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Grain Amaranth: A Climate-Smart and Nutrient-Rich Potential Crop 

Abstract
Grain amaranth (Amaranthus spp.) is one of the potential pseudocereals known for its protein (15%) and amino acids (Lysine 5%), and mineral composition. Amaranth demonstrates a high tolerance for challenging factors such as drought, saline soils, and frost. Its cultivation in Gujarat has gained momentum compared to other parts of the country. Hence, this review aimed to collect information about grain amaranth with respect to research and development in the country.  In Gujarat, the Palanpur APMC (Agricultural Produce Market Committee) market of Banaskantha district is one of the biggest markets for amaranth grain selling/purchasing, from where the grain is exported to other parts of the country. The area and consumer preference for grain amaranth are also increasing in Karnataka because of its nutritional qualities. Comparatively, grain amaranth is one of the profitable crops as compared to other regularly grown crops like finger millet and maize in Karnataka. In Europe, pseudo cereals are a specialised market with rising yearly requests. North America, Latin America, the Middle East, Europe, Africa and the Asia Pacific region are the grain amaranth’s primary trade routes. The global amaranth market is anticipated to grow with a compound annual growth rate (CAGR) of 10.4% over the period. Meeting international quality standards opens the door to global trade, especially as the demand for nutritious, sustainable foods grows. Value-added products like amaranth oil (with its squalene content) and nutraceuticals from leaf extracts offer further market opportunities. Lacking awareness about health benefits among people, tiny seeds of amaranth have low yield potential, and no mechanisation is available in this crop, restricting area expansion. Scope for crop improvement for higher test weight and mechanisation for sowing and harvesting will help farmers for cultivation in future. 
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Introduction 
Grain amaranth (Amaranthus spp.) is one of the many underexploited food crops neglected by researchers and policymakers. It was domesticated over 6,000 years ago in three different regions of the Americas and was introduced to India approximately 500 years ago. It is collectively known as Amaranth, a genus of annual or short-lived perennial which belongs to the Amaranthaceae family (Petruzzello, 2016). The word "Amaranth" is derived from the Greek word “amarantos”, which means “unfading flower” (Amar for unfading and anthos for flower). Amaranth is characterised by small, often green or reddish flowers arranged in dense clusters, stems and leaves that are likewise deeply pigmented and dry indehiscent one-seeded fruit. It is an annual herb, distributed throughout the temperate and tropical regions of the world. The Himalayan region's traditional crop, grain amaranth (A. hypochondriacus L.), is grown there as a mixed crop for sustenance in areas with poor farming practices and relatively little rainfall. The morphological variability of grain amaranth is extensive, and it is tolerant of a wide range of ecological and geographic conditions (Bashyal et al., 2022). Few species are considered native to South America and Europe, while the others are Asia, Africa and Australia. Members of this genus share many characteristics and uses with members of the closely related genus Celosia. Amaranth is not a true grain or cereal because the plant does not belong to the grass family (Poaceae), but it is known as a “Pseudo-cereal” because the flavour, appearance and cooking of many species exhibit similarities to grain. Pseudo-cereal grains do not contain gluten, and they also contain low starch. Due to its high lipid and protein content, it is high in calories like natural cereals. Pseudo-cereals have antioxidant, antimicrobial, anti-inflammatory, and antihypertensive properties due to their rich phytochemical content (Karkar, 2024).
To date, just thirty (30) of the one hundred fifty (150) crops that humans have domesticated are utilised to supply the world’s nutrient needs (Arora, 2014; Shelef et al., 2017), with staple grains (Maize (Zea mays), wheat (Triticum aestivum L.) and rice (Oryza sativa) making up the bulk; despite being prone to recurring environmental changes (Popoola et al., 2020) and other abiotic stresses (Ertiro et al., 2019). Underutilised crops refer to a collection of natural and cultivated flora species with meagre worldwide outlets (markets) (Harouna et al., 2018; Tyagi et al., 2018). They can sometimes be described as underused, minor, promising, or orphan crops (Kasolo et al., 2018). Typically, these crops are nourishing (Tyagi et al., 2018) and offer noteworthy well-being good (Clydesdale, 2004). They also pose a distinctive portrait of well-off in nutrients with affordable protein substitutes to support peasant farmers’ lives (Bailey et al., 2017), preserve the earth and slow down carbon emissions (Mall, 2017). In the last 20 years, amaranth has been rediscovered as a promising food crop, mainly due to its resistance to heat, drought, diseases and pests, and the high nutritional value of both seeds and leaves (Rawat et al., 2024). In some of the Indian languages, it is known as Rajgira (king of seeds) in Gujarati, Ramdana (seed sent by God) in Bihar, Odisha and Uttar Pradesh, Chuka in Bengal, Kalaghesa, Chumera and Ganhar in Central India and Bathu in Himachal Pradesh, etc. Amaranth is widely distributed throughout the Old and New World. In the Asia-Pacific regions covering India, China, Manchuria, Nepal, Bhutan, Afghanistan, Indonesia, Japan, Thailand and Israel, this crop is cultivated as a minor crop. 
In Karnataka, this crop is being grown by the tribal communities of Biligiri Rangana hills (BR hills) of Chamarajanagara district of southern Karnataka and also in some patches in Belagavi, Vijayapura and Bhagalkot districts of northern Karnataka (Niranjana Murthy and Arun Kumar, 2017). After the COVID-19 pandemic, people are quite health-conscious and searching for nutrient-rich foods which are having good amount of antioxidants, like grain amaranth and vitamins.  In this overview, pooling of information available on the grain amaranth crop in our country, as well as abroad, to bring this crop to the mainstream, is the need of the hour.  Hence, efforts are being made to collect information about grain amaranth with respect to research and development in our country.  

