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ABSTRACT

Finger millet (Eleusine coracana L.) is a gluten-free cereal crop widely
grown in Africa and Asia, recognized for its rich bioactive compounds
and health benefits. It contains high levels of polyphenols, flavonoids,
and tannins with potent antioxidant properties, which help neutralize
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OPEN ) ACCESS free radicals and reduce oxidative damage. These compounds also have
anti-inflammatory effects, potentially lowering the risk of chronic
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INTRODUCTION

The finger millet (Eleusine coracana L.) is widely consumed as food, forage, and in various industrial
applications. It is a gluten-free cereal crop widely grown in Africa and Asia, however, it is an underutilized crop
in tropical and semi-arid regions worldwide. Finger millet can be grown as drought tolerant crops. Its grains are
spherical and have a diameter of 1.0 to 1.5 mm (Siwela 2009, Gull et al 2014). It’s a coarse grain with multiple
culinary uses, including baking, roasting, steaming, frying, boiling, fermentation, and producing alcoholic
beverages. Finger millet makes unleavened flatbreads like roti or chapatti, muddle (dumplings), and ambali (thin
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porridge) for human consumption. Malting is a feature of finger millet that improves vitamin bioavailability and
overall nutritional content. It outperforms other cereal crops in terms of nutrition, and millions of economically
marginalized people in Africa and Asia consume finger millet as their source of dietary nutrients. Finger millet
is a good source of micronutrients such as calcium, zinc, phosphorus, magnesium, iron, carbohydrates, protein,
dietary fiber, and vitamin B (Udeh et al 2017). Finger millet contains more dietary fiber and minerals than wheat
or rice (Ramashia 2018). It has 5-8% protein, 1-2% ether extractives, 65-75% carbohydrates, 15-20% dietary
fiber and 2.5-3.5% minerals. Finger millet has the greatest calcium (344 mg 100 g) and potassium content
(408 mg 100 g*) of all the grains and millets (Kumar et al 2016, Reddy et al 2008, Radchuk et al 2012, Gupta et
al 2017). This cereal is low-fat (1.3%) and is mainly unsaturated fat. Finger millet has an average calorie content
of 336 Kcal per 100 grams and contains several bioactive chemicals. Ferulic acid, quercetin, and ferulic-rich
arabinoxylans or feraxans are bioactive substances with significant therapeutic effects (Udeh et al 2017). These
mineral contributes various health benefits of finger millet. The Figure 1 indicates the health benefits and
bioactive compounds of finger millet.

Agronomic biofortification is required for optimizing and ensuring the success of genetic biofortification of
cereal grains with zinc. In case of greater bioavailability of the grain zinc derived from foliar applications than
from soil, agronomic biofortification would be a very attractive and useful strategy in solving zinc deficiency
related health problems globally and effectively. Agronomic biofortification adds mineral contents in grains of
finger millet. As the value of nutrition has been more apparent over time, agronomic techniques have been
broadened to enhance the nutritional qualities of crops (Wakeel et al 2018, Malik and Magbool 2020, De
Valenga et al 2017). The need to enhance and broaden agronomic techniques to enhance crop nutritional
properties as indicated by climate changes and the quick depletion of soil nutrients (Siwela et al 2020). Finger
millet contains ten times more calcium than brown rice, wheat, or maize, and three times more calcium than
milk (Kumar et al 2016). Thus, incorporating finger millet, a grain that is naturally high in calcium, into
international biofortification initiatives can be a smart place to start to reduce calcium deficiencies (Sharma et al
2017). There are two ways to achieve biofortification in finger millet; (1) by increasing the amount of nutrients
accumulated in milled grains, and (2) by lowering the amount of antinutrients to boost the minerals
bioavailability. The phosphorus, calcium, and magnesium contents of finger millet grains were improved by
applying Ca + Fe fortified Urea-DAP briquettes. A substantial amount of calcium may be supplied to cereal
plants through liming in soil, which can also be used to fortify them. The calcium content of grain was further
enhanced by foliar application of Ca in finger millet. Applying foliar spray promotes quick and effective uptake
of nutrients and other positively charged particles. The data clearly show that the sulphur content of finger millet
was not considerably affected by the soil or foliar application of Ca or Fe from diverse sources. According to
Reddy et al (2018), the pores in the cuticles of leaves are capable of absorbing nutrients because they are lined
with molecules that are negatively charged. Consequently, these cations absorb relatively more quickly than
anions.

This review paper aims to explore the various approaches and the importance of agronomic biofortification to

enhance bioactive compounds in finger millet and this study also evaluates the role of these bioactive
compounds for human health and nutritional benefits.
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Figure 1. Health benefits and bioactive compounds of finger millet

Agronomic biofortification

Agronomic biofortification is a quick and easy way to improve crop nutrition. Agronomic biofortification is
performed by applying nutrients to crops to improve their nutrition (Gulave and Kshirsagar 2020, Nanja Reddy
et al 2024) either through soil or leaves (Hanumanthappa et al 2018, Mugenzi et al 2018, Kanwal et al 2020) and
seed priming (Rehman et al 2011, Haider et al 2018). The goal of agronomic biofortification is to counteract
dietary deficits by increasing the micronutrient content of food crops (Panwar et al 2024). The mineral content
of grains and fruits may be greatly boosted by adding fertilizers at various phases of crop growth. This strategy
focuses on starchy staple crops such as rice, wheat, maize, sorghum, millet, sweet potatoes, and legumes. These
crops represent an important element of worldwide diets, especially for communities at risk of micronutrient
deficiencies making biofortification an effective strategy to reach malnourished people who have limited access
to diversified meals, supplements, or commercially fortified foods (Saltzman et al 2013, Bouis et al 2011).

