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Abstract 
Pearl millet is a nutritious cereal crop that has the potential to alleviate hidden hunger, a global issue 

affecting over 3 billion people due to micronutrient deficiencies, particularly iron (Fe) and zinc (Zn). 

Biofortification, a process of enhancing the nutritional content of staple crops, is a viable solution to 

address hidden hunger. Pearl millet is an ideal candidate for biofortification due to its superior and 

balanced nutritional profile compared to other cereals. Conventional breeding relies on germplasm 

screening, selection, cross-breeding, recurrent selection, and hybrid breeding to develop improved varieties 

with higher mineral concentrations. Phenotyping techniques such as Atomic Absorption Spectrometry 

(AAS), Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), Near-infrared reflectance 

spectroscopy (NIRS), and Energy-dispersive X-ray fluorescence (ED-XRF) have been used to assess grain 

mineral content. Genetic studies have revealed significant variability for grain Fe and Zn contents in pearl 

millet, with additive genetic variance and high heritability, indicating the effectiveness of simple selection 

for these micronutrients. However, some studies have reported non-additive genetic control and the 

influence of genotype by environment interactions on grain mineral content. Multi-location trials have been 

conducted to assess the stability of Fe and Zn contents across different environments. By introducing genes 

through genetic engineering that enhance mineral uptake and bioavailability, researchers can boost the 

levels of essential nutrients like iron and zinc in the grain. Key tools such as molecular markers (AFLP, 

SSR, SNP) and high-throughput genotyping platforms (ddRAD, GBS) have enabled the identification of 

genetic variations associated with these traits. The development of biofortified pearl millet varieties 

through conventional breeding and advanced approaches holds great promise in combating hidden hunger 

and improving the nutritional status of populations in Africa, Asia, and Latin America. 

 

Keywords: Hidden hunger, iron deficiency, zinc deficiency, biofortification, pearl millet, grain minerals, 

conventional breeding 

 

Introduction  

Hidden hunger-the invisible appetite 

Unlike macronutrients, which are required in larger amounts for growth and development, 

micronutrients are needed in trace amounts but are crucial for a variety of physiological 

functions (Gush et al., 2021) [18]. Although they are only required in small quantities, 

micronutrients are essential for optimal health and the prevention of deficiency-related disorders. 

Their roles extend beyond basic physiological processes, affecting immune function, cognitive 

development, and overall well-being. Vitamins and minerals, for example, contribute to cytokine 

production, regulate gene expression, and act as coenzymes in metabolic pathways that are vital 

for immune system maintenance (Ju, 2021; Shetty, 2010) [22, 54]. The term "hidden hunger" refers 

to the subtle but significant impact of micronutrient deficiencies that may occur even when 

caloric intake is adequate. These deficiencies do not cause obvious symptoms of hunger but 

result in various adverse health effects similar to those caused by a lack of macronutrients. For 

this reason, such deficiencies are described as hidden hunger (Harding et al., 2018) [19]. 
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Global prevalence and impact 

More than 3 billion people globally are affected by the "hidden 

hunger," a situation particularly prevalent in regions such as 

Africa, Asia, and Latin America. This phenomenon refers to 

deficiencies in essential vitamins and minerals, known as 

micronutrients, which are critical for maintaining optimal health. 

Among these, deficiencies of iron (Fe) and zinc (Zn) are the 

most widespread, impacting over two billion individuals 

worldwide, with women and preschool children being the most 

vulnerable groups (Harding et al., 2018, Kramer and Allen, 

2015) [19, 28]. The prevalence of hidden hunger is particularly 

acute in regions like sub-Saharan Africa and South Asia. Despite 

some progress in economic growth and agricultural output, these 

areas continue to struggle with high rates of micronutrient 

deficiencies. For instance, in South Asia, a significant portion of 

the population remains reliant on low-cost, energy-dense foods 

that are often lacking in essential nutrients (Saha et al., 2021) 
[50]. The recent COVID-19 pandemic, combined with the 

escalating climate crises and ongoing conflicts, has significantly 

worsened malnutrition in all its forms, particularly in low- and 

middle-income countries (Bloem and Farris, 2022) [3]. 

 

Recommended dietary allowance 

The Recommended Dietary Allowance (RDA) for iron varies 

based on age, gender, and physiological status to ensure 

adequate intake for the majority of individuals in each group. 

For adult men aged 19 to 50 years, the RDA is set at 8 mg per 

day, reflecting their relatively stable iron requirements. 

However, for adult women in the same age range, the RDA is 

significantly higher at 18 mg per day, accounting for the 

substantial iron losses that occur during menstruation. Pregnant 

women have the highest RDA at 27 mg per day, recognizing the 

increased demands for iron to support fetal growth and 

development, as well as the expansion of maternal red blood cell 

mass (Rana et al., 2020) [48]. These gender- and condition-

specific recommendations are crucial for preventing iron 

deficiency and its associated health consequences, such as 

anemia, fatigue, and impaired cognitive function. It is estimated 

that 39.8% of anemia in children and 29.9% of anemia in 

women of reproductive age is caused by iron deficiency (WHO, 

2021) [65].  

Zinc is an essential mineral that plays a critical role in various 

physiological functions, including immune response, protein 

synthesis, DNA synthesis, and cell division (Mcclung and 

Scrimgeour, 2005) [38]. 

It is especially important for growth and development during 

pregnancy, infancy, and childhood. The Recommended Dietary 

Allowance (RDA) for adults aged 19 years and older, the RDA 

is 11 mg per day for men and 8 mg per day for women. During 

pregnancy and lactation, the RDA increases to 11 mg and 12 mg 

per day, respectively, to support fetal development and milk 

production (Rana et al., 2020) [48]. Over 17% of the global 

population are at risk of inadequate zinc intake. Zinc deficiency 

is also the leading cause of stunting, which affects 22% of 

people globally and more 33% in Africa and in Southeast Asia 

(Khan et al., 2022) [26]. Zinc deficiency is the cause of stunting, 

loss of appetite, lowered immunity, increased risk of diarrheal 

and respiratory diseases. 

 

Possible ways for alleviating hidden hunger 

Hidden hunger not only affects a significant portion of the 

global population but also has far-reaching consequences on 

public health and economic productivity (Bouis, 2018) [4]. The 

prevalence of iron and zinc deficiencies highlights the need for 

targeted interventions, such as food fortification and 

biofortification programs, to address these nutritional gaps. 

Understanding the specific dietary requirements for different 

population groups, as illustrated by the varying Recommended 

Dietary Allowances for iron and zinc, is crucial in developing 

effective strategies to combat micronutrient deficiencies. 

 

Food fortification 
Enhancing staple foods with essential vitamins and minerals can 

significantly reduce deficiencies. Fortification occurs during 

food processing and often results in higher product prices. As a 

result, these fortified products can become unaffordable for the 

most impoverished individuals living in remote rural areas. 

Further, collaboration between governments, food industries, 

and health organizations is essential to develop and implement 

effective food fortification strategies that can reach the most 

vulnerable populations (J Wimalawansa, 2013) [20]. 

