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Abstract

Millet grains are essential foods for most people living in rural areas with low socioeconomic status, especially in Asia and
sub-Saharan Africa (SSA). The most cultivated millets in SSA are pearl millet (Pennisetum glaucum), finger millet (Eleusine
coracana), fonio (Digitaria exilis), and teff (Eragrostis tef). Others from around the world are Japanese Barnyard millet
(Echinochloa frumantacea); foxtail millet (Setaria italica) and proso millet (Panicum miliaceum), Kodo millet (Paspalum
scrobiculatum), and little millet (Panicum sumatrense). The main databases used for this review paper were Web of Science
and Scopus. Science Direct and Google Scholar were also used for identifying keywords. The total number of articles
used were 110. This review paper explored the origin, physical structure, nutritional composition, and phytochemicals
of millet grains. The effect of different processing methods on the nutritional, antinutritional and bioactive compounds
of millet products was discussed. Moreover, some traditional products made from these grains were reviewed. The chal-
lenges that pertain to the migration from major cereals to millet-based products and future perspectives were given.
We advocate the need to create value-added products from these underutilised millets species for commercialisation
and food security in line with the second sustainable development goal.
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1 Introduction

Millets are small-seeded, annual, warm-weather cereal grains grown around the globe for animal feed fodder and human
consumption [1-3]. They consist of various species and belong to the family Poaceae [4, 5]. Millet ranks as the sixth most
vital cereal grain worldwide, sustaining more than one-third of the world’s population [6]. They are grouped into major
millets such as finger millet (Eleusine coracana), foxtail millet (Setaria italica), pearl millet (Pennisetum glaucum), proso
millet (Panicum miliaceum), and minor millets namely barnyard millets (Echinochloa colana), Kodo millet (Paspalum scro-
biculatum), and little millet (Panicum sumatrensemiliare) [7-10]. There are four millets grown on the African continent.
These are pearl millet, finger millet, fonio (Digitaria exilis and Digitaria iburua), and teff (Eragrostis tef). These millets are
climate-resilient crops that grow in various soils under harsh conditions such as drought [11, 12]. The grains are cheaper
than major cereal grains and can help combat food insecurity, especially in developing and developed countries [13].
The cumulative production index of millets in Table 1 shows that the major countries of millet cultivation in sub-Saha-
ran Africa (SSA), in ranking order, are Niger > Nigeria > Mali > Ethiopia > Senegal over a period of five years [14]. Cultivation
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is higher in semi-arid regions of Western Africa in countries like Nigeria, Mali and Niger (Table 1). In some countries like
Kenya, Gambia, Ghana, Malawi, Mozambique, Namibia, Niger, Nigeria, Zambia and Zimbabwe, there was an increase in
millets produced over the period reported here. This implies improved cultivation, mostly due to increasing demand for
local consumption and exportation. On the other hand, in Guinea, South Sudan, Sierra Leonne and Uganda, there was
a decrease in production output (Table 1).

Teff (Eragrostis tef) is a little millet grain from East Africa. Ethiopia is the only nation in the world that has made teff a
staple crop, producing most of it, at least 50 million tonnes per annum [15]. However, Ethiopia’s teff production and value
chain rely on conventional methods, and the government’s export prohibition restricts the teff market. As an alternative,
more developed nations, including the United State of America, are entering the teff market. Teff is mostly used for the
production of injera—a flatbread. Fonio (Digitaria exilis) is a small-seeded grain indigenous to the low rainfall regions
[16] of West African countries like Nigeria (Table 2). Fonio is regarded as a superior grain and has garnered attention from
developing countries regarding agronomic developments and value addition.

Table 1 Production of millets e 2015 2016 2017 2018 2019 2020

in Sub-Saharan Africa (in

tonnes) Angola 43,746 42,000 70,000 58,984 56,432 55,000
Benin 21,640 25,182 24,717 26,143 26,250 27,294
Botswana 555 1675 1099 2462 902 7369
Burkina Faso 946,184 905,071 828,234 1,189,079 970,176 957,000
Burundi 9970 10,068 10,090 10,067 10,043 11,000
Cameroon 95,810 96,692 98,432 96,978 97,368 97,593
Chad 592,124 725,677 660,175 756,616 717,621 686,584
Congo 13,197 13,343 13,756 13,432 13,511 13,566
Cote d'lvoire 55,200 58,300 61,600 63,847 66,248 69,465
Democratic 43,776 45,297 45,051 44,708 45,019 44,926

