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This study was conducted to understand the variation in the nutrient contents 
of different types of millets by collecting data from published scientific journals 
and collating it by variety. The data is analyzed as a whole and as a subset, 
where it is clearly categorized into a released variety or genotype/accession. 
Calcium level was consistently high in finger millet and teff regardless of 
varieties at 331.29  ±  10  mg/100  g and 183.41  ±  29  mg/100  g, respectively. Iron 
content was highest for finger millet at 12.21  ±  13.69  mg/100  g followed by teff 
at 11.09  ±  8.35  mg/100  g. Pearl millet contained the highest zinc content of 
8.73  ±  11.55  mg/100  g. Protein content was highest in job’s tears at 12.66  g/100  g 
followed by proso millet at 12.42  ±  1.99  g/100  g and barnyard millet with 
12.05  ±  1.77  g/100  g. Some millets showed consistently low or consistently high 
levels of specific nutrients, while others had such wide variation that they could 
not be characterized as high or low for that particular nutrient. There is a huge 
variation in the nutrient content of each type of millet regardless of the released 
variety or genotype. In the interest of improving dietary nutrients, there is a need 
to have nutrition programs and product development based on selected high 
nutrient varieties of the millet, which requires attention from researchers and 
government and changes in research, policy, and awareness among the public 
and private sectors.
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1 Introduction

Packed with nutrients, millets (including sorghum) are traditional crops widely cultivated 
in Africa and Asia (Poole and Kane-Potaka, 2020). They are considered the most ancient-
domesticated crop used for human food and animal feed (Basahy, 1996). Owing to climate 
change due to global warming, there is great demand for crops with high stress and drought 
tolerance while at the same time meeting the increasing demand for highly nutritious foods. 
With the global population ever-increasing, the threat of food and nutrition insecurity is 
growing alarmingly, especially in Africa and Asia. Potentially, the greatest challenge faced by 
the world today is attaining food sufficiency and accessibility through dietary diversification 
(Kennedy, 2002). Current global food systems are largely dependent on a few major cereal 
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crops, namely rice (Oryza sativa L.), wheat (Triticum aestivum L.), and 
maize (Zea mays L.), which, however, have a considerably lower 
amount of important micro and macronutrients (Cakmak and 
Kutman, 2018; Willett et al., 2019) compared to millets and other 
indigenous crops. Millets are relatively more tolerant of climate 
change, pests, and diseases, and require low maintenance costs in 
terms of water, fertilizer, pesticides, etc., thus proving to be excellent 
crops for sustainable food and nutrition security (Otieno et al., 2020). 
Given their high levels of important nutrients, millets can be exploited 
to play a major role in solving world hunger and malnutrition 
(Barikmo et al., 2004).

Of the different types of millets grown globally (Vetriventhan 
et  al., 2020), Job’s tears, teff, fonio, little millet, kodo millet, pearl 
millet, barnyard millet, browntop millet, proso millet, finger millet, 
foxtail millet, and sorghum are the most commonly grown. According 
to FAOSTAT (2023), global production of millets (except teff) stood 
at 92.11 million tons in 2021, taking the sixth position in global cereal 
production. Africa is the largest producer of millets, accounting for 
42.39% of global production, followed by Asia (27.88%), America 
(26%), and Europe (1.88%).

Millets are considered nutritionally superior or equal to major 
whole grains like rice and wheat (Kumari et  al., 2016). They are 
commonly recognized as a good source of carbohydrates, protein, 
dietary fiber, vitamins, minerals, and essential fatty acids (Obilana, 
2003; Ragaee et al., 2006; Longvah et al., 2017). They are known to 
contain a good amount of slowly digestible starch, which is resistant 
to enzymatic hydrolysis and prolongs the digestion and absorption 
period of carbohydrates in the small intestine. This helps in regulating 
the blood glucose level, which is beneficial to people with diabetes and 
hyperlipidemia (Anitha et al., 2022, 2024). Millets are also believed to 
contain a good amount of protein (7–12%) with a better amino acid 
profile that can complement legumes (Anitha et al., 2019).

According to the World Health Organization (WHO), 
micronutrient deficiencies (MNDs) due to low dietary consumption 
of essential minerals like calcium, iron, and zinc affect one-half of the 
global population, especially children and women in developing 
countries (FAO/WHO, 2021). Millets are reported to be good sources 
of minerals like calcium, zinc, iron, magnesium, and phosphorus, 
which can improve the micronutrient status of the general population.

However, as there are hundreds of publications on the macro and 
micronutrient levels of each type of millet, there is scope for confusion 
as publications present different values based on the type, variety, 
geographical region, and the method used to assess them. In addition, 
millets also contain antinutrients like phytic acid, tannins, and 
polyphenols that hinder the bioaccessibility of minerals (Cámara and 
Amaro, 2003). These antinutrients bind with dietary elements like 
zinc, calcium, and iron and make them unavailable for absorption in 
the body (García-Casal et  al., 1998). However, various processing 
methods help to reduce the phytate content of millets (Anitha et al., 
2021; Sheethal et al., 2022).

Over the past decade, emphasis has been placed on the 
biofortification of millets to increase bioavailable iron and zinc. This, 
however, requires millet varieties containing high mineral levels 
(Krishnan and Meera, 2017), which calls for breeding programs to 
enhance the mineral content while maintaining or enhancing yield 
and other qualities.

As this data collection and analysis shows, each type of millet has 
several varieties that vary in their micro- and macronutrient 

composition. Official national food composition tables contain data 
on the nutrition content of different types of millets commonly 
available in the market. This data is useful for knowing the typical 
average nutrient consumption from a specific food. However, 
information on the nutrient composition of all types of millet by its 
range of variety is not widely available or has not been collated so far. 
Indeed, a lot of scientific publications do contain information on the 
nutrient composition of millets, with or without variety-specific 
information, but it is spread over a wide range of journal articles 
published over several decades and has not been collated and therefore 
not easily accessible. More commonly available are a range of simple 
millet nutrient tables that are typically used by industry, consumers, 
government, and media for various purposes. They are easily 
accessible and easy to understand and use. However, this data may 
lack sufficient detail to be scientifically credible. To be able to include 
any type of millet in a nutrition intervention, it is essential to know 
nutrient content by variety. Keeping that context in mind, this 
systematic review was designed to collate existing information on the 
nutrient content of millets by variety and type.

1.1 Objective

The objective of this review is to determine the variation in the 
major nutritional composition of the different types of millets by its 
wide range of varieties.

2 Materials and methods

2.1 Information sources

The search selected all relevant research studies conducted from 
the year 1950 to the second quarter of the year 2023 using a set of 
criteria and keywords (Supplementary Table S1). Only studies 
published in the English language were considered. Scopus, Web of 
Science, Research Gate, Science Direct, PubMed, and Google Scholar 
were used to find studies relevant to the research questions. The 
downloaded papers were used only if they addressed the research 
questions. If the abstract was suitable, the open-access article was 
downloaded; otherwise, the full paper was requested by contacting the 
authors, the journal editors, or universities that have library facilities 
and subscriptions to the journal.

2.2 Inclusion criteria

The following criteria were used for inclusion of papers in the 
analysis: 1. Research papers that evaluated the nutrient content of one 
or more of the 12 main types of millets; 2. Research on a type of millet 
evaluated in one or several geographical locations; 3. Studies that had 
information on any one or all of the nutrient contents (moisture, ash, 
protein, fat, fiber, carbohydrate, iron, zinc, calcium, magnesium) of 
any type of millet. 4. Studies that had information on any one or all of 
the nutrient contents (moisture, ash, protein, fat, fiber, carbohydrate, 
iron, zinc, calcium, magnesium) of genotype or variety of any type of 
millet (released varieties including those available in the local market); 
5. Nutritional information on millets available in food composition 
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tables from different countries around the world; and 6. Peer-reviewed 
scientific journal articles and full Ph.D. or M.Sc. theses submitted to 
universities, if available online.