With the development of several types of specialty fertilizers, such as nano-fertilizers, chelated fertilizers,
biofertilizers, and water-soluble fertilizers, which have better nutrient translocation to consumable plant parts
and higher plant nutrient use efficiency, the efficacy of agronomic biofortification has increased recently.
Agronomic biofortification has little impact on the nutritional value of crops, but they do help to increase crop
development and production (Sheoran et al 2022, De Valenca et al 2017). There are several research reports
being conducted on agronomic biofortification of finger millet using different micronutrients like Iron (Fe) (Y
Rani et al 2022, Nanja Reddy et al 2024), Zinc (Zn) (Yamunarani et al 2016, Kaur and Singh 2022, Nanja
Reddy et al 2023) and Calcium (Ca) (Sharma et al 2017, Khobragade et al 2022). Zn, Fe, and Ca are crucial for
human health and plant growth, and deficiencies can lead to disease, especially in poorer populations.
Biofortifying crops with these minerals offers a fast and effective way to enhance their nutritional value (Kaur
and Singh 2022). For the country to achieve nutritional security, biofortified varieties are very important. CFMV
2 is one of biofortified variety of finger millet which is rich in calcium (454 mg/100g), iron (39.0 ppm), and zinc
(25.0 ppm) (Yadava et al 2017).

In the short run, agronomic biofortification is easy to use and produces results quickly (Wakeel et al 2018, Gali¢
et al 2021). However, the high cost of the mineral fertilizers employed in agronomic biofortification drives up
the price of biofortified crops, prohibiting lower-class communities from purchasing them (Cakmak and Kutman
2018 ). Furthermore, farmers play a major role in agronomic biofortification. Since the application of mineral
fertilizers is a routine task, farmers may choose not to undertake it if the process does not yield a profit (Singh et
al 2016, Umar et al 2019, DeValenca et al 2017). Toxic buildup might also result from the frequent application
of mineral fertilizers (Jha and Warkentin 2020 De Valenca et al 2017). Furthermore, a rise in the demand for
extracted minerals like selenium could lead to environmental harm (Umar et al 2019, De Valenca et al 2017).
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Approaches of Agronomic Biofortification

Soil application

The application of nutrient rich fertilizers in soil enhance the mineral contents of grains in finger millet.
According to a greenhouse experiment, applying 10 mg of FeSO4 kg™ of soil (Aciksoz et al 2011) or 75 FeSO,
kg ha™' (Narwal et al 2010), respectively, to the soil resulted in a 19.4% rise in grain Fe content. When 1% of
FeSO, was applied on leaves during the stem elongation and flowering stages, Pahlavan-Rad and Pessarakli
(2009) found a rise in grain Fe concentration of 36%. Zn treatment through the soil increases crop grain
production, and foliar spray increases Zn concentration in grains (Haider et al 2018, Nanja Reddy et al 2023).

Although applying micronutrients to crops through the soil is the most popular technique, crop production has
been the main focus of testing rather than biofortification. This approach pollutes soil over time due to an
excessive buildup of wasted micronutrients and has low micronutrient use efficiency and cost-effectiveness.
When using fertilizers for agronomic biofortification, caution must be exercised because improper fertilizer
application can have unforeseen, and occasionally severe, effects on crops and the environment. Conversely, a
well-balanced fertilization approach vyields greater economic and environmental benefits over time.
Furthermore, soil microbes are extremely sensitive to fertilization and play a critical role in the soil ecology. A
poor fertilization schedule causes a shortage of nutrients, which alters the microbial population in soil. Over
time, uneven fertilization can negatively impact the soil's biological health (Sheoran et al 2022, Shahzad Aslam
et al 2012). Most mineral fertilizers are sprayed directly onto crop leaves or added to the soil.

Foliar application

Foliar application is better to soil application since there is very little micronutrient loss with this method and
the nutrients are absorbed by the plant tissue directly (Johnson et al 2005). Because it boosts micronutrient
levels rather than merely increasing production, foliar application is typically more successful than soil
application (Singh et al 2016, De Valenga et al 2016, Melash et al 2016). Foliar treatment is more cost-effective
and useful when crop indications of nutrient deficiencies are apparent (Singh et al 2016, De Valenca et al 2017).
Since foliar spray avoids soil immobilization, it is often more effective in promoting plant absorption of
nutrients. On the other hand, the disadvantages include the potential for rain to wash fertilizers away, as well as
increased costs and application complexity (Garcia-Banuelos et al 2014). According to Zou et al (2012), foliar
application of zinc increased grain zinc concentration more effectively. Because it is easier to implement, more
efficient in using fertilizer, requires less infrastructure, and doesn't require the technical know-how of techniques
like nutri priming and soil-less cultivation—which are covered in later sections—foliar application is the most
widely used method for micronutrient biofortification. The application of foliar Fe-EDTA during the vegetative
growth and blooming stages of finger millet led to an approximately 83% rise in grain Fe concentration, as
reported by Manzeke-Kangara et al (2021).

Foliar application is dependent upon a number of variables, such as fertilizer type, crop characteristics,
application timing, and environmental conditions (Praharaj et al 2021, Alshaal and El-Ramady 2017). The foliar
treatments are expensive and are readily removed by rainfall (De Valenca et al 2017, Gali¢ et al 2021). The way
that nutrients are absorbed by leaves during foliar treatments is significantly influenced by their properties.
When applied topically, nutrients enter leaf cells through the cuticle and are then transferred by the
plasmodesmata to different areas of the leaf. The leaf's permeability, age, and shape all influence how well
nutrients are absorbed (Alshaal and EI-Ramady 2017). When it comes to crop development, foliar spray works
best during the flowering and early milk phases as opposed to the booting and elongation phases. Since foliar
nutrition treatment during this time would considerably contribute to enhancing the micronutrient contents of
the fruits, blooming and early milk stages are among the earliest phases where absorption of nutrients for fruit
development begin (Melash et al 2016). The effectiveness of foliar sprays is influenced by environmental
factors such temperature, wind speed, humidity, and time of day (Alshaal and EI-Ramady 2017). Early
morning and late evening temperatures that are warm and humid encourage the permeability of nutrients,
whereas high temperatures and low relative humidity cause the water in sprayed solutions to evaporate,
concentrating minerals on surfaces and decreasing their permeability (Alshaal and El-Ramady 2017).

