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ABSTRACT
Foxtail millet (Seteria italica) is increasingly recognized as a climate-resilient crop with significant potential to support nutritional security and human health in the face of global environmental challenges. This review synthesizes current knowledge on the agronomic adaptability, nutritional composition, and functional properties of foxtail millet, highlighting its relevance as a sustainable alternative to major cereals. Owing to its inherent tolerance to drought, low soil fertility, and minimal input requirements, foxtail millet is well suited for cultivation in marginal and climate-stressed regions.
Foxtail millet is a rich source of dietary fiber, quality proteins, essential minerals, and bioactive compounds such as polyphenols and antioxidants, which contribute to its functional food attributes. Its low glycemic index and gluten-free nature make it particularly beneficial in managing lifestyle-related disorders, including diabetes, cardiovascular diseases, and obesity. Emerging evidence also suggests its role in improving gut health and reducing oxidative stress.
In processing technologies and molecular breeding have opened new opportunities for enhancing yield, nutritional quality, and stress tolerance in foxtail millet. However, challenges related to consumer awareness, value chain development, and large-scale adoption persist. In the conclusion foxtail is the promising climate-smart crop with benefits for both public health and sustainable agriculture. To maximize its potential in future food systems, research, governmental support, and market integration need to be enhanced.
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1.INTRODUCTION
Global agriculture is undergoing unprecedented challenges due to the combined effects of climate change, environmental degradation, and the increasing demand for nutritious food to sustain a rapidly growing population. Rising temperatures, erratic rainfall patterns, and the frequency of extreme weather events are significantly affecting crop productivity and threatening global food security (Ray et al., 2019; IPCC, 2022). Conventional staple crops such as rice and wheat, which form the backbone of global food systems, are highly resource-intensive and often require substantial water, fertilizers, and optimal environmental conditions for their growth. These limitations make them increasingly vulnerable under climate-stressed environments, particularly in developing regions where agricultural resources are already constrained (Lobell, D.B., Schlenker, W. and Costa-Roberts, J. 2011).

There has been a renewed global focus on diversifying cropping systems with climate-resilient and nutritionally superior crops. Millets, commonly referred to as “nutri-cereals,” have emerged as promising alternatives due to their adaptability to harsh environmental conditions, low input requirements, and high nutritional value (FAO, 2021; Goron and Raizada, 2015). These small-seeded cereals have been cultivated for centuries in Asia and Africa and are well known for their ability to thrive in marginal lands where major cereals often fail. Their resilience to abiotic stresses such as drought, heat, and poor soil fertility makes them highly suitable for sustainable agricultural systems.
Foxtail millet (Seteria italica) holds a prominent position due to its agronomic efficiency, wide adaptability, and nutritional richness. It is one of the oldest domesticated crops, with evidence of its cultivation dating back several thousand years. It is widely grown in semi-arid regions of Asia and Africa, where it plays a crucial role in subsistence farming systems. Foxtail millet is characterized by its short growth duration, early maturity, and efficient water-use capacity, enabling it to perform well under limited moisture conditions (Muthamilarasan and Prasad, 2015; Zhang et al., 2021). Its ability to grow under low-input conditions, including minimal fertilizer use and poor soil fertility, further enhances its suitability for resource-limited farmers.
A key physiological feature contributing to the resilience of foxtail millet is its C4 photosynthetic pathway, which enables higher photosynthetic efficiency and better adaptation to high temperature and water-deficit conditions. This trait allows the crop to maintain productivity even under adverse climatic conditions, making it a valuable component of climate-smart agriculture (Bhat et al., 2018). Additionally, its compatibility with diverse cropping systems, including intercropping and crop rotation, enhances farm productivity and sustainability.
The global importance of millets has been further reinforced by the declaration of the International Year of Millets 2023 by the Food and Agriculture Organization, which emphasizes their role in achieving food security, nutritional security, and sustainable agricultural development. This initiative has significantly increased awareness regarding the nutritional and environmental benefits of millets, leading to renewed interest among researchers, policymakers, and consumers.
Foxtail millet is recognized as a nutrient-dense cereal with considerable health-promoting properties. It is a rich source of dietary fiber, proteins, essential amino acids, vitamins, and minerals such as iron, calcium, and zinc. Compared to commonly consumed cereals, foxtail millet contains higher levels of dietary fiber and bioactive compounds, including polyphenols and antioxidants, which contribute to its classification as a functional food (Saleh et al., 2013; Kumar et al., 2018). These bioactive components play a significant role in reducing oxidative stress and preventing chronic diseases.
The increasing prevalence of non-communicable diseases such as diabetes, cardiovascular diseases, and obesity has led to a growing demand for functional foods that provide health benefits beyond basic nutrition. Foxtail millet has gained attention in this context due to its low glycemic index, which helps regulate blood glucose levels and makes it suitable for diabetic individuals (Anitha et al., 2020). Its gluten-free nature also makes it an ideal dietary option for individuals with celiac disease and gluten intolerance. Furthermore, studies have indicated that regular consumption of millet-based diets can improve lipid profiles, reduce cholesterol levels, and enhance overall metabolic health (Sharma et al., 2020; Singh et al., 2021).
Its nutritional and health benefits, significant progress has been made in the processing and value addition of foxtail millet. Traditional uses of millet have evolved into a wide range of modern food products, including ready-to-eat snacks, bakery products, and functional food formulations. These developments have improved the acceptability and commercial potential of foxtail millet, particularly in urban markets where demand for healthy food options is increasing (Singh et al., 2021).
In molecular biology, genomics, and plant breeding have further enhanced the potential of foxtail millet. The identification of stress-responsive genes, quantitative trait loci (QTLs), and genome sequencing has provided new opportunities for developing improved varieties with enhanced yield, nutritional quality, and tolerance to abiotic stresses (Muthamilarasan et al., 2019; Zhang et al., 2023). These innovations are crucial for integrating foxtail millet into modern agricultural systems and ensuring its long-term sustainability.
The large-scale adoption of foxtail millet is still limited by several challenges, including low consumer awareness, lack of standardized processing technologies, and inadequate market infrastructure. Policy support and investment in millet value chains remain insufficient in many regions, hindering its widespread promotion (Gupta et al., 2017). Addressing these challenges requires coordinated efforts involving research institutions, government agencies, and stakeholders across the food supply chain.
In light of its agronomic resilience, nutritional richness, and health-promoting properties, foxtail millet (Seteria italica) represents a promising climate-resilient functional food with the potential to contribute significantly to sustainable agriculture and nutritional security (fig.1.). This review aims to comprehensively examine its role in addressing current global challenges, with a focus on its nutritional composition, health benefits, and future prospects in climate-smart food systems.
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Fig.1. Comparative Analysis of Major Millet (Pennisetum glaucum and Foxtail Millet (Seteria italica) (Muthamilarasan and Prasad, 2015; Goron and Raizada, 2015).