2.3 Exclusion criteria

Papers were excluded if they were review articles, full information 
could not be accessed, or if the methodology was identified as weak.

2.4 Data extraction and analysis

A total of 90 full-length research papers, book chapters, and food 
composition tables were selected for the study. Using the PRISMA 
checklist for systematic review data collection, extraction, and analysis 
were conducted. The data on the moisture, ash, protein, fat, fiber, 
carbohydrate, iron, zinc, calcium, and magnesium content of various 
types of millet was extracted. Nutrient information was recorded in 
an Excel spreadsheet, along with information on methods of 
determination (Supplementary Table S2), unit of measurement, 
variety, and country. All the collected data was converted to a uniform 
unit of measurement, i.e., g/100 g for macronutrients and mg/100 g for 
micronutrients. Simple descriptive statistics, i.e., mean, standard 
deviation, and range, were calculated for all varieties of different types 
of millets to gage the variation in nutrient content. Non-parametric 
one-way analysis of variance (ANOVA) was carried out with Duncan’s 
post hoc test to define significant variance between the means of each 
nutrient for each millet using SPSS. Principal component analysis 
(PCA) was done to summarize the nutrient data for different varieties 
of millets.

2.5 Primary outcome(s)

Information regarding proximate composition, energy-
contributing macronutrients and biologically important minerals, and 
variability of these nutrients in different varieties of millet around the 
globe were collected.

2.6 Secondary outcome(s)

The probable reasons for wide variation in nutrient content owing 
to different genetic as well as environmental and agronomic factors 
like rainfall, soil conditions, fertilizers, and access to water 
were summarized.

3 Results and discussion

Ninety studies relevant to the nutrient profiles of 12 types of 
millets, namely barnyard millet, brown top millet, finger millet, fonio, 
foxtail millet, Job’s tears, kodo millet, little millet, pearl millet, proso 
millet, sorghum, and teff, were included in this review 
(Supplementary Figure S1). They reflected a wide range of analytical 
techniques (Supplementary Table S2).

In this section, the term ‘genotypes’ indicates research materials 
including accessions, genotypes, lines, hybrids, etc., whereas the term 
‘varieties’ refers to materials released by researchers for consumption, 
landraces or those available in the market. Some studies did not 
provide enough information on the accessions if it is from 
heterogenous material therefore it is not elaborated. Some studies did 
not provide enough information on landraces, the variety of particular 
millet in the local market, and released varieties therefore, all these are 
categorized under the “varieties” group and there was not much 
difference in nutrients observed in the initial data curation stage. 
Tables 1, 2 describes the ash, total fat, total protein, carbohydrates, 
fiber, and minerals content (calcium, iron, magnesium, and zinc) in 
the various millets. The study characteristics extracted for the analysis 
are presented in Supplementary Tables S3, S4.

3.1 Macronutrient composition of millets

Out of the 90 studies (Figure  1) available on the proximate 
composition of millets, only 11 authors published the complete profile 
including the water/moisture, protein, fat, ash, fiber, and carbohydrate 
contents. Two of these studies reported the complete proximate 
profiles of finger and pearl millet genotypes and one reported the 
profile of foxtail millet genotypes (Shibairo et al., 2014; Kamatar et al., 
2015; Elsadig et al., 2016; Shindume et al., 2019; Nakarani et al., 2021). 
Two authors reported the complete proximate profile of the sorghum 
variety (Mustafa and Magdi, 2003; Mugalavai and Onkware, 2018) and 
one study reported on fonio (Koreissi-Dembélé et  al., 2013), teff 
(Derib et al., 2018) finger millet (Food Composition Table for Nepal, 
2012), and pearl millet (Kulthe et al., 2016) varieties. For barnyard 
millet, only protein, fat, and fiber levels were reported. For foxtail 
millet, all authors except one (Kamatar et al., 2015) did not include the 
ash content in the proximate composition. In kodo and little millets, 
only protein levels were estimated while in proso millet, carbohydrate 
values were not reported by any of the authors. Most of the authors 
prioritized the investigation of protein variability among millet 
varieties/genotypes. Variation in the macronutrient contents of 
different millets is reported in Table 1.

Exceptionally high total dietary fiber content was reported in 
barnyard millet varieties (Panwar et al., 2016), ranging from 23.25 to 
31.70 g/100 g, which can meet 100% of the fiber requirement of the 
body if 100 g of millet were consumed per day (ICMR, 2020). Only 
one variety of browntop millet was analyzed for proximate 
composition, and it showed 11.64 g/100 g of protein, 5.28 g/100 g of fat, 
and 16.08 g/100 g of fiber. Released varieties of finger millet showed a 
good proximate profile compared to genotypes. In fonio millet, a 
considerably high amount of total dietary fiber was reported in 
different varieties, with a range of 15.70 to 20.70 g/100 g.

Among foxtail millet genotypes, average fat and protein contents 
were 3.52 ± 0.29 g/100 g and 12.53 ± 2.19 g/100 g, respectively, while 
different varieties of foxtail millet contained 4.29 ± 0.33 g/100 g and 
10.45 ± 1.05 g/100 g of fat and protein, respectively (Upadhyaya et al., 
2011a,b). The proximate composition of Job’s tears genotypes showed 
13.00 ± 1.34 g/100 g of protein, 7.93 ± 0.56 g/100 g of fat, and 
67.43 ± 1.27 g/100 g of carbohydrate. Only one report was available for 
a Job’s tears variety; it reported 12.66 g/100 g of protein, 4.26 g/100 g of 
fat, and 3.80 g/100 g of fiber.
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TABLE 1 Proximate composition and mineral concentrations of different millets genotypes reported across the globe.

Browntop 
millet

Finger 
Millet

Fonio 
Millet

Foxtail 
Millet

Job’s 
tears

Kodo 
Millet

Little Millet Pearl Millet Proso 
Millet

Sorghum Tef

Ash Mean ± SD - 3.184 ± 0.337 - - 1.41 ± 0.27 - - 1.943 ± 0.589 - - -

Number of 

Entries (N)
- 16 - - 6 - - 87 - - -

Range - 2.75–3.8 - - 1.14–1.76 - - 1.25–5.16 - - -

Reference -

Shibairo et al. 

(2014) and 

Nakarani et al. 

(2021)

- -
Ramadhan 

et al. (2023)
- -

Chen (1978), 

Singh et al. 

(1987), Mustafa 

et al. (2008), 

Elsadig et al. 

(2016), and 

Shindume et al. 

(2019)

- - -

Protein Mean ± SD 10.71 ± 1.82 7.94 ± 1.75 6.17 ± 1.22 12.53 ± 2.19 13.00 ± 1.34 8 ± 0.57 11.12 ± 1.88 15.72 ± 2.2 13.17 ± 1.62 10.75 ± 1.38 9.89 ± 0.12

Number of 

Entries (N)
30 252 13 185 6 30 65 87 26 90 9

Range 8.93–19.33 2.6–14 3.75–7.75 6.2–18.5 10.53–13.82 7–9.3 7.2–14.6 9.45–20.8 10.8–16.9 7.2–15.26 9.66–10.1

Reference
Niharika et al. 

(2020)

Sankara 

Vadivoo et al. 

(1998), 

Upadhyaya 

et al. (2011a,b), 

Nirgude et al. 

(2014), Shibairo 

et al. (2014), 

Patil et al. 

