993); therefore, the photosynthetic rate is negatively affected by reduced concen-
trations of zinc in plants. Alcohol dehydrogenase enzymes strengthen plants under
anaerobic conditions, such as flooding (Du et al. 2018; Miro and Ismail 2013).
Finally, SOD is an antioxidant enzyme that activates under stress conditions in
response to reactive oxidant species, detoxifies them to promote plant survival
(Alscher et al. 2002; Wang et al. 2018), and protects lipid and plant membranes
from sustaining oxidative stress injuries.

Zn deficiency leads to membrane damage. Zn fingers control cell differentiation
and proliferation (Sharma et al. 2013). Stromal processing peptide (SPP) bonds
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based on the Zn concentration in plants repairs photosystem-II, so chloroplast func-
tioning is based on the Zn content in plants (Lu et al. 2011; Sharma et al. 2013).
Zinc-deficient plants endure defects in chlorophyll functioning, abnormalities in
their chloroplast bodies, and reduced photosynthetic efficiency (Brown et al. 1993).
Moreover, Zn unavailability also affects the formation of carbohydrates, lipids, and
nucleic acids in plants (Brown et al. 1993; Zaman et al. 2018). Many researchers
have observed the significant role of zinc in plant water uptake, its transportation via
xylem tissues, and its tolerance to heat stress (Kasim 2007; Peck and McDonald
2010; Tavallali et al. 2010; Disante et al. 2011; Hafeez et al. 2013). Additionally, the
role of Zn fingers is well recognized by plant scientists (Guo et al. 2009; Li et al.
2010; Jan et al. 2013; Zhang et al. 2014). Lastly, zinc strengthens plants against
pathogen infections and herbivore attacks, as reported by Cabot et al. (2019).

4 Zn Biofortification for Grains

The crop yields and nutritional contents of grain are heavily affected by Zn defi-
ciency (Cakmak 2008; Khoshgoftarmanesh et al. 2010). In developing countries,
cereals play prominent roles in meeting daily caloric requirements, but unfortu-
nately, they have usually low Zn concentrations (De Valenca et al. 2017; Cakmak
and Kutman 2018). Soils with low zinc content consequently lower the amount of
zinc in the cereals grown in them (Cakmak 2008). Globally, the regions that have
low concentrations of Zn in their soils also have Zn deficiencies among the people
living in them, thereby indicating robust interrelationships between plant crops,
soils, and human health (Cakmak 2008). Several factors, such as intensive agricul-
ture, resulting in the removal of huge numbers of essential micronutrients from soil;
low organic matter (OM) content in soils; and a reduced use of micronutrient fertil-
izers, have contributed to the high rates of zinc deficiency in soils. Biofortification
tries to recover the interrelationship between plant crops, soils, and human health to
alleviate Zn deficiency in human beings (De Valenca et al. 2017). Biofortification
has elevated the concentration of Zn and Se in grains (Velu et al. 2014; De Valenca
et al. 2017; Bouis and Welch 2010). There are high rates of severe hidden hunger
and micronutrient malnutrition among people in low-income countries, and they are
inability to afford supplements and healthier diets.

Biofortification is a sustainable approach for alleviating micronutrient malnutri-
tion and meeting daily nutrient requirements (Cakmak 2008; White and Broadley
2005; McDonald et al. 2008). An efficient biofortification approach should enhance
crop yields, which eventually augments crop performance levels in all growing
environments and increases Zn contents (Welch and Graham 2004; Zou et al. 2012).
Zinc deficiency is frequently related to cereals, and people in developing regions—
predominantly in rural areas—are greatly dependent on cereal-based diets because
of high food prices and regional and cultural influences on food selection, so the
biofortification of cereal grains with Zn may be a valuable solution to increasing Zn
intake (Bouis and Welch 2010; Cakmak and Kutman 2018). The percentage of
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micronutrients in grains increases by increasing the fertilization of crops, and this
bioavailability is governed by the absorption, translocation, and redistribution of
micronutrients, itself controlled by a homeostatic mechanism in various plant parts
that leads to the accumulation of adequate and nontoxic amounts of micronutrients
(Welch and Graham 2004; De Valenca et al. 2017).

