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Abstract
Fonio grains are a type of small-seeded cereals native to Western Africa and are
important cereal crops for food security. The two species are white fonio (Dig-
itaria exilis) (commonly called acha) and black fonio (Digitaria iburua) (com-
monly called iburu). As a novel food, fonio has attracted attention from other
parts of the world due to their attractive nutritional properties (e.g., in whole
grain form and being gluten free) and potential food applications. The infor-
mation regarding the functional properties and applications of fonio is rather
scattered. This review summarizes the chemical composition, physicochemical
and nutritional properties, and diverse food applications of fonio. The nutri-
tional composition and processing properties of fonio are similar to other cereals.
Fonio has potential to be complementary to major cereals for diverse food uses.
There are research opportunities to better explore fonio grains for value-added
applications.
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1 INTRODUCTION

It has become popular to explore underutilized crops
for food applications. The small-sized fonio of the genus
Digitaria is a traditional cereal grown in Western Africa
(Ayenan, Sodedji, Nwankwo, Olodo, & Alladassi, 2018;
Stapf, 1915). Compared with major cereals, such as wheat
and rice, fonio is a type of underutilized cereal grains
with potential for food applications (Mbosso et al., 2020).
Fonio has attracted attention from some other parts of the
world for food applications (Abrouk et al., 2020; Jideani,
2012; Laheri, & Soon, 2018). For example, fonio is being
actively and commercially promoted in the United States
as a “healthy” grain (Roseboro, 2020). European Union
has recently approved fonio as a novel food (European
Commission, 2018). There are two types of fonio grains,
including white fonio (Digitaria exilis) (commonly called

acha, fundi, or hungry rice) and black fonio (Digitaria ibu-
rua) (commonly called iburu) (Stapf, 1915). Other related
specieswith agricultural significance includeDsanguinalis
sanguinalis (hairy crabgrass), Digitaria compacta (rais-
han), and Digitaria eriantha (pangola) (Tikam, Phatsara,
Mikled, Vearasilp, & Phunphiphat, 2013). These related
species may be explored to improve the agronomic qual-
ity (e.g., yield, seed size and shattering, and disease and
lodging resistance) of fonio by genetic means. The yield
of fonio is low. This is largely due to the fact that the
grain is mostly grown on marginal lands with minimal
input (Abdul & Jideani, 2019). Increasing effort to improve
the genetic diversity and agronomic properties of fonio
through breeding programs is being done with promis-
ing outlooks (Abdul & Jideani, 2019; Abrouk et al., 2020;
Ayenan et al., 2018; Goler & Kwon-Ndung, 2020; Jideani
& Jideani, 2011; Kanlindogbe, Sekloka, & Kwon-Ndung,
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2020; Sidibé, Meldrum, Coulibaly, & Padulosi, 2020). Fer-
tilizersmay also be used to increase the fonio yield. Knowl-
edge of the nutritional properties and food applications of
fonio is essential to support the development of the breed-
ing programs. There is a significant amount of the new
knowledge published. Fonio breeding has recently been
reviewed (Abdul & Jideani, 2019). Fonio genome has been
established (Abrouk et al., 2020). A review of the published
papers on the chemical and biological properties and food
uses helps the development of fonio as a sustainable cereal.
Fonio can grow on marginal land and is adaptable to

drought and infertile soils (Ayenan et al., 2018; Diop,
Gueye, Agbangba, Cissé, & Deu, 2018; Koreissi-Dembélé,
Fanou-Fogny, Hulshof, & Brouwer, 2013). The production
of fonio grains keeps increasing and has reached over
600,000 tonnes per year (FAOSTAT, 2020) (Figure S1).
Fonio plays an important role in food security. In a time of
climatic change, more lands become marginal and unsuit-
able for the cultivation of some major cereal crops. To take
up this challenge, fonio may be adapted to other parts of
the world for large-scale cultivation for food security and
agricultural diversification (Adoukonou-Sagbadja et al.,
2007; Diop et al., 2018; Koreissi-Dembélé, Fanou-Fogny,
Hulshof, et al., 2013). Traditional uses of fonio include stiff
porridge, thin porridge, couscous, and alcoholic beverages
(Jideani, 1999). There has been increasing interest in using
fonio for diverse food formulations in recent years. Apart
from the grains, other parts of fonio plant can compre-
hensively be used (Ndububa, Okonkwo, & Ndububa, 2016;
Ouedraogo, Dao, Millogo, Aubert, & Messan, 2019). For
example, fonio straw and the grain can be used as livestock
feed (Ayenan et al., 2018). The straw has potential to be
used in adobe formulations (Ouedraogo et al., 2019). Fonio
husk ashwas tested as a pozzolan in concrete formulations
(Ndububa et al., 2016). There is great potential for sustain-
able production and efficient utilization of fonio.
Fonio is mostly consumed in whole grain form due to