1.1 Botanical distribution
Foxtail millet (Seteria italica) is one of the oldest domesticated cereal crops and belongs to the family Poaceae. It is widely cultivated in semi-arid regions of Asia and Africa due to its remarkable adaptability to diverse agro-climatic conditions. The crop is believed to have originated in China and has been cultivated for thousands of years as a staple food and fodder crop (Li and Brutnell, 2011; Muthamilarasan and Prasad, 2015).
Foxtail millet is an annual C4 grass characterized by erect culms, narrow linear leaves, and a dense cylindrical panicle resembling a fox’s tail, which gives the crop its common name. (Table.1.Fig.2.) The plant exhibits a well-developed fibrous root system that enhances its ability to extract moisture from deeper soil layers, contributing to its drought tolerance. The grains are small, round, and enclosed within husks, varying in color from yellow to red depending on the variety.
Foxtail millet is a short-duration crop, typically maturing within 70–100 days, making it suitable for multiple cropping systems and climate-resilient farming. It requires minimal inputs, including low water and fertilizer, and can grow successfully in marginal soils where major cereals often fail. Its efficient water-use capacity and tolerance to abiotic stresses such as drought and heat make it a key crop for sustainable agriculture (Bhat et al., 2018; Zhang et al., 2021).
Foxtail millet demonstrates flexibility in cropping systems, including intercropping and crop rotation, thereby enhancing soil health and overall farm productivity. Its resistance to pests and diseases, compared to other cereals, reduces the need for chemical inputs, making it environmentally sustainable. These characteristics collectively position foxtail millet as a vital component of climate-smart agricultural systems.

Table 1. Botanical and Agronomical Characteristics of Foxtail Millet
	Characteristic
	Description

	Scientific Name
	Seteria italica

	Family
	Poaceae

	Origin
	China

	Growth Habit
	Annual C4 Grass


	Root System
	Fibrous, Deep Rooting

	Inflorescence
	Dense cylindrical panicle

	Crop Duration
	70-100 days

	Water Requirement
	Low

	Soil Adaptability
	Marginal and Low fertility soils

	Stress Tolerance
	Drought and Heat Tolerant



[image: ]Fig.2. Growth Analysis of Foxtail millet (90-100 DAS Cycle)