 

Food supplementation 
Providing micronutrient supplements to vulnerable groups, 

especially pregnant women and young children, can effectively 

address deficiencies. As a short-term solution, supplementation 

involves distributing capsules, tablets, syrups, or mineral 

solutions for immediate intake to quickly alleviate acute mineral 

shortages. However, while effective in the short term, this 

approach is not sustainable for large populations and should be 

transitioned to food fortification as soon as possible (Thompson 

and Amoroso, 2010) [59]. 

 

Diet diversification 

Encouraging the consumption of a variety of foods to ensure a 

more balanced intake of nutrients. Additionally, the integration 

of underutilized crops as food-based fortifiers is suggested to 

leverage their nutritional, ecological, and fiscal benefits (Kaur et 

al., 2022) [25]. Dietary diversification is constrained by resource 

availability for poor households, seasonal availability of fruits 

and vegetables and limited land availability for growing diverse 

foods.  

 

Biofortification 
Howarth Bouis, a recipient in 2016 of the World Food Prize, 
pioneered the concept of biofortification in the early 1990s and 
founded HarvestPlus in 2003. Staple crop biofortification is a 
practical, viable, proven, demand-led response to hidden 
hunger—particularly among the hundreds of millions of 
smallholder farming families who cannot afford nutritionally 
diverse diets, and are also not easily reached by food 
fortification or supplementation initiatives. - (Stein et al., 2007). 
Additionally, biofortification offers a practical approach to 
improving nutrition for malnourished rural communities, 
especially those with limited access to commercially available 
fortified foods and dietary supplements (Bouis, 2018) [4]. 

 

Pearl millet-an ideal candidate for biofortification 

Localization of grain nutrients 

In pearl millet grains, minerals are distributed unevenly across 

different grain tissues, as illustrated by Minnis-Ndimba et al. 

(2015) [40]. Using micro-proton-induced X-ray emission (micro-

PIXE), they mapped the mineral distribution in the grain tissue 

of two pearl millet cultivars. The germ, which includes the 

scutellum and embryo, and the outer layers of the grain, such as 

the pericarp and aleurone, are the primary sites where minerals 

are concentrated. Within the germ, phosphorus (P) and 

potassium (K) are predominantly stored in the scutellum, while 

calcium (Ca), manganese (Mn), and zinc (Zn) are mainly found 
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in the embryo. Iron (Fe) has a distinctive pattern, being 

concentrated at the dorsal end of the scutellum and showing high 

levels in the outer grain layers. The endosperm, which 

constitutes most of the grain, has relatively lower concentrations 

of these minerals (Ndolo and Beta, 2013) [42]. Additionally, the 

hilar region plays a crucial role in mineral accumulation, 

particularly for sulphur (S), Ca, Mn, Fe, and Zn, potentially 

serving as a defense mechanism against infection or damage. 

This diverse mineral distribution across different grain parts 

significantly influences the nutritional content and defense 

mechanisms of pearl millet. Notably, calcium is mainly located 

in the pericarp, while iron (Fe²⁺) is dispersed throughout the 

pericarp and aleurone layer, and zinc is primarily concentrated 

in the germ (Minnis-Ndimba et al., 2015; Ndolo and Beta, 2013) 

[40, 49, 42]. 

 

 
 

Fig 1: localization and distribution of minerals within pearl millet grain 

 

Nutritional profile of pearl millet grain 

Pearl millet is highly nutritious, providing an excellent source of 

energy, carbohydrates, and proteins. It is rich in crude fibers, 

including resistant starch, soluble and insoluble dietary fibers, 

and contains both soluble and insoluble fats with better fat 

digestibility compared to other major cereals. Additionally, pearl 

millet is a good source of dietary fiber, antioxidants, iron, and 

zinc (Satyavathi et al., 2021) [51]. It also offers a variety of 

vitamins, such as riboflavin, niacin, and thiamine, and is 

abundant in minerals like potassium, phosphorus, magnesium, 

iron, zinc, copper, and manganese (Malleshi et al., 2021) [37]. 

Pearl millet (Pennisetum glaucum) is recognized for its rich 

mineral content, making it a valuable addition to diets, 

particularly in regions prone to micronutrient deficiencies. 

According to the National Institute of Nutrition, India, pearl 

millet contains significant amounts of essential minerals, 

including iron (8.0 mg/100 g), zinc (3.1 mg/100 g), calcium (42 

mg/100 g), magnesium (137 mg/100 g), and phosphorus (296 

mg/100 g). These minerals contribute to the overall nutritional 

profile of pearl millet, which is also high in dietary fiber and 

protein. However, the bioavailability of these minerals can be 

affected by the presence of phytates and other inhibitory factors, 

which may limit their absorption in the body (Krishnan and 

Meera, 2018) [29]. Despite these challenges, pearl millet remains 

a promising source of essential nutrients, particularly for 

populations in developing countries where it serves as a staple 

food. 

Table 1: Comparison of nutritional composition of pearl millet, rice, 

wheat and sorghum (per 100 grams of grain) 
 

Nutrient Pearl millet Rice Wheat Sorghum 

Carbohydrates (g) 61.8 78.2 64.7 67.7 

Protein (g) 10.9 7.9 10.6 9.9 

Fat (g) 5.43 0.52 1.47 1.73 

Energy (Kcal) 347 356 321 334 

Dietary Fiber (g) 11.5 2.8 11.2 10.2 

Calcium (mg) 27.4 7.5 39.4 27.6 

Phosphorus (mg) 289 96 315 274 

Magnesium (mg) 124 19 125 133 

Zinc (mg) 2.7 1.2 2.8 1.9 

Iron (mg) 6.4 0.6 3.9 3.9 

Thiamine (mg) 0.25 0.05 0.46 0.35 

Riboflavin (mg) 0.20 0.05 0.15 0.14 

Niacin (mg) 0.9 1.7 2.7 2.1 

Folic Acid (µg) 36.1 9.32 30.1 39.4 

Source: NIN, 2018 
 

Approaches for biofortification 

The mineral content of pearl millet can be enhanced through 

biofortification strategies, including conventional breeding 

techniques and genetic engineering approaches (Vinoth and 

Ravindhran, 2019) [63]. These efforts aim to develop pearl millet 

varieties with increased concentrations of essential minerals, 

particularly iron and zinc, to address micronutrient deficiencies 

in populations relying on this staple crop. Additionally, 

agronomic practices such as soil management and fertilization 

can be optimized to improve the mineral content and 

bioavailability in pearl millet grains. 
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Fig 2: Various approaches for biofortification of crop plants (adopted from Sharma et al., 2017 

 

Conventional breeding 

Conventional breeding techniques for pearl millet 

biofortification have focused on germplasm screening to identify 

lines with high mineral content, followed by cross-breeding to 

develop improved varieties. This strategy can be further 

strengthened by leveraging diverse germplasm collections and 

advanced screening techniques to identify lines with superior 

nutrient profiles (Govindaraj et al., 2020) [15]. Breeding efforts 

can prioritize the development of pearl millet varieties with 

increased levels of zinc, iron, and other essential minerals while 

maintaining or improving agronomic performance and yield 

potential (Vinoth and Ravindhran, 2019) [63]. Recurrent selection 

methods have been utilized to incrementally enhance mineral 

content across multiple generations, while marker-assisted 

selection has enabled breeders to focus on specific genes linked 

to higher mineral uptake and accumulation. Furthermore, 

exploiting heterosis through hybrid breeding has shown promise 

for creating pearl millet varieties with improved nutritional 

profiles (Govindaraj et al., 2022) [11]. 