Republic of the
Congo

Ethiopia 1,036,444 1,017,059 1,030,823 1,035,630 1,125,958 1,218,582
Gambia 73,420 69,273 52,000 38,000 35,000 80,000
Ghana 157,369 159,017 163,484 181,564 190,000 170,000
Guinea 224,587 238,177 241,714 214,747 223,220 213,420
Guinea-Bissau 14,000 14,000 16,575 18,000 20,000 24,000
Kenya 99,000 54,000 54,000 72,000 135,000 153,000
Malawi 33,512 19,510 35,121 31,315 44,718 48,931
Mali 1,864,301 1,806,559 1,492,650 1,840,321 1,878,527 1,921,171
Mauritania 2790 2855 2490 2712 2685 2629
Morocco 4953 5407 5309 5223 5313 5281
Mozambique 10,916 21,000 21,000 33,464 40,545 22,099
Namibia 42,494 19,428 57,644 83,515 18,700 95,000
Niger 3,404,813 3,886,079 3,790,028 3,856,344 3,270,453 3,508,903
Nigeria 1,485,387 1,552,576 1,500,000 2,119,000 2,000,000 2,000,000
Rwanda 4960 5051 5100 5037 5063 5067
Senegal 749,874 493,340 875,484 897,574 807,044 1,144,855
Sierra Leone 44,000 38,000 39,000 38,000 38,000 32,000
South Africa 6243 6407 6310 6320 6346 6325
South Sudan 8000 6000 5000 5000 5000 6000
Sudan 486,000 1,449,000 878,000 2,647,000 1,133,000 484,960
Togo 38,664 23,838 26,044 26,082 26,806 30,000
Uganda 236,484 193,461 185,517 141,982 196,000 209,671
Tanzania 330,060 314,969 308,897 316,194 385,962 325,000
Zambia 31,967 29,972 32,566 32,278 24,843 45,005
Zimbabwe 17,672 27,461 62,157 38,964 6771 43,411

Source: FAOSTAT (https://www.fao.org/faostat/en/#search/millet)

@ Discover


https://www.fao.org/faostat/en/#search/millet

Discover Food (2025) 5:56 | https://doi.org/10.1007/544187-025-00306-9

Review
Table 2 Production statistics ¢, yyyjes 2015 2016 2017 2018 2019 2020
of Fonio in sub-Saharan Africa
Benin 1543 1331 1394 6367 4700 4382
Burkina Faso 13,091 10,936 10,068 11,270 10,238 10,355
Cote d'lvoire 19,300 19,800 20,400 22,749 18,427 18,634
Guinea 496,953 496,953 488,309 477,432 530,227 565,988
Guinea-Bissau 639 734 738 704 725 722
Mali 20,294 16,740 46,189 27,868 40,538 44,014
Niger 5807 6113 6207 6400 6046 5673
Nigeria 83,071 83,747 83,529 83,111 83,308 83,504
Senegal 3228 2317 3857 3921 5151 6761

Source: FAOSTAT (https://www.fao.org/faostat/en/#search/fonio)

Millet-based foods are suitable for celiac and diabetic patients as they are gluten-free and have a low glycemic index
[17]. They are favourable food grains/ flours for communities with lower socioeconomic strata and traditional consum-
ers, especially in Africa and India [18, 19]. Millets are not commercially used to produce value-added products in SSA
because of poor market strategy, which is not favourable to food industries [9]. Millet grains have excellent potential
to produce flour and food products. However, the flavour and difficulty of processing millets have limited their use in
routine diets [20]. The low awareness of millet-based products, coupled with a lack of commercial-scale production of
millet food products, discourages farmers from cultivating millet on a large tier [21, 22].

The worldwide food security challenges have been linked to climate change, resulting in floods, drought, social
unrest, food price increases, and high birth rates, especially in SSA [4, 23]. The underutilisation of indigenous crops,
food industries’ resistance to commercialising those products, and consumer choice of migrating to westernised junk
foods have all led to food insecurity [24, 25]. Some studies have been conducted on millet starch varying between
50 and 70 g/100 g of starch (dry weight basis, db). Millet starch has found application in the production of breakfast
cereals, muffins, cookies, snacks, pasta, and health foods [5, 13, 26]. This article aims to identify the nutritional, bioactive
composition, methods of processing and developed products of different millet grains and flours.

2 Materials and methods

The online literature was searched between February and September 2024 using databases such as Web of Science, Sco-
pus, Science Direct and Google Scholar. Key phrases used were millet, indigenous name, nutritional and health benefits
of millet, phytochemicals in millet, and traditional African millet products. Articles published between 1999 and 2024
were selected for this review. More than 90 articles that were found through search engines were cited in this review.
Figure 1 shows a PRISMA diagram of the selected articles for the literature synthesis. Data was chosen for inclusion in
the review according to its relevance to the title, literature review, and discussion sections. This review was formulated
using the following research questions: (i) What body of knowledge is available about the physical structure, nutritional
composition and health benefits of millets? (i) What are the polyphenolic compounds found in millets? (iii) What are
the different value-added products produced from millet grains/flour? (iv) What are the effects of processing methods
on the nutritional, antinutritional and bioactive compounds of millet products?