1.2. Climate Resilience of Foxtail Millet (Seteria Italica)
1.2.1.  Impact of Climate Change on Crop Production
Climate change has emerged as one of the most significant challenges to global agriculture, adversely affecting crop productivity and food security. Increasing temperatures, irregular rainfall patterns, and the rising frequency of extreme weather events such as droughts and heat waves are disrupting agricultural systems worldwide. Major staple crops like rice and wheat are highly sensitive to these environmental stresses, resulting in yield instability, particularly in rainfed regions (Ray et al., 2019; IPCC, 2022). There is an urgent need to identify and promote crops that can withstand such adverse conditions while maintaining stable productivity.
1.2.2. Foxtail Millet as a Climate-Resilient Crop
Foxtail millet (Seteria italica) has gained considerable attention as a climate-resilient crop due to its remarkable adaptability to harsh environmental conditions. It is widely cultivated in semi-arid and arid regions where water availability is limited and soil fertility is low. The crop requires minimal agricultural inputs and can sustain productivity under stress conditions where conventional cereals often fail. These characteristics make foxtail millet an important component of sustainable and climate-smart agricultural systems (FAO, 2021; Bhat et al., 2018).
1.2.3. Drought Tolerance Mechanisms
Foxtail millet is its strong drought tolerance. The plant possesses a well-developed fibrous root system that enables efficient extraction of soil moisture from deeper layers. It exhibits physiological adaptations such as reduced transpiration rates and osmotic adjustment, which help the plant maintain cellular functions under water-deficit conditions. These mechanisms collectively enhance the survival and productivity of foxtail millet in drought-prone environments (Muthamilarasan and Prasad, 2015).
1.2.4. Heat Stress Adaptation and C4 Photosynthesis
Foxtail millet exhibits excellent tolerance to high temperature conditions, largely due to its C4 photosynthetic pathway. This pathway enhances photosynthetic efficiency under high light intensity and elevated temperatures, allowing the crop to maintain productivity even under heat stress. Compared to C3 crops like rice and wheat, foxtail millet shows better performance in warm climates, making it particularly suitable for regions experiencing rising temperatures due to climate change (Li and Brutnell, 2011).
1.2.5. Water Use Efficiency
Another key aspect of climate resilience in foxtail millet is its efficient use of water. The crop requires significantly less water compared to major cereals such as rice, making it highly suitable for rainfed agriculture. Its ability to produce reasonable yields with limited water resources makes it an ideal crop for drought-prone and water-scarce regions (FAO, 2021). This characteristic not only conserves water resources but also supports sustainable agricultural practices.
1.2.6. Adaptation to Marginal Soils
Foxtail millet is well adapted to grow in marginal and degraded soils with low fertility. Unlike many conventional crops that require high nutrient inputs, foxtail millet can thrive in nutrient-poor soils with minimal fertilizer application. This adaptability reduces production costs for farmers and makes it an economically viable option for smallholder farming systems (Zhang et al., 2021).
1.2.7. Short Growth Duration and Cropping Flexibility
Foxtail millet is a short-duration crop, typically maturing within 70–100 days. This short life cycle allows it to escape terminal drought conditions and makes it suitable for multiple cropping systems. Farmers can integrate foxtail millet into crop rotations and intercropping systems, Improving land use efficiency and overall farm productivity (Singh et al., 2022).
1.2.8. Role in Climate-Smart Agriculture
Due to its low input requirements, resilience to environmental stresses, and ability to grow under marginal conditions, foxtail millet plays a significant role in climate-smart agriculture. It contributes to sustainable farming by reducing dependency on water, fertilizers, and chemical inputs, while maintaining stable yields. This makes it an environmentally friendly crop that supports long-term agricultural sustainability (FAO, 2021).
1.2.9. Genetic and Molecular Basis of Stress Tolerance
In genomics and molecular biology have provided insights into the genetic mechanisms underlying stress tolerance in foxtail millet. Several stress-responsive genes and quantitative trait loci (QTLs) associated with drought and heat tolerance have been identified. These discoveries offer opportunities for crop improvement through marker-assisted selection and molecular breeding, enabling the development of high-yielding and stress-tolerant varieties (Muthamilarasan et al., 2019; Zhang et al., 2023).
1.2.10. Comparison with Major Cereals under Climate Stress
Compared to major cereals such as rice and wheat, foxtail millet demonstrates superior performance under stress conditions. It maintains relatively stable yields under drought and heat stress, whereas conventional cereals often experience significant yield reductions. This makes foxtail millet a reliable crop for ensuring food security in regions vulnerable to climate variability (Bhat et al., 2018; Goron and Raizada, 2015).”
1.2.11. Future Prospects in Climate Resilience
In the context of increasing climate variability, foxtail millet holds great promise as a resilient and sustainable crop. Its integration into modern agricultural systems can play a crucial role in mitigating the adverse effects of climate change on food production. Further research, policy support, and awareness are needed to promote its cultivation and utilization at a larger scale (Muthamilarasan et al., 2019; Zhang et al., 2023)
1.3. Nutritional Composition
Foxtail millet (Seteria italica) is considered a nutrient-dense cereal due to its rich composition of macronutrients and micronutrients. Compared to commonly consumed cereals such as rice and wheat, it contains higher levels of dietary fiber, protein, and essential minerals. The presence of bioactive compounds such as polyphenols and antioxidants further enhances its nutritional value, making it suitable as a functional food (Singh et al., 2023). 

The relatively low glycemic index of foxtail millet contributes to better blood glucose regulation, making it beneficial for individuals with diabetes and other metabolic disorders. Additionally, its gluten-free nature makes it an excellent alternative for people with gluten intolerance or celiac disease. The nutritional profile of foxtail millet supports its role in improving dietary quality and promoting health (Table.2. Table.3.)

Table.2. Nutritional composition of Foxtail Millet.
	Parameter
	Subtype
	Composition
	References

	Moisture
	-
	12%
	Muthamilarasan et al. (2016)

	Protein
	Total proteins
Prolamine
	12.3/100 g
41%–77.5%
	

	Fat
	Crude fat
	4.3/100 g
	Sharma and Niranjan (2017)

	Starch/Carbohydrates
	Total carbohydrates
Amylose
Amylopectin
	55–69/100 g
17.5%
82.5%
	Kumar, Srivastav, et al. (2021)
Anbukkani et al. (2018)

	Ash
	Mineral matter
	3.3/100 g
	Food and Agriculture Organisation (FAO) (1995)

	Energy
	-
	351 kcal
	

	Minerals
	Phosphorous
Calcium
Iron
Zinc
Magnesium
Sodium
Potassium
Copper
Sulfur



	290 mg/100 g
31 mg/100 g
2.8 mg/100 g
2.4 mg/100 g
81 mg/100 g
4.6 mg/100 g
250 mg/100 g
1.4 mg/100 g
171 mg/100 g