its small size (Figure 1). The length and width of cor-
ticated grains were 1 to 1.4 and 0.6 to 0.8 mm, respec-
tively (Abdul et al., 2018). The 1,000 kernel weight of
fonio grains was ∼400 to 500 mg (Jideani & Akingbala,
1993). These values tend to be significantly smaller than
those of other cereals and pseudocereals. The small size
of fonio grains poses some processing issues. For example,
sands and dirt may be attached easily on the grains, and
extensive washing is needed before cooking fonio (Abdul
& Jideani, 2019; Mbosso et al., 2020). Fonio grains with
increased seed size remain to be developed by breeding.
The microstructure and arrangements of chemical com-
ponents inside the caryopsis of fonio are similar to other
cereals, such as millets and wheat (Figure 1) (Irving &
Jideani, 1997). Fonio is a source of starch, protein, and
a range of bioactive components, such as dietary fibers

and polyphenols (Chukwurah, Uyoh, Usen, Ekerette, &
Ogbonna, 2016; Koreissi-Dembélé, Fanou-Fogny, Hulshof,
et al., 2013). It is gluten free (Adoukonou-Sagbadja et al.,
2007; Hilu, M’Ribu, Liang, & Mandelbaum, 1997). These
are the attractive nutritional properties of fonio grains
and contribute to their rising popularity in the Western
world (European Commission, 2018; Jideani & Jideani,
2011; Koréissi, 2015). However, the information regarding
the chemical properties and food uses is scattered. Con-
flicting results have been reported in different studies, con-
fusing fonio researchers. This hinders the development of
fonio as a “novel” and sustainable food crop.
This review summarizes the chemical, physicochemi-

cal, and nutritional properties of fonio grains. The results
are compared with those of common cereal grains such as
wheat. Implications of the results are discussed in relation
to the properties of fonio. The applications of fonio are also
reviewed. Future research direction on how to better use
fonio is suggested.

2 CHEMICAL COMPOSITION AND
PROPERTIES OF FONIO

2.1 Proximate composition

Significant variations in the proximate composition (e.g.,
carbohydrates, proteins, and dietary fibers) of fonio grains
were recorded from different studies (Table 1). Moisture
content of fonio is of importance in grain processing and
storage (Kawuyo, Aviara, & Okolo, 2019). The moisture
contents of white and black fonio grains ranged from 7% to
17% (Annongu et al., 2019; Coda, Cagno, Edema, Nionelli,
& Gobbetti, 2010; Koreissi-Dembélé, Fanou-Fogny, Hul-
shof, et al., 2013; Sadiq, Maiwada, Dauda, Jamilu, &
Madungurum, 2015). Starch is the major component of
fonio grains (Irving & Jideani, 1997). FromTable 1, it is esti-
mated that the starch contents could amount up to over
80% of fonio grains on a dry basis. The protein contents
of white fonio ranged from 4.4% to 8.5%, whereas those
of black fonio were from 7.9% to 10% (Annongu et al.,
2019; FoodData Central, 2020; Glew et al., 2013; Jideani
& Akingbala, 1993; Koreissi-Dembélé, Fanou-Fogny, Hul-
shof, et al., 2013; Sadiq et al., 2015). The total lipid con-
tents of white fonio varied from 1.1% to 4.7%, whereas those
of black fonio ranged from 1.3% to 4.3% (Annongu et al.,
2019; FoodData Central, 2020; Glew et al., 2013; Jideani
& Akingbala, 1993; Koreissi-Dembélé, Fanou-Fogny, Hul-
shof, et al., 2013; Ladan, Oguogho, Akos, Ayiya, & Yakubu,
2018). The total dietary fiber contents ranged from 0.5%
to 18.2%, whereas those of black fonio varied from 0.5%
to 4.8% (Annongu et al., 2019; Coda et al., 2010; Irving
& Jideani, 1997; Koreissi-Dembélé, Fanou-Fogny, Hulshof,
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F IGURE 1 Scanning electron micrographs (SEM) of white fonio grain. (a) Fonio floret with the lemma facing up; magnification
bar = 500 mm. (b) The caryopsis with the embryo (E) facing up; magnification bar = 500 mm. (c) Longitudinal section through an approxi-
mately midsagittal region of the embryo after staining with mercury bromophenol blue (protein stain) and toluidine blue O (a general stain);
the scutellum begins toward the top of the micrograph (sc) and extends on the outside of the embryo on the right side (sc); the radicle (root)
is toward the bottom with the cells forming the root cap just after the gap and the coleorhiza (cr) that encases the root and occurs at the very
bottom; the shoot apex is toward the top of the micrograph adjacent to the encasing coleoptile (c); the starchy endosperm (En) occurs on the
right side of the micrograph but has been left unstained; magnification bar = 250 mm. (d) A portion of the starchy endosperm showing the
large cells filled with polyhedral starch granules; a portion of the outside of the pericarp (P) is also visible; magnification bar = 50 mm. (e) The
interior of a part of a single cell of the starchy endosperm showing the polyhedral starch granules and protein bodies (arrow), toward the bottom
of the micrograph; magnification bar = 20 mm. (f) Plastic-embedded section through the scutellum of the embryo showing clusters of starch
granules (arrow) stained with periodate Schiff’s reagent and photographed using the BP546 fluorescence filter set; magnification bar = 20 mm
(Irving & Jideani, 1997) (Reprinted with permission from John Wiley and Sons)