3 Results and discussion
3.1 Indigenous names and country of origin

Different indigenous names of millet species, their country of origin and the major areas of production are shown in
Table 3. Other researchers reported that millet species are among the first crops cultivated in Central and Eastern Asia,
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China, India, Russia, and some parts of Africa, especially in Ethiopia, where it is essential for their daily diets [12, 17]. The
world’s largest producers of millets are India [13, 18], Nigeria, Niger, and China [3, 6].

3.2 Some physical structures of millet grain species

The grains are round-shaped cereal grains found naturally in various colours and sizes, depending on the variety or
cultivar. Millets differ by appearance, plant, grain type, maturity, and morphological features, as indicated in Figs. 2
and 3 [2]. The grains are composed of the pericarp (outer covering), endosperm (starchy part) and embryo or germ (oil
part). The endosperm is the most significant part of the millet grain and acts as a storage tissue [2, 18]. Pearl millet is a
caryopsis type with an ovoid, hexagonal, globose shape. It consists of different colours: grey, white, yellow, brown, and
purple. Finger millet has a utricle-type grain structure with a globose shape, consisting of yellow, white, red, brown, and
violet colours [27].

3.3 Nutritional composition and health benefits of millet species
Millets are beneficial to diabetics as they have relatively low glycaemic index. This implies that when consumed, they will
be digested gradually and not cause a sudden spike in postprandial blood glucose level. The nutritional composition

of millet species compared to wheat, rice and sorghum is shown in Table 4. They contain a higher amount of fibre, and
their protein quality plays a vital role in food and nutrition security. The protein contents of pearl millet (12.7 g/100 g),
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Fig.2 Various types of millet
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Fig.3 Small millets
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foxtail millet (12.3 g/100 g) and proso millet (12.75 g/100 g) are comparable to that of wheat (=13 g/ 100 g). Although
millet proteins do not have viscoelastic properties like gluten in wheat, their use in bakery products may be optimised
via partial substitution in wheat flour or by using hydrocolloids or natural gums as binders. On the other hand, the high
protein content makes these millets a valuable protein source for foods like breakfast porridge, smoothie powder and
infant foods. The functionality of foxtail millet protein concentrates was assessed by Mohamed et al. [28]. They observed
that foxtail millet species contained two main proteins, viz: albumin and globulin, which were soluble and easily hydro-
lysed by digestive enzymes. Hence the higher digestibility when compared to soy protein concentrates. Additionally,
protein concentrates had higher methionine, threonine, tryptophan and histidine than soy protein concentrate. They
concluded that protein concentrates from foxtail millet have the potential to be functional food ingredients. The superior
emulsifying and oil absorption capacity of the protein concentrates indicates they can be used in foods such as mayon-
naise, salad dressings and sausages [28].

The millet varieties have not had substantial protein yield with superior lysine content (usually absent in most cere-
als). In addition, the protein is easily digestible and has, not had high stability, foam, and emulsifying capacities. The
wide range of protein concentration denaturation temperatures (84-89 °C) points to their potential utilisation in hot
beverages and bakery products. The protein quality of seven proso millet varieties was higher (51%) compared to wheat
using the essential amino acid index [36]. The millet grains are a rich source of nutrients such as minerals (2.5-3.5%), fat
(1.5-5%) and vitamins B-complex (niacin, folic acid) compared to wheat and rice [37, 38]. They contain a higher amount
of dietary fibre (15-20%) and carbohydrates (65-75%) which play a vital role in the energy requirement and nutrient
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intake of humans [12, 17]. Millets contain calcium and magnesium, reducing the heart attack risk. The manganese, iron,
and zinc content of millet may assist in decreasing high blood pressure and preventing anaemic disorders. Phosphorus
is essential for the development of body tissue and energy metabolism. Millet grains have the highest calcium content
of 344 mg compared to other cereal grains, which play a crucial role in repairing bones and teeth.

The grains are also rich in phytochemicals such as phytic acid, flavonoids, lignans, phenolic acids and polyphenols,
which provide potential health benefits like antioxidant, antidiabetic, antimicrobial effects, and protection from diet-
related chronic diseases such as diabetes & cancer, to regular consumers of millets [10, 11, 18]. The grain consists of
phenolic compounds in the pericarp and testa, especially flavonoids, which reduce tumour production. Shi et al. [48]
confirmed through in vitro and in vivo assay that the bound polyphenols from foxtail millet caused the death of tumour
cells (HCT-116) and demonstrated a substantial prooxidative effect against colon cancer cells. They also contain essential
amino acids such as methionine and cysteine [12, 38].

