


Study of Nutritional and Antioxidant Compounds in Georgian Landraces of Proso Millet (Panicum milliaceum L.)



ABSTRACT
Before rice and wheat gained widespread popularity, millets -  the oldest cultivated plants of the grass family were a staple food in the semi-arid regions of East Asia and even across much of the Eurasian continent. In these regions, millets remain important food crops to this day. The popularity of millets is not accidental. These plants possess numerous positive traits from both agricultural and nutritional perspectives. Renewed interest in millets today is linked to ongoing climate change. Different species of the genus Panicum, due to their drought and salt tolerance, low water and soil requirements, and high nutritional value, are considered reliable agricultural crops for arid regions under conditions of increasing climatic stress.  In various parts of the world, including Georgia, numerous local landraces of proso millet have developed. However, the Georgian landraces of proso millet are practically unstudied from the point of view of beneficial and nutritional compounds. Therefore, the aim of the present study was to investigate essential components of the human diet — proteins, carbohydrates, and health-beneficial antioxidant compounds — in seeds of local Georgian proso millet landraces: Panicum miliaceum L. ssp. contractum Alef., Panicum miliaceum L. ssp. effusum Alef., Panicum miliaceum L. ssp. subcinereum Alef., Panicum miliaceum L. ssp. contractum Alef., var. laetum Körn., as well as an imported millet purchased from the commercial market were studied. Spectrophotometric methods were applied. Obtained results demonstrate that, the local Georgian proso millet landraces differ from one another in the quantitative content of the studied compounds. Subspecies contractum can be considered a distinct landrace, as most of the studied parameters reached their highest values in this subspecies. Subspecies effusum and subcinereum were similar to each other. The lowest values of studied indices were recorded in var. laetum and in the commercial millet. The results of the present study provide a basis for recommending local Georgian proso millet landraces as agriculturally promising, drought-tolerant cereal crops that may serve as reliable sources of nutrients and bioactive compounds under stress conditions.
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1. INTRODUCTION
Millets are among the oldest cultivated plants of the grass family. Common millet (Panicum miliaceum L.) and foxtail millet (Setaria italica L.) are considered as the most important and ancient domesticated crops worldwide. Before rice and wheat gained widespread popularity, millet was a staple food in the semi-arid regions of East Asia and even across much of the Eurasian continent. In these regions, millets remain important food crops to this day (Mohanan et al., 2025).
Among millets, sorghum ranks first in terms of production, followed by pearl millet, foxtail millet, proso millet, and finger millet. According to FAO data, millets are currently cultivated in more than 100 countries worldwide, with India, Nigeria, and the United States considered the leading producer countries (Lu et al., 2009; Saxena et al., 2018).
The popularity of millets is not accidental. These plants possess numerous positive traits from both agricultural and nutritional perspectives. In particular, their seeds are rich in proteins, carbohydrates, dietary fiber, minerals, and vitamins. In addition, they are gluten-free and have a low glycemic index. Millets are resistant to diseases and pests, can grow on poor and dry soils, and are characterized by a short vegetation period (70–80 days or less, depending on the variety). Therefore, millets remain staple cereals in the arid and semi-arid tropical regions of Asia and Africa, where they serve as an important food source for both humans and livestock (Sharma et al., 2021; Mohanan et al., 2025).
The oldest remains of millet have been discovered in early Neolithic layers of northern China (8350–6750 BCE). These were identified as proso millet; thus, proso millet is considered the first food grain cultivated by humans (Samineni et al., 2025).
In various parts of the world, including Georgia, numerous local landraces of proso millet have developed.
Archaeological findings across different regions of Georgia confirm that Proso millet is one of the most ancient crops cultivated on its territory since the Neolithic Age. Specifically, phytoliths, carbonized grains, and cereal residues — among which proso millet has been identified — have been found in the Marneuli plain (Kvemo Kartli), in settlements of the Shulaveri–Shomu culture in the village of Imiri (6th–5th millennium BC), during studies of late prehistoric layers in Bolnisi and Dmanisi (Kvemo Kartli), as well as in ancient agricultural layers of southern Georgia (Samtskhe–Javakheti) and Shida Kartli (Sagona, 2017; Batello et al., 2010; Hamon, 2008). Ethnobiological descriptions indicate that millet was especially popular in Kakheti, Shida Kartli, the Gardabani region, and mountainous areas where wheat cultivation was difficult (Kikvidze, 2020, p.86).