et al., 2013). The ranges of ash content of white and black
fonio grains were 0.5 to 3.1 and 0.5% to 3.7%, respectively
(Annongu et al., 2019; Jideani & Akingbala, 1993; Koreissi-
Dembélé, Fanou-Fogny, Hulshof, 2013; Sadiq et al., 2015).
Comparative studies showed that black fonio had higher
protein content than white fonio (Annongu et al., 2019;
Coda et al., 2010; Jideani & Akingbala, 1993; Sadiq et al.,
2015). Otherwise, the proximate compositions of white and
black fonio grains were similar to each other according
to the published results (Table 1). Comparative studies
showed that the protein content of white fonio (7.2%) was
lower than that of sorghum (10.3%), maize (7.6%), pearl
millet (7.9%), and wheat (10.6%), and was higher than rice
(6.3%). The fiber content of white fonio (2.2%) was lower

than that of sorghum (4.7%), maize (4.6%), pearl millet
(6.2%), and wheat (3.0%), and was higher than rice (1.1%)
(Barikmo, Ouattara, & Oshaug, 2004). Overall, more stud-
ies are needed on the chemical compositon of black fonio.
However, the results of the comparison should be treated
as inconclusive as the numbers of comparative studies
done were too small.

2.1.1 Discussion on the results
from different reports

Variations in the results could be attributed to the dif-
ferences in genetics, growing conditions, postharvest
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processing, and experimental variables. For example, for
lipid measurement, different extraction methods signifi-
cantly affect the results of the same materials of cereals
(Zou, Lusk, Messer, & Lane, 1999). The total dietary fiber
contents of white and black fonio ranged from 0.5 to 18.2
and 0.5% to 4.8%, respectively (Annongu et al., 2019; Coda
et al., 2010; Irving & Jideani, 1997; Koreissi-Dembélé,
Fanou-Fogny, Hulshof, 2013). For the fiber measurements,
methods of both AOAC (AOAC 985.29) and AACC (2003)
were used in different studies. Different methods of the
same association (i.e., AOAC and AACC) were used as
well. This contributed to the different results of dietary
fiber contents. For example, fiber contents measured
using AOAC 2011.25 were higher than those obtained
using AOAC 991.43 (Phillips, Haytowitz, & Pehrsson,
2019). This was due to the different recovery of resistant
starch. Crude fiber measurement is not complete, whereas
Prosky-based method is more complete to measure the
fiber fractions (Prosky et al., 1985). In some reports, the
methods used were unfortunately not specified (Annongu
et al., 2019). The basis of result expressions (e.g., wet
vs. dry basis) largely contributed to the difficulty in
data interpretation of the chemical composition of fonio
grains. For example, the results of dietary fiber contents
on wet basis tended to be much lower than that on dry
basis (Coda et al., 2010; Koreissi-Dembélé, Fanou-Fogny,
Hulshof, et al., 2013). Such negative influences could be
largely eliminated by analyzing a set of samples under
same experimental conditions and methodology. Moisture
content of grains is largely a function of grain drying and
storage conditions. The large variations in the moisture
content of fonio grains (7% to 17%) could be attributed to
different drying and storage practices of the samples.

2.1.2 Implications of compositional
results

Overall, it is observed that the chemical composition of
fonio grains is similar to other cereals and pseudocere-
als with starch as the major component (Table 1). There-
fore, fonio should have similar processing properties and
end uses to the other cereal grains. Fonio can be pro-
cessed into a range of food products, such as bakery
products (Section 4). The grain is a source of diverse
macro- andmicronutrients for humannutrition. For value-
added applications, it can be subjected to fractionation to
obtain different isolated components and fractions, such
as starch, dietary fiber, and protein fractions. The well-
established value-added processing of other cereals, such
as rice andwheat, may be extended to include fonio grains.
The applications of fractionated components and products
from those well-studied grains can be extended to include

fractionated components of fonio grains. The comparative
patterns of chemical components between fonio grains and
other cereals/pseudocereal grains can be used to develop
new fonio genotypes with increased/decreased levels of
certain components. Authorities can use the chemical and
comparative results to providemore detailed dietary guide-
lines in relation to fonio grains to benefit both consumers
and food processing industry (Frølich, Åman, & Tetens,
2013). Commercial sectors of nutritional and food indus-
tries may use these data for personalized nutrition with
fonio as part of a diet.