In terms of nutrigenomics, pearl millet grains are highly nutritious because they are rich sources of iron (0.002-0. 15%)
and zinc (0.001-0.02%) with relatively higher amounts of the iron and zinc than staple cereal such as wheat (0.001%),
rice (0.003%), and maize (0.002%) [49, 50]. In SSA, the gene bank of International Crops Research Institute for the Semi-
Arid Tropics (ICRISAT) is a promising source of iron and zinc rich genotypes. A total of 41 and 42 genotypes were richer
in iron (>0.08%) and zinc (> 0.06%), respectively. On the other hand, 33 genotypes were found to be a rich source of
both minerals [51]. The analysis of 297 Iniadi germplasm from Western Africa has demonstrated extensive variability
for grain iron and zinc content [50]. Various studies at ICRISAT demonstrated a wide range of variability for grain iron
and zinc densities in different breeding materials such as Iniadi germplasm accessions (0.005-0.012% Fe; 0.005-0.009%
Zn), population progenies (0.002-0.014% Fe; 0.002-0.009% Zn), inbred parents (0.003-0.010% Fe; 0.003-0.008.0%
Zn), etc. [52]. Analysis of 281 advanced breeding lines exhibited substantial variability for Fe (0.004-0.012%) and Zn
(0.002-0.008%) [53].

3.4 Polyphenolic compounds in millets

Millets are rich in polyphenolics such as phytic acid, flavonoids, phenolic acids, and tannins that provide potential health
benefits such as antioxidant, antidiabetic, hypocholesterolemic, antimicrobial effects and protection from diet-related
chronic diseases such as diabetes & cancer (Table 5) to regular consumers of millets [10]. The grain consists of phenolic
compounds in the pericarp and testa, especially flavonoids, which reduce tumour production. The millets primarily
contain 60% of phenolic acids in the bound forms, while 40% are free molecules [54]. Millets with dark colour pigment
testa and pericarp have a higher content of soluble phenolic fractions than light-coloured millets such as white or yellow
testa [55]. Hydroxycinnamic acids and their derivatives are the most prevalent phenolic acid available in the insoluble-
bound fractions of the phenolic acids in millet grains. A study by Kumari et al. [56] found that the soluble extracts of
finger millet have a high amount of total phenolic content compared to foxtail and proso millets. The main phenolic
compound in finger millet is catechin, although epicatechin has also been identified [55, 57].

Flavonoid is a vital antioxidant contributing to a low risk of chronic diseases. In terms of flavonoid content, finger
millet has a higher range than foxtail and proso millets, with flavanols being the principal subclass [58]. Other phenolic
compounds that belong to various flavonoid subclasses include flavones, isoflavonoids, flavonols, and dihydroflavonols,
including their glycosides. The same flavonoid subclasses have been identified in barnyard millet soluble extract [59].
Watanabe [60] reported that Japanese barnyard millet contains two flavonoids: luteolin and tricin.

Banyard millet contains phenolic compounds like formononetin, kaempferol, apigenin, isorhamnetin, and
3,7-dimethylquercetin [59]. Millets such as pearl, Kodo and foxtail have lower condensed tannin compared to that of
finger millet [57]. Furthermore, condensed tannins have pharmaceutical properties such as antibacterial, antioxidant,
antiviral, and anti-inflammatory, and consist of flavan-3-ol units. Coloured millet varieties contain considerable amount of
tannin, and condensed tannin contributes to the colour of finger millet grain. Brown finger millet has greater antioxidant
capacity than white finger millet. Therefore, grains rich in condensed tannin exhibit higher antioxidant properties [61].

With the evidence from the literature of the multiple nutrient streams of nutrients from the various millet varieties, the
production of nutrient-rich millet-based foods is not implausible. The stakeholders in the African food value chain from
farm to fork (botanists, farmers, agro-processing industries, millers, researchers, product developers, food producers,
advertisers, retailers, and consumers) are all needed to change the false narrative that millet is a poor man’s crop. The new
narrative should be that millets are a sustainable nutrient powerhouse in the face of the current climate and economic
changesin SSA.
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3.5 Effect of processing on nutritional, antinutritional and bioactive compounds of millet products

Like other cereal grains, millets must be processed into edible food products for palatability and easy digestion. Over the
years, millet grains have been subjected to processing methods such as fermentation, germination, malting, roasting, and
hydrothermal treatment to create new and improved existing products. The effect of some of these processing methods
is discussed subsequently. Some of the studies cited in this section were done in Africa.

3.5.1 Fermentation

From time immemorial, fermentation has been a favoured traditional technique for processing and preservation of food
products in most parts of Africa [62]. Fermentation is a process where certain microorganisms (yeasts and lactic acid
bacteria) hydrolyse the sugars in the grains, producing an array of metabolites beneficial to human health and food
preservation [62]. Aside from its preservative effect, fermentation imparts unique taste and flavour to foods and improves
cereal grains' nutritional properties and digestibility. During fermentation, the action of enzymes leads to a breakdown
of the proteins into amino acids. Hence, a 1.5- to twofold increase in amino acids was reported in fermented pearl millet
flour and biscuits [73]. Traditionally, spontaneous fermentation is standard, and several research studies have been carried
out to investigate the effect of spontaneous fermentation on the nutrient retention and sensory profile of millet products.