Nutrient absorption in a plant is influenced by soil dynamics, including physico-
chemical and biological soil characteristics and agronomic practices, that increase
micronutrient contents at the root zone and consequently in plant parts after uptake
(Brown et al. 1993; Aciksoz et al. 2011; Prasad et al. 2014). All these factors are
interrelated in plants and are adopted for micronutrient absorption. The absorption
of Zn is differently affected by different agronomic approaches, such as adding
organic matter, changing the fertilizer application method, and sustaining optimal
soil moisture (Prasad et al. 2014). To improve Zn uptake in root cells, the micronu-
trient amount in the root—soil boundary should be increased. In this regard, root
surface area can be increased by modifying root morphology. Moreover, the efflux
of H* from roots, metal ions, and reductants also determine the level of Zn uptake in
plants (Welch and Graham 2004). Making use of these facts can generate Zn-efficient
cultivars, because after uptake, the micronutrients should efficiently move within
the plant, eventually being added to the edible plant parts (De Valenga et al. 2017).
A straight translocation of micronutrients (from roots to grains) and retranslocation
(from soil to vegetative parts to grains) were also identified (Cakmak 2008; De
Valenca et al. 2017). The translocation and retranslocation method for different
genotypes and environmental conditions must be expanded on. For good human
health, micronutrients should accumulate in bioavailable sources, namely bioforti-
fied food grains. Two strategies of biofortification, agronomic biofortification and
genetic biofortification, are described in the next section.

5 Agronomic and Genetic Biofortification

The physiological and metabolic processes of plants require sufficient amounts of
Zn. Approximately 50% of the agricultural land allocated for cereal cultivation is Zn
deficient. Therefore, the plants grown there cannot uptake an adequate amount of
Zn (Cakmak 2008). Eventually, this depletion in soils causes deficiencies in the
grains of crops. To stave this off, Zn content in grains should be enhanced by
increasing Zn availability to crops (Cakmak et al. 2010; Aciksoz et al. 2011; Velu
etal. 2014; Zaman et al. 2018). Hence, the agronomic biofortification of grains with
Zn has been found as a suitable approach to increasing Zn concentrations in crops.
Different methods of applying fertilizer (soil/seed priming/foliar or their combined
application), Zn sources, application times, genetic characteristics, and environ-
mental factors greatly affect the various responses of crops. Through agronomic
biofortification, the rate, time, source and method of fertilizer application must be
adjusted to obtain desired results and potentially improve the efficacy of Zn concen-
trations in grains (Prasad et al. 2014; Zaman et al. 2018; Cakmak and Kutman 2018;
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Yaseen and Hussian 2021). Agronomic biofortification was found to be a relatively
inexpensive and economically viable method that offers multiple advantages to
increasing yields with high Zn concentrations in grains. Cakmak (2008) found that
genetic biofortification promises to establish new cultivars, which could take a lot
of time and effort. Furthermore, genetic biofortification can be applied to reduce Zn
deficiency in soil (Cakmak 2008).

6 Effect of Different Methods of Zn Application for Grain
Zn Enrichment

Seed priming, soil and foliar applications, and combinations of the two are widely
used methods to provide Zn to crops (Yilmaz et al. 1997; Khan et al. 2003; Mathpal
et al. 2015; Hussain et al. 2012; Rehman et al. 2015). Diverse application methods
produce various kinds of results in legumes. Each method of application has its
benefits (Table 14.1). In addition, soil application is one of the predominant ways to
provide zinc. The efficiency of soil-applied fertilizer depends mainly on soil proper-
ties (e.g., water-holding capacity (WHC) and pH), whereas after foliar sprays, Zn
uptake relies primarily on the crop because the crop retains considerable influence
on the uptake and translocation of Zn in its grains. Different crops respond to vari-
ous Zn application methods in different ways.