In Georgia, millet was considered a “crop for poor soils,” as it could grow on infertile land, was drought-resistant, and matured quickly (a full vegetation period of 45–60 days), often rescuing peasants from famine. In ancient Georgian agricultural treatises, millet is mentioned as a “simple and life-saving grain.” It was used to prepare millet porridge—a traditional peasant dish; millet bread—in mountainous regions and areas where wheat was scarce; as well as beer-like beverages and wort. The plant was also used as animal feed: grain for poultry and straw for livestock. However, its cultivation gradually declined at the end of the 19th century and almost completely ceased by the mid-20th century. The main reasons for the disappearance of millet were the spread of more profitable crops (wheat, maize), as well as the Soviet agricultural policy, the social conditions of that period and technological factors - the labor-intensive nature of millet agrotechnics, particularly the difficulty of dehusking its grain (Maisaia, 1998; Sadunishvili et al., 2020).
Renewed interest in millets today is linked to ongoing climate change. The negative impacts of global climate change on agriculture are becoming increasingly severe in many countries. Crop yields are declining worldwide, soil degradation is accelerating, and the risk of future food shortages is increasing. Georgia is no exception. Available data and future projections clearly indicate that in eastern Georgia — a major agricultural zone — precipitation is decreasing while the duration of dry periods is increasing (Elizbarashvili et al., 2017; Aryal et al., 2023).
One possible solution to this problem is the identification and selection of drought-resistant crops, including those that have fallen out of use over time for various reasons. Proso millet is precisely such a crop in Georgia (Megrelidze et al., 2021).
Several studies indicate that different species of the genus Panicum, due to their drought and salt tolerance, low water and soil requirements, and high nutritional value, are considered reliable agricultural crops for arid regions under conditions of increasing climatic stress (Saxena et al., 2018; Samineni et al., 2025). The fact that FAO declared 2023 the International Year of Millets, aiming to increase production and productivity of these crops worldwide (Ashwini et al., 2019), clearly indicates that millets may become leading agricultural crops globally in the future.
As noted above, millets, including proso millet, contain many beneficial compounds with high nutritional value. However, the local Georgian landraces of proso millet that have historically developed and survived to the present day are practically unstudied from this perspective. Therefore, the aim of the present study was to investigate essential components of the human diet — proteins, carbohydrates, and health-beneficial antioxidant compounds — in seeds of local Georgian proso millet landraces.
The obtained data will help compare local millet forms with other food cereals and help identify agriculturally promising variants in the context of the aforementioned challenges facing agriculture.
In four local millet landraces, which were traditionally cultivated in Georgia, as well as in imported millet purchased from the commercial market and used for human and poultry consumption, the following characteristics were studied: total proteins, starch, soluble carbohydrates, carotenoids, tocopherols, soluble phenols, and proline content.
2. MATERIALS AND METHODS
2.1 Plant Material
Proso millet seeds for analysis were provided by the Department of Plant Reproduction of the Institute of Botany at Ilia State University, from material grown on a collection plot. Specifically, the following local Georgian landraces were studied: Panicum miliaceum L. ssp. contractum Alef., Panicum miliaceum L. ssp. effusum Alef., Panicum miliaceum L. ssp. subcinereum Alef., Panicum miliaceum L. ssp. contractum Alef., var. laetum Körn.
The material was identified according to a millet taxonomy key (Maisaia, Mosulishvili, 2003). For comparison, dehulled and polished millet, purchased from the commercial market (manufacturer “Agro Alliance,” St. Petersburg, Russia), was also analyzed.
2.2 Analytical Methods
Millet seeds used for analysis (all variants were hulled except the purchased sample) were ground in an electric mill and sieved through a 0.25 mm mesh. Each parameter was analyzed in triplicate. Spectrophotometric methods were used for analysis:
Starch was extracted with 80% solution of Ca(NO3)2, and its content was measured colorimetrically at 560nm using 0.5% iodine and 1 M HCl (Pochinok, 1976).
Total proteins were quantified following the method of Lowry et al. (1951).
Soluble carbohydrates were measured at 620 nm in anthrone-treated samples (Turkina & Sokolova, 1971).
Carotenoids were measures spectrophotometrically at 450nm, using extraction with petroleum ether (Buda et al., 2008).