Mutshiyani et al. [22] reported an increasing impact of spontaneous fermentation (0-96 h) on flavonoids, polyphenols,
antioxidant activity, dietary fibre, and finger millet flour moisture content. Sensory panellists analysed porridge produced
from these flours, and the one from the 24 h fermentation flour batch had the best organoleptic characteristics. Another
study reported an increase in the proximate composition, mineral content and antioxidant activity of biscuits produced
from fermented finger millet flour [10]. The effect of fermentation on the increase in mineral content may be attributable
to cell wall solubilisation and synthesis, thereby increasing the mineral extractability. On the other hand, Nami et al. [64]
used four Lactobacillus spp to produce sourdough pearl millet bread via controlled fermentation. They concluded that
sourdough technology prolonged the shelf-life of the bread compared to the conventional dough. Other fermented
millet products are mentioned in Table 6.

3.5.2 Germination and malting

Germination is a simple process in which grains are sprouted for a brief period. The grains are steeped in water for ten
to twenty-four hours, then transferred to a germination bed (usually on cloth) and moistened intermittently until the
grains sprout. Malting is a processing method that entails steeping, germination, and kilning (drying) of cereal grains to
reduce bitterness and rancidity and enhance the flavour of the resulting flour [65]. During germination, the hydrolytic
enzymes in the grains induce biochemical transformations, structural alteration and synthesis of new compounds that
boost the nutritional content and stability of the cereal grains [66].

Research has shown that germination increases the bioavailability of the bioactive compounds, minerals, vitamins,
protein, and fibre while reducing the anti-nutritional factors, such as phytic acid. Laxmi et al. [67] reported increased
moisture, protein, fibre, carbohydrates, iron and vitamin C contents and reduced fat, ash, calcium, and phosphorus
in malted foxtail millet. In vivo studies on the effect of germination on pearl millet flour showed anti-inflammatory
and antioxidant action in high-fat and high-fructose-fed rats and reduced fat adiposity and liver inflammation [66].
Germination increased the lightness, titratable acidity, solubility, and water and oil absorption capacity of the finger
millet flours. The sensory panellists accepted the porridge produced from the germinated flour at 24 and 48 h [68].

3.5.3 Roasting

Roasting is a process of subjecting millet grains to dry heat by using a high-temperature short-time treatment, leading
to the browning of the grains and enhancement of their flavour [25]. The grains can be roasted in a conventional oven,
microwave oven, or pan on a stovetop. When a pan is used, sand is put in the pan to ensure even distribution of heat [69].
During roasting, the sugars and amino acids in the aleurone layer undergo a Maillard reaction, thus increasing the array
of aroma compounds in the grains, giving them desirable and distinct aromas [70]. In the study by[70], roasting increased
the protein digestibility, phenolics, minerals, and dietary fibre of millet grains. Roasting also reduced the phytates and
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Kunu Zaki - pearl millet drink  Bajra roti - pearl millet
flatbread

Ay

Masa — pearl millet fried cake  Laddoo pearl millet energy Pombe-pearl millet beer
balls

Fig.4 Traditional food products from millet grains/ flours (Google, accessed date 15 September 2024)

protein. Furthermore, foxtail millet grains were oven-roasted for 35 min at 150 °C, and the volatile compounds were
appreciably higher in the roasted millets than in the raw millets. These compounds include aldehydes (54.43-68.11%),
hydrocarbons (5.70-10.17%) and pyrazines (9.67-25.46%), of which the latter such as 2-ethyl-3,5-dimethylpyrazine,
2-ethyl-5-methylpyrazine, and methylpyrazine were newly found in the roasted millet [70].

3.6 Products made from millet grains/flours

Products such as stiff porridge, thin porridge, cooked grains, sweet and savoury products and popped products are pri-
marily consumed in Asian and African countries. These products are called by different names depending on the ethnic
groups, such as alcoholic beverages [opaque beer or Dogon millet beer, cipumu, malwa, kimpumu, chibuku shake, mbege,
merissa), flatbread (roti). Other products included are laddoo, chips, wadi, bread, cake, injera and non-alcoholic drink
(pombe, pito, boza, kunun Zaki, bushera, mahewu, oskikundu, marewa) [63, 79] as some of the examples are shown in Fig. 4.

In Ethiopia, finger millet is used to make injera, local beverages, porridge, bread, soup, and chechebsa, a traditional
breakfast, and the straw is used as animal feed. Injera, a fermented pancake-like, soft, circular flatbread, can be made
with or without tef (Eragrostis tef), the best crop for injera production. Ethiopian traditional beverages tella and areki are
made from cereal grains, including finger millet. Feyera et al. [80] suggested mango-flavoured finger millet juice in North
Ethiopians Hailu. According to the authors, drinking juice is a great way to acquire all the crop’s nutritional benefits. The
seeds can be eaten as a cooked grain, used to brew the traditional beer or ground into flour to produce porridge. Pearl
millet is grown to make silage, hay or directly grazed when green; thus, it is used as animal feed. As fodder for animals,
the seeds feed poultry, and the green plant is used for grazing or silage and hay production [21].