Botanical description
Grain amaranth belongs to the family Amaranthaceae, previously the Chenopodium (Kadereit et al., 2003), order Caryophyllales, which has about 70 kinds of angiosperms as members and includes over 400 varieties. It is suitable for production in the tropical and world zones of average annual rainfall of the universe (Ogwu, 2020). It exists as dioecious (the two types of reproductive organs are found on separate plants) and homothallic (Ruth, 2021). The dioecious plants are native to North America, while the monoecious plants are extensively spread across different continents (Noori et al., 2015). Dioecious amaranth plants have a restricted distribution and are bushy in appearance. Amaranth expresses itself as a fixation of C4 carbon, which is usually observable in grasses rather than dicotyledons (Stetter et al., 2016). Plants are between 0.4 and 1.5 m tall (Joshi et al., 2018) and 0.3 to 3.0 m in height (Rastogi and Shukla, 2013). Leaves possess an egg shape and are spherical with colour variations of pale to deep green, depending on the genetic constitution of the species, with some species presenting red all over. 
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Fig.1. Variability in leaf colour, petiole length, inflorescence colour and type of 
           inflorescence in grain amaranth.
Figure 1 depicts some colour variations of amaranth leaves. Blossoms are wine-colored, orange, plum, maroon and lemony, with the principal cane ending in a well-distinguished flower (Stetter and Schmid, 2016), with the blossoms developed on branched clusters or glomeruli. Projected are the well-defined flowers, colourful, glowing and concluding. 
[image: C:\Users\Dr.S.R.Anand\Desktop\SKNA 808 PHOTO\IMG_3985.JPG] [image: D:\AICRN ON POTETNIAL CROPS\E Drive\Monitoring Team\IMG_4003.JPG]
Fig. 2. Grain amaranth experimental fields at University of Agricultural Sciences, GKVK Bangalore
Figure 2 shows amaranth growing in experimental fields at the University of Agricultural Sciences, GKVK, Bangalore, Karnataka. The microspore of the homothallic amaranth has a golf ball-like opening in the centre of its convex structure. The broadness of seeds is about 1 mm in diameter, although they can range between 0.9 and 1.7 mm in diameter, and heaviness varies between 0.6 and 1.3 mg each. The small diameter makes amaranth seeds 30–70 times microscale in size compared to conventional wheat grain (Trugo and Finglas, 2003). The grain seed colour varies with species, with creamy, white, brown, gold and pink. 
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Fig. 3. Variations in Amaranth seed colour 
Figure 3 shows different colours of amaranth seeds harvested in the 2022-2023 growing season. Different extension patterns, including sprawling, upright, forked, and branchless, are seen in amaranths. Native identifications for amaranth (English) include ‘pigweed, misbredie, morogo, tepe, thepe, serepelele, theepe, umfino, imbuia or utyutu’ (Ebert et al., 2011). As for nutrient level and environmental tolerance, the species vary as well. 
Table 1. The qualitative morphological features of some species of Amaranthus.
	Plant species
	Colour of stem

	Colour of leaves

	Colour of the root
	Colour of inflorescence
	Shape of leave

	Presence of spines
	Arrangement of leaves on the stem
	Seed colour

	Source

	A. hybridus
	Green Purple/ Green
	Green N.D

	Brown 
N.D

	Green Green
	Ovate N.D

	Absent N.D

	Alternate N.D

	N.D
Cream
	Alege and Daudu (2014)
 Akin-Idowu et al. (2016) 

	A. caudatus

	Purple & Green Pink base & green
mid-stem to tip N.D
	Purple & Green N.D

	Purple N.D

	Purple Green

	Ovate N.D

	Absent N.D

	Alternate N.D

	N.D
Cream/ black/Pink
reddish to dark brown
	Alege and Daudu
Akin-Idowu et al. (2016)
Grubben (2004)

	A. viridis 
	Green 
	Green 
	Brown 
	Green 

	Obovate 

	Absent 

	Alternate 

	N.D
	Alege and Daudu (2014)

	A .spinosus
	Green 
	Green 
	Brown 
	Green 

	Obovate 

	Present 

	Alternate 

	N.D

	Alege and Daudu (2014)