7 Effect of Soil Application on Grain Zn Content of Legumes

The efficacy of soil-applied Zn fertilizer is determined mostly by soil pH. Zn avail-
ability is substantially high in acidic soils. With a one-unit increase in soil pH, the
solubility of Zn drops by a hundredfold (Lindsay and Mortvedt 2018). It has been
discovered that liming in acidic soils decreases Zn availability (Prasad et al. 2014).
Zn deficiency in calcareous soils is caused by their high pH, which is due to the
presence of CaCO; (Prasad 2007). Alkaline soil, which makes up around 30% of
global croplands, has limited Zn availability for plants (Alloway 2009; Cakmak and
Kutman 2018). Factors that are responsible for Zn fixation in soil, besides pH, are
as follows: complexation with organic matter, diffusion into micropores, blocking
mineral uptake, solid-phase diffusion, interparticle space, and coprecipitation with
other metals (Tye et al. 2003; Prasad et al. 2014; Sparks 2015). Zn reaches the
plant’s roots primarily through diffusion (Wilkinson et al. 1968); therefore, the Zn
availability in plants is hampered by limited soil moisture and limited organic mat-
ter content (Cakmak et al. 1996; Cakmak 2008; Cakmak and Kutman 2018; Rengel
2015). Poor water-holding capacity (WHC) and low organic matter (OM) content
decrease soil fertility status, and such conditions are likely to impede the uptake of
Zn by plant roots (Graham et al. 1992; Alloway 2009). Soil moisture is extremely



334

M. T. Aslam et al.

Table 14.1 Effect of different Zn application methods on grain biofortification of legumes
Method of Zn | Rate of Zn
Crop application application | Major effects References
Cowpea | Soil 25 kg/ha The soil application of zinc (Zn) Silva et al.
application increased the Zn and protein contents | (2021)
in grains, which further decreased the
concentration of phytic acid.
Mungbean | Soil 10 kg/ha The yield and the yield component Haider et al.
application were significantly increased, as was | (2021)
the zinc concentration in grains,
thanks to the zinc application in soil
Chickpea | Foliar 0.5% Foliar applications of zinc (Zn) Pal et al.
application increased Zn contents, yields, and (2021)
protein contents in grains.
Chickpea | Foliar 0.5% Zinc | Increases in zinc contents and grain | Dhaliwal
application oxide yields were observed after foliar etal. (2021)
nano- applications of zinc.
particles
(Zno NPs)
Mungbean | Osmopriming | 2.01 M The maximum marginal net benefit, | Haider et al.
+ 10 kgha™' | grain yield, and zinc concentration (2020)
soil application | 0.5% were observed.
+
foliar
application
Lentil Soil 2 kg/ha Soil applications of Zn significantly | Islam et al.
application increased the Zn, nitrogen, and (2018)
phosphorous contents in grains.

Mungbean | Foliar spray 1% Foliar applications of zinc increased | Haider et al.
Zn contents in grains and increased (2018)
grain yields by 78-156% and
86-38%, respectively.

Chickpea | Foliar spray 25 kg/ha Foliar applications of zinc (Zn) Hidoto et al.
increased the Zn contents of grains. (2017)

Chickpea | Foliar 0.5% Foliar applications of zinc augmented | Singh et al.

application nutrient (nitrogen and zinc) uptake. (2015)

This resulted in the increased
vegetative growth of plants, and high
protein contents were recorded in
grains.

significant in soils that have low Zn availability. In the diffusion process, soil mois-
ture serves as a conduit for Zn transport from soil to roots. Hence, the deleterious
effects of Zn deficiency are more lethal under rain-fed conditions than under irri-
gated conditions (Cakmak 2008).

The interaction of Zn with other nutrients may alter the amount of Zn available
to crops when using the soil application method. Many researchers have discovered
a positive Zn—nitrogen relationship (Kutman et al. 2010; Erenoglu et al. 2011;
Prasad et al. 2014). One of the well-studied nutritional interactions is the negative
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zinc—phosphorus interaction (Mousavi 2011; Prasad et al. 2014, 2016). The avail-
ability of Zn to plants is reduced when there is too much phosphorus in soil. Low
concentrations of Zn in soil solutions and a decrease in vesicular arbuscular mycor-
rhizae (VAM) infections may be responsible for the decrease in Zn uptake caused
by applying a high dose of phosphorus (Prasad et al. 2014). Zn has also been dis-
covered to have negative interactions with Fe, Mn, and Cu (Prasad et al. 2014).
These interactions must be taken into account when determining the Zn availability
to plants.