3.6.1 Some traditional African millet products
3.6.1.1 Injera Injera is an Ethiopian unleavened fermented flatbread characterised by honeycomb appearance, thin and
rollable texture, and sour taste—a result of natural fermentation. In appearance, injera resembles pancake and tortilla

[58]. Where pancake is made from wheat flour and tortilla from corn flour, injera is made from teff flour. Injera is prepared
by mixing teff flour, water, and a starter from a previously fermented batch [81]. The production process of injera begins
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Teff grains

l

Milling
l

Teff flour + water + ersho (previously fermented batch)
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Primary fermentation (24-48 h at room temperature) —) Removal of a portion
Addition of absit to remaining fermented batch Boiling at 100°C
Cooling

Secondary fermentation (2-3 h at room temperature)

1 l

Absit

Pouring and baking a thin batter on a hot griddle (2-3 min)

l

Injera

Fig.5 Production flow chart of injera

with sorting and cleaning the grains and milling them. The flour is mixed with water and a back-slopping starter from
a previous batter batch. The mixture is allowed to ferment for 24-48 h at room temperature, removing a portion mixed
with water and boiled to gelatinise the starch. The gelatinised mixture is called absit (Fig. 5). The absit is reintroduced and
incorporated into the fermented batch. The batter is fermented for about three hours, after which the batter is poured
thinly onto a hot griddle and baked for 2-3 min producing the flatbread injera [81, 82].

3.6.1.2 Pombe beer The millet grains are first malted to produce traditional beers such as pombe. Malting starts with
soaking the millet grains in warm water for 24 h to initiate the sprouting process. The goal of sprouting is to increase the
maltose content in the grain. After that, the germination is stopped by drying the sprouted grains. The malted grain is
then milled into powder and mixed with water [83]. This mixture is known as wort. The wort is later boiled for 24 h to kill
any pathogenic bacteria. The wort is cooled down, and brewing yeast is added. The mixture is then allowed to ferment
aerobically for another 24 h until it is frothy, giving rise to pombe beer which is consumed immediately [84]. The process
flow diagram is shown in Fig. 6.

3.6.1.3 Millet noodle Millet noodle explained in this section is of Chinese origin but can be adopted by African consum-
ers. Noodles are usually produced using wheat flour because of the viscoelasticity of the gluten protein present in the
wheat. Millet grains, however, are gluten-free and, as such, have little or no extensibility. Millets have been supplemented
with other flour such as cornflour [85], rice flour and wheat flour to produce noodles. Dissanayake and Jayawardena [86]
developed noodles from finger millet and rice flour. The sensory properties from 100% finger millet had equal accept-
able sensory values with the composite flour noodles. Based on the archaeological excavation of a 4000-year-old millet
noodle in China, Li et al. [87] were able to replicate the production process, evincing that we could learn a lot from
the indigenous production process. Millet noodle is hinged on the production of viscous matter for starch noodles as
opposed to wheat noodles made from glutinous protein (Fig. 7).

This traditional method of millet noodle making is based on modifying starch’s viscosity by fermentation, resting
the dough, repeated pounding and gentle. The process begins by deshelling the millet to remove the husks, followed
by soaking at room temperature for 12 h. In addition, the soaked grains are pounded in a mortar to produce dough
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Fig.6 Processing flow chart . .
for traditional pombe beer Millet grains
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l

Fermentation
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De-hulling |—| Soaking |—>’ Pounding to produce dough ‘ —>| Fermentation | — | Second pounding |

l

d— | Extrusion with noodle press | — | Third pounding |‘— | Steaming |

L Millet noodle

Fig. 7 Traditional processing of millet noodles

fermented for one hour. The dough is pounded again between two to three hours. The dough is steamed for 15 min and
pounded again before being extruded through a noodle press and boiled in water [87].