	A. dubius

	Purple 
	Green 

	Purple 
	Green

	Obovate 

	Absent 

	Alternate 

	N.D

	Alege and Daudu (2014)

	A. cruentus

	N.D
N.D

	N.D
Green/ purple
	N.D
N.D

	Green/ Pink/ N.D
	N.D
N.D
	N.D
N.D
	N.D
N.D
	Cream
yellowish white to pale brown
	Akin-Idowu et al, (2016) 
Grubben (2004)


	A.hybrid

	Pink

	N.D

	N.D

	Green, wine

	N.D

	N.D

	N.D

	Cream, Black, cream and black
	Akin-Idowu et al, (2016)

	A. hypochondriacus
	Green/Pink N.D

	N.D
N.D

	N.D
N.D

	Green/Wine N.D

	N.D
ovate to rhomboid

	N.D
N.D

	N.D
N.D

	Cream/Gold creamy white
to gold
	Akin-Idowu et al. (2016)
 Grubben (2004)



ND: Not determined
Suma et al. (2002) reported that there are about 70 species and 400 varieties of amaranthus, which are distributed throughout the world, with only a few being domesticated in different countries. The species of Amaranthus are often difficult to characterise because of their similarities and the existence of intermediate forms. Table 1 shows the morphological features of some amaranth species as described in the literature. The common species, such as Amaranthus cruentus, Amaranthus caudatus and Amaranthus hypochondriacus, are usually domesticated for grain production (Trucco and Tranel 2011) and are commonly referred to as “pseudo-cereals”, while species such as Amaranthus tricolor, Amaranthus blitum, Amaranthus dubius, Amaranthus spinosus, and Amaranthus viridis are the types mostly cultivated as leafy vegetables (Ebert, Wu, and Wang 2011). Das (2012) classified A. spinosus, A. viridis, A. retroflexus, A. graecizans, A. dubius and A. hybridus as weedy types. Several species of amaranth have been domesticated for use in different parts of the world. Amaranthus cruentus, A. hybridus, A. blitum and A. dubius are the most widely grown in West Africa, while A. tricor is mostly grown in East Africa, China and India. A. caudatus is used as a cereal crop in South America and A. dubius as a vegetable in the Caribbean and China. A. hybridus is also grown in the southwestern United States. Countries like Indonesia, Malaysia, Mexico, Thailand, the Philippines, and Nepal grow A. hybridus either for vegetable or grain (Orona-Tamayo and Paredes-Lopez, 2017; National Research Council, 2006).
Nutritional profile of grain amaranth 
The dual-purpose plant, nutrient-rich grains and leaves give a very delicious relish and soup, utilised across the universe as nourishment to both people and fauna and are gaining momentum to be a superior nutrient powerhouse because of their attributes. Carbohydrates, dietary fibre, lipids, significant amino acids, as well as a variety of other crucial constituents like squalene, tocopherols, phenolic compounds, flavonoids, phytates, vitamins, and minerals, are available in this wonder crop (Soriano-García and Aguirre-Díaz, 2019; Taylor et al., 2014). The seeds come with simple protein 13.1-21.0% and albumins, which digest quickly, including globulins, the greater part of their composition (Joshi et al., 2018). Protein content differs between amaranth species and varieties (Kaur et al., 2010; Makobo et al., 2010). The field-managed species were discovered to carry less protein and amino acids than other nutrients compared to the wild species (Andini et al., 2013; Shukla et al., 2006). 
Baraniak and Kania-Dobrowolska (2022) noted that climate, soil conditions and the method of fertilisation also influence protein content. The leaves are also a source of affordable, well-to-do protein and other crucial compounds such as carotenoids, vitamin C, dietary fibre, calcium, zinc and magnesium (Akcin and Yalcin, 2007; Chivenge et al., 2015). Compared with the main staples, specifically rice, amaranth possesses a high value in nutrient composition, with three times more calcium quantity than the main grains (Nascimento et al., 2014). Amaranth’s wealth composition warrants it to be most convenient for humankind dwelling in the communal areas of the less developed societies for body building and prevention of nutrient malfunctions (Bakhru, 1995; Kachiguma, et al., 2015). To ascertain this fact, the high sulfur present in amaranth compared with a legume (Juan et al., 2018). Although amaranth’s nutritional profile is valuable, on the other side, it lacks a variety of amino acids such as leucine, isoleucine and valine, which are not much of a challenge to living organisms’ diets, as they are available in large amounts in amaranth compliments (millet, maize, cassava, etc.) (Narwade and Pinto, 2018). Amaranth has a cholesterol-lowering effect (Mendonça et al., 2009; Plate and Areas, 2002). 
In addition, it carries vitamins required for daily uptake, which helps minimise vitamin shortfalls (Kigel, 1994). Besides, it also comes with riboflavin (vitamin B2) and vitamin C, much higher compared to cereals, coupled with vitamin E essential for delaying ageing (Morales et al., 2021). It also carries reasonable ash content in the leaves and less in the seeds, which helps to estimate the mineral composition (Abolaji et al., 2017). Table 2 below shows the average nutritional composition of Amaranthus, other potential crops and major food crops.
Table 2. Nutritional composition of grain amaranth and other cereals.
	Nutrients
	Wheat
	Rice
	Maize
	Barley
	Finger millet
	Barnyard millet
	Soybean 
	Horse gram
	Lentil
	Buckwheat
	Grain Amaranth
	Quinoa