The amount of moisture in the soil influences Zn availability by changing the pH,
redox potential, and number of dissolved organic anions (Gao et al. 2012). The
biological features of soil, especially its chemical characteristics, are important in
determining Zn availability to plants (Gao et al. 2012; Prasad et al. 2014). Plant
growth—promoting bacteria (PGPB) are a bacterial group that has several beneficial
effects on the growth and development of plants (Aeron et al. 2011). They can
improve mobility and nutrient absorption (Cakmakgi et al. 2006; Prasad et al. 2014;
Vejan et al. 2016) and have been demonstrated to be effective in increasing plant Zn
availability. Vesicular arbuscular mycorrhizae in the soil can also help plants by
assisting in the mobilization of Zn (Cavagnaro 2008). The efficacy of soil-applied
Zn, like any other technique of Zn application, is influenced by the plant’s genetic
characteristics. It has also been discovered that the source of zinc and the dose of
zinc applied to the soil have impacts on yields and grain quality (Prasad et al. 2014;
Zaman et al. 2018). The optimal dose of Zn to soil varies depending on the Zn in the
soil solution and in the plant body. To prevent zinc toxicity in plants, care should be
exercised when prescribing zinc dosages.

8 Effect of Foliar Application on Grain Zn Content
of Legumes

The effectiveness of foliar applications of Zn highly depends on the type of fertilizer
used, the crop’s characteristics (especially its leaf features), and the crop’s genetic
potential (Zaman et al. 2018). Foliar applications have several benefits, including
requiring less fertilizer and eliminating Zn fixation and antagonistic nutritional
influences on Zn uptake (Prasad et al. 2014). In foliar applications, Zn was observed
as a mobile nutrient in the phloem (Cakmak and Kutman 2018) and transferred to
developing grains. When raising the grain Zn content in wheat, foliar applications
of Zn are superior to soil applications (Yilmaz et al. 1997; Cakmak et al. 2010; Zou
et al. 2012). The efficiency of foliar spray in increasing grain Zn concentration
greatly varies depending on the time of its application (Cakmak 2008). A weak
association has been discovered between soil DTPA-Zn content and Zn concentra-
tions in grains (Zou et al. 2012). This discrepancy could be related to unfavorable
soil conditions, which impede nutrient mobilization to plant roots and thus their
absorption rate. They are not susceptible to any sort of fixation, because foliar
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applications do not interact with soil. Under adverse field conditions, this element
remobilizes from vegetative tissues to grains (Zou et al. 2012), and maintaining a
greater Zn concentration in vegetative tissues may help to increase Zn concentra-
tions in grains (Pearson and Rengel 1994; Kutman et al. 2010). Unfavorable field
conditions are common; thus, foliar Zn spray can be an effective way to boost Zn
levels in grains.

The efficiency of foliar applications of Zn is based on when they are applied
(Ozturk et al. 2006; Malesh et al. 2016). Zn grain augmentation was higher at the
lateral growth stage of Zn application (Ozturk et al. 2006). Foliar applications of Zn
were more effective when applied at the heading and early milk stages than when
applied at the stem elongation and booting stages (Malesh et al. 2016). The greater
efficiency of Zn supplied via foliar application at the milking stage could be due to
the mobilization of micronutrients to the sink organs and active photoassimilation
allocation to the sink. During the reproductive stage, Zn phloem mobility was shown
to be higher after foliar applications (Haslett et al. 2001; Malesh et al. 2016). Foliar
applications of 0.5% (w/v) ZnSO,.7H,O at the heading and milking stages were
beneficial for the augmentation of Zn in wheat grains, and this trend was observed
in seven countries at seven sites in a 2-year-long experiment. According to the find-
ings, foliar applications of Zn raise Zn content in grains by 83.5%, whereas soil
applications of Zn increase it only by 12.3% (Zou et al. 2012). Under drought condi-
tions, foliar Zn spray has also been shown to boost grain productivity (Karim et al.
2012), and this increase in yield under drought conditions could be attributed to
better defense mechanisms (Cakmak 2000; Zou et al. 2012).