(2019), 

Udamala et al. 

(2020), and 

Nakarani et al. 

(2021)

Clottey et al. 

(2006)

Upadhyaya et al. 

(2011a,b), 

Sharma et al. 

(2014), Brunda 

et al. (2015), 

Kamatar et al. 

(2015), and 

Thippeswamy 

et al. (2017)

Ramadhan 

et al. (2023)

Vetriventhan 

and Upadhyaya 

(2019)

Vetriventhan 

et al. (2021)

Chen (1978), 

Singh et al. 

(1987), Mustafa 

et al. (2008), 

Elsadig et al. 

(2016), and 

Shindume et al. 

(2019)

Vetriventhan 

and 

Upadhyaya 

(2018)

Gerrano et al. 

(2006), Chavan 

et al. (2009), 

Shegro et al. 

(2012), 

Motlhaodi et al. 

(2018),  and 

Mofokeng 

(2015)

Abewa et al. 

(2020)

Fat Mean ± SD - 1.59 ± 0.31 - 3.52 ± 0.29 7.93 ± 0.56 - - 5.43 ± 0.99 - - 2.77 ± 0.08

Number of 

Entries (N)
- 16 - 78 6 - - 82 - - 9

Range - 1.2–2.23 - 2.79–4.16 6.83–8.44 - - 4.1–7.4 - - 2.65–2.86

(Continued)

https://doi.org/10.3389/fsufs.2024.1324046
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


A
n

ith
a et al. 

10
.3

3
8

9
/fsu

fs.2
0

24
.13

24
0

4
6

Fro
n

tie
rs in

 Su
stain

ab
le

 Fo
o

d
 Syste

m
s

0
5

fro
n

tie
rsin

.o
rg

Browntop 
millet

Finger 
Millet

Fonio 
Millet

Foxtail 
Millet

Job’s 
tears

Kodo 
Millet

Little Millet Pearl Millet Proso 
Millet

Sorghum Tef

Reference -

Shibairo et al. 

(2014) and 

Nakarani et al. 

(2021)

-
Kamatar et al. 

(2015)

Ramadhan 

et al. (2023)
- -

Elsadig et al. 

(2016), Shindume 

et al. (2019), 

Singh et al. 

(1987), and Chen 

(1978)

- -
Abewa et al. 

(2020)

Fiber Mean ± SD 8.06 ± 0.82 4.18 ± 1.44 - 2.08 ± 0.13 - - - 9.6 ± 4.33 _ _ 3.05 ± 0.17

Number of 

Entries (N)
30 82 - 95 - - - 47 _ _ 9

Range 6.50–9.87 0.93–10.01 - 1.34–2.31 - - - 2.51–19.6 _ _ 2.72–3.29

Reference
Niharika et al. 

(2020)

Bachar et al. 

(2013), Shibairo 

et al. (2014), 

Patil et al. 

(2019), and 

Nakarani et al. 

(2021)

-

Brunda et al. 

(2015) and 

Kamatar et al. 

(2015)

- - -

Singh et al. 

(1987), Elsadig 

et al. (2016), and 

Shindume et al. 

(2019)

- -
Abewa et al. 

(2020)

CHO Mean ± SD - 73.23 ± 2.27 - 72.89 ± 0.86 67.43 ± 1.27 - - 69.05 ± 3.12 - - -

Number of 

Entries (N)
- 52 - 78 6 - - 44 - - -

Range - 68.23–78.46 70.9–74.63 66.30–69.85 - - 62.53–75.6 - - -

Reference - Shibairo et al. 

(2014), Patil 

et al. (2019), 

and Nakarani 

et al. (2021)

- Kamatar et al. 

(2015)

Ramadhan 

et al. (2023)

- - Elsadig et al. 

(2016) and 

Shindume et al. 

(2019)

- - -

Fe Mean ± SD 8.86 ± 3.30 5.13 ± 2.22 - 4.9 ± 2.63 - 11.85 ± 5.92 3.78 ± 3.36 6.74 ± 2.16 5.58 ± 0.7 4.38 ± 1.75 19.17 ± 2.37

Number of 

Entries (N)

30 137 - 107 - 120 65 457 54 227 9

Range 3.70–15.32 1.9–14.7 - 0.33–16.26 - 2.03–24.69 1.49–23.38 1.4–13.527 4.49–7.32 1.18–12.75 15.1–23.1

(Continued)

TABLE 1 (Continued)
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TABLE 1 (Continued)

Browntop 
millet

Finger 
Millet

Fonio 
Millet

Foxtail 
Millet

Job’s 
tears

Kodo 
Millet

Little Millet Pearl Millet Proso 
Millet

Sorghum Tef

Reference [94] Shibairo et al. 

(2014), Sharma 

et al. (2018), 

Patil et al. 

(2019), 

Udamala et al. 

(2020), and 

Nakarani et al. 

(2021)

- Upadhyaya et al. 

(2011a,b), 

Sharma et al. 

(2014), Brunda 

et al. (2015), and 

Thippeswamy 

et al. (2017)

- Nirubana et al. 

(2017) and 

Vetriventhan 

and Upadhyaya 

(2019)

Manimozhi 

Selvi et al. 

(2015) and 

Vetriventhan 

et al. (2021)

Singh et al. (1987), 

Mustafa et al. 

(2008), Govindaraj 

et al. (2013), 

Elsadig et al. 

(2016), Anuradha 

et al. (2017), 

Manwaring (2018), 

Singhal et al. 

(2018), Shindume 

et al. (2019), 

Kumar et al. 

(2020), and Serba 

et al. (2020)

Vetriventhan 

and 

Upadhyaya 

(2018)

Gerrano et al. 

(2006), Kayodé 

et al. (2006), 

Ashok Kumar 

et al. (2011), 

Ng’uni et al. 

(2011), Shegro 

et al. (2012), 

Motlhaodi et al. 

(2018), 

Abdelhalim et al. 

(2019), 

Upadhyaya et al. 

(2019),  and 

Ashok kumar 

(2012)

Abewa et al. 

(2020)

Zn Mean ± SD 2.11 ± 0.50 3.25 ± 1.47 - 4.13 ± 1.83 - 3.35 ± 0.91 3.89 ± 1.61 4.76 ± 1.48 3.77 ± 0.52 2.6 ± 0.87 2.25 ± 0.08

Number of 

Entries (N)

30 172 - 136 - 127 65 491 54 189 9

Range 1.36–2.80 0.9–6.43 - 0.85–11.4 - 1.95–6.5 2.04–8 1.15–9.41 2.67–4.67 0.45–5.7 2.12–2.36

Reference Niharika et al. 

(2020)

Upadhyaya 

et al. (2011a,b), 

Sharma et al. 

(2018), Patil 

et al. (2019), 

Udamala et al. 

(2020), and 

Nakarani et al. 

(2021)

- Upadhyaya et al. 

(2011a, b), 

Sharma et al. 

(2014), Brunda 

et al. (2015), and 

Thippeswamy 

et al. (2017)

- Nirubana et al. 

(2017) and 

Vetriventhan 

and Upadhyaya 

(2019)

Manimozhi 

Selvi et al. 

(2015) and 

Vetriventhan 

et al. (2021)

Singh et al. 

(1987), Mustafa 

et al. (2008), Velu 

et al. (2008a,b), 

Panwar et al. 

(2010), 

Govindaraj et al. 

(2013), Elsadig 

et al. (2016), 

Anuradha et al. 

(2017), 

Manwaring 

(2018), Singhal 

et al. (2018), 

Shindume et al. 

(2019), and Serba 

et al. (2020)

Vetriventhan 

and 

Upadhyaya 

(2018)

Gerrano et al. 