Proline was quantified spectrophotometrically at 520 nm using toluene extracts of ninhydrin-treated samples (Bates et al., 1973).
Tocopherols were measured spectrophotometrically at 470 nm using extraction with 96% ethanol, followed by ether extraction and oxidation with nitric acid (Fillipovich et al., 1982).
Soluble phenolics were quantified at 765 nm in samples treated with Folin–Ciocâlteu reagent (Ferraris et al., 1987).
All spectrophotometric measurements were performed using a SPEKOL 11 spectrophotometer (KARL ZEISS, Germany).
We also applied Euclidean distance-based two-way UPGMA cluster analysis to examine the variation in target compounds across the proso varieties.
All statistical analyses were conducted using PAST 4 software (Hammer & Harper, 2001).
3. RESULTS AND DISCUSSION
3.1 Starch
The results show that among the studied forms, P. miliaceum ssp. contractum and the commercially purchased seeds were characterized by 27-30% higher starch content than the other landraces (Fig. 1). 
Starch-rich foods (cereals, potatoes, etc.) are a fundamental component of a balanced diet, as they provide a significant portion of daily energy requirements. According to international nutritional guidelines, carbohydrates, including starch should constitute a substantial share of dietary energy intake. In addition to energy supply, different forms of starch (e.g. resistant starch) significantly affect gut health and metabolism by supporting beneficial microflora and potentially improving its condition (Bojarczuk et al., 2022).
Literature data comparing starch content in popular cereals indicate that rice is the leader in this regard, with 80–90% starch content in the grain (Alhambra et al., 2019). Wheat contains less starch, ranging from 54 to 69.5%, averaging about 61% of dry matter (Rhazi et al., 2021). In maize, starch content varies between 60–66%, reaching 61–73% in some hybrids (Khan et al., 2014).
Thus, while starch levels in maize and wheat generally fall within the 50–78% range, some millet forms may exhibit comparable or even higher values, reaching 84–85%. For example, local proso millet varieties studied in South Korea showed starch contents of 84.4–85.7% (Kim et al., 2012). Other studies report starch levels of 58–64% in proso millet, depending on genotype and environmental conditions (Balli et al., 2023). 
The starch content in P. miliaceum ssp. contractum and in commercially purchased seeds (84.5% and 77.5%, respectively; Fig. 1) should therefore be considered high and comparable to values reported for local South Korean landraces.
3.2 Total Proteins
The protein content in both the purchased, dehulled proso millet and the hulled seeds of local landraces was found to be relatively low (Fig. 1). Nevertheless, differences among individual landraces were observed. The highest protein content was recorded in ssp. subcinereum, while the lowest was found in the commercial sample. The differences among the remaining variants were not signficant (p > 0.05).
Humans obtain protein from various dietary sources, including plant-based foods, seafood, meat, dairy products, and others. The largest share of protein intake typically comes from plant sources, followed by meat and dairy. Due to the sensitivity of animal protein production to climate change, plant-based proteins are increasingly expected to replace animal-derived proteins. This shift is driven not only by the limitations of animal-based diets but also by the numerous health benefits associated with plant proteins (Luzardo-Ocampo, Gonzalez de Mejia, 2025; Lamberg-Allardt et al., 2023).
According to the literature, protein content in wheat grain ranges from 9–12% of dry weight, in maize from 8–12%, and in milled rice from 6–8%. Rice bran contains higher levels, reaching 10–15%. Oats are among the most protein-rich cereals, with protein contents of 14–17% (Jukanti et al., 2025; FAO, 2025).
In the three studied local proso millet landraces—ssp. contractum var. laetum, ssp. subcinereum, and ssp. effusum—protein content was lower than that reported for wheat, maize, and oats, and was closer to the values established for rice.
3.3 Soluble Carbohydrates
The highest level of soluble carbohydrates was observed in ssp. contractum, while the values for ssp. subcinereum and var. laetum were similar (p > 0.05) and approximately two times lower than in the former. The lowest value was recorded in the commercial sample, which was 4.6 times lower than the maximum value (Fig. 2).
In cereal crops, soluble sugar content is generally low, as starch is the main carbohydrate; only a few specialized species constitute an exception (sweet corn, sweet sorghum, rye)(Jones et al., 2015).
Soluble sugar content in millets ranges from 2–3%, whereas most cereals contain very small amounts of soluble sugars, usually below 2% (Chauhan et al., 2018).
The low values recorded in our experimental variants (approximately 0.4%) are closer to those reported for rice (0.9%) than for other cereals, while the higher values (1.7%) are comparable to those of wheat (2.1%) and barley (1.8%) (Jones et al., 2015).