 

Phenotyping of grain minerals 

Phenotyping grain minerals is crucial for evaluating 

micronutrient content in pearl millet, with various seed types—

such as selfed, sibbed, and open-pollinated seeds—being 

suitable for this analysis. Among these, open-pollinated seed 

sampling is considered the most flexible for obtaining fast and 

accurate results (Rai et al., 2015) [45]. Several analytical methods 

are used to determine mineral content, including Atomic 

Absorption Spectrometry (AAS), Inductively Coupled Plasma 

Optical Emission Spectrometry (ICP-OES), Near Infrared 

Reflectance Spectroscopy (NIRS), and Energy-Dispersive X-ray 

Fluorescence (ED-XRF). Notably, there are highly significant 

and positive correlations between results obtained from ICP and 

XRF, with a correlation coefficient of r > 0.80** (p < 0.01) 

(Govindaraj et al., 2016) [13]. 

Energy-dispersive X-ray fluorescence (ED-XRF) technology 

was introduced to agriculture in India by the International Crops 

Research Institute for the Semi-Arid Tropics (ICRISAT) in 2011 

(Govindaraj et al., 2016) [13]. This advanced method is employed 

to measure essential minerals such as iron (Fe), zinc (Zn), 

calcium (Ca), and others in whole grain samples. At ICRISAT, a 

vast collection of 23,092 pearl millet accessions, including 

landraces, cultivars, genetic stocks, breeding lines, and wild 

relatives have been curated (Vinoth and Ravindhran, 2019) [63]. 

The use of ED-XRF has provided an opportunity for faster 

screening of these lines for micronutrient content, aiding in the 

development of biofortified varieties aimed at addressing 

malnutrition among populations that depend on pearl millet as a 

staple food (Govindaraj et al., 2016) [13]. 

 

Genetic variability for grain iron and zinc 

Recent studies on pearl millet have revealed significant genetic 

variability for iron (Fe) and zinc (Zn) content, key 

micronutrients targeted for biofortification (Kanatti et al., 2014; 

Pujar et al., 2020; Mahendrakar et al., 2019) [24, 44, 35]. As 

summarized in Table 2, Fe concentrations range from 23 to 154 

ppm, while Zn varies from 19 to 121 ppm across diverse genetic 

materials. This variability has been observed in various 

germplasm types, including inbred lines, commercial hybrids, 

open-pollinated varieties (OPVs), and mapping populations. 

Notably, the Iniari germplasm exhibited particularly high Fe 

(51-121 ppm) and Zn (46-87 ppm) levels (Rai et al., 2014) [46], 

suggesting its potential value in breeding programs. The 

extensive range of micronutrient concentrations found in 

different genetic materials, as reported by multiple studies from 

2008 to 2020, underscores the rich genetic diversity available for 
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biofortification efforts in pearl millet. This diversity provides a 

strong foundation for developing varieties with enhanced 

nutritional profiles to address micronutrient deficiencies in 

populations relying on this staple crop. 

 
Table 2: Comparison of genetic variability among different genetic materials for iron and zinc 

 

Genetic materials No. of genotypes Fe (ppm) Zn (ppm) References 

Iniari Germplasm 

Inbreds 

191 51-121 46-87 Rai et al., 2014 [46] 

45 34-102 34-84 Govindaraj et al., 2013 [14] 

28 30-82 27-56 Kanatti et al., 2014 [24] 

281 35-116 21-80 Pujar et al., 2020 [44] 

Commercial hybrids 
52 47-85 36-70 Velu et al., 2008 [61] 

120 46-56 37-44 Velu et al., 2008 [61] 

Populations (OPVs) 
68 42-80 27-50 Velu et al., 2008 [61] 

18 42-67 37-52 Velu et al., 2008 [61] 

Population progenies 
240 29-89 32-71 Govindaraj et al., 2016 [13] 

299 31-143 35-82 Govindaraj et al., 2019b [12] 

Mapping populations 
317 23-154 19-121 Mahendrakar et al., 2019 [35] 

106 28-124 29-120 Kumar et al., 2016 [33] 

 

Genetics of grain iron and zinc contents 

The genetics of grain iron and zinc contents is characterized by a 

combination of additive and non-additive genetic variances, 

which influence the effectiveness of selection for these 

micronutrients. Studies indicate that there is a higher magnitude 

of additive genetic variance with significant heritability, 

suggesting that simple selection methods can effectively 

enhance grain iron and zinc levels (Govindaraj et al., 2016) [13]. 

Furthermore, there are strong positive correlations between mid-

parental values and F1 performance, indicating that the traits can 

be reliably predicted from parental lines. Variability among 

hybrids is primarily attributed to general combining ability 

(GCA), which is 3-4 times greater than that attributable to 

specific combining ability (SCA) (Thribhuvan et al., 2023) [60]. 

This suggests that while there is some non-additive genetic 

control, the overall genetic influence on these micronutrients 

tends to be additive (Nandaniya et al., 2016; Jeeterwal et al., 

2017; Warrier et al., 2020, Thribhuvan et al., 2023) [41, 21, 64, 60]. 

Additionally, a positive and significant correlation exists 

between the per se performance of the parents for micronutrients 

and their GCA effects, reinforcing the importance of selecting 

high-performing parent lines. However, differences in reciprocal 

crosses were found to be non-significant, indicating that nuclear 

determinants may play a substantial role in influencing these 

traits (Kanatti et al., 2018) [23].  

 

Genotype by environment interaction 

The genetic contribution to grain iron and zinc content in cereals 

is notably high, often being double that of the genotype by 

environment (G × E) interaction, as reported by Govindaraj et 

al. (2016) [13]. Typically, G × E interactions account for only 10-

30% of the variation in these micronutrients, which is 

significantly less compared to their impact on grain yield. The 

complexity of soil micronutrient status may play a role in these 

environmental interactions, affecting the expression of these 

traits. However, studies involving multi-location trials and 

contrasting environments have not consistently demonstrated a 

strong correlation between grain micronutrient content and soil 

micronutrient availability above critical levels (Govindaraj et al., 

2013; Kanatti et al., 2014) [14, 24]. These results indicate that 

breeding for enhanced iron and zinc levels in grains is 

achievable across various environments, even when aiming for 

high grain yield. The dominance of genetic variance over G × E 

interaction underscores the potential for successful selection and 

improvement of grain micronutrient concentrations in cereal 

breeding programs (Kanatti et al., 2014) [24]. 

Correlations between micronutrient concentrations in pearl 

millet 

The relationship between grain iron (Fe) and zinc (Zn) content 

in cereals, particularly pearl millet and wheat, has been the focus 

of extensive research. Studies consistently report a strong 

positive correlation between these two micronutrients (Velu et 

al., 2011; Thribhuvan et al., 2023) [62, 60]. In pearl millet, the 

correlation between Fe and Zn content has ranged from 0.43 to 

0.97 in various studies (Velu et al., 2011; Govindaraj et al., 

2013; Kanatti et al., 2014) [62, 14, 24], indicating that similar 

mechanisms may govern the transport and chelation of both Fe 

and Zn in these crops. However, Fe and Zn contents often 

exhibit a negative and generally non-significant correlation with 

grain yield (Rai et al., 2016; Thribhuvan et al., 2023) [47, 60]. 