(2006), Kayodé 

et al. (2006), 

Ashok Kumar 

et al. (2011), 

Shegro et al. 

(2012), 

Motlhaodi et al. 

(2018), 

Abdelhalim et al. 

(2019), and 

Upadhyaya et al. 

(2019)

Abewa et al. 

(2020)

(Continued)
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Browntop 
millet

Finger 
Millet

Fonio 
Millet

Foxtail 
Millet

Job’s 
tears

Kodo 
Millet

Little Millet Pearl Millet Proso 
Millet

Sorghum Tef

Ca Mean ± SD 13.97 ± 5.69 417 ± 298 - 13.49 ± 5.32 - 19.8 ± 2.08 10.91 ± 6.91 26.72 ± 11.52 107.7 ± 94.17 37.47 ± 48.32 122 ± 2.58

Number of 

Entries (N)

30 342 - 84 - 30 65 275 54 88 9

Range 8.00–33.00 117.5–1,400 - 1.99–28.87 - 15.84–23.5 1.14–23.35 6.07–73.71 9.11–235.4 9.2–270 118.7–125.7

Reference Niharika et al. 

(2020)

Sankara 

Vadivoo et al. 

(1998), Panwar 

et al. (2010), 

Upadhyaya 

et al. (2011a,b), 

Nirgude et al. 

(2014), Shibairo 

et al. (2014), 

Patil et al. 

(2019), 

Udamala et al. 

(2020), and 

Nakarani et al. 

(2021)

- Upadhyaya et al. 

(2011a,b) and 

Thippeswamy 

et al. (2017)

- Vetriventhan 

and Upadhyaya 

(2019)

Manimozhi 

Selvi et al. 

(2015) and 

Vetriventhan 

et al. (2021)

Singh et al. 

(1987), Mustafa 

et al. (2008), 

Elsadig et al. 

(2016), and 

Shindume et al. 

(2019)

Vetriventhan 

and 

Upadhyaya 

(2018)

Gerrano et al. 

(2006), Shegro 

et al. (2012), and 

Motlhaodi et al. 

(2018)

Abewa et al. 

(2020)

Mg Mean ± SD - 481 ± 285 - - - - - 130 ± 23.25 - 127 ± 21.39 146 ± 5.11

Number of 

Entries (N)

- 67 - - - - - 275 - 76 9

Range - 84.7–900 - - - - - 54.2–240 - 75–173.4 140–153.5

Reference - Bachar et al. 

(2013) and Patil 

et al. (2019)

- - - - - Singh et al. 

(1987), Mustafa 

et al. (2008), 

Elsadig et al. 

(2016), 

Manwaring 

(2018), and 

Shindume et al. 

(2019)

- Gerrano et al. 

(2006), Shegro 

et al. (2012), and 

Motlhaodi et al. 

(2018)

Abewa et al. 

(2020)

Different superscript alphabets in the same row indicate the statistically significant (p < 0.05) difference among millet samples.

TABLE 1 (Continued)
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Among kodo millet genotypes, the average protein content was 
8.00 ± 0.57 g/100 g, while pooled varieties had 8.92 g/100 g. Among 
different genotypes of little millet, protein content averaged 
11.12 ± 1.88 g/100 g, while varieties showed a similar level of 
10.13 g/100 g.

In pearl millet, protein content ranged from 9.45-to 20.80-g/100 g 
for genotypes, and 4.5 to 17.10 g/100 for varieties, with the highest 
level being in the 700,112 genotype (Singh et al., 1987). The pearl 
millet genotype Sudan II was reported to have the highest crude fiber 
(15.37 g/100 g) content (Derib et al., 2018), while the variety of pearl 
millet Pioneer 86 M64 showed the highest level of crude fiber 
17.60 g/100 g (Stadlmayr, 2012).

For two varieties of proso millet, ANUL, and HAML. Kumari 
et al. (2016) reported 2.26 and 2.17 g/100 g of ash, respectively, 3.32 
and 3.09 g/100 g of fat, 10.70 and 9.37 g/100 g of protein, and 2.35 and 
2.30 g/100 g of crude fiber. Many other authors reported only protein 
levels (Ershow and Wong-Chen, 1990; Bagdi et  al., 2011; Food 
Composition Table for Nepal, 2012; Vetriventhan and Upadhyaya, 
2018) which varied from 10.80 to 16.90 g/100 g for proso millet 
genotypes and from 9.37 to 15.20 g/100 g for released varieties. For 
sorghum, protein content was highest at 17 g/100 g in the variety 
Sandal Bar from Pakistan (Ahmad et  al., 2018) and lowest at 
4.28 g/100 g in N 68 from Western Kenya (Mugalavai and 
Onkware, 2018).

Among different types of millets, protein was high in nearly all the 
millets. Barnyard, foxtail, Job’s tears, pearl, and proso millets exhibited 
the highest protein content with no significant difference among them, 
while finger, fonio, and kodo millets contained the lowest protein 
content. Fat content was significantly (p < 0.05) higher in Job’s tears 
than in other millets. Barnyard millet exhibited a significantly 
(p < 0.05) high amount of fiber compared to other types of millet. The 
results showed a wide variation in nutrient content among the 
different types and varieties/genotypes of millets. This is mainly due 
to genetic, morphological, and agronomic differences, as reported by 
various authors. Additionally, the different analytical methods adopted 
by authors for the estimation of parameters could also be a reason for 
the variance.

3.2 Micronutrient profile of millets

Mineral content in barnyard millet varieties was reported in Korea 
(Kim et  al., 2011) and India (Panwar et  al., 2016) with variations 
between 2.28 and 22.98 mg/100 g for iron, 0.44 and 5.92 mg/100 g for 
zinc, and 5.81 and 36.13 mg/100 g for calcium. The wide range of 
nutrient values reported for barnyard millet varieties may be due to 
the particular variety itself or due to differences in soil nutrients and 
geographical variation.

Among browntop millet genotypes, iron, zinc, and calcium 
content was in the range of 3.70–15.32, 1.36–2.80, and 8.00–
33.00 mg/100 g, respectively. In finger millet, the highest iron content 
was reported in improved finger millet varieties from Ethiopia 
(Admassu et al., 2009). The highest variation in zinc, calcium, and 
magnesium was found in finger millet genotypes (Patil et al., 2019), 
which the authors attributed to genotypic variability.

For fonio millet varieties, only iron and zinc were reported 
(Stadlmayr, 2012; Koreissi-Dembélé et al., 2013), with a range of 0.80 

to 10.00 mg/100 g and 1.90 to 3.80 mg/100 g, respectively. High iron 
and zinc content were reported in several foxtail millet genotypes 
(Thippeswamy et al., 2017), whereas the highest calcium content was 
reported in the variety Tinmaase Kaaguno, which is a traditional 
mountain landrace from Nepal (Joshi et al., 2020). Kodo and little 
millet showed wide variation for all the nutrients, which was due to 
the selected genotype and precisely controlled homeostatic 
mechanisms that regulate the absorption of these nutrients from the 
soil, their translocation and redistribution, and accumulation in plant 
tissue (Manimozhi Selvi et al., 2015; Nirubana et al., 2017).

The nutrient profile of pearl millet genotypes showed that the 
highest ash content (5.16 g/100 g) was in the genotype L5P11Rep2 
(Shindume et al., 2019) from Nigeria, which is a level almost four 
times higher than in the HSD10376 genotype (Food Composition 
Table for Nepal, 2012), indicating a good total mineral profile. Among 
different pearl millets, the huge variations in mineral content were 
primarily due to genotypic diversity, as reported by the authors. In 
proso millet, genotypes showed the highest content for all four 
minerals as compared to released varieties (Food Composition Table 
for Nepal, 2012; Mishra et al., 2015; Ng’uni et al., 2016).