9 Effect of Seed Priming on Grain Zn Content of Legumes

In the field, high Zn concentrations in seeds have been demonstrated to boost seed-
ling vigor and crop stand (Yilmaz et al. 1998). When seeds are grown in nutrient-
deficient conditions, they lose vigor and reduce overall plant growth and yield
(Yilmaz et al. 1998). Limited moisture impacts Zn availability to plant roots because
Zn is transferred to plant roots via diffusion (Prasad et al. 2014), and soil-applied Zn
has different efficiency levels for both irrigated and moisture deficit conditions. The
consequence of Zn biofortification could be unreliability in rain-fed conditions.
Seeds with higher Zn content can perform better even under rain-fed conditions,
enhancing plant growth and productivity (Yilmaz et al. 1998). Wheat seed priming
with Zn raised Zn concentration in grains by 12%, whereas Zn concentrations in
chickpea grains and maize grains increased by 29% and 19%, respectively (Harris
et al. 2008). In addition, the priming technique was observed to be cost-effective in
wheat, maize, and chickpeas (Harris et al. 2008). Seed priming is less successful in
enhancing the Zn contents of grains than foliar application is (Zaman et al. 2018);
however, the former may play a significant role especially in a resource-constrained
and stressed environment.
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10 Additional Benefits of Zn Fertilization

Biofortification, along with improving Zn bioavailability, also provides some sup-
plementary benefits. Zinc—phosphorous antagonism has been reported by various
researchers (Aref 2007; Hussain et al. 2011). Therefore, soil-applied Zn signifi-
cantly reduced the phosphorous (P) uptake concentration in plants (Cakmak 2008).
Consequently, reduced P uptake helps in lowering the phytate contents in grains
(Erdal et al. 2002; Cakmak 2008; Chattha et al. 2017). The uptake and storage avail-
ability of phosphorous increased by increasing the phloem mobility of phosphorous
in plants growing in zinc-deficient soil conditions (Buerkert et al. 1998; Cakmak
2008). Inorganic P in grains transforms into an antinutritional factor—e.g., phytate
or phytic acid, which further lowers Zn bioavailability (Egli et al. 2004; Hotz and
Gibson 2007). Gibson (2006) used the phytate—Zn molar ratio to determine the
bioavailability of zinc in plants. In addition to human health improvement thanks to
high zinc concentrations, many additional agronomic benefits have been reported
from Zn-enriched seeds. High-Zn seeds show batter tolerance to various abiotic
stresses in the field (Welch 1999). Yilmaz et al. (1998) observed the poor stand
establishment and seed vigor of crop that had low concentrations of Zn in their
seeds. In addition, the high seedling vigor that is caused by an increased concentra-
tion of Zn in seeds can be attributed to reducing the seed rate (Braun 1999; Cakmak
2008). Lastly, a sufficient level of Zn in seeds provides a good defensive mechanism
against soilborne pathogens (Cakmak 2008).

11 Strategies for the Genetic Biofortification of Legumes

Genetic biofortification is a practical, justifiable, and cost-effective method for ame-
liorating deficiencies in the micronutrient content of food (Saltzman et al. 2013). In
genetic biofortification, the uptake, translocation, or distribution/accumulation of
minerals in plant edibles can be increased through conventional breeding, mutation-
breeding, or transgenic methods. To extract targeted nutritional traits, high genetic
diversity is very important, and it can be made possible by implementing a conven-
tional breeding program for biofortification. Breeders can easily predict the possible
variable require to improve the concentration of minerals in high-yielding geno-
types. For example, if significant diversity is not found for targeted characteristics,
then plant breeders can take other approaches of breeding, such as distant hybridiza-
tion and mutagenesis. Several advanced countries are governing a combined proj-
ect, namely the HEALTHGRAIN project (2005-2010) and the HarvestPlus
program, designed to biofortify agricultural crops with crop-breeding techniques to
increase the nutritional status of malnourished people (Bouis and Welch 2010;
Sarker and Agrawal 2015; Garg et al. 2018). Because of the more convenient use
and desired results of conventional breeding, numerous crops are biofortified by
using this breeding technique. However, pulses have not received much attention in
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biofortification, even though some pulses, such as cowpea, lentils, and common
bean, have recently struggled.

Numerous lentil cultivars have been introduced with high Zn and Fe contents,
thanks to the collaboration of the HarvestPlus program and the International Center
for Agricultural Research in the Dry Areas (ICARDA) (HarvestPlus 2014; Shivay
et al. 2016; Garg et al. 2018). Correspondingly, GB Pant University, in Pantnagar,
Uttarakhand, India, in association with HarvestPlus, has developed four biofortified
cowpea cultivars for high Fe content through the application of conventional breed-
ing (Shivay et al. 2016; Garg et al. 2018). In relation to the biofortification of the
common bean, high iron beans were introduced into six African and eight Latin
American countries under the HarvestPlus program.