	Carbohydrate(g)
	80.6
	86.3
	82.9
	69.6
	72.0
	65.5
	20.9
	57.2
	59.0
	72.9
	65.25
	74

	Protein (g)
	14.8
	8.8
	10.5
	11.5
	7.3
	11.6
	43.2
	22.0
	25.1
	12.0
	13.56
	16.3

	Fat (g)
	2.8
	3.2
	5.3
	1.3
	1.3
	5.8
	19.5
	0.5
	0.7
	7.4
	7.02
	7.0

	Fibre (g) 
	10.7
	3.5
	7.3
	3.9
	3.6
	13.5
	3.7
	5.3
	0.7
	17.8
	6.7
	7.0

	Mineral (g)
	1.8
	1.7
	1.3
	1.2
	2.7
	4.4
	4.6
	3.2
	2.1
	2.9
	2.88
	2.7

	Energy(kcal/100g)
	406.8
	409.2
	421.3
	336
	328
	307
	432
	321
	343
	355
	371
	424.2

	Mineral content (mg per 100g dry matter)

	Calcium
	50.3
	6.9
	17.1
	26
	344
	20
	240
	287
	69
	110
	159
	148.7

	Iron
	3.8
	0.7
	2.1
	1.67
	3.9
	5.0
	10.4
	6.77
	7.58
	4.0
	7.61
	13.2

	Magnesium
	169.4
	73.5
	137.1
	-
	137
	82
	-
	-
	-
	390
	248
	249.6

	Phosphorus
	467.7
	137.8
	292.6
	215
	283
	280
	690
	311
	293
	330
	557
	383.7

	Zinc
	4.7
	0.6
	2.9
	-
	2.3
	3.0
	-
	-
	-
	0.8
	2.87
	4.40


Source: FAO (1995), USDA (2016), Angeli et al., (2020)
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Uses of grain amaranth seeds
Amaranth is the only pseudo-cereal with the whole plant used for food and other uses. There are numerous techniques to treat the grain for ingestion, with expanded grain being the most famous. The seeds of amaranth are popped or boiled and eaten as rice (Topwal, 2019). The grains’ flaking, extruded and ground-to-four shapes have given them certain functional advantages; hence, they earned the name ‘pseudocereal’ (Punia Bangar et al., 2022). Flour is the most critical by-product of amaranth seeds, which is used in the baking industry (Park et al., 2020). Amaranth does not contain gluten; this trait makes its flour excellent for manufacturing foods for people with gluten allergies and celiac disease (Woomer and Adedeji, 2021). Flour from amaranth seeds is traditionally used to produce snack bars or cakes in Mexico and other nations by putting together honey and popping amaranth (Rastogi and Shukla, 2013). In India, laddoos are typically made from grain amaranth and added to rice meals (Alba et al., 1997; Dixit et al., 2011). Farmers who used livestock feed obtained from seed amaranth noted increased digestibility (Olorunnisomo and Ayodele, 2009). 
The seeds are used for making chaqa (a local beverage) in Ethiopia (Alemayehu et al., 2015). An alcoholic drink known as ‘Borde’, ‘Kita’ (a yeast-free bread) and ‘Atmit’ (a thin porridge) for breastfeeding women and their young ones is also made from grain amaranth. It is predominantly given to these mothers after giving birth (Emire and Arega, 2012). It is crushed and combined with fish, flour obtained from maize, sorghum, or millet to process porridge for children (Wanjala et al., 2016). Due to its ability to prevent and treat chronic degenerative disorders, the beverage sector utilises amaranth grain as a raw ingredient (Aderibigbe et al., 2022). In South Africa, grain amaranth has a lengthy history of use in folklore, local medicine and as a source of dye (Agong, 2006). Oil-containing squalene from grain amaranth species, hypochondriacus, has since impacted the food, cosmetic and pharmaceutical industries (He et al., 2002; He and Corke, 2003). 
According to reports, the squalene content of the amaranths is the highest of any plant species (Alvarez et al., 2010; Venskutonis and Kraujalis, 2013). It is applied to enhance protein, including critical nutrients of the terminating diets (Akinsola et al., 2017; Anigo et al., 2009). People in Peru sprout and malt the seed amaranth to obtain a traditional chicha beer, while in Asia, it is an alternative for soy in producing a soy soup called ‘Shoyu’ (Mlakar et al., 2009). Uji, a type of porridge usually taken for breakfast in Kenya, is produced from flour made from amaranth seeds. Amaranth extracts addressed a variety of illnesses, including diabetes, diarrhoea and skeletal fractures, a long time ago (Peter and Gandhi, 2017; Baral et al., 2011). Research has evaluated amaranth’s therapeutic benefits in treating numerous chronic conditions (Aphalo et al., 2015; Kraujalis et al., 2013). The inflorescences are used as decorations, and the entire top portion of the plant can be used as animal feed. Amaranth's tender leaves are used as a vegetable. The grains are used in various culinary preparations. Popped grains are used in the form of pudding or are mixed with sugar syrup to make sweet balls (laddoo) and for making candy. The grains can be used in the preparation of breads, biscuits, flakes, cake, pastry, crackers, ice-cream and lysine-rich baby foods.  Amaranth oil containing squalene, a cosmetic ingredient and skin penetrant, is also used as a lubricant for computer discs. The tribal people use their grains for the treatment of measles and snakebites as well as for foot and mouth diseases of animals. The stem and leaf extracts are used in the treatment of kidney stones. 
Kauffman and Weber (1990) provided a description of the variety of products made from amaranth in different parts of the world. These include soups and stews from whole grains; alegria, a confection made from popped amaranth in Mexico; atolea, a fermented Mexican drink made from roasted amaranth flour; chichi, which is a form of beer made from amaranth in Peru; sattoo, a gruel consumed in Nepal; and chapatti made in different parts of Asia. Amaranth seeds contain exceptionally complete protein for plant sources. Besides protein, they prove to be a good source of dietary fibre and dietary minerals such as iron, magnesium, phosphorus, copper and especially manganese. The leaves are also consumed as a nutritious leaf vegetable, being used both for cooking and salads. Hence, it is touted as a “Grain of the future” for its good nutritional value (Costea, 2003).
Health benefits of grain amaranth 