Despite this, some commercial hybrids in India, such as 86M86, 

XL51, and Ajeet 38, have shown that it is possible to achieve 

high grain yield while maintaining elevated Fe content (>50 mg 

kg−1 Fe) (Rai et al., 2016) [47]. These results are encouraging, 

suggesting that through targeted breeding, it is feasible to 

develop cultivars that combine high yield with enhanced 

micronutrient levels. 

 

Research on other grain minerals in pearl millet 

Based on the mineral composition data from Govindaraj et al. 

(2022) [11], a notable variability in mineral content was observed 

in pearl millet. Potassium (K) and phosphorus (P) were the most 

abundant minerals, with ranges of 340-725 mg/kg and 275-495 

mg/kg, respectively. Magnesium (Mg) showed significant 

presence at 94-189 mg/100g. Calcium (Ca) content varied 

widely from 4-40 mg/kg, while sodium (Na) ranged from 3-41 

mg/100g. Manganese (Mn) was present in smaller quantities, 

ranging from 7-23 mg/100g. The overall order of mineral 

abundance and variability was K > P > Mg > Ca > Fe > Zn > Na 

> Mn, highlighting the diverse nutritional profile of the studied 

sample. 

Research has shown that iron (Fe) and zinc (Zn) are positively 

and significantly correlated with calcium (Ca) and manganese 

(Mn), with correlation coefficients ranging from 0.26 to 0.61 for 

Ca and 0.24 to 0.50 for Mn (p < 0.05). Additionally, high 

estimates of heritability greater than 0.81 have been observed for 

these micronutrients, as well as for phosphorus (P), 

molybdenum (Mo), and magnesium (Mg). The lower magnitude 

of genotype by environment (G × E) interaction indicates a 

strong genetic control over most grain minerals, suggesting that 

breeding programs can effectively enhance these micronutrient 

levels through selection strategies (Govindaraj et al., 2022) [11]. 
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This strong genetic influence highlights the potential for 

developing cultivars with improved mineral content, which is 

essential for addressing micronutrient deficiencies in 

populations reliant on staple grains. 

 

Population improvement for grain mineral enhancement 

Selecting individual plant progenies is an effective method for 

enhancing both iron (Fe) and zinc (Zn) content within a 

population, like how it is used for grain yield improvement. For 

both inter- and intra-population enhancement, research has 

shown that one cycle of selective random mating can increase 

grain Fe and Zn content, as well as 1000-grain weight, in C1 

compared to C0 bulks (Govindaraj, 2011) [10]. An example of 

this is the population ICTP8203-10-2, which was developed by 

recombining 11S3 progenies (an intra-population improvement 

method) and showed an Fe content of 71 mg kg−1, which is a 

9% increase over the original population, along with a grain 

yield of 2.2 t ha−1, which is an 11% improvement. After 

national testing, this population was released as 'Dhanashakti,' 

making it the first publicly available biofortified crop variety for 

Fe in India. Additionally, reciprocal recurrent selection can be 

utilized to exploit both additive and non-additive genetic 

variance components (Thribhuvan et al., 2023) [60]. 

 

Hybrid breeding for biofortification of iron and zinc 

While the potential to exploit better parental heterosis for 

increasing grain iron (Fe) and zinc (Zn) content in pearl millet is 

currently limited, there are still opportunities for enhancement 

through mi parental heterosis (Nandaniya et al., 2016; Jeeterwal 

et al., 2017; Warrier et al., 2020; Thribhuvan et al., 2023) [41, 21, 

64, 60]. To progressively enhance mid-parental heterosis in 

hybrids, it is crucial to incorporate genes for these 

micronutrients into both parental lines. Unlike grain yield, the 

performance of lines for Fe and Zn content shows a significant 

positive correlation with general combining ability (GCA), 

suggesting that selecting parents with high Fe and Zn content 

will also identify good combiners for these traits (Kanatti et al., 

2014; Thribhuvan et al., 2023) [24, 60]. The variability in 

micronutrient content among inbred lines depends on factors 

such as the base population (whether F2s, open-pollinated 

varieties, or composites) and the degree and direction of 

inbreeding effects. Research has shown that inbreeding typically 

has no significant impact or causes a slight increase in Fe and Zn 

content. Unlike the low heritability and inbreeding depression 

seen with grain yield, the high heritability of micronutrient 

content allows for more straightforward improvements through 

breeding. However, incorporating micronutrient genes into both 

parents might reduce genetic diversity for other important traits, 

potentially decreasing heterosis for yield traits, which are mainly 

controlled by non-additive gene effects (Thribhuvan et al., 2023) 

[60]. Therefore, using genomic approaches to selectively 

introduce Fe and Zn content genes into parental lines while 

preserving genetic diversity for other traits could be crucial for 

future biofortification breeding. Additionally, new sources of Fe 

and Zn from germplasm collections are being investigated at 

ICRISAT to broaden the genetic base. ICRISAT, in 

collaboration with National Agricultural Research Systems 

(NARS), has developed several biofortified seed and restorer 

lines with superior agronomic performance across various 

cytoplasmic backgrounds. For example, the hybrid ICMH 1201, 

which is high in Fe (75 ppm), is marketed as Shakti 1201 in 

Maharashtra and Rajasthan. Other biofortified hybrids, including 

AHB 1200 Fe (ICMH 1202), HHB 299 (ICMH 1203), HHB 

311, RHB 233, RHB 234, and Phule Maha Shakti (ICMH 1301), 

have been released nationally in India (Lakshmi et al., 2022). 

 

Genetic engineering 

Conventional breeding techniques for biofortification of pearl 

millet can be complemented by genetic engineering approaches, 

which offer the potential for more targeted and efficient mineral 

enhancement. These genetic engineering strategies may involve 

the introduction of genes that increase mineral uptake, improve 

translocation to edible tissues, or enhance mineral bioavailability 

(Grusak, 2002) [17]. Genetic engineering techniques can be used 

to target specific pathways involved in mineral accumulation, 

such as overexpressing genes for metal transporters or enzymes 

involved in phytate degradation (King, 2002) [27]. These 

approaches could potentially lead to faster development of 

biofortified pearl millet varieties with enhanced nutritional value 

compared to traditional breeding methods alone. Additionally, 

genetic engineering may allow for the simultaneous 

improvement of multiple nutritional traits in pearl millet, 

addressing various micronutrient deficiencies in a single crop 

variety. However, the implementation of genetic engineering 

approaches in pearl millet biofortification faces challenges such 

as regulatory hurdles, public acceptance, and the need for 

extensive safety testing (Grusak, 2002) [17]. 

 

Molecular breeding for nutritional enhancement 

Molecular markers and mapping 

DNA markers have been essential in identifying genetic 

polymorphism and developing linkage maps in pearl millet. 