However, the correlations between mineral micronutrient status and yield/yield-
contributing parameters still need to be studied. For instance, in many studies, sci-
entists found a detrimental relationship between Zn content and the final yield of
chickpeas (Diapari et al. 2014; Vandemark et al. 2018; Misra et al. 2020) and other
crops (Banziger and Long 2000; Phuke et al. 2017; Naik et al. 2020), suggesting
that Zn-rich cultivars with high-yielding characteristics need to bred. Consequently,
this method favors evaluating the diversity of desirable traits and also helps in
arranging a baseline for the preferred development of nutrient contents. Several fac-
tors, such as per capita consumption, that are relatively high in cereal crops com-
pared with legume crops are included in decisions on the breeding targets of different
crops. An inclusive analysis of various studies reaffirmed the significance of build-
ing baselines (Joshi-Saha et al. 2018; Misra et al. 2020), which can be used in con-
ventional breeding and targeted mutagenesis techniques that reduce the destructive
effects of low nutrients (Zn) and final yield counts.

12 Transgenic and Biotechnological Implements
for Biofortification of Legumes

Studies have reported that the transgenic approach is being used in several bioforti-
fication projects to improve the status of Zn content in cereals and vegetable crops
(Garg et al. 2018). In legume crops, this approach has been widely used in soybeans,
and as a result, a few transgenic genotypes for oleic acid and stearidonic acid have
been introduced (Garg et al. 2018). Studies have not yet reported any transgenically
biofortified pulse crops. Additionally, the release of cultivars also faces several chal-
lenges, such as regulatory, legal, and sociopolitical restraints.

The transgenic research has been valuably considering the physiological activi-
ties in the uptake, transport, and translocation of micronutrients to the seeds, and it
has significantly increased the nutrient contents in grains. Recently, gene assem-
bling, with the combined use of conventional breeding and metabolic engineering,
significantly improved nutrient uptake in targeted crops (Van Der Straeten et al.
2020). Further, genome editing with CRISPR/Cas9 is useful for cracking genes
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open (vacuolar iron transporter) to increase the bioavailability of Fe and Zn content
(Ludwig and Slamet-Loedin 2019). In crop sciences, the transgenic strategy for
biofortification is most beneficial when no natural change is present for the pre-
ferred trait that needs development. However, earlier studies have revealed that
inconsistencies in Fe and Zn levels in most grain legumes can be remediated via
conventional breeding.

13 Impact of Biofortified Legumes

Concerning the use of breeding tools in certain research areas, the benefits of using
biofortified crops have been observed but still need to be analyzed. In more than
forty countries, 340 biofortified genotypes of twelve crops have been introduced
(Lusk 2020). Worldwide, Zn biofortification for lentils and beans has been success-
fully developed (Gaikwad et al. 2020). The main principle of introducing bioforti-
fied crops is to raise the mineral content in the crop. According to the Lusk (2020),
no successful experiments for Zn biofortification in legume crops have been con-
ducted, though there have been a few types of studies found relating to Fe bioforti-
fication in beans. From the summery of Fe biofortification, a significant variation
was observed in the cultivars collected from breeders. Meanwhile, the cultivars
already being used by farmers did not show a considerable increase in Fe from Fe
biofortification that could not have been just as attributable to the agronomic and/or
management practices followed in field (Glahn et al. 2020). Therefore, the future
biofortification plan should be more precisely conducted to bring about significant
outcomes. The Zn and Fe contents in cereals are higher than those in legumes
(Hemalatha et al. 2007). The accessions with a wide range of Fe and Zn contents in
various legumes are presented. As a result, the baselines to be adjusted for these
crops should be planned in several broad and varied environments for the screening
of designated genotypes in order to evaluate their potentials.