Nutripriming

Soaking seeds in a nutrient-rich solution prior to planting is known as nutripriming or seed-priming.
Nutripriming plays a crucial role by ensuring that seeds have a higher initial nutrient load, improving both plant
health and nutritional quality of the grains. It boosts the concentration of essential micronutrients such as iron
(Fe), zinc (Zn), and calcium (Ca) in finger millet grains, which are vital for addressing malnutrition.These
nutrients can be absorbed by the seeds during priming and utilized during the plant's growth. Nutripriming
techniques seldom ever lead to grains having more nutritional value (Duffner et al 2014).
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The different types of agronomic biofortification of finger millet is given in Figure 2.
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Figure 2: Different types of agronomic biofortification of finger millet.

Bioactive compounds
Minerals

The mineral composition of finger millet grains varies greatly and is influenced by genetic variables and
environmental circumstances in the growing region. Regarding nutritional value, finger millet is a good source

of nut

rients, especially calcium, and iron.

Table 1. Vitamin and mineral composition of cereal grains

Cereals Ca P Mg Fe Mn K Na Zn  Thiamin Riboflavin Nicotinic

(%) (%) (%) (%) (%) (%) (%) (%) (mg/100g)  (mg/100gm)  acid
(mg/100 g)

Rice 0.02 0.12 0.03 19 12 01 O 10  0.07 0.03 1.6

Wheat 0.04 035 014 401 40 036 0.04 309 057 0.12 7.4

Maize 003 029 014 30 5 0.37 0.03 20 0.38 0.14 2.8

Sorghum 0.04 0.35 0.19 50 16.3 0.38 0.05 154 0.46 0.15 4.84

Barley 0.04 056 0.14 367 189 05 0.02 236 0.44 0.15 7.2

Oats 0.11 038 013 62 45 047 0.02 37 0.77 0.14 0.97

Finger 0.33 024 0.11 46 75 043 002 15 048 0.12 0.3

millet

Pearl 001 035 013 749 18 044 0.01 295 0.38 0.22 2.7

millet

Proso 0.01 015 0.2 331 181 0.21 0.01 181 0.63 0.22 1.32

millet

Foxtail 0.01 031 013 326 219 0.27 0.01 219 048 0.12 3.7

millet

(Source: Serna-Saldivar 2003)

Finger millet has the highest calcium content among all cereals (344 mg/100 g) and is a good source of other
minerals and fiber. The total ash level of finger millet is higher than that of regularly consumed cereal grains,
with ash concentrations ranging from 1.7% (Rao 1994) to 4.13% (Rao et al 1973). The contents of minerals and
vitamins of different cereal grains are summarized in Table 1. The mineral composition and polyphenol contents
change during the finger millet grains’ processing (Table 2).
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Table 2. Changes in polyphenol content and nutrient composition during the processing of finger millet

(9/100 g)

Parameter Whole Husk Hyrdrothermally Decorticated
flour flour flour processed

Moisture 7.7 8.7 111 10.46

Calcium 0.34 0.64 0.31 0.18

Phosphorus 0.25 0.49 0.157 0.109

Iron 0.003 0.003 0.002 0.002 0.006 0.003

Protein 7.4 15.4 6.9 4.43

Starch 71.1 30.1 65 74

Phenolic 7.3 12.6 1.19 0.52

content

Fat 1.2 3 1.4 0.9

Acid 0.3 0.5 0.08 0.07

insoluble ash

Dietary fiber  22.5 53.3 21.1 14.7

(Source: Shobana and Malleshi 2007, Viswanath et al 2009, Dharmaraj andMalleshi 2011, Devi et al 2014)

Vitamins

Finger millet is a rich source of thiamin, riboflavin, and nicotinic acid (Table 3). The finger millet grains contain
various vitamins, including thiamine, riboflavin, niacin, folic acid, vitamin C, and vitamin A, as illustrated in
Figure 3. In addition, finger millet grains are abundant in fat and water-soluble vitamins, particularly vitamins A
and B complex. Vitamin B, which plays diverse physiological roles in brain function and proper cell
development, is abundant in finger millet. Additionally, Vitamin B has even been linked to a decrease in fatigue.
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Figure 3: Structure of vitamins present in finger millet.

Table 3. Major vitamin content and fatty acids of finger millet

Nutrients mg/100 g References

Vitamins

Vit A (Retinol) 6.0 Siwela 2009, Ramashia 2018
Vit B1 (Thiamine) 0.2-0.48 Saleh et al 2013)

Vit B2 (Riboflavin) 0.12 Ramashia 2018, Devi et al 2014
Vit C (Ascorbic acid) 0.0-1.0 Siwela 2009

Niacin 1.0-1.30 Saleh et al 2013)

Fatty acids 0/100 g of total lipids

Linoleic acid 24.2 Serna-Saldivar 2010)

Linolenic acid 1.3-4.40 Serna-Saldivar 2010,

Fernandez et al 2003,
Ramashia et al 2018

Palmitic 21.1-24.7 Fernandez et al 2003
Oleic acid 49.8 Serna-Saldivar 2010
Amino acids

Finger millet grains contain essential and non-essential amino acids (Table 4).