3.7 Breeding and utilisation of millets as animal feed in sub-Saharan Africa

The millet research in SSA is behind compared to commodities such as maize, sorghum and cotton. However, plant
breeders have succesfuly diffused different types of new millet cultivars onto farmers’ fields. For example, the millet
research programmes has resulted into twelve countries producing 16 millet cultivars in the last two decades [88]. The
principal breeding strategies are those that focus on developing hybrids, synthetics, and composites. Hybrids have
been used commercially to significantly improve pearl millet performance in recent decades. The iniadi pearl millet
germplasm, which is indigenous to the west African countries of Benin, Togo, Ghana, and Burkina Faso has been widely
used to improve the crop [89]. On the other hand, Indo-African crosses have been crucial for achieving breakthrough in
yield performance for small millets, particularly finger millet, as well as for enhancing characteristics associated with blast
resistance, early vigor, size of panicle, branching, number of fingers, and the density of the grain [90]. More than 95% of
the global sorghum production is in developed countries, and most millets are used to feed animals [91]. Nevertheless,
the amount of millet used for animal feed in SSA remains very low. The low usage of millet as animal feed might be
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because it has lower yield levels than maize and other cereal grains. Moreover, millet cultivation in SSA is dominated
by a subsistence farming system characterised by a low surplus for marketing [92]. To evaluate the nutritional value of
seven types of pearl millet grown in Mali, Cisse et al. [93] fed laying hens or broilers diets that contained 0, 14, 28, or 43%
whole pearl millet. Results showed that chickens fed varying amounts of millet over 16 weeks did not exhibit a significant
change in egg weight or production. However, weight was lower in broilers fed the highest level (43%) of pearl millet
between 1 and 42 days of age than in broilers fed the control diet. Furthermore, there was no discernible difference in
the body weight gains of the broilers fed the control diet compared to those fed diets that contained 14 or 28% whole
pearl millet. The findings suggest that pearl millet grown in Mali might be introduced whole to the diets of broilers and
laying hens and would be a useful feed alternative for poultry production.

3.8 Migration from wheat, rice and maize commercialised to value-added millet food products

Most communities are now moving from the traditional way of producing millet food products to value-addition
products such as malted flour, composite flour, multigrain, baked products, beverages, noodles, extruded products,
etc. [18, 21]. People are moving to consume commercialised food products from wheat, rice and maize to traditional
foods processed from millet which are a rich source of nutrients. Cereal grains primarily consumed are maize, rye,
wheat, barley, and sorghum. These crops have been traditionally and commercially explored into functional foods
as ready-to-eat products [94].

In contrast, millet grains and their processed products are not consumed in SSA as the grains mentioned earlier.
With the drastic surge in the triple burden of malnutrition in the past two years (an outcome of the global pandemic
and recent wars), coupled with the importation of wheat, millet is a valuable alternative to overcome malnutrition and
food security in developing countries. For instance, Prakash et al. [95] developed a protein-rich extruded maize-based
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Fig. 8 Millet value-added products in sub-Saharan Africa (Google, accessed date 15 August 2024)

@ Discover



Review
Discover Food (2025) 5:56 | https://doi.org/10.1007/544187-025-00306-9

breakfast cereal by adding 18% finger millet powder to the formulation. The chemical composition of the final product
had 9.6% protein and higher lysine and tryptophan contents than the maize product without finger millet.

Diversification of millet food products needs to be promoted at a national and household level, especially in
producing value-added food products. The grains have essential parameters such as resistance to drought, resistance
to pests and diseases, and a short growing season as compared to other major cereals [12, 18, 19]. Encouraging the
cultivation of millets at the commercialisation level will provide farmers in rural communities with a source of income.
There is a need to utilise new advanced technology for post-harvest processing of millet grains. New value addition
is given priority in urban areas as well as in rural areas. The development of food processing technologies is required,
which may help to retain the nutritional quality of millets, which offers potential health benefits [38].

Various food products such as biscuits, flour, noodles, bread, pasta, flour, snacks, porridge, and others are produced
from refined millets flours, but these products are predominant in Asian countries. However, in recent years, some
processed, value-added products are now visible in the SSA region (Fig. 8), although these products are not yet as
prominent as products from other major grains like wheat, maize and rice. For instance, the Yolele fonio products are
produced outside Africa, but the grains are sourced from Africa, thereby increasing grain cultivation and livelihoods
of the farmers through gains on exportation. As stated on its website, the company was founded “to create economic
opportunity for smallholder farming communities, to support their biodiverse, regenerative, and climate-resilient farm-
ing systems, and to share Africa’s ingredients and flavours with the world (https://yolele.com/about).” In addition, the
company is already taking root to produce these products locally in West Africa. These are the initiatives that Africa
needs to improve the value-added products of her ancient grains. Rathore et al. [19] reported that millet grain could
be used to produce composite flour, baked items, extruded products, and other gluten-free cereal-based foods. Foods
made from finger millet vary from country to country and area to region, and most of the items made in underdevel-
oped countries are not commercialised. Spaghetti, macaroni, pasta, noodles, vermicelli, and flakes are commercially
accessible and widely consumed finger millet-based goods in affluent countries [21]. Instead of maize and wheat,
millet is combined with buckwheat and amaranth to produce extruded snacks [19].