14 Conclusions

Zinc improvement in the human diet is required to combat Zn deficiency. For this,
the biotechnological approach could prove a promising approach, and germplasms,
characterized by its high Zn contents, are obvious targets. Moreover, germplasms
should critically observe the bioavailability of the Zn micronutrient. To make geno-
types agronomically superior, the breeding program must be formulated to fill
research gaps. Zinc deficiencies in agricultural soils are common around the world.
Plant and soil analyses have shown that 49% of the soils in Asian countries are zinc
deficient (Singh 2008). Thus, in order to attain effective biofortification, farmers
should follow appropriate agronomic practices such as timely supplies of Zn in the
required concentration for the crops. Many antinutrients play significant roles in



340 M. T. Aslam et al.

responding to various (biotic and abiotic) stresses and enhancing plant growth,
though antinutritional factors also reduce the availability of micronutrients.
Therefore, a baseline for such antinutrients should be carefully considered before
setting a target, to avoid compromising crop yields. Extensive agronomic research
studies should be carried out in order to evaluate biofortification on the basis of the
bioavailability of Zn nutrients in legumes. The nutritional and health significance of
pulses increases the demand for pulses to feed the global population (Rebello et al.
2014; Figueira et al. 2019; Perera et al. 2020). Designing an integrated biofortifica-
tion approach remains a challenge for breeders, researchers, and growers. In addi-
tion, a paradigm shift in policies on investments and markets is required to encourage
farmers to grow biologically enriched legumes.
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Organic Approaches Toward Iron and Zinc s
Biofortification in Legume Crops
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Abstract People all around the world especially in developing countries are at risk
of malnutrition or micronutrient deficiencies. Moreover, the long-term yield and
quality of crop plants, as well as the fertility status of soils, depend critically on the
proper nutrition of crop plants. In the current era of pandemic, the dietary pattern in
terms of quality has been largely compromised due to lack of diversity in diet and
unavailability of nutrient-rich food material. One way to counter micronutrient defi-
ciencies in crops and humans is the use of biofortification approaches. These
approaches are cost-effective and eco-friendly in nature which not only improve
nutritional content of the crop but also improve productivity by enhancing their
resistance level against different biotic and abiotic stresses. Among different micro-
nutrients, iron (Fe) and zinc (Zn) are essential plant cofactors, which play important
roles in different plant processes such as respiration, photosynthesis, stress toler-
ance, chlorophyll synthesis, and auxin metabolism. Moreover, they are also pivotal
for different human body functions, and their deficiencies cause serious health
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issues particularly among young infants. This chapter contains detailed information
regarding the adoption of different viable organic biofortification approaches, which
enhance the micronutrient content of crops especially iron and zinc. Among these
approaches, use of different organic manures, plant growth-promoting rhizobacte-
ria, intercropping, phytohormones, biofertilizers, soil amendments, crop residues,
genetic approaches, and transgenic approaches have been discussed in detail. These
approaches provide useful insights for farmers, dietitians, food and genetic engi-
neers, and policy makers regarding the potential of producing nutrient-rich food
crops in field, which are readily available for humans in their natural form. However,
synergism of different organic biofortification techniques will remain a challenge
for our future researchers. In this regard, an integrated approach from farmers,
extension workers, policy makers, dietitians, food engineers and educators will be
needed to successfully implement organic biofortification techniques at the
global level.

1 Introduction

Plants are the best example of autotrophic organisms that use a prime energy source
via photosynthesis, providing food to nearly all living organisms. Photosynthesis
requires water, essential nutrients, sunlight, and air to give plants the energy to
grow, survive, and reproduce (Wiedenhoeft 2006). Food, whether it is bread, cereal,
or cornflakes, is the major source of energy for poor and rich people and is derived
from crops. Plants extract a considerable amount of essential nutrients from the
soil as they cannot synthesize the required nutrients. The nutrients are taken up by
the plants and then transferred to other organisms through the food chain. Several
biotic and abiotic stressors affect the growth and productivity of crop plants.
Among these stresses, nutrient stress is of prime importance as it affects not only
crop yield but also the primary end-users, that is, humans or livestock. Subsistence
agriculture provides a living for most of the people inhabiting semi-arid tropics
(SAT). Low fertility and water scarcity are the characteristic indicators of these
areas due to which their agricultural soils are referred as hungry and thirsty soils.
Moreover, crop productivity in these areas is also lower as compared to irrigated
agricultural areas. In order to feed rapidly increasing human population, such poor
soils will have to be brought under cultivation in the future (Rego et al. 2006).
Therefore, in order to upgrade the fertility status of these soils, micronutrients can
play a central role. Hence, we have to develop a model strategy and create massive
awareness, in order to get the maximum benefits of micronutrients on crop yield
and quality, that can also be readily accepted by farmers, consumers, and scientific
community.
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2 Legumes