Table 4. Essential and non-essential amino acids of finger millet

Amino acids g/ 100 g protein References

Essential

Lysine 2.2 Thapliyal and Singh 2015, Ramashia 2018
Tryptophan 1.1-15 Serna-Saldivar 2010, Palanisamy et al 2012
Threonine 3.4-4.2 Serna-Saldivar 2010, Palanisamy et al 2012
Methionine 2.5-3.1 Serna-Saldivar 2010, Palanisamy et al 2012
Phenylalanine 4.1-5.2 Siwela 2009, Serna-Saldivar 2010, Amadou et al 2013
Histidine 2.2 Serna-Saldivar 2010

Isoleucine 4.3 Thapliyal and Singh 2015, Ramashia 2018
Leucine 6.6-9.5 Sarna-Saldivar 2010, Palanisamy et al 2012
Valine 4.9-6.6 Fernandez et al 2003, Serna-Salidivar 2010
Non-essential

Glycine 2.14-4.0 Fernandez et al 2003, Serna-Salidivar 2010
Cystine 1.7-2.6 Siwela 2009, Serna-Saldivar 2010

Serine 3.6-5.1 Fernandez et al 2003, Serna-Salidivar 2010
Alanine 6.1-6.2 Serna-Saldivar 2010, Amadou et al 2013
Arginine 2.77-4.5 Fernandez et al 2003, Serna-Salidivar 2010
Tyrosine 2.79-3.6 Fernandez et al 2003, Serna-Salidivar 2010
Proline 7.0-9.9 Serna-Saldivar 2010, Amadou et al 2013
Aspartic acid 6.5-7.9 Fernandez et al 2003, Serna-Salidivar 2010
Glutamic acid 20.3-27.1 Fernandez et al 2003, Serna-Salidivar 2010

(Source: Ramashia et al 2019)
The grains are a rich source of methionine, cysteine, Tryptophan, lysine, isoleucine, leucine, phenylalanine, and

threonine. Finger millets contain significant amounts of methionine and cysteine, as well as threonine,
Tryptophan, isoleucine, and valine (Belton and Taylor 2002).
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Phenolic compounds

Phenolic compounds are among plants’ most diverse groups of phytochemicals and play a significant role in
human nutrition. This compound class includes hydroxybenzoic acids, hydroxycinnamic acids, flavonoids,
stilbenes, and lignans (Chandrasekara and Shahidi 2012, Naczk and Shahidi 2004). Finger millet is a rich source
of polyphenols and dietary fiber, contributing to its nutritional and health benefits. Phenolic compounds in
finger millet grains are present in free, soluble conjugates and insoluble bound forms, with their distribution not
being uniform throughout the grain. Instead, they are mainly concentrated in the outer layers, such as the
aleurone layer, testa, and pericarp, which compromise the bulk of the bran. Figure 4 illustrates the chemical
structure of phenolic compounds found in finger millet grains: p-coumaric acid, p-hydroxybenzoic acid, vanillic
acid, protocatechuic acid, gallic acid, syringic acid, trans-cinnamic acid, quercetin, and ferulic acid. Finger
millet grain genotypes have variable total tannin and phenolic contents. According to Hilu et al (1978), most of
the phenolic compounds in millet grains are glycosides. In contrast, Subba Rao and Muralikrishna (2002) found
ferulic acid to be the most abundant bound phenolic acid (18.60 mg 100 g) and protocatechuic acid to be the
most abundant free phenolic acid (45.0 mg 100 g). Ferulic acid and p-coumaric acid are the two most abundant
bound phenolic compounds in finger millets. The bound phenolics account for 64-96% and 50-99% of total
ferulic acid p-coumaric acid levels, respectively (Devi et al 2014).
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Figure 4: Structure of major phenolic compounds present in finger millets

Nutritional benefits of finger millet

Finger millet has a protein, fat, and mineral content compared to other grains such as rice, corn, and sorghum
(Reed 1976). According to Sankara Vadivoo et al (1998), finger millet contains a moisture content of 13.24%,
protein of 7.6%, carbohydrate of 74.36%, fiber of 1.52%, minerals of 2.35%, fat of 1.35%, and provides energy
341.6 calories per 100 grams. It is a rich source of micronutrients such as calcium, phosphorus, magnesium, and
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iron. In addition, the finger millet protein contains beneficial amino acids such as cysteine, tyrosine,
Tryptophan, and methionine (Rachie 1975). Climate change-induced erratic environmental conditions, including
increased global temperature, directly impact crop production, leading to hunger and malnutrition worldwide.
However, finger millet can greatly help alleviate hunger and malnutrition by withstanding adverse climatic
conditions such as drought and contains a variety of macro and micronutrients, thereby saving food for the
people. According to the latest Food and Agriculture (FAO) estimate, 925 million people have been
undernourished since October 2010. Around 578 million people reside in Asia and the Pacific region, where
most children suffer from malnutrition, leading to various diseases and fatalities. Undernutrition has been
reported to be the underlying cause of mortality in diarrhea (61%), malaria (57%), pneumonia (52%, and
measles (45% are essentially identical (Black et al 2003). Furthermore, in Nepal and many parts of Africa,
finger millet grains are fermented into drinks or beers in many parts of Africa and Nepal and used for lunch in
the central Terai region of Nepal as halwa, roti, and chokha. Due to the high iron and calcium content in finger
millet, it is an ideal food for stimulating milk production and balancing hormonal activities in pregnant women
and young mothers. Therefore, it is believed to be a beneficial dietary addition during pregnancy (ETimes
2021).

Health Benefits of finger millets

Finger millet has gained importance because of its high nutritional value, as it contains significant amounts of
calcium (0.38%), dietary fiber (18%), and phenolic compounds (0.3-3%) content. These compounds provide the
grain with anti-diabetic, anti-tumorogenic, anti-atherosclerogenic, antioxidant, and antibacterial properties (Devi
et al 2014). In non-insulin-dependent diabetes mellitus (NIDDM), Laxmi Kumari and Sumathi (2002)
investigated the effect of finger millet consumption on hyperglycemia. They found that finger millet’s glycemic
index was lower than rice and wheat. Including polyphenols in whole-finger millet flour could explain the
reduced glycemic response. Epidemiological studies suggest that diabetes is less common among millet-eating
communities (Saleh et al 2013). The high fiber content of finger millet delays digestion, which helps to reduce
blood sugar levels. Regular consumption of finger millet has been reported to reduce the incidence of Diabetes
Mellitus due to the presence of dietary fibers and polyphenols. The amino acids, Lecithin and Methionine, in
finger millet help to lower cholesterol by extracting and cutting away excess fat from the liver, while threonine
prevents fat production in the liver. Combining high dietary fiber and protein keeps the stomach full longer,
preventing unpleasant cravings and reduced appetite and weight loss.