Among sorghum exceptionally high levels of iron, zinc, and 
calcium were detected by Pontieri et  al. (2017) in all varieties of 
sorghum from Italy as the authors had collected hybrid sorghum 
cultivars with improved nutritional characteristics for their study. 
High amounts of calcium were also reported in wild sorghum 
genotypes from Sudan, Ethiopia, and Eritrea (Abdelhalim et al., 2019) 
with the author attributing the variations to genetic variability 
between species and the effect of the environment at the collection 
site. Magnesium content also showed wide variability, which was 
attributed to genetic variation among cultivars and improved varieties 
(Chavan et al., 2009, 2015; Ng’uni et al., 2011). In teff, an exceptionally 
high amount of iron was reported in the Korma variety (Derib et al., 
2018); the highest zinc content was reported in the white teff variety 
(406 W); and the highest calcium content was found in the brown teff 
variety (405 B), while magnesium was highest in the Bolo Giorgis 
variety from Ethiopia.

Among all the millets in this study, irrespective of variety and 
genotype, iron content was significantly higher (p < 0.05) in teff grains, 
followed by kodo millet, and barnyard millet. However, if we consider 
only the released varieties, finger millet had highest iron content 
followed by teff. Pearl millet contained significantly (p < 0.05) highest 
zinc content of 8.73 ± 11.55 mg/100 g compared to all other millets. 
Finger millet showed significantly high (p < 0.05) amounts of calcium 
and magnesium as compared to other millets (Table 2). Calcium level 
was consistently high in finger millet and teff regardless of the variety, 
at 331.29 ± 10 mg/100 g and 183.41 ± 29 mg/100 g, respectively. It is 
noteworthy that the calcium level in finger millets that are unreleased 
genotypes, also is a very high level being 417 ± 298 mg/100 g with a 
range of 117.5–1,400 mg/100 g. Therefore, bringing these varieties to 
market is very important to naturally increase the dietary calcium 
level. Interestingly, proso millet genotype 107.7 ± 94.17 had a high 
calcium level (ranging between 9.11–235.4) which is not available in 
the market so requires attention to leverage this opportunity. It was 
observed that iron and zinc were the most studied minerals in all the 
millet, whereas calcium was studied mainly in finger millet. It can 
be concluded that millet grain nutrient content varies widely among 
different types of millets as well as different varieties/genotypes.
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TABLE 2 Proximate composition and mineral concentrations of different millets varieties reported across the globe.

Barnyard 
Millet

Browntop 
millet

Finger 
Millet

Fonio Foxtail 
Millet

Job’s 
tears

Kodo 
Millet

Little 
Millet

Pearl Millet Proso 
Millet

Sorghum Tef

Ash Mean ± SD - 8.62 2.35 ± 0.78 3.07 ± 1.54 1.81 ± 0.27 1.38 - - 1.90 ± 0.31 2.22 ± 0.06 2.09 ± 0.53 2.49 ± 0.32

Number of 

Entries (N)
- 1 30 23 4 1 - - 4 2 44 9

Range - - 0.73–4.00 2.10–7.40 1.54–2.17 - - - 1.47–2.17 2.17–2.26 1.30–3.45 2.13–3.22

Reference -
Hemamalini 

et al. (2021)

Admassu et al. 

(2009), Kumari 

et al. (2016), and 

Otieno et al. 

(2020)

Koreissi-

Dembélé 

et al. (2013)

Kumari et al. 

(2016)

Luithui 

and 

Meera 

(2019)

- -

Singh et al. 

(1987) and 

Kulthe et al. 

(2016)

Kumari et al. 

(2016)

Mustafa et al. 

(2008), Chavan 

et al. (2015), 

Mabelebele et al. 

(2015), Pontieri 

et al. (2017), 

Ahmad et al. 

(2018), Mugalavai 

and Onkware 

(2018), and Otieno 

et al. (2020)

Derib et al. 

(2018)

Protein Mean ± SD 12.05 ± 1.77 11.64 9.32 ± 2.60 8.52 ± 0.62 10.45 ± 1.05 12.66 8.92 10.13 9.02 ± 2.75 12.42 ± 1.99 10.74 ± 2.66 9.5 ± 1.82

Number of 

Entries (N)
13 1 53 12 6 1 1 1 106 12 80 10

Range 10.05–14.75 - 5.80–16.87 7.40–9.50 9.50–12.30 - 8.92–8.92
10.13–

10.13
4.50–17.10 9.37–15.20 4.28–17.00 6.76–13.30

Reference [51]
Kayodé et al. 

(2006)

Ershow and 

Wong-Chen 

(1990), Barbeau 

and Hilu (1993), 

Admassu et al. 

(2009), 

Upadhyaya et al. 

(2011a,b), Food 

Composition 

Table for Nepal 

(2012), Kumari 

et al. (2016), 

Longvah et al. 

(2017), Otieno 

et al. (2020), and 

Van Graan et al. 

(2020)

Koreissi-

Dembélé 

et al. (2013)

Ershow and 

Wong-Chen 

(1990), Food 

Composition 

Table for Nepal 

(2012), and 

Kumari et al. 

(2016)

Luithui 

and 

Meera 

(2019)

Longvah 

et al. 

(2017)

Longvah 

et al. 

(2017)

Singh et al. 

(1987), Cheik 

et al. (2006), 

Food 

Composition 

Table for Nepal 

(2012), Stadlmayr 

(2012), Kiprotich 

et al. (2015), 

Kulthe et al. 

(2016), Berwal 

et al. (2017), and 

Longvah et al. 

(2017)

Ershow and 

Wong-Chen 

(1990), Bagdi 

et al. (2011), 

Food 

Composition 

Table for 

Nepal (2012), 

and Kumari 

et al. (2016)

Manful et al. (2001), 

Mustafa et al. 

(2008), Chavan et al. 

(2009, 2015), Food 

Composition Table 

for Nepal (2012), 

Mabelebele et al. 

(2015), Ng’uni et al. 

(2016), Longvah 

et al. (2017), 

Pontieri et al. 

(2017), Ahmad et al. 

(2018), Mugalavai 

and Onkware 

(2018), Mwai et al. 

(2018), and Van 

Graan et al. (2020)

Derib et al. 

(2018) and 

Mwai et al. 

(2018)

(Continued)
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TABLE 2 (Continued)

Barnyard 
Millet

Browntop 
millet

Finger 
Millet

Fonio Foxtail 
Millet

Job’s 
tears

Kodo 
Millet

Little 
Millet

Pearl Millet Proso 
Millet

Sorghum Tef

Fat Mean ± SD 5.65 ± 1.10 5.28 1.86 ± 1.56 4.16 ± 0.31 4.29 ± 0.33 4.26 - - 7.52 ± 1.20 3.21 ± 0.16 3.13 ± 0.96 3.27 ± 0.16

Number of 

Entries (N)
13 1 28 12 4 1 - - 32 2 44 9

Range 3.01–6.90 - 0.10–4.50 3.60–4.50 3.84–4.58 - - - 5.14–10.20 3.09–3.32 1.21–5.60 3.04–3.48

Reference [51]
Kayodé et al. 

(2006)

Barbeau and Hilu 

(1993), Kumari 

et al. (2016), and 

Otieno et al. 

(2020)

Koreissi-

Dembélé 

et al. (2013)

Kumari et al. 

(2016)

Luithui 

and 

Meera 

(2019)

- -

Singh et al. 