AFLP markers, for example, have been effectively used to 

evaluate genetic diversity within pearl millet germplasm (Devos 

et al., 1995) [7]. SSR markers have also proven to be highly 

valuable, especially EST-SSRs, which are often preferred for 

linkage and association mapping due to their high transferability 

across related plant species (Srivastava et al., 2020) [55]. These 

markers have played a key role in anchoring comprehensive 

molecular linkage maps that are densely populated with DArT 

markers (Supriya et al., 2011) [58]. Moreover, thousands of 

functional SSRs have been developed to support pearl millet 

genetics and breeding, along with other marker systems such as 

SSCP-SNP, DArT, CISP, and SNP markers (Supriya et al., 

2011; Kumar et al., 2016) [58, 33]. The development and 

availability of these various marker resources have greatly 

enhanced genetic research and breeding efforts in pearl millet. 

Linkage maps play a crucial role in pearl millet research and 

breeding. Initial mapping efforts utilized restriction fragment 

length polymorphism (RFLP) markers to develop a map with 

over 180 loci spanning approximately 350 cM, which was later 

extended to 600 cM through the incorporation of amplified 

fragment length polymorphism (AFLP) markers (Govindaraj et 

al., 2019a) [16]. Recent advancements have introduced simple 

sequence repeat (SSR) markers, which are compatible with PCR 

and facilitate multiplexed genotype analysis (Govindaraj et al., 

2019a) [16]. These refined linkage maps have significantly 

contributed to quantitative trait locus (QTL) mapping, enabling 

the identification of genes linked to key traits. To enhance 

genetic studies in pearl millet, various forward genetic resources 

have been developed, such as bi-parental mapping populations 

created from a wide range of germplasm and association 

mapping panels like the Pearl Millet Inbred Germplasm 

Association Panel (PMIGAP). Additionally, reverse genetic 

resources, including TILLING (Targeting Induced Local 

Lesions in Genomes) populations, are being established at 

ICRISAT within the genetic background of the global reference 

germplasm Tift 23D2B1-P1-P5, aimed at functional genomics 
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research for traits such as iron (Fe) and zinc (Zn) content 

(Govindaraj et al., 2022) [11]. The combination of these genetic 

resources with an expanding array of molecular markers offers a 

robust foundation for advancing pearl millet genetics and 

breeding efforts focused on mineral enrichment. 

 
Table 3: QTLs and marker trait associations for grain Fe (GFeC) and Zn (GZnC) content 

 

Plant 

Material/Population 
Objective 

Markers 

Used 

Number of Identified 

QTLs/Genes/MTAs 

Associated Markers/Candidate 

Genes 
References 

210 F6 recombinant 

inbred lines (RILs) from 

the cross between PPMI 

683 and PPMI 627 

Identify QTLs 

linked to grain iron 

and zinc content 

151 SSR 

markers 

14 QTLs for grain iron content 

(GFeC) and 8 for grain zinc 

content (GZnC); 2 QTLs co-

localized on LG2 and LG3 

5 candidate genes: Ferritin, Al3+ 

Transporter, K+ Transporters, Zn2+ 

Transporters, Mg2+ Transporters 

Singhal et 

al., 2021 [54] 

Contrast parents from the 

RIL population: AIMP 

92,901 and ICMS 8511 

Validate and 

identify candidate 

genes affecting 

GFeC and GZnC 

N/A 

5 candidate genes: PglFER1, 

PglZIP2, PglZIP4, PglNramp5, 

and PglZIP9 involved in GFeC 

and GZnC 

PglFER1 (Ferritin-like gene for Fe), 

PglZIP and PglNRAMP (for Fe and Zn) 

Mahendrakar 

et al., 2020 
[36] 

317 F6 RILs derived from 

the cross ICMS 8511-S1-

17-2-1-1-B-P03 × AIMP 

92901-S1-183-2-2-B-08 

Map QTLs 

associated with 

GFeC and GZnC 

in a pearl millet 

population 

196 

markers 

(177 

DArTs and 

19 SSRs) 

11 QTLs for GFeC and 8 for 

GZnC; 3 QTLs co-localized for 

both traits on LG1 and LG7 

Fe-Zn: pgpb10531- pgpb9130; Fe: 

pgpb8427- pgpb13221, pgpb11938- 

pgpb8987; Zn: Xipes198- pgpb8427, 

pgpb12329- pgpb9721 

Kumar et al., 

2018 [32] 

Panel of 130 diverse lines 

(including B-, R-, and 

advanced breeding lines) 

Conduct genome-

wide association 

mapping for Fe 

and Zn content 

267 

markers 

(250 SSRs 

and 17 

genic 

markers) 

Identified SSRs associated with Fe 

and Zn content on LG3, LG5, and 

LG7 

Xipes 0810 (aspartic proteinase gene), 

Xpsmp 2261 (intergenic region), Xipes 

0096 

Anuradha et 

al., 2017 [1] 

 

High throughput genotyping platforms 

High-throughput genotyping platforms have revolutionized 

genetic research and breeding by enabling rapid and cost-

effective identification and analysis of genomic variations 

(Srivastava et al., 2022) [56]. These platforms employ various 

sequencing-based approaches to assay large numbers of genetic 

markers across many samples simultaneously. Some of the most 

widely used techniques include double digest restriction-

associated DNA sequencing (ddRAD), genotyping-by-

sequencing (GBS), tunable GBS (tGBS), DArT-seq, and RNase 

H2 enzyme-dependent amplicon sequencing (rhAmpSeq) 

(Srivastava et al., 2022) [56]. These methods leverage the power 

of next-generation sequencing to generate high-density marker 

data, facilitating applications such as high-resolution linkage 

mapping, genome-wide association studies for trait-marker 

associations, identification of candidate genes underlying 

important agronomic traits, and genomic selection for 

accelerated genetic gain in breeding programs (Çilingir et al., 

2021; Ott et al., 2017) [5, 43]. The circa 1,000 genomes re-

sequencing project has provided valuable reference genomes for 

many crop species, enabling more accurate identification and 

genotyping of genetic variants using these high-throughput 

platforms (Kumagai et al., 2018) [30]. The availability of these 

flexible, high-throughput genotyping tools has significantly 

advanced our understanding of crop genomes and accelerated 

the pace of crop improvement efforts worldwide. 

 

Recent developments 

Recent developments in pearl millet research have focused on 

various genomic approaches to enhance the understanding and 

improvement of iron (Fe) and zinc (Zn) contents. Genome-wide 

association studies (GWAS) have emerged as a powerful tool for 

identifying genetic markers associated with these micronutrients, 

leveraging the availability of extensive genomic resources 

(Mahendrakar et al., 2019; Srivastava et al., 2022) [35, 56]. 

Additionally, while transcriptomics and metabolomics have seen 

very limited applications in this field, they hold potential for 

future research (Mahendrakar et al., 2019) [35]. Currently, 

genomic selection and genetic engineering have not yet been 

explored in depth for pearl millet. Noteworthy advancements 

include stage-specific comparative transcriptomic analyses that 

reveal gene networks regulating Fe and Zn content in pearl 

millet (Satyavathi et al., 2022) [52] and the identification of iron 

and zinc-responsive genes through a genome-wide RNA-

sequencing approach (Goud et al., 2022) [9]. These studies 

highlight the importance of integrating genomic technologies to 

improve the nutritional quality of pearl millet, addressing 

malnutrition in vulnerable populations. 