Additionally, finger millet, in its unripe, green form, can help regulate high blood pressure and hypertension. Its
consumption stimulates insulin, which decreases blood sugar levels in the body, making it an excellent snack for
avoiding late-night food cravings and helping to maintain healthy blood sugar levels. Furthermore, dietary fiber
in finger millet aids in controlling “bad” cholesterol, which can lead to heart diseases such as atherosclerosis.
Soluble fiber absorbs cholesterol before it enters the bloodstream, allowing people to maintain a healthy
cholesterol level without medication (Webmed 2021). Drinking finger millet in the morning is believed to
maximize its benefits and satisfy one throughout the day.

It has been found to promote good health and prevent diseases while also delaying premature skin aging due to
its high content of Methionine and Lysine amino acids, which help in the formation and maintenance of
collagen. Collagen plays an important role in maintaining the elasticity and firmness of the skin, thereby
reducing the risk of wrinkles and sagging. In addition, finger millet is a rich source of natural iron, making it an
ideal choice for people with anemia and low hemoglobin levels. As a good iron source, finger millet can be
considered a valuable cereal for anemic patients (Bala 2019). Regular consumption of finger millet is highly
effective in treating anxiety, depression, and sleeplessness, owing to the presence of antioxidants, particularly
Tryptophan and amino acids, which act as natural relaxants. In addition, sprouting finger millet can increase the
body’s Vitamin C levels, making iron absorption easier. Iron can be consumed in Dosa or Balls, with various
vegetables and a generous sprinkle of sour cream to maximize absorption.

Finger millet is also a good source of calcium, aiding in bone formation and maintenance, making it a beneficial
nutrient for developing children and the elderly. It can also help prevent diseases like osteoporosis and reduce
the risk of fractures. Moreover, finger millet consumption provides a cooling effect during the summer and
strengthens the body. Antioxidants, a buzzword in today’s health books, are abundant in finger millet and
protect cells from excessive oxidation, thus preventing cancer and premature aging due to cell damage. The seed
coating of finger millet contains powerful antioxidants like phenolic acids, flavonoids, and tannins. Notably,
esophageal cancer is less common in those who consume millet-based diets than in people who consume wheat
or maize-based diets.
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This cereal’s high dietary fiber content improves digestive health by regulating bowel movements and
preventing constipation. Finger millet contains insoluble fibers that help food movement through the intestines
by retaining water and easing waste passage. Regularly including finger millet in the diet is recommended to
preserve the digestive system and avoid constipation and other digestive issues. Finger millet is an excellent
source of nutrients for new mothers and aids in maintaining hemoglobin levels in the blood. In addition,
lactating mothers can enhance milk production by incorporating finger millet into their diet. Finger millet
enriches the mother’s milk with essential elements such as iron, calcium, and vital amino acids, which are
crucial for both the child’s and the mother’s well-being. The potential health benefits of finger millet are
summarized in Table 5.

Table 5. Potential health compounds of finger millet.

Compounds Functions References
Arabinoxylans Antioxidant activity Chandra et al 2016, Udeh et al
2017
Magnesium Reduces the chances of having a heart attack ~ Chandra et al 2018
Phosphorus Essential for b_ody tissue development and Chandra et al 2018
energy metabolism.

Dietary fiber Significant role in hypoglycemic and
hypolipidemic effects and serum cholesterol Udeh et al 2017, Thilagavathi
reduction. Prevents atherosclerosis and has etal 2015
anti-toxin and anti-cancer properties.

Ferulic acid Prev_ents tissue damage and aids in the Sarita and Singh 2016
healing of wounds.

Phytic acid Has a significant impact on lowering body Amadou et al 2013,
cholesterol Chandra et al 2018, Sarita

and Singh 2016

Nutraceutical foods Reduces the likelihood of chronic diseases
like obesity, which promotes improved
health. Blood hypertension, cancer, and
diabetes are all reduced.

Phytates, phenols, and Healing, aging, and metabolic syndrome all

Tannins benefit from it. Prevents human health
degradation, cancer, and cardiovascular
disease. Blood pressure and diabetes are
reduced. Reduces tumor size.

(Source: Ramashia et al 2019)

Sarita and Singh 2016

Siwela et al 2007,
Thilagavathi et al 2015,
Thilagavathi et al 2015,
Siwela et al 2007

CONCLUSION

Agronomic biofortification through soil and foliar application is a potential method for increasing the iron, zinc,
and calcium content in finger millet grains. Finger millet is an essential dietary staple in many developing
countries, providing more nutritional advantages than rice. It is especially high in protein, healthy fats, and
minerals like as zinc, calcium and iron. Furthermore, its high dietary fiber and polyphenol content provides
several health benefits, including as anti-diabetic, antioxidant, cholesterol-lowering, antibacterial and anti-
inflammatory properties, which assist to avoid chronic diet-related disorders. With increased recognition of its
nutraceutical qualities, future study should focus on increasing its quality and commercializing its bioactive
ingredients for health and nutrition.

ACKNOWLEDGEMENTS
The authors are grateful to Bindu Modi, Georgetown University, USA for her help for construction of chemical
structure figures.

AUTHORS’ CONTRIBUTION
All authors are responsible for conceptualization, literature review, initial and final drafting of this manuscript.

CONFLICT OF INTEREST
The authors declare that there is no conflicts of interest regarding publication of this manuscript.

246


https://scholar.google.com/citations?view_op=view_org&hl=en&org=12148755416319469741

REFERENCES

Aciksoz SB, A Yazici, L Ozturk and | Cakmak. 2011. Biofortification of wheat with iron through soil and foliar application
of nitrogen and iron fertilizers. Plant and Soil. 349:215-225.