(1987), Cheik 

et al. (2006), 

Stadlmayr (2012), 

and Kulthe et al. 

(2016)

Kumari et al. 

(2016)

Mustafa et al. 

(2008), Chavan 

et al. (2015), 

Mabelebele et al. 

(2015), Pontieri 

et al. (2017), 

Ahmad et al. 

(2018), Mugalavai 

and Onkware 

(2018), and Otieno 

et al. (2020)

Derib et al. 

(2018)

Fiber Mean ± SD 27.48 ± 3.59 16.08 8.19 ± 5.51 18.20 ± 1.56 2.01 ± 0.43 3.8 - - 10.68 ± 3.18 2.33 ± 0.04 4.20 ± 2.12 1.75 ± 0.51

Number of 

Entries (N)
5 1 25 12 4 1 - - 31 2 44 9

Range 23.25–31.70 - 2.22–18.06 15.70–20.70 1.52–2.38 - - - 2.07–17.60 2.30–2.35 1.64–9.12 0.79–2.25

Reference [34]
Kayodé et al. 

(2006)

Kumari et al. 

(2016), Panwar 

et al. (2016), and 

Otieno et al. 

(2020)

Koreissi-

Dembélé 

et al. (2013)

Kumari et al. 

(2016)

Luithui 

and 

Meera 

(2019)

- -

Singh et al. 

(1987), Stadlmayr 

(2012), Kulthe 

et al. (2016), and 

Krishnan and 

Meera (2017)

Kumari et al. 

(2016)

Mustafa et al. 

(2008), Chavan 

et al. (2015), 

Pontieri et al. 

(2017), Ahmad 

et al. (2018), 

Mugalavai and 

Onkware (2018), 

and Otieno et al. 

(2020)

Derib et al. 

(2018)

CHO Mean ± SD - - 68.72 ± 5.23 65.99 ± 1.83 - - - - 69.97 ± 8.36 - 67.01 ± 5.27 74.07 ± 1.43

Number of 

Entries (N)
- -

17 11 - - - - 30 - 25 9

Range - - 56.32–75.30 62.20–68.70 - - - - 55.50–81.00 - 56.39–74.21 71.9676.48

(Continued)
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Barnyard 
Millet

Browntop 
millet

Finger 
Millet

Fonio Foxtail 
Millet

Job’s 
tears

Kodo 
Millet

Little 
Millet

Pearl Millet Proso 
Millet

Sorghum Tef

Reference - - Barbeau and Hilu 

(1993) and 

Otieno et al. 

(2020)

Koreissi-

Dembélé 

et al. (2013)

- - - - Cheik et al. 

(2006), Stadlmayr 

(2012), and 

Kulthe et al. 

(2016)

- Mustafa et al. 

(2008), Pontieri 

et al. (2017), 

Mugalavai and 

Onkware (2018), 

and Otieno et al. 

(2020)

Derib et al. 

(2018)

Fe Mean ± SD 10.06 ± 7 - 12.21 ± 13.69 2.42 ± 2.81 5.15 ± 4.06 - 2.34 1.26 6.14 ± 1.78 3.4 ± 0.56 6.60 ± 8.08 11.09 ± 8.35

Number of 

Entries (N)

18 - 32 15 6 - 1 1 152 2 99 11

Range 2.28–22.98 - 2.64–53.39 0.80–10.00 1.92–12.90 - 2.34–2.34 1.26–1.26 2.18–13.41 3–0.380 2.43–55.26 3.74–34.69

Reference [34, 51] - Lukmanji et al. 

(2008), Admassu 

et al. (2009), 

Food 

Composition 

Table for Nepal 

(2012), Panwar 

et al. (2016), 

Longvah et al. 

(2017), Mwai 

et al. (2018), 

Anitha et al. 

(2019), Joshi 

et al. (2020), 

Otieno et al. 

(2020), and Van 

Graan et al. 

(2020)

Stadlmayr 

(2012) and 

Koreissi-

Dembélé 

et al. (2013)

Ershow and 

Wong-Chen 

(1990), Food 

Composition 

Table for Nepal 

(2012), and 

Joshi et al. 

(2020)

- Longvah 

et al. 

(2017)

Longvah 

et al. 

(2017)

Singh et al. (1987), 

Hussain (2001), 

Lukmanji et al. 

(2008), Velu et al. 

(2008a,b), Food 

Composition 

Table for Nepal 

(2012), Stadlmayr 

(2012), 

Cercamondi et al. 

(2013), Rai et al. 

(2014, 2016), 

Finkelstein et al. 

(2015), Bachir 

et al. (2016), Bhati 

et al. (2016), 

Kulthe et al. 

(2016), Berwal 

et al. (2017), 

Krishnan and 

Meera (2017), 

Longvah et al. 

(2017), Mwai et al. 

(2018), Anitha 

et al. (2019), and 

Govindaraj et al. 

(2020a,b)

Ershow and 

Wong-Chen 

(1990) and 

Food 

Composition 

Table for 

Nepal (2012)

Ershow and Wong-

Chen (1990), 

Hussain (2001), 

Lukmanji et al. 

(2008), Chavan 

et al. (2009, 2015), 

Ashok Kumar et al. 

(2011), Food 

Composition Table 

for Nepal (2012), 

Stadlmayr (2012), 

Mabelebele et al. 

(2015), Mishra 

et al. (2015), 

Ng’uni et al. 

(2016), Longvah 

et al. (2017), 

Pontieri et al. 

(2017), Mwai et al. 

(2018), Otieno 

et al. (2020), Van 

Graan et al. (2020)

Derib et al. 

(2018) and 

Tietel et al. 

(2020)

(Continued)

TABLE 2 (Continued)
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TABLE 2 (Continued)

Barnyard 
Millet

Browntop 
millet

Finger 
Millet

Fonio Foxtail 
Millet

Job’s 
tears

Kodo 
Millet

Little 
Millet

Pearl Millet Proso 
Millet

Sorghum Tef

Zn Mean ± SD 2.03 ± 1.85 - 2.49 ± 0.81 2.31 ± 0.52 - - 1.65 1.82 8.73 ± 11.55 - 3.44 ± 4.45 2.91 ± 0.68

Number of 

Entries (N)

18 - 28 13 - - 1 1 200 - 114 11

Range 0.44–5.92 - 0.97–3.93 1.9–3.8 - - 1.65–1.65 1.82–1.82 1.70–134 - 0.8–26.99 2.36–4.43

Reference [34, 51] - Lukmanji et al. 

(2008), Admassu 

et al. (2009), 

Panwar et al. 

(2016), Longvah 

et al. (2017), 

Mwai et al. 

(2018), Otieno 

et al. (2020), and 

Van Graan et al. 

(2020)

Stadlmayr 

(2012) and 

Koreissi-

Dembélé 

et al. (2013)

- - Longvah 

et al. 

(2017)

Longvah 

et al. 

(2017)

Singh et al. 

(1987), Hussain 

(2001), Lukmanji 

et al. (2008), Velu 

et al. (2008a,b), 

Stadlmayr (2012), 

Rai et al. (2014, 

2016), Kiprotich 

et al. (2015), 

Berwal et al. 

(2017), Krishnan 

and Meera 

(2017), Longvah 

et al. (2017), 

Mwai et al. 

(2018), and 

Govindaraj et al. 

(2020a,b)

- Hussain (2001), 

Lukmanji et al. 

(2008), Chavan 

et al. (2009, 2015), 

Ng’uni et al. (2011, 

2016), Stadlmayr 

(2012), Mabelebele 

et al. (2015), 

Mishra et al. 

(2015), Longvah 

et al. (2017), 

Pontieri et al. 

(2017), Mwai et al. 