Legumes are considered as “poor man’s meat,” and the claim appears to be accurate
based on their global consumption patterns (Messina 1999). After cereals, legumes
are regarded as the second most important nutritionally valuable food source
(Kouris-Blazos and Belski 2016) because they provide essential amino acids, pro-
teins, complex carbohydrates, dietary fiber, unsaturated fats, vitamins, and minerals
to humans (Rebello et al. 2014). Besides nutritional supremacy, legumes also pro-
duce certain beneficial bioactive compounds and possess cultural, physiological,
and medicinal roles (Philips 1993). Various health benefits are linked with consum-
ing legumes (Messina 1999) as these crops possess antiatherogenic, hypocholester-
olemia, anticarcinogenic, and hypoglycemic properties. They contain a high amount
of vitamin B-group such as folate, thiamine, and riboflavin and essential minerals
such as zinc, iron, calcium, selenium, phosphorus, copper, potassium, magnesium,
and chromium but low amounts of fat-soluble vitamins and vitamin C (Brigide et al.
2014; Kouris-Blazos and Belski 2016). These micronutrients are essential for bone
health (calcium), protein synthesis, hemoglobin synthesis (iron), antioxidant activ-
ity, enzyme activity, carbohydrate, lipid (chromium and zinc), and iron metabolism
(copper), as well as plasma membrane stabilization (zinc). Hence, it is necessary to
escalate the legume yield keeping in view their nutritional quality traits (Naecem
et al. 2017).

3 Role of Micronutrients in Crop Plants

Numerous factors influence crop production that has an impact on yield either
directly or indirectly. Among these, certain soil factors, such as pH, soil texture,
organic matter, soil-water relationships, and balanced nutrients, are typically high-
lighted in recent studies. The long-term yield and quality of legume plants, as well
as the fertility status of soils, depend critically on the proper nutrition of crop plants.
Mineral nutrition plays a crucial role in plant growth. Most crop plants exhibit a
linear relationship between the amount of fertilizers taken up and the resulting har-
vest. Plants can successfully thrive to their full genetic potential with the right and
steady supply of required minerals (Naeem et al. 2017).

The desire for greater crop productivity without balanced mineral nutrition cre-
ated severe problems such as soil fertility depletion and plant nutrient imbalance of
primary and secondary nutrients including micronutrients (Patel and Singh 2009).
Plants cannot survive without micronutrients, even though they are required in a
relatively low concentrations (Prasad et al. 2005). Although micronutrients are
needed in trace amounts in a living system, they play a crucial role in maximizing
the effectiveness of macronutrients and promoting plant growth and development
(Shukla et al. 2009).
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The group of micronutrients is comprised of eight essential elements, iron (Fe),
sodium (Na), chlorine (Cl), boron (B), manganese (Mn), zinc (Zn), copper (Cu), and
molybdenum (Mo). Among the scientific community, silicon (Si) has also been con-
sidered as a potential micronutrient. Although plants accumulate and use Si in rela-
tively high concentrations even though it is not considered an essential nutrient.
Some plant species with root nodules require cobalt (Co) as an essential micronutri-
ent. Furthermore, nickel (Ni) is a micronutrient that is rarely in short supply or
deficient in the natural world (Shukla et al. 2009).

4 Causes of Micronutrient Deficiency in Soils

Certain edaphic and ecological factors such as soil organic matter, pH, cation
exchange capacity, and clay content affect the availability of micronutrients to crop
plants. Moreover, water-retentive soils and calcareous/peat soils can also hinder the
bioavailability of some micronutrients (Lindsay 1984; Ibrahim et al. 2011; Ramzan
et al. 2014). In fertile soils, the critical limit of DTPA extractable Zn and Fe is 0.6
and 4.5 mg kg~!, respectively (Alloway 2009). The soil’s critical limit is the lowest
possible soil test value that guarantees a maximum crop yield. The threshold below
which in