Adu MO, PA Asare, DO Yawson, MA Nyarko and K Osei-Agyeman. 2018. Agronomic biofortification of selected
underutilized solanaceae vegetables for improved dietary intake of potassium (K) in Ghana. Heliyon. 4(2018):
€00750

Agarwal BK, B Kumar, S Singh, RN Singh and AK Sinha.2007. Effect of phosphorus and liming on yield, phosphorus
uptake and protein content of pea in acidic upland soil of East Singhbhumi. Journal of Indian Society of Soil
Science. 55(3):364-366.

Alshaal T and H El-Ramady.2017. Foliar application: from plant nutrition to biofortification. Environment, Biodiversity and
Soil Security. 1(2017):71-83

Amadou I, ME Gounga and GW Le. 2013. Millets, nutritional composition, some health benefits and processing. Emir J
Food Agric. 25(7):501-508.

Bala S. 2019. Health Benefits of Ragi (Finger Millet), 2019. https://infomsg35.wixsite.com/womensworld/post/health-
benefits-of-ragi-finger-millet

Belton PS and JR Taylor. 2002. Pseudocereals and less common cereals: grain properties and utilization potential. Springer
Science and Business Media; 2002 Jul 10.

Black RE, SS Morris and J Bryce. 2003. Where and why are 10 million children dying every year? The lancet
361(9376):2226-2234.

Bouis HE, C Hotz, B McClafferty, JV Meenakshi and WH Pfeiffer. 2011. Biofortification: a new tool to reduce
micronutrient malnutrition. Food and nutrition bulletin. 32(1_suppl1): S31-S40.

Cakmak | and UA Kutman. 2018. Agronomic biofortification of cereals with zinc: a review. European journal of soil science
.69(1):172-80.

Chandra A, AK Singh and B Mahato. 2018. Processing and value addition of finger millet to achieve nutritional and
financial security — case study. International Journal of Current Microbiology and Applied Sciences. 7:2901-2910.

Chandra D, S Chandra and AK Sharma. 2016. Review of Finger millet (Eleusine coracana (L.) Gaertn): A power house of
health benefiting nutrients. Food Science and Human Wellness. 5(3):149-155.

Chandrasekara A and FJ Shahidi. 2012. Bioaccessibility and antioxidant potential of millet grain phenolics as affected by
simulated in vitro digestion and microbial fermentation. J Func Food. 4:226-237.

De Valenca AW, A Bake, ID Brouwer and KE Giller. 2017. Agronomic biofortification of crops to fight hidden hunger in
sub-Saharan Africa. Global food security. 12:8-14.

Devi PB, R Vijayabharathi, S Sathyabama, NG Malleshi and VB Priyadarisini. 2014. Health benefits of finger millet
(Eleusine coracana L.) polyphenols and dietary fiber: a review. Journal of food science and technology. 51:1021-
1040.

Dharmaraj U and NG Malleshi. 2011. Changes in carbohydrates, proteins and lipids of finger millet after hydrothermal
processing. LWT-food Science and Technology. 44(7):1636-1642.

Duffner A, E Hoffland, TJ Stomph, A Melse-Boonstra and PS Bindraban. 2014. Eliminating zinc deficiency in rice-based
systems. VFRC Report 2014/2.

ETimes. 2021. Winter foods that pregnant women must have daily; Entertainment Times, 2021.
https://timesofindia.indiatimes.com/life-style/food-news/winter-foods-that-pregnant-women-must-have-
daily/photostory/80687461.cms

Fernandez DR, DJ Vanderjagt, M Millson, YS Huang, LT Chuang, A Pastuszyn and RH Glew.2003. Fatty acid, amino acid
and trace mineral composition of Eleusine coracana (Pwana) seeds from northern Nigeria. Plant Foods for Human
Nutrition. 58:1-10.

Gali¢ L, T Vinkovi¢, B Ravnjak and Z Loncari¢. 2021. Agronomic biofortification of significant cereal crops with
selenium-A review. Agronomy. 11(5):1015.

Garcia-Bafiuelos ML, JP Sida-Arreola and E Sanchez. 2014. Biofortification-promising approach to increasing the content of
iron and zinc in staple food crops. Journal of Elementology. 19(3): 865-888

Gulave CM, and AV Kshirsagar. 2020. Biofortified varieties: Way to build nutritional immunity to fight against Covid-19
pandemic-A review. Journal of Pharmacognosy and Phytochemistry. 9(4S): 219-221.

Gull A, R Jan, GA Nayik, K Prasad, PJ Kumar. 2014. Environ. Sci. Comput. Sci. Eng. Technol. 3:1601

Gupta SM, S Arora, N Mirza, A Pande, C Lata, S Puranik, J Kumar and A Kumar. 2017. Finger millet: a “certain” crop for
an “uncertain” future and a solution to food insecurity and hidden hunger under stressful environments. Frontiers
in plant science. 8:643.

Haider MU, M Farooq, A Nawaz and M Hussain. 2018. Foliage applied zinc ensures better growth, yield and grain
biofortification of mungbean. International Journal of Agriculture and Biology. 20(12): 2817-2822.

Hanumanthappa D, SN Vasudevan, JB Shakuntala, NM Muniswamy and SI Macha. 2018. Enrichment of iron and zinc
content in pigeonpea genotypes through agronomic biofortification to mitigate malnutrition. Int. J. Curr.
Microbiol. Appl. Sci. 7: 4334-4342.

Hilu KW, JM DeWet and D Seigler. 1978. Flavonoid patterns and systematics in Eleusine. Biochemical Systematics and
Ecology. 6(3):247-249.

Jha AB and TD Warkentin.2020. Biofortification of pulse crops: Status and future perspectives. Plants 9(1):73.

Johnson SE, JG Lauren, RM Welch and JM Duxbury. 2005. A comparison of the effects of micronutrient seed priming and
soil fertilization on the mineral nutrition of chickpea (Cicer arietinum), lentil (Lens culinaris), rice (Oryza sativa)
and wheat (Triticum aestivum) in Nepal. Experimental Agriculture. 41(4):427-48.