 

End use quality 

End-use quality is crucial for the acceptability of a cultivar by 

both farmers and consumers, as it directly impacts the nutritional 

and functional properties of the grain. The presence of certain 

metabolites, such as phytic acid, polyphenols, and fibers, can 

affect the bioavailability of essential minerals like iron and zinc 

(Kumar et al., 2022) [31]. Various processing methods can 

enhance or reduce the concentration and bioavailability of these 

micronutrients (Meena et al., 2024) [39]. Therefore, it is essential 

to consider end-use quality traits, including protein content, 

grain hardness, and baking properties. Research has shown that 

processing treatments such as germination, autoclaving, and 

debranning can effectively reduce levels of phytate, which is 

known to inhibit mineral absorption (S et al., 2024) [49]. 

However, some processing methods may lead to a decrease in 

iron levels; for instance, soaking grains can result in a 25% loss 

of iron. Understanding these factors is vital for developing pearl 

millet cultivars that not only meet agronomic needs but also 

provide optimal nutritional benefits to consumers. 

 

Mainstreaming biofortification 

Mainstreaming biofortification is essential for improving the 

nutritional quality of pearl millet, which can provide up to 80% 

of daily iron and 100% of daily zinc requirements. In a 

groundbreaking initiative, In India, the Indian Council of 

Agricultural Research (ICAR) endorsed minimum standards for 

iron (42 ppm) and zinc (32 ppm) in pearl millet cultivar release 
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policies starting in 2018 (Govindaraj et al., 2019b) [12]. This 

endorsement is a significant step towards mainstreaming these 

vital micronutrient traits in the breeding and cultivation of pearl 

millet. By establishing these standards, ICAR aims to ensure that 

new varieties not only meet agronomic needs but also contribute 

to addressing micronutrient deficiencies in populations that rely 

on pearl millet as a staple food. This approach highlights the 

importance of integrating nutritional quality into crop 

improvement programs, ultimately enhancing food security and 

health outcomes for communities dependent on this resilient 

cereal crop. 

 

Conclusion 
Biofortification of pearl millet is a highly effective and 

sustainable solution to address malnutrition by enhancing its 

mineral content. Advances in genetic technologies and a deeper 

understanding of nutrient pathways support this approach. 

Collaborative efforts from public and private sectors are 

essential to promote and expand the market for biofortified pearl 

millet, ensuring its benefits reach a global audience and 

contribute to improved nutritional outcomes. 

 

References 

1. Anuradha N, Satyavathi CT, Bharadwaj C, Nepolean T, 

Sankar SM, Singh SP, et al. Deciphering genomic regions 

for high grain iron and zinc content using association 

mapping in pearl millet. Frontiers in Plant Science. 

2017;8:412. https://doi.org/10.3389/fpls.2017.00412 

2. Bentley AR, Chen C, D’Agostino N. Genome wide 

association studies and genomic selection for crop 

improvement in the era of Big Data. Frontiers in Genetics. 

2022;13:1299. https://doi.org/10.3389/fgene.2022.873060 

3. Bloem JR, Farris J. The COVID-19 pandemic and food 

security in low- and middle-income countries: a review. 

Agriculture and Food Security. 2022;11(1). 

https://doi.org/10.1186/s40066-022-00391-4 

4. Bouis H. Reducing mineral and vitamin deficiencies 

through biofortification: Progress under HarvestPlus. World 

Review of Nutrition and Dietetics. 2018;118:112-122. 

https://doi.org/10.1159/000484342 

5. Çilingir FG, Grossen C, Ozgul A, Hansen D. Design of SNP 

markers for Aldabra giant tortoises using ddRAD-seq. 

Research Square. 2021. https://doi.org/10.21203/rs.3.rs-

498085/v1 

6. Datir RP, Adil S, Sahare AS. Pearl millet: boon in mineral 

deficiency: A review. Agricultural Reviews. 

2018;39(4):327-332. 

7. Devos KM, Pittaway TS, Reynolds A, Gale MD. 

Comparative mapping reveals a complex relationship 

between the pearl millet genome and those of foxtail millet 

and rice. Theoretical and Applied Genetics. 

2000;100(1):190-198. 

8. Duggal M, Sesikeran B, Arlappa N, Nair S, Sabharwal V, 

Shekhar V. Large-scale staple food fortification as a 

complementary strategy to address vitamin and mineral 

vulnerabilities in India: A critical review. Indian Journal of 

Public Health. 2022;66(3):313.  

https://doi.org/10.4103/ijph.ijph_708_22 

9. Goud CA, Satturu V, Malipatil R, Viswanath A, 

Semalaiyappan J, Kudapa H, Thirunavukkarasu N. 

Identification of iron and zinc responsive genes in pearl 

millet using genome-wide RNA-sequencing approach. 

10. Govindaraj M. Genetics of grain iron and zinc concentration 

in pearl millet (Pennisetum glaucum (L.) R. Br.) [Doctoral 

dissertation]. Tamil Nadu Agricultural University; 2011. 

11. Govindaraj M, Kanatti A, Shivade H, Pfeiffer WH, Rai KN. 

Association of grain iron and zinc content with other 

nutrients in pearl millet germplasm, breeding lines, and 

hybrids. Frontiers in Nutrition. 2022;8:746625. 

https://doi.org/10.3389/fnut.2021.746625 

12. Govindaraj M, Rai KN, Cherian B, Pfeiffer WH, Kanatti A, 

Shivade H. Breeding biofortified pearl millet varieties and 

hybrids to enhance millet markets for human nutrition. 

Agriculture. 2019;9(5):106. 

13. Govindaraj M, Rai KN, Pfeiffer WH, Kanatti A, Shivade H. 

Energy-dispersive X-ray fluorescence spectrometry for cost-

effective and rapid screening of pearl millet germplasm and 

breeding lines for grain iron and zinc density. 

Communications in Soil Science and Plant Analysis. 

2016;47(18):2126-2134. 

14. Govindaraj M, Rai KN, Shanmugasundaram P, Dwivedi 

SL, Sahrawat KL, Muthaiah AR, Rao AS. Combining 

ability and heterosis for grain iron and zinc densities in 

pearl millet. Crop Science. 2013;53(2):507-517. 

15. Govindaraj M, Rao AS, Rai KN, Kanatti A, Shivade H, 

Upadhyaya HD. Exploring the genetic variability and 

diversity of pearl millet core collection germplasm for grain 

nutritional traits improvement. Scientific Reports. 

2020;10(1):77818. https://doi.org/10.1038/s41598-020-

77818-0 

16. Govindaraj M, Yadav OP, Srivastava RK, Gupta SK. 

Conventional and molecular breeding approaches for 

biofortification of pearl millet. In: Kole C, Muthamilarasan 

M, editors. Quality breeding in field crops. New York: 

Springer; 2019a. p. 85-107. 

17. Grusak MA. Enhancing mineral content in plant food 

products. Journal of the American College of Nutrition. 