	Mohari et al. (2019)
Hulse et al. (1980)
Devi et al. (2011)

	Crude fiber
	Dietary fiber
	6–8/100 g
	Bhatt, Fairos et al. (2022)

	Vitamins
	Thiamine (B1)
Niacin(B3)
Riboflavin(B2)
Carotene (VitA)
Folic acid (B9)
Pantothenic Acid (VitB5)
Tocopherol (VitE)
	0.59 mg/100 g
3.20mg/100g 0.11mg/100g 32mg/100g 15mg/100g 0.82mg/100
31mg/100g
	Yang et al. (2022)
Xie et al. (2019)

	Fatty acids
	Unsaturated fatty acids Palmitic acid
Stearic acid
Oleic acid
Linoleic acid
	80% 6.4mg/100g 6.3mg/100g 13mg/100g 6.5mg/100g
	Hariprasanna (2016)

	Essential amino acid
	EAA
Arginine
Histidine
Lysine
Tryptophan
Phenyl alanine
Methionine
Cystine
Threonine
Leucine
Isoleucine
Valine
	mg/100g of N
220
130
140
60
420
180
100
190
1040
480
430
	Hariprasanna (2016)







Table.3. Nutritional Composition of Foxtail Millet Compared with Major Cereals
	Nutrient/Component
	Foxtail millet
	Rice(white)
	Wheat
	References

	Energy(kcal)
	331
	345
	346
	Longvah et al., 2017; USDA, 2019

	Protien(g)
	12.3
	6.8
	11.8
	(Singh et al., 2022b); Kumar et al., 2018

	Fat(g)
	4.3
	0.5
	1.5
	Longvah et al., 2017

	Carbohydrates(g)
	60.9
	78.2
	71.2
	(Singh et al., 2020), USDA, 2019

	Dietary Fiber(g)
	8.0
	0.2
	1.2
	Saleh et al., 2013

	Calcium(mg)
	31
	10
	30
	Longvah et al., 2017

	Iron(mg)
	2.8
	0.7
	3.5
	Kumar et al., 2018

	Glycemic Index
	Low (50-60)
	High
	Medium
	Anitha et al., 2020


 Comparative Nutritional Profile of Foxtail Millet, Rice (White), and Wheat per(100g) Edible Portion.


1.3.1. Functional Food Properties of Foxtail Millet (Seteria italica)
Foxtail millet (Seteria italica) is increasingly recognized as a functional food due to its rich nutritional composition and the presence of bioactive compounds that provide health benefits beyond basic nutrition. Functional foods are defined as those that positively influence physiological functions and reduce the risk of chronic diseases. In foxtail millet exhibits several functional properties, including low glycemic response, high dietary fiber content, antioxidant potential, and metabolic health benefits (Shobana et al., 2013; Saleh et al., 2013; Anitha et al., 2020)
1.3.2. Low Glycemic Index and Glycemic Control
One of the most important functional properties of foxtail millet is its low glycemic index (GI), which results in a slower release of glucose into the bloodstream. This characteristic is mainly attributed to its high fiber content and resistant starch, which delay carbohydrate digestion. As a result, foxtail millet-based foods are beneficial in managing blood sugar levels and are highly recommended for individuals with diabetes and insulin resistance (Anitha et al., 2020) (Fig.3.)

[image: ]Fig.3. Glycemic Control Benefit of Foxtail Millet

1.3.3. Dietary Fiber and Gut Health
Foxtail millet is a rich source of dietary fiber, which plays a crucial role in maintaining digestive health. The fiber content promotes bowel regularity, improves gut microbiota composition, and enhances satiety. Additionally, soluble fiber contributes to lowering cholesterol levels and reducing the risk of cardiovascular diseases, making foxtail millet an important component of a heart-healthy diet (Kumar et al., 2018).
1.3.4. Antioxidant Activity and Bioactive Compounds
Foxtail millet contains significant levels of bioactive compounds such as polyphenols, flavonoids, and phenolic acids, which exhibit strong antioxidant properties. These compounds help in neutralizing free radicals and reducing oxidative stress, thereby lowering the risk of chronic diseases such as cancer, diabetes, and cardiovascular disorders (Sharma et al., 2020). The antioxidant capacity of foxtail millet contributes to its role as a protective dietary component.
1.3.5. Anti-Diabetic and Anti-Obesity Effects
Regular consumption of foxtail millet has been associated with improved glycemic control and reduced body weight. Its low GI, high fiber, and slow digestibility help in controlling appetite and reducing calorie intake. Studies have shown that millet-based diets can significantly reduce fasting blood glucose levels and improve insulin sensitivity, thereby contributing to the management of diabetes and obesity (Anitha et al., 2020; Devi et al., 2014).
1.3.6. Cardiovascular Health Benefits
Foxtail millet contributes to cardiovascular health by reducing cholesterol levels and improving lipid profiles. The presence of dietary fiber and antioxidants helps in lowering low-density lipoprotein (LDL) cholesterol and preventing oxidative damage to blood vessels. These properties reduce the risk of atherosclerosis and other heart-related diseases (Kumar et al., 2018) (Fig.4.)
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Fig.4. Cardiovascular Health Benefits of Foxtail Millet