Grain amaranth is a nourishing ancient pseudo cereal that has gained remarkable consciousness in recent years due to its important health benefits. This multi-purpose grain, grown and consumed for ages by many cultures, is constituted of critical nutrients, antioxidants and bioactive compounds that help the gross welfare of animals and humankind (Ogrodowska et al., 2014). Consumption of grain amaranth is reported to have nutrition and health benefits, ranging from general improvement in well-being to prevention and improvement of specific ailments and symptoms, including recovery of severely malnourished children and an increase in the body mass index of people (Tagwira et al., 2006).
The various nutrients in amaranth play crucial roles in many bodily functions, such as energy production, red blood cell formation and maintaining healthy bones and teeth. Consuming amaranth seeds contributes to heart health in some ways. Seeds of amaranth are naturally low in saturated fat and cholesterol, making them heart-friendly by lowering cholesterol levels and regulating blood pressure (Skwarylo et al., 2020). Squalene, found in grain amaranth, is attributed to cholesterol level reduction and prevents the buildup of arterial plaque (Ogrodowska et al., 2014). Regular inclusion of amaranth seeds prevents constipation due to their fibre content. The existence of resistant starch helps to nourish important bacteria in the gut and promote their growth. The presence of bacteria in the gut supports improved digestion, nutrient absorption and overall gut health. The antioxidants in amaranth, vitamin E, phenolic compounds and flavonoids help neutralise detrimental free radicals in the body, thereby lowering the danger of cancer, diabetes, and stroke (Skwarylo et al., 2020). Eating amaranth grains helps to reduce inflammation by slowing the body’s production of Immunoglobulin E. Grain amaranth meal serves as a substitute for wheat, barley and rye in diverse recipes, facilitating those with gluten limitations alternative meals (Ríos-Hoyo et al., 2017). In some regions of Africa, seeds of amaranth have been traditionally employed for curing HIV/AIDS in the human population (Devasagayam et al., 2004). Grain amaranth meal is mixed with moringa (Moringa oleifera) leaf powder in a ratio of one cup of grain amaranth to one tablespoon of moringa leaf powder (Lopez, 2024). The moringa–amaranth mixture is believed to minimise the side effects of the antiretroviral (ARV) (Devasagayam et al., 2004). Although amaranth seeds contribute to many health benefits, users need to understand that they should be taken at moderate levels, as excess amaranth consumption can cause health complications.
Present scenario of grain amaranth in India
In India, grain amaranth was primarily cultivated in hill regions, but of late, in the 1990s, its cultivation gained momentum in the Central and Western Plateau regions. However, it is estimated that the crop is grown in about 40–50-thousand-hectare area in India. In Gujarat, there has been a remarkable increase in the area, production and productivity of Rajagira during the last 10 years. The area under this crop is increasing, particularly in Banaskantha and Kheda districts, where this crop replaced wheat and potato because of water scarcity. The cultivation area under this crop in Gujarat is more than 20,000 ha (Rabi 2024-25). In Gujarat, Palanpur APMC (Agricultural Produce Market Committee) of Banaskantha district is one of the biggest markets for amaranth grain for both buying and selling, from where the grain is exported to other parts of the country. It is unlikely that the area under grain amaranth would increase significantly owing to its limited usage as a food crop (Raiger and Jajoriya, 2023).
All India Coordinated Research Project (AICRP) on Underutilised and Underexploited Plants, now rechristened as All India Coordinated Research Network (AICRN) on Potential Crops, was initiated in 1982 under the ICAR umbrella with the main objective of generating improved technology in selected crops of minor economic importance for food, fodder and industrial use. The Network Coordinating Unit is located at the National Bureau of Plant Genetic Resources (NBPGR), New Delhi.  At present, the network is conducting research on 17 crops of food, fodder and industrial value through 13 main, 5 cooperating and 10 voluntary centres located in diverse agro-climatic zones of the country.  The listed crops have been categorized in six groups which are 1) Pseudocereals (Grain Amaranth (Amaranthus spp.), Buckwheat (Fagopyrum esculentum) and Grain Chenopods / Quinoa (Chenopodium quinoa); 2) Minor Cereal (Job’s Tears (Coix lacryma-jobi); 3) Food Legumes (Rice Bean (Vigna umbellate), Faba Bean (Vicia faba),  Adzuki Bean (Vigna angularis) and Winged Bean (Psophocarpus tetragonolobus);4) Vegetables (Kankoda (Momordia dioca) and Kalingada; 5) Oil Seed Crops Perilla (Perilla frutescens), Simarouba (Simarouba glauca), Tumba (Leucas spp.), Jatropha (Jatropha curcas) and Ojoba (Simmondsia chinensis) and 6) Industrial Crop (Rubber (Hevea sp.)(Anon., 2023)
Research on grain amaranth is undertaken through the All India Coordinated Research Network (AICRN) on Potential Crops (formerly Underutilised Crops), and more than 1000 germplasm accessions have been evaluated at multiple locations since the inception of the program. Out of these accessions, 25 varieties have been developed and released for both hill and plain regions through selection (Raiger and Jajoriya, 2023). The details of the varieties and year of release are given in Table 1.
Table 3. Grain amaranth varieties released under AICRN on potential crops
	Sl. No. 
	Variety
	Year
	Avg. yield (q/ha)
	Protein (%)
	Oil (%)
	Lysine (g/100 g protein)
	Recommended areas