Fig. 1 Starch and total proteins content in seeds of proso millet domestic Georgian varieties


Fig. 2 Soluble carbohydrates and carotenoids content in seeds of proso millet domestic Georgian varieties
3.4 Carotenoids
The experimental results indicate that ssp. contractum and ssp. subcinereum were characterized by high carotenoid content, while the results for ssp. effusum and ssp. subcinereum differed significantly (p < 0.05). The lowest carotenoid content was recorded in the commercial sample (Fig. 2).
Pigmented plant compounds—carotenoids—play important roles both in plants and in humans. In plants, they participate in photosynthesis and protect cells from oxidative damage. In humans, β-carotene functions as provitamin A, essential for vision, immune system function, and skin health. Other carotenoids, such as lutein and zeaxanthin, support eye health and antioxidant defense (Trono, 2019).
In cereal crops, carotenoid content is generally low compared with colored fruits and vegetables. However, biofortification efforts (e.g., development of provitamin A–enriched maize) demonstrate that carotenoid content in cereals can be increased to improve nutritional value (Ashokkumar et al., 2020).
Among cereals, maize is distinguished by the highest carotenoid content, ranging from 9.55 to 62.96 µg/g, with zeaxanthin and lutein as dominant carotenoids (Trono, 2019).
In wheat grain, carotenoid content is generally lower than in maize. Soft wheat contains 0.60–1.94 µg/g, whereas durum wheat contains higher amounts (1.18–4.42 µg/g). Rice endosperm contains very small quantities of carotenoids, mainly concentrated in the bran layers and present only in trace amounts in whole grain (Trono, 2019).
Carotenoid content in barley and oats is usually moderate or low. For example, one study reported carotenoid levels of 1.8–12 µg/g in whole grains of barley and other cereals, which are still lower on average than in maize (Trono, 2019).
The total carotenoid content measured in proso millet is generally higher than the typical values reported for wheat, barley, oats, and rice and is comparable to those recorded in maize grains (9.6–62.9 µg/g) (Asharani, 2010). This indicates that some millet samples may contain carotenoid levels approaching those of maize—the cereal crop richest in carotenoids.
The results obtained for the Georgian proso millet landraces confirm this conclusion, as they were also found to be rich in these compounds (Fig. 2).
3.5 Proline
Among the studied variants, the highest proline content was observed in ssp. contractum and ssp. effusum (p > 0.05). Proline level in ssp. subcinereum was significantly lower (p < 0.05), while in the remaining two variants proline content in seeds was five times lower than the maximum value recorded (Fig. 3).
In general, proline accumulation is a well-established marker of stress in plants. However, this proteinogenic amino acid has been shown to accumulate in plants under both stress and non-stress conditions. Proline levels typically increase when seeds or seedlings are exposed to water deficit or other stresses. In seeds that undergo desiccation during maturation, high levels of free proline contribute to desiccation tolerance. Proline acts similarly to sugars and other osmoprotectants, helping proteins and membranes survive under low water conditions (Lehmann et al., 2010).