2.2 Starch

Starch is the major component of fonio grains (Irving
& Jideani, 1997) (Figure 1). Amylose/amylopectin ratio is
a critical parameter to determine functional properties
of cereals and grains (Giuberti & Gallo, 2018). Compar-
ative studies showed that the amylose contents of both
black and white fonio (one genotype for each) were 28%
(Jideani & Akingbala, 1993). In contrast, amylose contents
of both black andwhite fonio (one genotype for each) were
19% (Jideani, Takeda, & Hizukuri, 1996). Such a large dif-
ference is partially due to different measurement meth-
ods. Another study showed that the amylose contents of
two white fonio varieties were 23% and 26%, respectively
(Carcea&Acquistucci, 1997). The amylose content of fonio
starch appeared to be similar to that of other normal
(nonwaxy and nonhigh amylose) cereal starches, such as
wheat and maize starches (Wang, Hu, Chen, Liu, & Wei,
2017). This implies that differences in functional properties
among fonio, wheat, and maize starches may be attributed
to nonamylose factors, such as granular architecture and
amylopectin structure (Vamadevan & Bertoft, 2015). More
fonio genotypes should be used to study the genetic varia-
tions in starch composition. So far, novel fonio genotypes
with high/little amylose contents have not been developed.
Starches with high (>30%) or little amylose have been
proven to be useful in diverse food applications.
Fonio starch granules are polygonal with A-type poly-

morph and a diameter of ∼8 to 9 μm (Akin-Ajani, Iti-
ola, & Odeku, 2014; Alimi & Workneh, 2018; Carcea
& Acquistucci, 1997; Irving & Jideani, 1997) (Figure 1;
Jideani et al., 1996). Indeed, normal starches from cere-
als mostly have A-type polymorph (Pérez & Bertoft, 2010).
White fonio starch granules were observed to be some-
what smaller than black fonio starch granules (Alimi &
Workneh, 2018). Only one study was done on the molec-
ular and chemical structure of fonio starch components
(Jideani et al., 1996). The number-averaged degree of poly-
merization (DP) of both white and black fonio amyloses
were 1,040 and 1,120, respectively. White fonio amylose
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was more branched than black fonio amylose. The average
unit chain lengths of amylopectins of both white and black
fonio were ∼20 glucosyl residues. Internal and external
chain lengths of both white and black fonio amylopectins
were 4 to 6 and 13 to 15 glucosyl residues, respectively.
Comparative studies showed that the chemical structure
of fonio amylose and amylopectin was similar to that of
rice and maize starch components (Jideani et al., 1996).
The most basic structural units of amylopectin are clus-
ters and building blocks (Pérez & Bertoft, 2010). They sig-
nificantly determine functional properties of starch. The
cluster and block structure of fonio starch have not been
studied yet.
White fonio starchwas observed to have similar swelling

power and lower water solubility compared to black fonio
starch (Jideani & Akingbala, 1993). Comparative studies
showed that white fonio starch tended to have higher
swelling power and similar solubility compared to wheat
starch (Carcea & Acquistucci, 1997). Both white and black
fonio starches had lower swelling power and solubil-
ity than maize starch (Jideani & Akingbala, 1993). Dif-
ference in pasting property was obtained among differ-
ent genotypes of the same fonio type and between dif-
ferent fonio species (Alimi & Workneh, 2018; Carcea &
Acquistucci, 1997; Jideani & Akingbala, 1993). White fonio
starch had higher viscosities than black fonio starch dur-
ing pasting (Alimi & Workneh, 2018). Starches from both
white and black fonio (one genotype each) had lower
peak, hot, and cold paste viscosities than maize starch
during pasting (Jideani & Akingbala, 1993; Jideani et al.,
1996). Another study showed that the pasting property
of starch from one variety of white fonio was compa-
rable to that of wheat starch (Carcea & Acquistucci,
1997) (Figure S2). The differences in the properties could
be attributed to various factors including amylose-to-
amylopectin ratio, amylose and amylopectin structure,
granule morphology and architecture, and the presence of
minor nonstarch components, such as lipids and proteins
(Vamadevan & Bertoft, 2015). The structure/composition–
function relationships of fonio starch components have
yet to be studied using a set of fonio genotypes. Other
physicochemical properties of fonio starch, such as ret-
rogradation and digestibility, remain to be studied. The
applications of isolated fonio starch are described in
Section 4.