	1
	Annapurna
	1984
	22.50
	12.20
	7.53
	5.40
	Mid and high Himalayan region
of India

	2
	GA–1
	1991
	19.50
	13.23
	8.20
	4.83
	Gujarat, Maharashtra

	3
	Suvarna
	1992
	16.00
	12.57
	7.61
	5.23
	Peninsular region (Karnataka, Orissa) Gujarat

	4
	PRA–1
	1997
	14.50
	13.10
	
	4.80
	Uttaranchal hills

	5
	PRA–2
	2001
	14.50
	15.00
	6.94
	4.90
	North-west Himalayan region
except Jammu and Kashmir

	6
	GA–2
	2002
	15.50
	13.70
	7.31
	4.50
	Gujarat

	7
	PRA–3
	2003
	16.50
	13.60
	6.36
	5.60
	North-west Himalayan region
except Jammu and Kashmir

	8
	BGA–2
	2006
	13.26
	13.57
	7.54
	4.87
	Karnataka, Orissa and Tamil Nadu

	9
	Durga
	2006
	21.00
	14.10
	7.38
	4.80
	North-west hill zone comprising
states of Himachal Pradesh
Uttaranchal and Jammu and
Kashmir

	10
	VL Chua 44
	2006
	13.20
	11.80
	6.30
	–
	Mid and higher hills of Uttaranchal

	11
	GA–3
	2008
	12.58
	12.43
	-
	–
	States of Gujarat and
Jharkhand

	12
	RMA– 4
	2008
	13.90
	12.38
	-
	–
	States of Rajasthan, Jharkhand
and Orissa

	13
	RMA–7
	2010
	14.66
	12.34
	7.24
	–
	Rajasthan, Gujarat, Orissa, Maharashtra, Haryana, Delhi
states

	14
	KBGA–1
	2012
	15.00
	12.10
	7.20
	–
	Karnataka

	15
	Phule kartiki
	2012
	15.00
	13.8
	
	5.20
	Maharashtra

	16
	Prachi
	2015
	11.60
	15.30
	
	–
	Odisha state

	17
	Ruchi
	2015
	11.90
	12.30
	
	–
	Odisha state

	18
	Chhattisgarh
Rajgira–1
	2017
	14.00
	11.70
	6.50
	–
	Chhattisgarh

	19
	KBGA–4
	2017
	21.00
	12.30
	6.80
	–
	Karnataka

	20
	Suvadra
	2018
	17.50
	11.40
	7.10
	–
	Odisha, Chhattisgarh, Jharkhand, Maharashtra and Gujarat

	21
	GA–4
	2020
	16.45
	12.04
	7.20
	–
	Karnataka state

	22
	GA–5
	2020
	19.02
	11.85
	7.71
	–
	Gujarat, Rajasthan, Maharashtra and Jharkhand state

	23
	GA–6
	2020
	18.50
	11.52
	7.80
	8.58
	Gujarat state

	24
	VL Ch110
	2020
	13.00
	14.27
	
	6.43
	Uttarakhand hills

	25
	KBAG–15
	2021
	20.00
	12.30
	8.71
	–
	Karnataka


 (Raiger and Jajoriya, 2023)
Out of 25 varieties released all over the country, four varieties, viz., Suvarna, KBGA-1, KBGA-4 and KBGA-15, were developed and released by AICRN on potential crops, UAS, Bangalore centre (Anand et al.,2020). 
	[image: D:\AICRN ON POTETNIAL CROPS\E Drive\SUVARNA PHOTOS\DSC_0278.JPG]
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Fig 4.  Four varieties viz., Suvarna, KBGA-1, KBGA-4 and KBGA-15 were developed and released by AICRN 
Comparative economics of grain amaranth 
All India Co-ordinated Research Network (AICRN) on Potential Crops, Bangalore centre, conducted a study on comparative economics of grain amaranth, finger millet and maize under farmers’ fields of Chilakavadi village of Kollegala Thaluka of Chamarajanagara district.  Five farmers were selected for each crop and provided with all the seeds and fertiliser for the study. Farmers are asked to sow the crops under Rainfed conditions in each one-acre area with the UAS-recommended package of practices. The data of five farmers were averaged and given below. 
Table 4. Comparative economics of grain amaranth with other commonly grown crops 
	Operations 
	Finger millet
	Maize
	Grain amaranth 

	Area (ha.) 
	0.4
	0.4
	0.4

	Variety
	ML-365
	MAH-14-5
	KBGA-15

	Crop duration (days)
	110
	120
	95

	Tillage cost (Rs)
	4562
	4562
	4562

	Fertilizer cost (Rs) 
	2545
	3545
	2326

	Seed cost (Rs) 
	741
	1520
	150

	Sowing cost (Rs) 
	1000
	1000
	1500

	Weeding cost (Rs) 
	2540
	2860
	2426