(2018), Otieno 

et al. (2020), Van 

Graan et al. (2020)

Derib et al. 

(2018) and 

Tietel et al. 

(2020)

Ca Mean ± SD 23.83 ± 7.72 - 331.29 ± 103 - 70.07 ± 49.48 - 15.27 16.06 21.85 ± 14.18 15.50 ± 10.61 35.49 ± 40.95 183.41 ± 2,945

Number of 

Entries (N)

18 - 36 - 5 - 1 1 83 2 112 11

Range 5.81–36.13 - 29–523 - 31–155 - 15.27–

15.27

16.06–

16.06

3.17–72.87 8–23 5–241 148–232

(Continued)
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Barnyard 
Millet

Browntop 
millet

Finger 
Millet

Fonio Foxtail 
Millet

Job’s 
tears

Kodo 
Millet

Little 
Millet

Pearl Millet Proso 
Millet

Sorghum Tef

Reference [34, 51] - Ershow and 

Wong-Chen 

(1990), Barbeau 

and Hilu (1993), 

Lukmanji et al. 

(2008), Admassu 

et al. (2009), 

Food 

Composition 

Table for Nepal 

(2012), Panwar 

et al. (2016), 

Longvah et al. 

(2017), Mwai 

et al. (2018), 

Anitha et al. 

(2019), Joshi 

et al. (2020), 

Otieno et al. 

(2020), and Van 

Graan et al. 

(2020)

- Food 

Composition 

Table for Nepal 

(2012) and 

Joshi et al. 

(2020)

- Longvah 

et al. 

(2017)

Longvah 

et al. 

(2017)

Singh et al. 

(1987), Hussain 

(2001), Lukmanji 

et al. (2008), 

Food 

Composition 

Table for Nepal 

(2012), Stadlmayr 

(2012), Kulthe 

et al. (2016), 

Adéoti et al. 

(2017), Longvah 

et al. (2017), 

Mwai et al. 

(2018), Anitha 

et al. (2019), and 

Govindaraj et al. 

(2020a,b)

Ershow and 

Wong-Chen 

(1990) and 

Food 

Composition 

Table for 

Nepal (2012)

Ershow and Wong-

Chen (1990), 

Hussain (2001), 

Lukmanji et al. 

(2008), Chavan 

et al. (2009, 2015), 

Ng’uni et al. (2011, 

2016), Food 

Composition Table 

for Nepal (2012), 

Stadlmayr (2012), 

Mabelebele et al. 

(2015), Longvah 

et al. (2017), 

Pontieri et al. 

(2017), Mwai et al. 

(2018), Otieno 

et al. (2020), and 

Van Graan et al. 

(2020)

Derib et al. 

(2018) and 

Tietel et al. 

(2020)

Mg Mean ± SD 195.42 ± 16.33 - 168.67 ± 36.14 - - - - - 156.04 ± 70.54 - 157.48 ± 34.33 142.70 ± 16.29

Number of 

Entries (N)

13 - 9 - - - - - 73 - 88 9

Range 169–221 - 78–201 - - - - - 34.02–477 - 83.4–238 118–168

Reference [51] - Admassu et al. 

(2009)

- - - - - Singh et al. 

(1987), Stadlmayr 

(2012), Adéoti 

et al. (2017), and 

Govindaraj et al. 

(2020a,b)

- Chavan et al. 

(2009, 2015), 

Ng’uni et al. (2011, 

2016), Mabelebele 

et al. (2015), and 

Pontieri et al. 

(2017))

Derib et al. 

(2018)

Different superscript alphabets in the same row indicate the statistically significant (p < 0.05) difference among millet samples.

TABLE 2 (Continued)
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3.3 Principal component analysis of 
different millets

Patterns of nutrient availability in the different types of millets 
considered in this study were identified through principal 
component analysis (Figure  2; Supplementary Figures S2, S3). 
PCA is a statistical method used to condense large data sets into 
smaller data sets without dropping much of the original sample 
data (Lever et  al., 2017). Principal components (PC) are new 
variables (nutrient) that are constructed as linear combinations or 
combinations of the initial variables (nutrient). These 
combinations are constructed in such a way that the principal 
components are uncorrelated, and most of the information within 
the initial variables is covered in the first component. Variables 
are considered to have acceptable component loadings if the 

loading factors are greater than ±0.3 as they are regarded as highly 
correlated nutrients with a particular pattern (Mak et al., 2013). 
PCA calculates an eigenvalue and an eigenvector for each PC, 
which, respectively, represent the total amount of variance 
explained and its orientation. In this study, we used the Kaiser 
criterion to determine the number of PCs retained for 
interpretation or further analysis, which indicates that only PCs 
with eigenvalues greater than one should be  retained. Thus, 
components with eigenvalues greater than 1 explain more variance 
than a single variable, given that a variable accounts for a unit of 
variance (Beavers et al., 2013). To simplify the interpretation of 
the PC results, a varimax rotation was used.

This process rotates the factors with an orthogonal rotation to 
improve interpretability and minimize the correlation between the 
factors. Among barnyard millet varieties, PC1 contributed 80.5% 

FIGURE 1

PRISMA flow diagram of the study.
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and PC2 contributed 16.4% of the total variation. Among browntop 
millet genotypes, PC1 and PC2 together contributed 92.9% of the 
variation. PC1 of finger millet genotypes contributed 86% and PC2 
14% to variation; on the other hand, between finger millet varieties, 
PC1 contributed 99.3% and PC2 0.4%.

In the case of fonio millet varieties, PC1 and PC2 contributed 
64.8 and 23.7% variation, respectively. Among foxtail millet 
genotypes, PC1 (59.3%) and PC2 (22.5%) together accounted for 
81.8% of the total variation whereas within varieties they 
contributed 100% of the variation (PC1 99.1%; PC2 0.9%). For 
Job’s tears, kodo, little and proso millet genotypes, respectively, 

PC1 accounted for 89.3, 62.3, 80.3, and 94.1% of the variation, 
whereas PC2 contributed 7.9, 34.15, 15.2, and 4.7%, respectively. 
In pearl millet, PC1 contributed 90.1% of the variation among 
genotypes and 57.6% among varieties, while PC2 contributed 7.1% 
to genotypic variation and 36.1% among varieties. In sorghum 
genotypes, PC1 accounted for 87% variation and PC2 12.4%. But 
in the case of sorghum varieties, PC1 contributed only 2.4% and 
PC2 95.4%. PC1 and PC2, respectively, contributed 70.5 and 15.8% 
to variation in teff genotypes, while among teff varieties, PC1 and 
PC2 contributed 83.6 and 9.6% to variation, respectively 
(Figures 2, 3).

FIGURE 2

Biplot of different millet genotypes; (A) Browntop millet [Brachiaria ramosa (L.) Stapf]; (B) Finger millet (Eleusine coracana); (C) Foxtail millet (Setaria 
italica); (D) Job’s tears (Coix lacryma-jobi L.); (E) Kodo millet (Paspalum scrobiculatum); (F) Little millet (Panicum sumatrense); (G) Pearl millet 
(Pennisetum glaucum); (H) Proso millet (Panicum miliaceum L.); (I) Sorghum (Sorghum bicolor); (J) Teff [Eragrostis tef (Zucc.) Trotter].
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3.4 Correlation analysis

Correlation among micronutrients (iron, zinc, calcium, and 
magnesium) and macronutrients (ash, fat, protein, fiber, 
carbohydrates) in different millet genotypes and varieties was studied 
using heat maps (Figures 4, 5; Tables 1, 2).