2.3 Proteins

Fonio grains are considered gluten free (Badejo et al., 2017).
However, the molecular basis of the gluten free nature
of fonio should be better studied. White fonio flour had
more prolamins, and less glutelins and free amino acids

than black fonio flour (Coda et al., 2010). A compara-
tive study showed that the solubility of white fonio pro-
teins was lower than that of durum wheat proteins (A.I.
Jideani, Apenten, & Muller, 1994; I.A. Jideani, Owusu,
& Muller, 1994). The lower solubility of fonio proteins
could be largely attributed to the more disulfide bonds and
hydrophobic interactions. Protein–carbohydrate interac-
tions may also contribute to the low solubility of fonio pro-
teins, though this remains to be studied ( A.I. Jideani et al.,
1994b). Heating (100 to 140 ◦C) significantly decreased
the solubility of fonio proteins by up to 30% (A.I. Jideani
et al., 1994b). Fractionation analysis showed that the total
protein percentages of Osborne fractions (albumin, glob-
ulin, prolamin, and glutelin) were lower in white fonio
(3.5%, 1.8%, 5.5%, and 14%, respectively) than those in
durum wheat (11%, 7.0%, 42%, and 30%) (A.I. Jideani
et a., 1994; I.A. Jideani et al., 1994). Such difference in
the composition of Osborne fractions suggests different
viscoelasticity of their doughs (Figueroa-Cárdenas et al.,
2016). Fonio grains lack the gluten-type protein. There-
fore, dough modifications are needed for bread making
using fonio grains, which are described in Section 4. In
vitro protein digestibility of white fonio flour was similar
to that of durum wheat (A.I. Jideani et al., 1994). So far,
there has been no report on the functional properties of
fonio proteins. Physicochemical properties of fonio pro-
teins, such as emulsion, foaming, gelling, and water- and
oil-holding capacity and thermal property, remain to be
studied. Fonio proteins may be enzymatically hydrolyzed
to produce bioactive peptides, which have not been studied
yet.
Analysis of amino acid composition showed that white

fonio had a relatively higher concentration of methio-
nine than most other cereals (Ballogou, Soumanou,
Toukourou, & Hounhouigan, 2013; Glew et al., 2013;
Jiang et al., 2008; A.I. Jideani et al., 1994; Temple &
Bassa, 1991) (Table S1). Contradicting results were also
reported (Malomo & Abiose, 2020). Confirmative stud-
ies are needed for a conclusion. The methionine may
be efficiently utilized in vivo (Yannai & Zimmermann,
1971). Bioavailability of methionine in fonio protein was
analyzed using rat model. The analysis of net protein
utilization and net protein ratio in the rats showed that
methionine in fonio protein was highly bioavailable
(Yannai & Zimmermann, 1971). Like other cereals, lysine
is a major limiting amino acid in fonio grains (Glew et al.,
2013; Shewry, 2007; Temple & Bassa, 1991). Fonio does not
meet the nutritional requirements of amino acid intakes
recommended by Food and Agriculture Organization
(FAO) of the United Nations (UN) (Table S1). Overall,
fonio grains are observed to have a lower amount of essen-
tial amino acids compared to other major cereals, such
as wheat and maize. However, these results are largely
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inconclusive as only a very limited number of comparative
studies have been done. Analysis of genetic variations
may lead to different comparative patterns. Fonio grains
should be complementary to other protein sources for a
nutritionally balanced diet.

2.4 Nonstarch polysaccharides and
dietary fibers

One study claimed that cellulose, hemicellulose, and
lignin contents of fonio grains were 4%, 3%, and 0.5%,
respectively (Ballogou et al., 2013). Fructans and resistant
starch have not been studied in fonio. In common cereals,
arabinoxylan is the major component of dietary fiber of
wheat, rye, and barley, whereas β-glucan is the major one
in oats (Frølich et al., 2013). The composition of the fiber
components in fonio was observed to be not similar to that
of other cereals. This suggests that the physicochemical,
functional, and nutritional properties of fonio fiber and
polysaccharide fractions may be significantly different
from those of other cereals. For example, their fermen-
tative property in human gut may be different. However,
these results are very inconclusive as more studies are
required to illustrate the dietary fiber components of fonio
grains.

2.5 Lipids

Like other cereal grains, lipids are a minor component
in fonio grains. Endogenous lipids play important role in
quality of cereal foods, such as breads (Pareyt, Finnie, Put-
seys, & Delcour, 2011). The lipids interact with other com-
ponents (e.g., protein and starch) in cereal food systems
during processing. The interactions of lipids can stabi-
lize structure of bakery products (Pareyt et al., 2011). The
majority of the lipids are glycerolipids (fatty acid esters
of glycerol). Linoleic acid (46% to 47%), oleic acid (31%),
and palmitic acid (19%) were the major fatty acids in white
fonio (Ballogou et al., 2013; Glew et al., 2013) (Table S2).
The fatty acid composition of white fonio lipids was simi-
lar to that of sorghum (Table S2). The proportion of linoleic
acid (46%) of white fonio was lower and higher than that of
wheat (59%) and rice (36%), respectively, whereas the pro-
portion of oleic acid was higher in fonio (31%) than that
in wheat (12%) (Ballogou et al., 2013; Liu, 2011). However,
these data should be viewed critically as only one genotype
and one study reported the lipid profile of fonio grains. It
is not clear if any other types of lipid components, such
as glycosphingolipids and sterol-based lipids, are present
in fonio.