2002;21(sup3):178S-183S. 

https://doi.org/10.1080/07315724.2002.10719263 

18. Gush L, Shah S, Gilani F. Macronutrients and 

micronutrients. In: Ezeh B, editor. A prescription for 

healthy living. New York: Academic Press; 2021. p. 255-

273. 

19. Harding KL, Aguayo VM, Webb P. Hidden hunger in South 

Asia: a review of recent trends and persistent challenges. 

Public Health Nutrition. 2018;21(4):785-795. 

20. Wimalawansa SJ. Food fortification programs to alleviate 

micronutrient deficiencies. Journal of Food Processing and 

Technology. 2013;4(8):257. https://doi.org/10.4172/2157-

7110.1000257 

21. Jeeterwal RC, Sharma LD, Anju N. Combining ability 

studies through diallel analysis in pearl millet (Pennisetum 

glaucum (L.) R. Br.) under varying environmental 

conditions. Journal of Pharmacognosy and Phytochemistry. 

2017;6(4):1083-1088. 

22. Ju S. The role of micronutrients in improving immune 

function. Korean Institute for Functional Medicine. 

2021;4(2):12-22. https://doi.org/10.32581/jkifm.2021.4.2.12 

23. Kanatti A, Govindaraj M, Rai KN, Rao AS. Maternal effect 

on grain iron and zinc densities in pearl millet; 2018. 

24. Kanatti A, Rai KN, Radhika K, Govindaraj M, Sahrawat 

KL, Rao AS. Grain iron and zinc density in pearl millet: 

combining ability, heterosis and association with grain yield 

and grain size. SpringerPlus. 2014;3:1-12. 

25. Kaur N, Agarwal A, Sabharwal M. Food fortification 

strategies to deliver nutrients for the management of iron 

deficiency anaemia. Current Research in Food Science. 

2022;5:2094-2107. 

https://www.agronomyjournals.com/


International Journal of Research in Agronomy  https://www.agronomyjournals.com  

~ 465 ~ 

https://doi.org/10.1016/j.crfs.2022.10.020 

26. Khan DSA, Das JK, Zareen S, Lassi ZS, Salman A, Raashid 

M, Bhutta ZA. Nutritional status and dietary intake of 

school-age children and early adolescents: systematic 

review in a developing country and lessons for the global 

perspective. Frontiers in Nutrition. 2022;8:739447. 

27. King JC. Biotechnology: a solution for improving nutrient 

bioavailability. International Journal for Vitamin and 

Nutrition Research. 2002;72(1):7-12. 

https://doi.org/10.1024/0300-9831.72.1.7 

28. Kramer CV, Allen S. Malnutrition in developing countries. 

Paediatrics and Child Health. 2015;25(9):422-427. 

29. Krishnan R, Meera MS. Pearl millet minerals: effect of 

processing on bioaccessibility. Journal of Food Science and 

Technology. 2018;55:3362-3372. 

30. Kumagai M, Ohyanagi H, Hsing Y-I C, Tanaka T, Itoh T. 

Genome sequences of Oryza species. New York: Springer 

Singapore; 2018. p. 1-20. https://doi.org/10.1007/978-981-

10-7461-5_1 

31. Kumar RR, Singh SP, Rai GK, Krishnan V, Berwal MK, 

Goswami S, T V, Mishra GP, Satyavathi CT, Singh B, 

Praveen S. Iron and zinc at a cross-road: A trade-off 

between micronutrients and anti-nutritional factors in pearl 

millet flour for enhancing the bioavailability. Journal of 

Food Composition and Analysis. 2022;111:104591. 

doi:10.1016/j.jfca.2022.104591. 

32. Kumar S, Hash CT, Nepolean T, Mahendrakar MD, 

Satyavathi CT, Singh G, Srivastava RK. Mapping grain iron 

and zinc content quantitative trait loci in an iniadi-derived 

immortal population of pearl millet. Genes. 2018;9(5):248. 

33. Kumar S, Hash CT, Thirunavukkarasu N, Singh G, Rajaram 

V, Rathore A, Srivastava RK. Mapping quantitative trait 

loci controlling high iron and zinc content in self and open 

pollinated grains of pearl millet (Pennisetum glaucum (L.) 

R. Br.). Frontiers in Plant Science. 2016;7:1636. 

34. Lakshmi E, Kumar MD, Sawargaonkar GL, Naik AHK, 

Dhananjaya BC. Zinc and iron biofortification in pearl 

millet cultivars as influenced by different fertifortification 

strategies in semi-arid tropics. Journal of Plant Nutrition. 

2022;46(4):589-599. doi:10.1080/01904167.2022.2067052. 

35. Mahendrakar MD, Kumar S, Singh RB, Rathore A, 

Potupureddi G, Kishor PK, Srivastava RK. Genetic 

variability, genotype × environment interaction and 

correlation analysis for grain iron and zinc contents in 

recombinant inbred line population of pearl millet 

(Pennisetum glaucum (L). R. Br.). Indian Journal of 

Genetics and Plant Breeding. 2019;79(3):545-551. 

36. Mahendrakar MD, Parveda M, Kishor PK, Srivastava RK. 

Discovery and validation of candidate genes for grain iron 

and zinc metabolism in pearl millet (Pennisetum glaucum 

(L.) R. Br.). Scientific Reports. 2020;10(1):16562. 

37. Malleshi NG, Agarwal A, Tiwari A, Sood S. Nutritional 

quality and health benefits. In: Millets and Pseudo Cereals. 

Woodhead Publishing; 2021. p. 159-168. 

38. McClung JP, Scrimgeour AG. Zinc: An essential trace 

element with potential benefits to soldiers. Military 

Medicine. 2005;170(12):1048-1052.  

doi:10.7205/milmed.170.12.1048. 

39. Meena KK, Dhotre AV, Joshi M, Meena S. Nutritional and 

functional exploration of pearl millet and its processing and 

utilization: An overview. Food and Humanity. 

2024;3:100334. doi:10.1016/j.foohum.2024.100334. 

40. Minnis-Ndimba R, Kruger J, Taylor JRN, Mtshali C, 

Pineda-Vargas CA. Micro-PIXE mapping of mineral 

distribution in mature grain of two pearl millet cultivars. 

Nuclear Instruments and Methods in Physics Research 

Section B: Beam Interactions with Materials and Atoms. 

2015;363(363):177-182. doi:10.1016/j.nimb.2015.09.014. 

41. Nandaniya KU, Mungra KD, Sorathiya JS. Assessment of 

combining ability for yield and micronutrients in pearl 

millet. Electronic Journal of Plant Breeding. 

2016;7(4):1084-1088. 

42. Ndolo UV, Beta T. Distribution of carotenoids in 

endosperm, germ, and aleurone fractions of cereal grain 

kernels. Food Chemistry. 2013;139(1-4):663-671. 

doi:10.1016/j.foodchem.2013.01.014. 

43. Ott A, Liu S, Wang C, Yeh CT, Schnable PS, Schnable JC. 

Tunable Genotyping-By-Sequencing (tGBS®) Enables 

Reliable Genotyping of Heterozygous Loci. Cold Spring 

Harbor Laboratory. 2017. Available from:  

https://doi.org/10.1101/100461. 