3.9 Challenges of utilising millet in value-added food products and future perspectives for sub-Saharan
Africa

The food and nutritional security of the world’s population are impacted by an overreliance on major grains like
wheat, oat, rice, and maize. The first challenge with millet utilisation in SSA is low commercial production. Despite
their high nutritional composition and agronomic advantage, millets are mostly cultivated on a subsistence scale
and sold in local markets. Ironically, millets are widely grown in countries with the highest malnutrition rates [39],
which shows that their potential as a food source is significantly underutilised [96]. This problem can be mitigated
by implementing improved agricultural techniques and streamlining supply and storage networks. The economy of
SSA may experience tremendous growth due to the processing of millets into value-added food products.

Secondly, there is a paucity of shelf-ready, millet-based products in SSA. Millet is unavailable in the market in
the form of refined or processed food products, making it challenging to get ready-to-use products. For instance,
some consumers in SSA countries such as Zimbabwe are reportedly not keen on using millet as a staple food source.
They ascribed this to the millet’s flavour, taste, and colour to the basic customs and way of life of some families. This
has resulted in the farmers and processors not having an interest in producing more value-added millet products.
Therefore, millet is commonly utilised to produce traditional beer [97]. The traditional millet food products that are
primarily found in the African countries are produced from grains/flours such as alcoholic beverages (pito, burukutu)
and non-alcoholic drinks (kunu Zaki); millet ball “fura”, tuwo, porridge and flatbread (injera). A great way to break
ground into the ready-to-eat market is by making products such as biscuits, pasta, instant breakfast powders and
infant foods. Another breakthrough will be making the flour shelf-ready so consumers can use it in traditional recipes
for puffed pastry, bakery, and instant food mixes.

Millets have been reported to boost the overall acceptability of the food product when blended with other cereals,
pulses, or legumes [98]. However, the utilisation of millets as food is very limited since they contain anti-nutritional
factors such as phytic acid, tannins, and phenols. Moreover, pearl millet-based biscuits have been found to contain
a high amount of phytic acid [99]. Improved processing technologies can be used to mitigate the technological and
functional challenges with millet processing and produce value-added products such as multigrain flour. These
technological methods include extrusion, malting, popping, or puffing, soaking, malting and fermentation, grinding,
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cooking, and roasting, and they increase the nutritional composition and sensory properties of millets products [100,
101]. The lack of innovative processing technologies such as High-pressure processing (HPP) negatively influences the
production and processing of convenient millet-type products. High-pressure processing has been applied to cereal
grains such as rice, sorghum starch, corn starch and buckwheat starch and the technology showed positive results.
For example, HPP improved the vitamin B and E in germinated rough rice and the degree of crystallinity of normal
and waxy corn starches, thereby modifying the content of resistant starch [102, 103]. These studies suggested that
HPP can improve cereal grain’s techno-functional properties, such as starch solubility, foaming and gelling properties
and small particle size. Another area of interest is extrusion technology. Millets can be used to produce extruded
products like pasta and breakfast cereals since it is affordable, convenient and has a longer shelf life [104]. The millet
products can be fortified with other plant-based nutrient-rich materials such as legumes, fruit flour and vegetable
powder to improve its utilisation as a carrier of bioactive substances [105].

Lastly, diversification of end-use products is needed to make millet products appealing to consumers. Most of the baked
products available in the market are mainly produced from wheat flour or millet flour [4, 19, 33]. However, current studies on
millet product development focus on supplementation with other cereal grains such as wheat, maize, and rice to improve
the nutritional health benefit and livelihoods [106]. This is a good start towards less reliance on wheat and may help to reduce
chronic diseases such as high blood pressure, sugar, diabetes, cardiovascular diseases, and obesity [107, 108]. Production of
value-added millet products can help to reach the goal of the United Nations’ commitment to end malnutrition by 2030.The
functional components of millets are concentrated when milled into flour—which can subsequently be utilised effectively in
the large-scale production of ready-to-eat products, including baby foods and snack foods [109]. Millets contain no gluten,
and their flours can be used to partially replace wheat flour in food products and thus can be consumed by people suffering
from coeliac disease. Moreover, incorporating millets in value-added products is beneficial since the risk of constipation,
duodenal ulcers and anaemia is reduced [110]. Providing millet-based products is needed to boost the consumption of
millet food products and change diets for therapeutic purposes. Millet product development research is on the rise in Africa,
but much ground still needs to be covered until the products are available on the shelves for consumers.

4 Conclusion

Millets are still considered a common food source for poor communities who cannot afford expensive food products
that are rich sources of antioxidants. The results of this study show that millet grains contain many health-promoting
components such as dietary fibr, minerals, vitamins, and phytochemicals. Traditional and novel processing methods
are needed to improve micronutrients’ bioavailability and modify the quality of millet products. Millet food products
that deliver convenience, taste, texture, colour, and shelf-stability at an economical cost for poor people are needed.
Furthermore, there is a need to bridge the gap of commercialising millet-based products in SSA because they are only
traditionally prepared for home consumption.
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