Kanwal A, MB Khan, M Hussain, M Naeem, MS Rizwan and M Zafar-Ul-Hye. 2020. Basal application of zinc to improve

247



mung bean yield and zinc-grains-biofortfication. Phyton. 89(1): 87-96.

Kaur A and G Singh. 2022. Zinc and iron application in conjunction with nitrogen for agronomic biofortification of field
crops—a review. Crop and Pasture Science 73(8): 769-780.

Khobragade N, K D Patil, SB Dodake, S Gavit, A Jadhav, A Joke, and D Bhuvad. 2022. Agronomic biofortification of
finger millet with calcium and iron by using different sources in lateritic soils of konkan. Pharma Innovation J.
11(1): 864-866.

Kumar A, M Metwal, S Kaur, AK Gupta, S Puranik, S Singh, M Singh, S Gupta, BK Babu, S Sood and R Yadav . 2016.
Nutraceutical value of finger millet [Eleusine coracana (L.) Gaertn.], and their improvement using omics
approaches. Frontiers in plant science. 7:934.

Lakshmi Kumari P and S Sumathi. 2002. Effect of consumption of finger millet on hyperglycemia in non-insulin dependent
diabetes mellitus (NIDDM) subjects. Plant Foods for Human Nutrition. 57:205-213.

Malik KA and A Magbool. 2020. Transgenic crops for biofortification. Frontiers in Sustainable Food Systems 4:571402.

Manzeke-Kangara MG, F Mtambanengwe, MJ Watts, MR Broadley, RM Lark and P Mapfumo. 2021. Can nitrogen fertilizer
management improve grain iron concentration of agro-biofortified crops in Zimbabwe?. Agronomy.11(1):124.

Melash AA, DK Mengistu and DA Aberra. 2016. Linking agriculture with health through genetic and agronomic
biofortification. Agricultural Sciences. 7(5):295-307.

Mugenzi I, D Yongli, WA Ngnadong, H Dan, E Niyigaba, A Twizerimana and H Jiangbo. 2018. Effect of combined zinc
and iron application rates on summer maize yield, photosynthetic capacity and grain quality. International Journal
of Agronomy and Agricultural Research. 12(5): 36-46.

Naczk M and F Shahidi. 2004. Extraction and analysis of phenolics in food. Journal of chromatography A. 1054(1-2):95-
111.

Nanja Reddy YA, AB Narayana Reddy, A Nirmalakumari, TSSK Patro, M Subba Rao, Prabhakar and MVVC Gowda. 2023.
Foliar application of zinc enhances the grain zinc concentration, whereas the soil application improves the grain
yield of finger millet (Eleusine coracana L.). Plant Physiology Reports. 28(4): 513-520.

Nanja Reddy YA, P Jayalakshmi, AB Narayana Reddy, M Udaya Kumar, EG Ashok and MVC Gowda. 2024. Agronomic
biofortification of finger millet for zinc, and its influence on yield and partitioning of zinc, iron, and calcium in the
plant. Journal of Plant Nutrition. 1-16.

Narwal RP, RS Malik and RR Dahiya. 2010. Addressing variations in status of a few nutritionally important micronutrients
in wheat crop. In19th World Congress of Soil Science, Soil Solutions for a Changing World 2010 Aug 1 (Vol. 3,
pp. 1-6).

Pahlavan-Rad MR and M Pessarakli .2009. Response of wheat plants to zinc, iron, and manganese applications and uptake
and concentration of zinc, iron, and manganese in wheat grains. Communications in soil science and plant
analysis. 40(7-8):1322-32.

Palanisamy BD, V Rajendran, S Sathyaseelan, R Bhat and BP Venkatesan. 2012. Enhancement of nutritional value of finger
millet-based food (Indian dosa) by co-fermentation with horse gram flour. International journal of food sciences
and nutrition. 63(1):5-15.

Panwar V, P Kumar and SK Gupta. 2024. Future Perspectives and Emerging Trends in Crop Biofortification. In: Harnessing
Crop Biofortification for Sustainable Agriculture (S Tiwari, a Singh, B. eds). Springer, Singapore; pp.371-387

Praharaj S, M Skalicky, S Maitra,P Bhadra, T Shankar, M Brestic, V Hejnak, P Vachova and A Hossain. 2021. Zinc
biofortification in food crops could alleviate the zinc malnutrition in human health. Molecules. 26(12):3509.

Rachie KO. 1975. The millets importance, utilization and outlook; Hyderabad: International Crop Research Institute for
Semi-Arid Tropics, 1975.

Radchuk V, R Radchuk, Y Pirko, R Vankova, A Gaudinova, V Korkhovoy, A Yemets, H Weber, W Weschke and YB
Blume. 2012. A somaclonal line SE7 of finger millet (Eleusine coracana) exhibits modified cytokinin
homeostasis and increased grain yield. Journal of experimental botany. Journal of experimental botany.
63(15):5497-5506.

Ramashia SE, ET Gwata, S Meddows-Taylor, TA Anyasi and Al Jideani. 2018. Some physical and functional properties of
finger millet (Eleusine coracana) obtained in sub-Saharan Africa. Food Research International. 104:110-118.

Ramashia SE. 2018. Physical, functional and nutritional properties of flours from finger millet (Eleusine coracana L.)
varieties fortified with vitamin B2 and zinc oxide; University of Venda, 2018.

Rao KB, MS Mithyantha, LS Devi, NG Perur. 1973. Nutrient content of some new ragi varieties. Mysore J. Agric. Sci. 7 (4):
562-565.

Rao PU. 1994. Evaluation of protein quality of brown and white ragi (Eleusine coracana) before and after malting. Food
Chemistry. 51: 433-436.

Reddy BH, AV Bulbule, PN Gajbhiye and DS Patil. 2018. Effect of foliar application of plant nutrients on growth and yield
of finger millet. International Journal of Current Microbiology and Applied Sciences. 7(3):2203- 2209.

Reddy VD, KV Rao, TP Reddy and PBK Kishor. 2008. Finger millet, in compendium of transgenic crop plants: transgenic
cereals and forage grasses, eds Kole C., Hall T. C. (London: Blackwell), 191-198.