In addition, seeds and reproductive tissues (e.g., pollen) often contain elevated proline levels even under non-stress conditions, indicating its positive role in development and successful reproduction. During early seedling development, proline may facilitate mobilization of seed nutrient reserves, antioxidant protection, and energy metabolism (Ambreen et al., 2021).
Available data indicate that proline content in seeds varies among cereal and pulse species and depends on environmental conditions. For example, in soft wheat it reaches up to 4 mg% (Chaikovskaya et al., 2022), whereas in pea seeds it ranges from 3 to 6 µmol/g (34.5–69 mg%) (Sharma et al., 2017).
Proline content in some of the local proso millet variants studied here was relatively high and comparable to values reported for peas (Fig. 3). High proline levels in the seeds of these subspecies can be considered as positive trait, potentially playing an important role in plant survival during germination. It has been shown that accumulated proline is rapidly degraded in mitochondria during germination, releasing energy (ATP) and reducing power (FADH₂, NADH), which support rapid growth of the emerging shoot and root. At the same time, proline serves as an easily accessible nitrogen source for the developing seedling until it becomes nutritionally autonomous (Renzetti et al., 2025).
3.6 Tocopherols
According to obtained results, the highest vitamin E content was observed in var. laetum and in the commercial sample, while the lowest level was detected in ssp. effusum. The tocopherol content in ssp. contractum and ssp. subcinereum was twofold and 1.4-fold lower, respectively, than the maximum value (Fig. 3).
Lipophilic antioxidants—tocopherols—are essential for both plants and humans. In plants, they protect membrane lipids from oxidative damage, contribute to prolonged seed viability and stress tolerance—particularly under drought, salinity, and high light conditions—and stabilize chloroplast membranes during photosynthesis (Kukri et al., 2025).
In humans, tocopherols (vitamin E) function as major antioxidants: they protect cellular membranes, enhance immune function, support cardiovascular health, and prevent oxidation of polyunsaturated fatty acids (Traber & Stevens, 2011).
Tocopherol content in cereal crops ranges from 15 mg/kg (oats) to 80 mg/kg (millets) (Shi et al., 2002).
Almost all studied proso millet landraces, except one, exhibited high tocopherol content (Fig. 3), consistent with literature data. Notably, the highest tocopherol level among all tested samples was detected in the commercially purchased millet.
3.7 Total Phenols
High levels of these compounds were detected in ssp. contractum and ssp. effusum. The values obtained for ssp. subcinereum and var. laetum were  similar (p = 0.05) and were 1.5–1.7 times lower than the maximum. Extremely low total phenol content was found in the commercial sample, which was 12 times lower than the maximum value (Fig. 3).