1.3.7. Gluten-Free Property
Foxtail millet is naturally gluten-free, making it a suitable alternative for individuals suffering from celiac disease or gluten intolerance. It can be used in the preparation of gluten-free food products without compromising nutritional quality, expanding dietary options for sensitive populations.
1.3.8. Role in Functional Food Product Development
Due to its functional properties, foxtail millet is widely used in the development of value-added food products such as ready-to-eat snacks, breakfast cereals, bakery products, and nutraceutical formulations. Processing techniques such as fermentation and germination further enhance its bioavailability and functional attributes, increasing its consumer acceptability and market potential (Singh et al., 2021).
1.3.9. Health Benefits of Foxtail Millet (Seteria italica)
Foxtail millet (Seteria italica) is increasingly recognized for its diverse health-promoting properties, primarily due to its rich nutritional composition and the presence of bioactive compounds such as dietary fiber, polyphenols, flavonoids, and resistant starch. These components play a significant role in regulating metabolic functions and reducing the risk of various chronic diseases. Regular consumption of foxtail millet has been associated with improved physiological health and enhanced nutritional status (Table.4. Fig.5.)

Table 4. Potential health benefits of foxtail millet (Seteria italica).
	SN
	Health benefit
	Test model/dose/ concentration
	Inference
	References

	1.
	Anti inflammatory	
	In vivo Swiss albino mice carrageenan induced test model (400mg/kg body weight [C4SI]
	Study depicted that after the insertion of carrageenan injection at 1, 2, 3, 4h, a significant anti-inflammatory effect was observed which had 16, 65.44%, 65.5%, and 71.15% inhibition of paw edema. With every increase of time, the anti-inflammatory effect also increased with peak at every fourth hours; also compared to Diclofenac (an anti-inflammatory drug).
	Dasgupta et al. (2016) John Calvien Hutabarat and Aditya Bowie (2022)

	2.
	Anti-cancer
	HepG2liver cancer and MDA breast mutant epithelial cells (HT‐29 cells model)
	Foxtail millet extract has reported to inhibit the growth of cancer cells (activity of colorectal adeno carcinoma), they have an anti-proliferative effect in terms of DNA stratification inhibitory activity; an important for the control of early and advanced stage carcinogenesis. Study depicted that, foxtail millet bran protein (FMBP) significantly inhibited colon cancer grown in a time and dose‐dependent manner by exhibiting cytostatic and cytotoxic effects in colon cancer cells without disrupting the normal colon epithelial cells. It inhibits by inducing arrest of the G1 phase that induces caspase dependent apoptosis (the death of cells; controlled or normal).
	Chandrasekara and Shahidi (2011)

	3.
	Anti hyperglycemic



Glucose 
Metabolism
	Diabetic rats (300 mg/kg)


Streptozotocin (HFD/STZ) induced diabetes
	Foxtail millet exhibited a significant dose dependent decrease on fasting blood glucose but beyond this dosage, the fasting blood glucose level stayed more or less constant at 41%.



Results revealed that both supplementation of foxtail millet at 30% and 48% 30% significantly decreased the fasting blood glucose levels, additionally the 48% FM supplementation improved blood glucose tolerance and insulin resistance (p
	
















Sireesha et al. (2011)

	4.
	Anti hypertension
	In vivo hypertensive rats (SRHs) model



In vivo healthy men and women (40–65 years)
	Foxtail millet's protein hydrolysate prevents the activities of angiotensin‐converting enzyme (ACE) that in turn reduces angiotensin II that helps in lowering blood pressure. It is also revealed that hydrolysates of foxtail millet protein can significantly reduce the cardiac damage and left ventricular hypertrophy.


Mild hypertension (130mmHg ≤SBP ≤139mmHg, 80mmHg ≤DBP ≤89mmHg) people showed reduction in SBP (up to 4.13mmHg) and DBP (up to 3.49mmHg) after 12 weeks.
	Ou et al. (2001)


























Hou et al. (2018)

	5.
	Antioxidant activity
	In vitro study assay of foxtail millet (cooked dehulled)



Methanolic and ethanolic extracts of foxtail millet whole flour and bran rich fraction
	Study depicted the radical scavenging effect of foxtail millet phenolics had high antioxidant (155 ± 19.4 μmol TE/g; 591±2.28μmol EDTA/g), and had high radical scavenging (1.94 ± 0.46 μmol TE/g; 1873 ±23μmol FAE/g) at GI digested phase, after gastric digestion. This suggests that the relation of pH with antioxidant activity and total phenolic content. Bound phenolics were also liberated.



Comparing methanolic extract to ethanol and aqueous extracts, more radicals were scavenged by the methanolic extract. Similar results were found for the bran‐rich portion of foxtail millet, with methanolic extract showing the highest level of radical scavenging activity (51.8%), trailed by alcohol (42.90%) and water (33.60%).
	Suma and Urooj (2011)






























Chandrasekara and Shahidi (2012)
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Fig.5. Health Benefits of Foxtail Millet (Seteria italica)