Reed CF. 1976. Information summaries on 1000 economic plants. Typescripts submitted to the USDA, 1976, 102-103.

Rehman HU, S Basra, M Ahmed and M Farooq. 2011. Field appraisal of seed priming to improve the growth, yield, and
quality of direct seeded rice. Turkish Journal of Agriculture and Forestry. 35(4): 357-365.

Saleh AS, Q Zhang, J Chen and Q Shen. 2013. Millet grains: nutritional quality, processing, and potential health benefits.
Comprehensive reviews in food science and food safety. 12(3):281-95.

Saltzman A, E Birol, HE Bouis, E Boy, FF De Moura, Y Islam and WH Pfeiffer. 2013. Biofortification: progress toward a
more nourishing future. Global food security. 2(1): 9-17.

Sankara Vadivoo A, R Joseph and N Meenakshi Ganesan. 1998. Genetic variability and diversity for protein and calcium
contents in finger millet (Eleusine coracana (L.) Gaertn) in relation to grain color. Plant foods for human nutrition.

248



52:353-364.

Sarita ES and E Singh. 2016. Potential of millets: nutrients composition and health benefits. J. Sci. Innov. Res. 5(2):46-50.

Serna-Saldivar SO. 2003. Cereals dietary importance, Encyclopedia of Food Sciences and Nutrition. Journal of Science
Direct. 2003.

Serna-Saldivar SO. 2010. Cereal grains: properties, processing, and nutritional attributes. CRC press; 2016 Apr 19.

Shahzad Aslam M, BA Choudhary, M Uzair and A Subhan ljaz. 2012. The genus Ranunculus: a phytochemical and
ethnopharmacological review. Int J Pharm Pharm Sci. 4:15-22.

Sharma D, G Jamra, UM Singh, S Sood, and A Kumar. 2017. Calcium biofortification: three pronged molecular approaches
for dissecting complex trait of calcium nutrition in finger millet (Eleusine coracana) for devising strategies of
enrichment of food crops. Frontiers in plant science. 7: 2028.

Sheoran S, S Kumar, V Ramtekey, P Kar, RS Meena and CK Jangir. 2022. Current status and potential of biofortification to
enhance crop nutritional quality: an overview. Sustainability. 14(6):3301.

Shobana S and NG Malleshi. 2007. Preparation and functional properties of decorticated finger millet (Eleusine coracana).
Journal of Food Engineering. 79(2):529-538.

Singh U, CS Praharaj, SS Singh and NP Singh. 2016. Biofortification of Food Crops. New Delhi: Springer; p. 1-490

Siwela M, JR Taylor, WA DeMilliano and KG Duodu. 2007. Occurrence and location of tannins in finger millet grain and
antioxidant activity of different grain types. Cereal chemistry. 84(2):169-174.

Siwela M, K Pillay, L Govender, S Lottering, FN Mudau, AT Modi and T Mabhaudhi. 2020. Biofortified crops for
combating hidden hunger in South Africa: availability, acceptability, micronutrient retention and bioavailability.
Foods. 9(6):815.

Siwela M.2009. Finger millet grain phenolics and their impact on malt and cookie quality. Doctoral dissertation, University
of Pretoria. 2009

Subba Rao MV and G Muralikrishna. 2002. Evaluation of the antioxidant properties of free and bound phenolic acids from
native and malted finger millet (Ragi, Eleusine coracana Indaf-15). Journal of Agricultural and Food Chemistry.
50(4):889-892.

Thapliyal V and K Singh. 2015. Finger millet: potential millet for food security and power house of nutrients. Int. J Res
Agric Forest. 2:22-23

Thilagavathi T, P Banumathi, S Kanchana and M llamaran M. 2015. Effect of heat moisture treatment on functional and
phytochemical properties of native and modified millet flours. Plant Archives. 15(1): 15-21

Udeh HO, KG Duodu, Al Jideanl. 2017. Finger millet bioactive compounds, bioaccessibility, and potential health effects-a
review. Czech Journal of Food Sciences. 35: 7-17.

Umar M, R Nawaz, A Sher, A Ali, R Hussain and MW Khalid. 2019. Current status and future perspectives of
biofortification in wheat. Asian Journal of Research in Crop Science. 4(4):1-4.

Viswanath V, A Urooj and NG Malleshi. 2009. Evaluation of antioxidant and antimicrobial properties of finger millet
polyphenols (Eleusine coracana). Food Chemistry. 114(1):340-346.

Wakeel A, M Farooq, K Bashir and L Ozturk. 2018. Plant micronutrient use efficiency. Micronutrient malnutrition and
biofortification: recent advances and future perspectives. Academic 2018:225-43.

Webmed. 2021. Health benefits of finger millet, 2021. https://www.webmd.com/diet/health-benefits-finger-millet#1

Y Rani S, P Jamuma, U Triveni and TSSK Patro. 2022. Agronomic fortification in finger millet (Eleusine coracana) for
yield and quality improvement in red sandy loam soils. Indian Journal of Agricultural Sciences. 92 (2): 217-21

Yadava DK, PR Choudhury, F Hossain and D Kumar. 2017. Biofortified varieties: sustainable way to alleviate malnutrition.
Indian Council of Agricultural Research, New Delhi.

Yamunarani R, V Ramegowda, G Geetha, HG Jalendrakumar, M Udayakumar and AG Shankar. 2016. Effect of Zn
application on its uptake, distribution and concentration of Fe and Cu in finger millet [Eleusine coracana (L.)
Gaertn.]. Journal of Plant Nutrition. 39(4): 569-580.

Zou CQ, YQ Zhang, A Rashid, H Ram, E Savasli, RZ Arisoy, | Ortiz-Monasterio, S Simunji, ZH Wang , V Sohu and MU
Hassan. 2012. Biofortification of wheat with zinc through zinc fertilization in seven countries. Plant and soil.
361:119-30.

249