Fig. 3 Content of proline, tocopherols and total proteins in seeds of proso millet domestic Georgian varieties

Phenolic compounds constitute a large group of secondary metabolites essential for plant survival and adaptation. Their main functions in plants include antioxidant defense (neutralization of reactive oxygen species), structural roles (cell wall strengthening, lignification), protection against biotic and abiotic stresses (pathogens, insects, ultraviolet radiation), and tolerance to stress conditions such as drought, salinity, and temperature extremes (Salam et al., 2023).
Phenolic compounds also contribute to human health through their antioxidant activity and modulation of metabolic pathways (Shahidi & Ambigaipalan, 2015).
Content of total phenols in cereals is an important indicator of their antioxidant potential. In cereal crops, total phenols typically range from 1 to 5 mg GAE/g (Adom & Liu, 2002), whereas millets often exhibit higher values (Chandrasekara & Shahidi, 2011).
In cereal grains, phenolic compounds are mainly concentrated in the bran and outer seed layers, contributing to seed protection.
According to some authors, total phenol content in proso millet seeds ranged from 1.0 to 11.8 mg GAE/g, exceeding commonly reported data for major cereal crops (wheat, rice, barley, and oats), which typically contain 1–5 mg GAE/g. (Chandrasekara & Shahidi, 2011).
In seeds of some studied local landraces phenol content was comparable to values reported for other cereals, while in some cases it slightly exceeded them (Fig. 3). Notably, phenol content in the commercially purchased, polished millet was very low.
Thus, the local Georgian proso millet landraces differ from one another in the quantitative content of the studied compounds. A clear integrated picture of these differences is provided by cluster analysis (Fig. 4). The diagram shows that ssp. contractum can be considered a distinct landrace, as most of the studied parameters reached their highest values in this subspecies. Subspecies effusum and subcinereum were similar to each other. The lowest values of studied indices were recorded in var. laetum and in the commercial millet.
However, it should be noted that the commercially purchased polished millet showed high starch and tocopherol content. This result may be explained by the fact that hulled seeds were used for the study of Georgian millet landraces, whereas the commercial sample was dehulled and polished. It is well known, that bran is rich in many beneficial compounds. In particular, millet bran contains bioactive components such as dietary fiber, lipids, proteins, and minerals. In addition, it is rich in vitamins B, C, and E and serves as a source of flavonoids, polyphenols, phytosterols, and other bioactive compounds (Selvaraj et al., 2025).
[image: ]
Fig. 4 Two-way cluster analysis of carbohydrates, proteins and antioxidants, in seeds of proso millet domestic Georgian varieties

The analysis of hulled seeds was not accidental. The aim was to demonstrate that flour produced from such seeds may offer dual benefits for both producers and consumers: no additional costs are required for seed dehulling, and consumers receive a product with higher health value. However, one potential drawback should be acknowledged. Legumes and cereals, including millet bran, contain certain phytochemicals known as antinutritional factors (ANFs), such as phytates, tannins, and trypsin inhibitors. When consumed in large amounts without proper processing, these compounds may negatively affect health by impairing protein digestion and mineral absorption (Sharma et al., 2021).
It should be noted that in some proso millet forms studied by other authors, the levels of these compounds were found to be among the lowest compared with other millet species. Moreover, both traditional and modern millet-processing methods—including soaking, fermentation, germination, electrical or ultrasonic treatment, and others—have been shown to be effective in improving nutrient availability in millet (Bakshi et al., 2025; Singh et al., 2025).
4. CONCLUSIONS
The results of the present study provide a basis for recommending local Georgian proso millet landraces as agriculturally promising, drought-tolerant cereal crops that may serve as reliable sources of nutrients and bioactive compounds under stress conditions. Naturally, the conducted research is not exhaustive, and further comprehensive studies of Georgian millet landraces will continue in the future.
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Proline	Panicum contractum 	P. contractum ssp. effusum 	P. subcinereum 	P. contractum var. laetum 	Comercial seeds	5.5	5.6	4.2	1.1000000000000001	1.2	Tocopherol	Panicum contractum 	P. contractum ssp. effusum 	P. subcinereum 	P. contractum var. laetum 	Comercial seeds	9.6	3.6	14.8	18.399999999999999	20.399999999999999	Phenols	Panicum contractum 	P. contractum ssp. effusum 	P. subcinereum 	P. contractum var. laetum 	Comercial seeds	5.9	5.9	4.2	3.5	0.5	Tested variants

Proline µmol/g, tocopherol mg/g, phenols mg/g

Starch	Panicum contractum 	P. contractum ssp. effusum 	P. subcinereum 	P. contractum var. laetum 	Comercial seeds	84.5	53	52	50	77.5	Protein	Panicum contractum 	P. contractum ssp. effusum 	P. subcinereum 	P. contractum var. laetum 	Comercial seeds	57	57	80	46	37	Tested variants

Starch %, Proteins mg/g


Soluble carbs.	Panicum contractum 	P. contractum ssp. effusum 	P. subcinereum 	P. contractum var. laetum 	Comercial seeds	17	10.9	8.4	8.3000000000000007	3.7	Carotenoids	Panicum contractum 	P. contractum ssp. effusum 	P. subcinereum 	P. contractum var. laetum 	Comercial seeds	40	34	48	17.600000000000001	11.6	Tested variants

Soluble carbs.mg/g, Carotenoids µg/g
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