1.3.10. Anti-diabetic Effect
Foxtail millet is known for its low glycemic index, which results in slow digestion and gradual release of glucose into the bloodstream. This property helps in maintaining stable blood sugar levels and improving insulin sensitivity. The presence of dietary fiber and resistant starch further delays carbohydrate digestion, making foxtail millet an effective dietary component for the prevention and management of type 2 diabetes (Anitha et al., 2020).
1.3.11. Cardiovascular Health
The consumption of foxtail millet contributes to improved cardiovascular health by reducing serum cholesterol levels, particularly low-density lipoprotein (LDL) cholesterol. The soluble fiber present in the grain binds to bile acids and facilitates their excretion, thereby lowering cholesterol levels. Antioxidant compounds help in reducing oxidative stress and preventing damage to blood vessels, which reduces the risk of heart diseases (Kumar et al., 2018).
1.3.12. Anti-obesity Effect
Foxtail millet plays an important role in weight management due to its high fiber content and low glycemic response. The fiber increases satiety and reduces appetite, leading to lower calorie intake. Furthermore, the slow digestion of carbohydrates prevents sudden spikes in blood sugar levels, which are often associated with fat accumulation and obesity (Devi et al., 2014).
1.3.13. Digestive Health and Gut Function
The high dietary fiber content of foxtail millet promotes digestive health by improving bowel movement and preventing constipation. It also acts as a prebiotic, supporting the growth of beneficial gut microorganisms. This contributes to improved gut health and enhanced nutrient absorption (Shobana et al., 2013; Saleh et al., 2013).
1.3.14. Antioxidant and Anti-inflammatory Effects
Foxtail millet contains significant amounts of polyphenols and flavonoids, which exhibit strong antioxidant properties. These compounds help in scavenging free radicals and reducing oxidative stress, thereby preventing cellular damage. Their anti-inflammatory effects contribute to the reduction of inflammation-related disorders and support overall health (Sharma et al., 2020).
1.3.15. Potential Anti-cancer Activity
The bioactive compounds present in foxtail millet are believed to possess anti-cancer properties by inhibiting oxidative damage and regulating cellular pathways involved in cell growth and apoptosis. Research is needed; preliminary studies indicate its potential role in cancer prevention (Sharma et al., 2020; Chandrasekara and Shahidi, 2011)
1.3.16. Gluten-free Advantage
Foxtail millet is naturally gluten-free, making it an ideal food choice for individuals with celiac disease and gluten intolerance. Its inclusion in gluten-free diets ensures adequate nutrient intake without adverse health effects (Taylor and Emmambux, 2008; Saleh et al., 2013)

1.4. Processing and Value Addition of Foxtail Millet 
Foxtail millet (Seteria italica) has gained considerable importance not only due to its nutritional and health benefits but also because of its versatility in processing and product development. However, like other millets, its direct consumption is often limited by the presence of a hard outer husk and certain anti-nutritional factors such as phytates and tannins. The processing techniques are essential to improve its edibility, digestibility, and consumer acceptability. Primary processing of foxtail millet generally involves cleaning, DE husking, and milling, which help in removing impurities and the inedible husk layer. Dehulling is particularly important as it enhances the palatability and reduces the content of anti-nutritional compounds. Milling converts the grains into flour, which can be further utilized in various food preparations. These basic processing steps significantly improve the usability of foxtail millet for both household and industrial applications (Saleh et al., 2013; Shobana et al., 2013; Taylor and Emmambux, 2008).
Processing techniques such as soaking, germination, fermentation, and thermal treatments play a crucial role in enhancing the nutritional quality of foxtail millet. Germination has been reported to increase the bioavailability of minerals and improve protein digestibility, while fermentation enhances the flavor, texture, and functional properties of the grain. These processes help in reducing anti-nutritional factors, improving nutrient absorption. The progress has been made in the development of value-added products from foxtail millet, driven by increasing consumer demand for healthy and functional foods. The grain is now widely used in the preparation of a variety of traditional and modern food products, including porridge, flatbreads, snacks, breakfast cereals, and bakery items such as biscuits and bread. The incorporation of foxtail millet flour into composite flours has further expanded its application in the food industry, enabling the development of nutritionally enriched products (Saleh et al., 2013; Shobana et al., 2013; Anitha et al., 2020).
Value addition not only enhances the nutritional profile of food products but also improves their sensory attributes and market acceptability. Ready-to-eat and ready-to-cook products based on foxtail millet are gaining popularity due to their convenience and health benefits. Processing technologies such as extrusion and puffing have enabled the production of innovative millet-based snacks with improved texture and shelf life. These challenges such as processing inefficiencies, limited industrial-scale technologies, and lack of consumer awareness still restrict the widespread utilization of foxtail millet. Continued research and technological interventions are necessary to optimize processing methods and promote the development of high-quality value-added products (Shobana et al., 2013; Saleh et al., 2013; Deshpande et al., 2015).