2.6 Minerals, phytic acid, and vitamins

Variations in iron, zinc, thiamine, riboflavin, and niacin
contents were obtained among different white fonio vari-
eties from both the same and different locations (Table 1)
(Barikmo, Ouattara, & Oshaug, 2007). Mg, Fe, K, Zn, Ca,
Cu, and Na were detected in white fonio grains (Barikmo
et al., 2007; Glew et al., 2013) (Table 1; Irving & Jideani,
1997; Koreissi-Dembélé, Fanou-Fogny,Hulshof, et al., 2013;
Temple & Bassa, 1991). K and Mg appeared to be the
major mineral elements in the fonio grains. No signifi-
cant difference in Fe and Zn concentrations was found
among 12 white fonio landraces from Mali (Koreissi-
Dembélé, Fanou-Fogny, Hulshof, et al., 2013). These lan-
draces largely had the same genetic ancestor, contribut-
ing to their similar mineral composition. Fonio appeared
to be a source of Fe and Zn, resembling some other cere-
als such as wheat (Ortiz-Monasterio et al., 2007). Sele-
nium (Se) is recognized as a functional element for human
health. Se-rich cereal genotypes including wheat, rice, and
maize have been developed in the seleniferous belt of India
(Dhanjal, Sharma, & Prakash, 2016). Similarly, there is a
chance to develop fonio genotypes enriched in Se. Com-
parative studies showed that white fonio had more Fe
(2.1 mg/100 g) than rice (0.4), and less Fe than sorghum
(5.8), wheat (4.5), and pearl millet (5.8). It had more zinc
(1.5 mg/100 g) than wheat (1.1) and rice (1.3), but less than
sorghum (2.1) and pearl millet (2.9) (Barikmo et al., 2007).
Common processing steps including cooking and parboil-
ing largely decreased the concentrations of Fe and Zn
(Koréissi-Dembélé et al., 2013). Cereals and related prod-
ucts can an important source of certain minerals, such as
Mg, Fe, Cu, and Zn (Laskowski, Górska-Warsewicz, Rej-
man, Czeczotko, & Zwolińska, 2019). Overall, the data of
fonio mineral composition showed that, apparently, the
grain can be a source of minerals including Fe, K, Mg, Cu,
and Zn.
Fonio-based products have low Fe bioavailability due to

the presence of endogenous phytic acid in a relatively high
concentration (Koréissi-Dembélé et al., 2013). For exam-
ple, phytic acid contents in four white fonio varieties from
Mali (dehulled and with hull) ranged from 8.3 to 11.5 g/kg
(Boncompagni et al., 2019). The presence of phytate gave
Fe low bioavailability, though Zn had an adequate bioavail-
ability (Koréissi-Dembélé et al., 2013). The level of phy-
tate should be reduced for increased nutrient bioavailabil-
ity. Intrinsic wheat phytase was used to reduce the phytate
content in white fonio porridge. In West African women,
the dephytinization as well as Fe fortification of fonio por-
ridge largely increased the Fe absorption by over three
times (Koréissi-Dembélé et al., 2013).



REVIEW OF FONIO PROPERTIES AND USES. . . 9

Cereal grains can be a source of certain B-type vitamins
(Ortiz-Monasterio et al., 2007; Radu et al., 2016). Signif-
icant variations in the composition of niacin, riboflavin,
and thiamine were recorded among 104 white fonio lan-
draces (Barikmo et al., 2007). Overall, the contents of
niacin (1.2 mg/100 g) were higher than those of riboflavin
(0.22 mg/100 g) and thiamine (0.17 mg/100 g). However,
the concentrations of these vitamins are considered low
to meet the daily nutritional requirements for humans.
Fonio grains should be fortified to increase the level of
vitamins for a balanced nutrition (Chika, Sunday, Charles,
& Chechet, 2019; Ortiz-Monasterio et al., 2007). Compara-
tive studies showed that the niacin content (1.15 mg/100 g)
of fonio was higher than that of sorghum (0.92), rice
(0.28), and wheat (1.0) and less than pearl millet (1.3). The
riboflavin content (0.22mg/100 g) of fonio was higher than
that of sorghum (0.12), rice (0.04), wheat (0.11), and pearl
millet (0.14). The thiamine content (0.17 mg/100 g) of fonio
was lower than that of wheat (0.33) (Barikmo et al., 2007).
It is not clear if there is any other types of vitamins present
in fonio. In many countries, it is required to fortify cereal
flours with different minerals and vitamins for prevention
of various malnutrition and diseases (Bishai & Nalubola,
2002). Even though fonio contains a range of vitamins and
minerals, fonio flour should be fortified to increase the
contents of these vitamins and minerals to meet the daily
requirement. This is a challenge in the developing coun-
tries of West Africa where fonio is a major food.