	Intercultivation (Rs)
	1540
	1540
	1540

	Insecticides cost (Rs)
	1560
	4550
	0

	Harvesting & threshing cost (Rs)
	4580
	5120
	6250

	Irrigation cost (Rs) 
	0
	0
	0

	Expenditure/acre (Rs) 
	18780
	24420
	18300

	Expenditure/ha (Rs) 
	46950
	61050
	45750

	Grain yield/acre (kg) 
	854
	1835
	558

	Grain yield /ha (kg) 
	2135
	4587
	1395

	Selling price/qt (Rs)
	4000
	2500
	8000

	Income/ha (Rs) 
	85400
	114675
	111600

	Net profit/ha (Rs) 
	38450
	53625
	65850

	Cost benefit ratio 
	1.82
	1.88
	2.44


(Source: AICRN on potential crops UAS, Bangalore)
Future global market potential of grain amaranth 
Among the notable countries that grow grain amaranth and have market share are Mexico, Russia, China, Indian, Peru and Kenya (Ainebyona et al., 2012). The grain amaranth market is likely to be driven by a rise in food processing industries and the use of organic ingredients in medicinal cosmetics. In Europe, pseudo cereals are a specialised market with rising yearly requests. North America, Latin America, the Middle East, Europe, Africa, and the Asia Pacific region are the grain amaranth’s primary trade routes. The global amaranth market is anticipated to grow with a compound annual growth rate (CAGR) of 10.4% through the era (Mekonnen et al., 2018). 
Europe makes up about 65% of the world’s market dominance (Newton and Patterson, 2017). The Confederation of British Industry revealed that importing from developing nations 6000 tonnes of speciality cereals, the bulk of which were amaranth seeds, and the report also outlined that Germany is the primary consumer market of amaranth seeds (Gao et al., 2018). Other industrialized nations like the UK, the Netherlands, Sweden, Belgium, and France are getting more and more familiar with this product, although amaranth is mostly used as a health food, and it can be purchased in tiny packages (raw, popped or milled) holding up to 500 g of the commodity, or it can be used as the primary product in breakfast cereals, baked goods, or healthy snacks. This gives India a great opportunity to take advantage of the prospects presented by the amaranth market at a global scale, since the economies of many of the countries in this region are built on agriculture. The market for amaranth products in India is small and undeveloped because of the scarcity of some goods, short of standard demand, and poor policies. 
Smallholder farmers who grow grain amaranth have low sales potential without significant connections to consumers. Indian kingpins and other significant business sector players can create solid market ties with European nations and offer readily valuable data on markets with substantial demand for amaranth seeds. This will increase income creation and reduce poverty in the country. Mexico, Russia, China, Peru, and Kenya are some of the significant nations that cultivate amaranth for seed and hold market dominance (Bvenura and Kambizi, 2022). Amaranth is more prevalent in its food systems and is farmed on a commercial basis, marketed in metropolitan markets, and even traded outside of the country (Gordon, 2015), making it the country to export seed amaranth.
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                                                                                      (Source: www.straitsresearch.com) 
Fig 5. Grain amaranth market trend analysis for 2022-2031