It was observed that grain protein content in barnyard millet 
varieties was negatively correlated with zinc (r = −0.268) and 
calcium (r = −0.197). Among minerals, iron was positively 
correlated with protein (r = 0.028), zinc (r = 0.178), and 
magnesium (r = 0.216), whereas calcium was positively correlated 
with zinc (r = 0.064), magnesium (r = 0.204) and vice versa. 

FIGURE 3

Biplot of different millet varieties; (A) Barnyard millet (Echinochloa esculenta); (B) Finger millet (Eleusine coracana); (C) Fonio (Digitaria exilis Stapf); 
(D) Foxtail millet (Setaria italica); (E) Pearl millet (Pennisetum glaucum); (F) Sorghum (Sorghum bicolor); (G) Teff [Eragrostis tef (Zucc.) Trotter].
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FIGURE 4

Heat plot of different millet genotypes; (A) Browntop millet [Brachiaria ramosa (L.) Stapf]; (B) Finger millet (Eleusine coracana); (C) Foxtail millet (Setaria 
italica); (D) Job’s tears (Coix lacryma-jobi L.); (E) Kodo millet (Paspalum scrobiculatum); (F) Little millet (Panicum sumatrense); (G) Pearl millet 
(Pennisetum glaucum); (H) Proso millet (Panicum miliaceum L.); (I) Sorghum (Sorghum bicolor); (J) Teff [Eragrostis tef (Zucc.) Trotter].
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Protein content in browntop millet accessions/genotypes was 
positively related to zinc (r = 0.164); among minerals, iron was 
positively correlated with both zinc and calcium. Iron and 

calcium showed positive correlation with zinc among 
browntop  millet genotypes, but a negative correlation 
among varieties.

FIGURE 5

Heat plot of different millets varieties; (A) Barnyard millet (Echinochloa esculenta); (B) Finger millet (Eleusine coracana); (C) Fonio (Digitaria exilis Stapf); 
(D) Foxtail millet (Setaria italica); (E) Pearl millet (Pennisetum glaucum); (F) Sorghum (Sorghum bicolor); (G) Teff [Eragrostis tef (Zucc.) Trotter].
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In fonio varieties, protein was negatively correlated with iron 
(r = −0.084) and zinc (r = −0.242); iron and zinc were also negatively 
correlated (r = −0.057) with each other. Among foxtail millet 
genotypes, protein content was negatively correlated with iron, zinc, 
and calcium but showed positive correlation with calcium among 
varieties. Calcium was positively correlated with iron in the foxtail 
millet genotypes whereas it was negatively correlated in varieties. 
Among Job’s tears genotypes, protein was negatively correlated with 
macronutrients ash (r = −0.447), fat (r = −0.337) and carbohydrates 
(r = −0.963). Among kodo and little millet genotypes, positive 
correlation was observed between iron and zinc whereas calcium 
was negatively correlated with grain iron and zinc content in both 
millets. Pearl millet genotypes and varieties showed positive 
correlation between iron and zinc. Negative correlation was 
observed between iron and calcium (r = −0.029) in different pearl 
millet varieties. In proso millet, positive correlation was observed 
among the varieties.

Among sorghum genotypes/varieties, there was positive 
correlation between iron and zinc whereas magnesium was found 
to be negatively correlated with all minerals. Most of the genotypes 
and varieties of various types of millets showed positive correlation 
between grain iron and zinc content, as both minerals share the 
same physiological mechanism of absorption from soil and 
assimilation into grains. A positive correlation was observed 
between protein content and most of the minerals, which act as 
cofactors for most of the protein enzymes (Govindaraj et al., 2013; 
Tomar et al., 2021).

3.5 Recommendation

Nutrition tables displaying the nutrient content of various types 
of millets draw their data from different sources. This data can often 
be contradictory or confusing, and potentially misleading, because 
rarely is it mentioned which variety of millet the data pertains to. It is 
often not mentioned if the data represents a commonly grown variety. 
In the interests of clarity on the nutrient content of various millets, it 
is recommended that ‘regional nutrient tables’ are collated, including 
an even larger number of nutrients and antinutrients as well, and 
specifying the locally commonly grown millet varieties they pertain 
to. It is also important to use consistent methodologies and to specify 
the level of primary processing in relation to nutrient content. More 
accurate global nutrient tables can thus be collated for millets, showing 
the average and range of each nutrient. Importantly, it is recommended 
to base social programs and product development on varieties of 
millet that can better provide the required nutrients. Given the 
identified wide variation of nutrient levels in millet varieties and 
further variations found in the genotypes, it is recommended that 
breeding programs incorporate targeted nutrients in their selection 
process. Lastly, it is recommended that other factors like growing 
conditions and levels of primary and secondary processing are 
considered in the compilation of nutrient tables in order to show how 
big an influence they have on the nutrient levels of millets. Until these 
recommendations are followed, it is suggested that the millet nutrient 
data and summary table presented in this study are the most 
appropriate and accurate to use when referencing millet nutrition 
data globally.

3.6 Limitation of the publications included 
in this study

Some of the limitations observed in the studies included in this 
analysis were:

 1 Some studies did not specify the name of the variety of millet 
that is available in the local market. Despite this lack of clarity, 
the study was included in the analysis.

 2 Most of the studies did not provide detailed information on 
genotypes, and varieties. Therefore, the crops were categorized 
either under genotype (accessions, genotypes, lines, hybrids) 
or variety (materials released by researchers for consumption, 
landraces, or those available in the market) as indicated in the 
results section. Due to this, the multiple subgroup analysis 
could not be conducted.

 3 The methodologies used to assess nutrient contents varied widely.
 4 Some studies were conducted under glasshouse conditions and 

the studies did not provide any information on what is the 
future of the research.

 5 Soil and other environmental conditions were not taken 
into account.

 6 The level of processing of millet grain was not clearly indicated 
in many studies.

4 Conclusion

This systematic review showed that there is wide variation in the 
micro and macronutrient content of millet grains, based on the 
genotype or released variety (including landraces and those from the 
market). Finger millet and teff were consistently reported to have a very 
high calcium content of 331.29 ± 10 mg/100 g and 183.41 ± 29 mg/100 g, 
respectively in released varieties. Some released finger millet varieties 
were reported to have the lowest calcium content. This requires 
attention as finger millet is generally thought to be high in calcium. 
Low-calcium finger millet varieties should thus be  replaced. Teff, 
regardless of variety or genotype, consistently reported calcium content 
>100 mg/100 g. Iron content was highest for finger millet at 
12.21 ± 13.69 mg/100 g followed by teff at 11.09 ± 8.35 mg/100 g. Pearl 
millet contains the highest zinc content of 8.73 ± 11.55 mg/100 g. 
Protein content was highest in proso millet at 12.42 ± 1.99 g/100 g 
followed by job’s tears at 12.66 g/100 g and barnyard millet with 
12.05 ± 1.77 g/100 g. Most of the millets had high protein content. 
However, within finger millet, some varieties had protein content as 
low as 2.6 g/100 g. Based on this study, it is clear that nutrient content 
is not the same in all varieties or genotypes within each type of millet. 
This is likely due to various conditions such as genotypic and 
agronomic factors as well as geographical and environmental factors 
including rainfall, soil type, soil nutrient content, application of 
fertilizer, plant physiological mechanisms for transport and deposition 
of different minerals, and level of processing. Therefore, in dietary 
planning, it is essential to look at these aspects carefully.

This review consolidates data on the nutrient profiling of millets. 
It can help governments and development agencies in designing 
nutrition programs including millets; researchers in designing more 
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accurate nutrition tables for millets and identifying nutrient-rich 
varieties for inclusion in intervention programs, or crop breeding 
programs to develop improved crop varieties, crop biofortification, etc.
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