2.7 Polyphenols and bioactive
compounds

There is much interest in bioactive components, such as
polyphenols of cereals and grains (Martínez-Villaluenga,
Peñas, & Hernández-Ledesma, 2020; Wang et al., 2020).
Diversity in the amounts of free phenolics was recorded
in both white and black fonio grains (five genotypes each)
(Chukwurah et al., 2016). For example, the total contents
of free phenolics in five black fonio genotypes ranged from
0.6 to 1.6 mg gallic acid equivalents/g (Chukwurah et al.,
2016). The contents of free phenolics in black fonio were
higher than those of white fonio (Chukwurah et al., 2016).
Polyphenols in cereals are present not only in free form,
but also in bound form (Wang et al., 2020). In white fonio,
the amount of total free phenolics (24 mg/kg) was lower
than that of total bound phenolics (38 mg/kg) in fonio.
Fiber bound phenolics have an important role in fermen-
tation and metabolism of cereal bioactive components in
human gut (Zhang et al., 2020). They can positively influ-
ence human health, though their role in fonio grains is
yet to be studied. The total phenolic content of fonio was
lower than that of both sorghum and pearl millet (N’Dri

et al., 2013). Phenolics in cereals may be related to sen-
sory and eating quality of cereal-based products (Challa-
combe, Abdel-Aal, Seetharaman, & Duizer, 2012). Higher
phenolic contents may be related to lower eating quality
of cereal products. The relatively lower phenolic content
of fonio suggests a higher sensory acceptance of fonio-
related products than sorghum and pearl millet-based
products.
The identified phenolic acids of white fonio in free

and bound forms included chlorogenic acid, caffeic
acid, vanillic acid, p-coumaric acid, sinapic acid, fer-
ulic acid, gallic acid, protocatechuic acid, salicylic acid,
and syringic acid (N’Dri et al., 2013). The phenolic pro-
file of fonio is largely similar to that of other cere-
als (Stuper-Szablewska & Perkowski, 2019). Ferulic acid
(23 mg/kg in bound form) was the most abundant in
fonio, followed by protocatechuic acid (8.5 mg/kg) and
caffeic acid (3.5 mg/kg). The total flavonoid contents of
white and black fonio (one genotype each) were simi-
lar (137 mg/100 g) (Annongu et al., 2019). Phenolic acids
of cereals are mostly bound to cell wall polysaccharides
(Stuper-Szablewska & Perkowski, 2019). Future studies
should be focused on the contents of both free and bound
phenolic acids in fonio grains. Flavonoids including api-
genin (150 mg/kg) and luteolin (350 mg/kg) were found
in white fonio. Ninety percent of the former and 20%
of the latter were in bound form as O-glycosylflavones
(Sartelet, Serghat, Lobstein, Ingenbleek, & Anton, 1996).
C-glycosyl flavones, including orientin and vitexin, were
identified in white fonio grains. Proanthocyanidins were
also found in low levels in both white (11 mg/100 g) and
black (9.7 mg/100 g) fonio (Annongu et al., 2019; Boncom-
pagni et al., 2019). The structure of the proanthocyanidins
has not been studied. Despite the low levels, proantho-
cyanidins play important role in human nutrition (Zhu,
2019). Interactions of fonio food matrix and the proantho-
cyanidins should be studied.
Other bioactive compounds, such as alkaloids

(42 mg/100 g), saponins (1.8 mg/100 g), anthraquinones,
terpenoids, phytosterols, cardenolides, and phlobatan-
nins, were also found in an aqueous extract of white fonio
in low quantities (Adams & Yakubu, 2020; Annongu
et al., 2019). Phytosterols and tocols (two terpenoids)
are important bioactive phytochemicals that are found
in different cereals (Ward et al., 2008). However, the
chemical identities of these compounds in fonio remain to
be studied.

2.8 Flavor compounds

Flavor compounds related to cooked and malted
white fonio were profiled (Lasekan & Feijao-Teixeira,
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2004; Lasekan, Feijao-Teixeira, & Salva, 2001). Gas
chromatography-mass spectrometry (GC-MS)-sniffing
analysis showed that pentanal, hexanol, hexanal,
benzaldehyde, nonanal, 2,5-dimethylpyrazine, 2-
methylpyrazine, 2-acetylpyrroline, 2,6-dimethylpyrazine,
and 2-pentylfuran were the major aroma components
of the cooked white fonio (Lasekan et al., 2001). Ethy-
lacetate, pyrazine, 1-hydroxy-2-propanone, hexanal,
2,3-dimethylpyrazine, and 2,5-dimethylpyrazine were
the major aroma components of the malted white fonio
(Lasekan & Feijao-Teixeira, 2004). Flavor compounds
are significantly developed during Maillard reactions
(Pico, Bernal, & Gomez, 2015). It would be useful to study
the flavor and aroma compounds in fonio-based bakery
products such as breads. Sensory descriptors of fonio
products should be developed and molecularly correlated
with the aroma compounds.