Recently, much attention has been directed to orphan crops, resulting in hundreds of crop types identified, and undoubtedly, amaranth is top in preference (Valencia-Chamorro, 2016) and has been acknowledged as one of the most promising future plant species to feed the worldwide inhabitants (Muromo et al., 2021). Amaranth is a niche crop with lucrative markets in Europe (Maseko et al., 2019). The smallholder farmers in Southern regions can produce and export amaranth, thereby eradicating poverty through earning foreign currency. Farmers in India can exploit this advantage and adopt amaranth production to eradicate hunger and malnutrition. Mono cropping is high in India, and amaranth can be used in many rotations. In addition, amaranth processing is more straightforward than other small grains (finger millet and sorghum). 
Constraints to production
Besides the positive attributes of the food crop, grain amaranth, the crop’s adoption into the main cropping system and acceptance is faced with uncertainties along with its value chain. The principal constraints are related to some physical characteristics of the amaranth grain, propagation, refinement, and distribution of the grain and its derivatives. Amaranth’s texture, colour, and size can limit its acceptance and production (Anon., 2006). Cultivation of grain amaranth is challenged by the absence of endorsed seeds (formal) and the unavailability of transmissible and biological quality seeds (Jacobsen et al., 2003). In India, markets for amaranth crops are limited and poorly developed due to limited supply of commodities, low demand and set standards. Smallholder farmers cultivate grain amaranth with no strong linkages to large buyers, which decreases sales potential. Indian leaders and other major stakeholders in the industry sector can develop strong market linkage with European countries and provide easily accessible information on areas where the demand is high. This will reduce poverty and promote income generation.
The cultivation of amaranth presents unique difficulties regarding mechanisation. Most amaranth production still relies on manual labour, and the small size of the plants and seeds makes mechanisation difficult, which limits the crop's commercial viability. Given the relative novelty of amaranth as a commercial crop, machinery has been limited in development tailored to its specific needs. The typical grain size of amaranth and its unique plant architecture introduce particular challenges for mechanised harvesting. Unlike cereal crops such as wheat or maize, where extensive machine harvesting is practised, amaranth's small grain size and the scattered panicle arrangement make mechanical harvesting more complicated and less efficient. 
Strategies to promote grain amaranth production and consumption 
Despite its nutritional value and health benefits, amaranth faces both cultivation and consumer acceptance challenges. Limited consumer awareness is a major obstacle. Educational campaigns highlighting amaranth's benefits and convenient products like breakfast cereals and snack bars could increase its appeal. Amaranth's high protein and unique amino acid profile make it ideal for fortifying foods for vulnerable populations, while its bioactive compounds offer potential for health-promoting functional foods. Underdeveloped markets also hinder amaranth cultivation. Farmers lack established supply chains, discouraging production. Cooperative marketing groups and supportive policies could create reliable demand. Meeting international quality standards opens the door to global trade, especially as the demand for nutritious, sustainable foods grows. Value-added products like amaranth oil (with its squalene content) and nutraceuticals from leaf extracts offer further market opportunities. 
At the local level, the first and foremost task is to create awareness with consumers on the nutritional potential of grain amaranth to promote the regular consumption in different value-added forms. Though the cultivation of grain amaranth crops is simple, the crops need to be made more remunerative. It is necessary to work out the stability of the grain amaranth crop in different cropping systems. The key strategic element for large-scale promotion of the grain amaranth crop is linking cultivation and use, in order to secure the resource base of this crop. For this, linkages are to be established among producers, traders, processors, consumers and other formal and informal sectors. The food processing industries, Millers and Bakers should come forward to promote the blending of the products of the grain amaranth crop so that a market link can be established. 
Conclusion
In this review paper, some details of amaranth, including their botany, species, nutrition, uses, health benefits and anti-nutrient values and production practices, were explored. The nutritional profile of amaranth seeds, with their valued protein composition, appraised amino acids constitutions and rich mineral and vitamin content, positions it as a valuable source of critical nutrients. Amaranth possesses unique bioactive compounds such as squalene and flavonoids, which contribute to its superior health benefits that include cardiovascular protection, anti-inflammatory properties, and immune system support. Many scholarly works have shown that amaranth is a highly adjustable crop species in the face of climate change. Its ability to survive in insignificant lands with minimum water and fertiliser requirements further ascertains its suitability for sustainable farming practices. Furthermore, many amaranth species show a wide range of genetic diversity, promoting opportunities for improvement and adaptation to specific environments. Lastly, grain amaranth provides a significant opportunity to address the impacts of climate change. Tapping the potential of this versatile and climate-smart crop requires further research, technological advancements, production practices awareness, and stakeholder and policy support. Meeting international quality standards opens the door to global trade, especially as the demand for nutritious, sustainable foods grows. Value-added products like amaranth oil (with its squalene content) and nutraceuticals from leaf extracts offer further market opportunities. Farmers in India can exploit this crop and adopt amaranth production to eradicate hunger and malnutrition.
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