1.5. Role of Foxtail Millet in Food Security and Sustainable Agriculture
Foxtail millet (Seteria italica) has emerged as an important crop in addressing the dual challenges of food security and sustainable agriculture, particularly under the current scenario of climate change and resource limitations. As global food demand continues to rise, there is an increasing need for crops that can produce stable yields under adverse environmental conditions. Foxtail millet offers significant advantages due to its resilience, adaptability, and low input requirements. Its ability to grow in marginal lands with minimal water and nutrient inputs makes it a reliable crop for smallholder farmers and resource-poor regions (Goron and Raizada, 2015; Bhat et al., 2018; FAO, 2021)
The role of foxtail millet in food security is closely linked to its nutritional richness and adaptability. Major cereals, which are highly dependent on irrigation and external inputs, foxtail millet can sustain production under rainfed conditions, thereby ensuring food availability even during periods of climatic stress. Its short growth duration further enables farmers to cultivate it in multiple cropping systems, increasing productivity and reducing the risk of crop failure. This stability in production is particularly crucial for ensuring food security in vulnerable and drought-prone regions (Muthamilarasan et al., 2019; Bhat et al., 2018). 
Food availability, foxtail millet contributes to nutritional security by providing essential nutrients such as dietary fiber, proteins, minerals, and bioactive compounds. Its inclusion in daily diets can help address micronutrient deficiencies and improve dietary quality,in rural populations. Foxtail millet plays a dual role in both food and nutritional security, which is essential for sustainable development (Saleh et al., 2013; Anitha et al., 2020; FAO, 2021).
A sustainability prospects foxtail millet is considered an environmentally friendly crop due to its low ecological footprint. It requires less water compared to conventional cereals like rice, conserving valuable water resources. Its ability to grow in poor soils reduces the need for chemical fertilizers, minimizing environmental degradation and promoting soil health. The crop is also relatively resistant to pests and diseases, which decreases reliance on chemical pesticides and supports eco-friendly farming practices (Bhat et al., 2018; FAO, 2021; Goron and Raizada, 2015)
Foxtail millet supports sustainable agricultural systems by enhancing biodiversity and promoting crop diversification. The inclusion of millets in cropping systems reduces dependency on a few major crops, increasing resilience against climate variability and market fluctuations. It also provides economic benefits to farmers by lowering production costs and offering alternative income sources through value-added products. The large-scale adoption of foxtail millet remains limited due to factors such as low consumer awareness, inadequate processing infrastructure, and insufficient policy support. Promoting millet-based food systems through research, awareness programs, and government initiatives is essential to fully harness its potential in achieving sustainable agriculture and food security (Muthamilarasan et al., 2019; Anitha et al., 2020; FAO, 2021).

1.6. Challenges of Foxtail Millet
Foxtail millet faces several practical and systemic challenges that hinder its large-scale adoption despite its agronomic and nutritional advantages. One of the major challenges is the low level of consumer awareness and acceptance, particularly in urban areas where dietary patterns are increasingly shifting toward refined cereals and processed foods. Millets are often perceived as inferior or traditional grains, which limits their inclusion in modern food systems. Processing and post-harvest handling also present significant challenges. The presence of a tough husk requires specialized dehulling and milling equipment, which is not widely available at the farm or small-scale industry level. Inadequate processing infrastructure reduces the efficiency of millet utilization and limits the development of high-quality value-added products. Traditional processing methods are labor-intensive and time-consuming, further discouraging their adoption. Market-related constraints also play a crucial role. Weak supply chains, lack of organized markets, and insufficient price support reduce incentives for farmers to cultivate foxtail millet. The absence of strong branding and limited availability of millet-based products in mainstream retail markets further restrict consumer demand. Policy-level support and investment in millet promotion are still comparatively low when compared to major staple crops (Anitha et al., 2020; Bhat and Tonapi, 2019; FAO, 2021)
Limitations of Foxtail Millet 
Foxtail millet also has certain inherent limitations that affect its utilization and acceptance. One of the primary limitations is its relatively lower yield potential compared to major cereals such as rice and wheat, which discourages farmers from adopting it in large-scale production systems. Limited availability of improved and high-yielding varieties further exacerbates this issue. Anti-nutritional factors such as phytates, tannins, and enzyme inhibitors, which can reduce the bioavailability of essential nutrients like iron and calcium. These effects can be minimized through processing techniques such as soaking, fermentation, and germination, their complete elimination is difficult. Shelf-life and storage stability also pose limitations. Foxtail millet grains are prone to quality deterioration during storage due to their fat content, which may lead to rancidity under improper storage conditions. This affects both consumer acceptance and marketability. Sensory limitations, such as coarse texture and distinct flavour, may not be preferred by all consumers, particularly those accustomed to refined cereals. This affects its wider acceptance in urban diets. Limited research on large-scale industrial processing, product standardization, and quality control further restricts its commercial expansion (Muthamilarasan and Prasad, 2015; Anitha et al., 2020; Goron and Raizada, 2015; FAO, 2021)