44. Pujar M, Gangaprasad S, Govindaraj M, Gangurde SS, 

Kanatti A, Kudapa H. Genome-wide association study 

uncovers genomic regions associated with grain iron, zinc 

and protein content in pearl millet. Scientific Reports. 

2020;10(1):1-15. 

45. Rai KN, Govindaraj M, Pfeiffer WH, Rao AS. Seed set and 

xenia effects on grain iron and zinc density in pearl millet. 

Crop Science. 2015;55(2):821-827. 

46. Rai KN, Gupta SK, Sharma R, Govindaraj M, Rao AS, 

Shivade H, Bonamigo LA. Pearl millet breeding lines 

developed at ICRISAT: a reservoir of variability and useful 

source of non-target traits. SAT eJournal. 2014;1(1):1-13. 

47. Rai KN, Yadav OP, Govindaraj M, Pfeiffer WH, Yadav HP, 

Rajpurohit BS, Shivade H. Grain iron and zinc densities in 

released and commercial cultivars of pearl millet 

(Pennisetum glaucum). Indian Journal of Agricultural 

Sciences. 2016;86(3):11-16. 

48. Rana S, Agrawal N, Singh A. Study of dietary intake of 

micro and macronutrients and comparison with the 

Recommended Daily Allowance (RDA). IP Journal of 

Nutrition, Metabolism and Health Science. 2020;3(1):10-12. 

doi:10.18231/j.ijnmhs.2020.003. 

49. S R, Bhushan S, Singh B, Sachan DS, Malathi G, 

Kamalasundari S, Manik SF, Angmo D. Pearl millet: A 

critical review on processing techniques and its products. 

Journal of Scientific Research and Reports. 2024;30(4):274-

286. doi:10.9734/jsrr/2024/v30i41914. 

50. Saha S, Al Mamun MA, Kabir MR. Factors affecting fast 

food consumption among college students in South Asia: A 

systematic review. Journal of the American Nutrition 

Association. 2021;ahead-of-print(ahead-of-print):626-636. 

doi:10.1080/07315724.2021.1940354. 

51. Satyavathi CT, Ambawat S, Khandelwal V, Srivastava RK. 

Pearl millet: A climate-resilient nutricereal for mitigating 

hidden hunger and providing nutritional security. Frontiers 

in Plant Science. 2021;12:659938. 

52. Satyavathi CT, Tomar RS, Ambawat S, Kheni J, Padhiyar 

SM, Desai H, Khandelwal V. Stage specific comparative 

transcriptomic analysis to reveal gene networks regulating 

iron and zinc content in pearl millet (Pennisetum glaucum 

(L.) R. Br.). Scientific Reports. 2022;12(1):276. 

53. Shetty P. Role of nutrients in immune functions. In: Shetty 

P, editor. Nutritional Quality and Health Benefits. CABI; 

2010. p. 23-39. Available from:  

https://doi.org/10.1079/9780851995311.0023. 

54. Singhal T, Satyavathi CT, Singh SP, Kumar A, Sankar SM, 

Bhardwaj C, Singh N. Multi-environment quantitative trait 

https://www.agronomyjournals.com/


International Journal of Research in Agronomy  https://www.agronomyjournals.com  

~ 466 ~ 

loci mapping for grain iron and zinc content using bi-

parental recombinant inbred line mapping population in 

pearl millet. Frontiers in Plant Science. 2021;12:659789. 

55. Srivastava RK, Singh RB, Pujarula VL, Bollam S, Pusuluri 

M, Chellapilla TS, Gupta R. Genome-wide association 

studies and genomic selection in pearl millet: Advances and 

prospects. Frontiers in Genetics. 2020;10:1389. 

56. Srivastava RK, Varshney RK, Serba DD, Govindaraj M, 

Satyavathi CT, Singh RB, Bollam S, Gupta SK, Murugesan 

T, Kaliamoorthy S, Gupta R, Kholová J, Yadav OP, 

Choudhary S, Gumma MK. Breeding drought-tolerant pearl 

millet using conventional and genomic approaches: 

Achievements and prospects. Frontiers in Plant Science. 

2022;13(206):1-14. doi:10.3389/fpls.2022.781524. 

57. Stein AJ. Cost-effectiveness of biofortification. In: Expert 

consultation on micronutrient deficiencies: Can agriculture 

meet the challenge. 2007. p. 11-13. 

58. Supriya A, Senthilvel S, Nepolean T, Eshwar K, Rajaram V, 

Shaw R, Hash CT, Kilian A, Yadav RC, Narasu ML. 

Development of a molecular linkage map of pearl millet 

integrating DArT and SSR markers. Theoretical and 

Applied Genetics. 2011;123:239-250. 

59. Thompson B, Amoroso L. Combating micronutrient 

deficiencies: Food-based approaches. CABI; 2010. 

Available from:  

https://doi.org/10.1079/9781845937140.0000. 

60. Thribhuvan R, Singh SP, Sankar MS, Singh AM, Mallik M, 

Singhal T, Satyavathi CT. Combining ability and heterosis 

studies for grain iron and zinc concentrations in pearl millet 

(Cenchrus americanus (L). Morrone). Frontiers in Plant 

Science. 2023;13:1029436. 

61. Velu G, Bhattacharjee R, Rai KN, Sahrawat KL, Longvah 

T. A simple and rapid screening method for grain zinc 

content in pearl millet. Journal of SAT Agricultural 

Research. 2008;6:1-4. 

62. Velu G, Rai KN, Muralidharan V, Longvah T, Crossa J. 

Gene effects and heterosis for grain iron and zinc density in 

pearl millet (Pennisetum glaucum (L.) R. Br.). Euphytica. 

2011;180:251-259. 

63. Vinoth A, Ravindhran R. Biofortification in Pearl Millet: 

From Conception to Dissemination. In: Rakshit S, editor. 

Springer; c2019. p. 413-428. Available from: 

https://doi.org/10.1007/978-3-319-95354-0_14. 

64. Warrier SR, Patel BC, Kumar S, Sherasiya SA. Combining 

ability and heterosis for grain minerals, grain weight and 

yield in pearl millet and SSR markers based diversity of 

lines and testers. Journal of King Saud University-Science. 

2020;32(2):1536-1543. 

65. World Health Organization. Global anaemia estimates 2021 

edition. World Health Organization; 2021. Available from: 

https://www.who.int/data/gho/data/themes/topics/anaemia_i

n_women_and_children. 

66. Yadav OP, Gupta SK, Govindaraj M, Sharma R, Varshney 

RK, Srivastava RK, Mahala RS. Genetic gains in pearl 

millet in India: Insights into historic breeding strategies and 

future perspective. Frontiers in Plant Science. 2021;396:1-

15. 

67. Yadav O, Pandey S, Jukanti A, Tyagi R, Upadhyaya H, 

Reddy K. Genetic resources of pearl millet: Status and 

utilization. Indian Journal of Plant Genetic Resources. 

2017;30(1):31. Available from:  

https://doi.org/10.5958/0976-1926.2017.00004.3. 

https://www.agronomyjournals.com/