1.7. Recent Advances and Research Trends in Foxtail Millet 
Foxtail millet has gained significant research attention in recent years due to its potential as a climate-resilient and nutritionally rich crop. Advances in genomics, breeding strategies, food processing technologies, and functional food development have contributed to its increasing importance in both agricultural and nutritional research. These developments are aimed at improving yield, stress tolerance, nutritional quality, and consumer acceptance of foxtail millet (Muthamilarasan et al., 2019; Anitha et al., 2020; FAO, 2021)
1.7.1. Genomics and Molecular Breeding
In genomics has provided valuable insights into the genetic architecture of foxtail millet. The availability of whole-genome sequencing and high-throughput molecular markers has facilitated the identification of genes associated with drought tolerance, heat resistance, and nutrient use efficiency. Marker-assisted selection (MAS) and quantitative trait loci (QTL) mapping are being increasingly utilized to develop improved varieties with enhanced agronomic traits. These advancements are particularly relevant for developing climate-resilient cultivars suitable for stress-prone environments (Muthamilarasan and Prasad, 2015; Bennetzen et al., 2012; Jia et al., 2013)
1.7.2. Biofortification and Nutritional Enhancement
Biofortification has emerged as an important research trend aimed at enhancing the nutritional profile of foxtail millet. Efforts are being made to increase the content of essential micronutrients such as iron, zinc, and calcium through both conventional breeding and molecular approaches. The research is focusing on improving the bioavailability of nutrients by reducing anti-nutritional factors, the nutritional value of the grain (Goron and Raizada, 2015; Anitha et al., 2020; Chandel et al., 2014)
1.7.3. Functional Food and Product Development
With increasing awareness of health and nutrition, foxtail millet is being extensively studied for its functional food applications. The research has focused on developing value-added products such as gluten-free bakery items, ready-to-eat snacks, and nutraceutical formulations. Processing techniques such as extrusion, fermentation, and germination are being optimized to improve the sensory qualities, shelf life, and functional properties of millet-based products (Taylor and Emmambux, 2008; Anitha et al., 2020; Devi et al., 2014)
1.7.4. Climate Resilience and Stress Physiology
Stress physiology and climate resilience mechanisms in foxtail millet. Researchers are investigating physiological and biochemical responses of the crop under drought, heat, and salinity stress conditions. These studies aim to identify key traits and mechanisms that contribute to stress tolerance, which can be utilized in breeding programs for developing resilient varieties (Muthamilarasan et al., 2014; Diao et al., 2014; Lata et al., 2013)1.7.5. Sustainable Agriculture and Cropping Systems
The role of foxtail millet in sustainable agriculture and diversified cropping systems. Research is being conducted on intercropping, crop rotation, and integrated farming systems involving millets to improve soil health, biodiversity, and resource use efficiency. These approaches contribute to the development of climate-smart and sustainable agricultural practices (FAO, 2021; Goron and Raizada, 2015; Chandel et al., 2014)

1.8. Future Prospects of Foxtail Millet 
Foxtail millet (Seteria italica) holds significant promise as a future-ready crop in the context of climate change, nutritional security, and sustainable agricultural systems. With increasing global concerns regarding food scarcity and environmental degradation, there is a growing need to promote crops that are both resilient and nutritionally superior. Foxtail millet, due to its adaptability to harsh environmental conditions and its rich nutritional profile, is well positioned to play a crucial role in addressing these challenges. Future research efforts are expected to focus on the development of high-yielding and stress-tolerant varieties through advanced breeding approaches, including molecular breeding, genomic selection, and gene-editing technologies. The identification and utilization of stress-responsive genes can further enhance the crop’s resilience to drought, heat, and other abiotic stresses, improving productivity under changing climatic conditions (Muthamilarasan et al., 2019; Diao et al., 2014; FAO, 2021).
To genetic improvement, there is considerable scope for enhancing the nutritional quality of foxtail millet through biofortification and reduction of anti-nutritional factors. Improving nutrient bioavailability and developing varieties with enhanced micronutrient content will further strengthen its role in combating malnutrition and micronutrient deficiencies. The expansion of processing technologies and value-added product development will also play a key role in increasing consumer acceptance and market demand. The development of convenient, ready-to-eat, and health-oriented food products based on foxtail millet is expected to attract urban consumers and integrate millets into mainstream diets. Innovations in food processing, packaging, and shelf-life enhancement will further support its commercialization (Anitha et al., 2020; Taylor and Emmambux, 2008; Goron and Raizada, 2015). 
The integration of foxtail millet into diversified cropping systems and climate-smart farming practices can enhance sustainability and resource-use efficiency. Promoting millet-based farming systems can reduce dependency on water-intensive crops and contribute to environmental conservation. Increased policy support, awareness programs, and investment in millet research and value chains will be essential for scaling up its production and utilization. Government initiatives, international collaborations, and farmer-oriented extension services can play a vital role in popularizing foxtail millet and ensuring its inclusion in national and global food systems. Foxtail millet represents a promising crop with the potential to bridge the gap between agricultural sustainability and human health. Strategic research, technological advancements, and policy interventions will be critical in unlocking its full potential and ensuring its contribution to future food and nutritional security (FAO, 2021; Muthamilarasan et al., 2019; Goron and Raizada, 2015; Anitha et al., 2020)

1.9. Conclusion 
Foxtail millet (Seteria italica) has emerged as a promising climate-resilient crop with significant potential to address global challenges related to food security, nutritional deficiencies, and sustainable agriculture. Its ability to withstand adverse environmental conditions such as drought, heat, and poor soil fertility makes it highly suitable for cultivation in marginal and resource-limited regions. Compared to major cereals, foxtail millet requires fewer inputs, thereby contributing to environmentally sustainable farming systems. Foxtail millet is a rich source of dietary fiber, protein, essential minerals, and bioactive compounds such as polyphenols and antioxidants. These components contribute to its functional food properties and are directly associated with various health benefits. Regular consumption of foxtail millet has been linked to improved glycemic control, better cardiovascular health, enhanced digestive function, and effective weight management.
The wider adoption of foxtail millet is constrained by challenges such as low consumer awareness, limited processing infrastructure, and weak market linkages. Addressing these issues through technological advancements, improved value chains, and increased policy support is essential for its promotion. In genomics, breeding, and food processing technologies have opened new opportunities to enhance its productivity, nutritional quality, and consumer acceptance. The development of value-added products and integration into modern diets can further increase its demand. Foxtail millet represents a sustainable and health-promoting crop with the potential to bridge the gap between agricultural resilience and human nutrition. Strategic efforts in research, policy, and awareness will be crucial to fully utilize its potential and ensure its contribution to future food and nutritional security.
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