3 NUTRITIONAL PROPERTIES
AND SAFETY OF FONIO

3.1 Reported health effects

There has been increasing interest in developing food
products using whole grain cereals (Ward et al., 2008).
Fonio grains are mostly consumed in whole grain form.
Different health effects of fonio grains and related prod-
ucts have been reported (Adams&Yakubu, 2020; Alegbejo,
Ameh, Ogala, & Ibrahim, 2011; Chukwurah et al., 2016;
Koreissi-Dembélé et al., 2013; N’Dri et al., 2013; Sartelet
et al., 1996).
The presence of polyphenols in fonio grains leads to

antioxidant and free radical scavenging activities (Chuk-
wurah et al., 2016; Glew et al., 2013; N’Dri et al., 2013).
Diversity in in vitro antioxidant activities was recorded in
methanol extracts of both white and black fonio grains
(Chukwurah et al., 2016). Comparative studies showed
that the antioxidant activities of black fonio extracts were
higher than those of white fonio extracts. In vitro antiox-
idant activity of white fonio grain extracts was simi-
lar to that of pearl millet and sorghum (N’Dri et al.,
2013). Cooking largely decreased the antioxidant activity
of the grains largely due to oxidation and leaching of the
polyphenols (N’Dri et al., 2013). Components with in vitro
antioxidant activities in fonio and other cereals include
phenolics, dietary fiber polysaccharides, vitamins, tocols,
and phytosterols (Chukwurah et al., 2016; Masisi, Beta,
& Moghadasian, 2016; N’Dri et al., 2013). These compo-
nents have been identified in fonio as described in Sec-
tion 2. It should be emphasized that the phenolic acids
in bound form are also important antioxidants in cereal
grains (Wang et al., 2020). In the reported studies on

fonio antioxidant activity, the bound phenolics were not
extracted and taken into consideration. The bound phe-
nolics as antioxidants in fonio remain to be studied. It
should also be noted that the in vitro antioxidant assays
(e.g., 2,2-diphenyl-1-picrylhydrazyl [DPPH]) radical scav-
enging capacity) used in the studies on foniomay be irrele-
vant to food applications and humanhealth (Granato et al.,
2018).
Fonio showed antidiabetic potential and glycemic con-

trol capacity (Adams & Yakubu, 2020; Alegbejo et al., 2011;
Ibrahim & Saidu, 2017). Glycemic property of differently
processed (cooked, dehulled, or ground)white fonio grains
wasmeasured in vivo using diabeticWistar rats (Ibrahim&
Saidu, 2017). Overall, hulled samples had lower glycemic
response than dehulled samples in the rats (Ibrahim &
Saidu, 2017). This effect could be largely due to the dietary
fiber present in the hulls. The glycemic response of white
fonio was measured in humans (Nigerians) with (n = 10)
or without (n = 7) type II diabetes (Alegbejo et al., 2011).
The glycemic indices (GIs) of the healthy and diabetic
subjects were 35 and 49, respectively. The glycemic loads
should be adjusted to help the people with diabetes (Aleg-
bejo et al., 2011). Thus, the fonio grains are considered
low GI cereals. The antidiabetic property of an aqueous
extract of white fonio grains was demonstrated using an
in vivo rat model (Adams & Yakubu, 2020). Male Wistar
rats were treated with streptozotocin to induce diabetes.
The extract (200 mg/kg body weight) largely reversed the
diabetic conditions induced by streptozotocin. It increased
the insulin secretion, the activities of phosphofuctokinase
and hexokinase, and the consumption of hepatic glycogen
(Adams & Yakubu, 2020). The antidiabetic effect of the
extracts could be attributed to the bioactive compounds,
such as alkaloids, phenolics, saponins, and proanthocyani-
dins in fonio (Adams & Yakubu, 2020). Section 2 showed
that fonio in whole grain form is rich in dietary fiber
(both soluble and insoluble ones), phenolics, vitamins, and
other bioactive compounds. These bioactive compounds
showed antidiabetic and glycemic control potential to var-
ious extents. For example, the fiber fractions can bind
with amylases, reducing the interactions between the amy-
lases and starch (Zhang et al., 2020). The phenolics can
interact with gut microbiota and regulate insulin signaling
pathway in vivo, controlling the glycemic response (Zhang
et al., 2020).
In vitro antithyroid property was identified for the

flavonoids in white fonio grain (Sartelet et al., 1996).
Flavonoids, such as apigenin and luteolin, in both free
and bound forms were present in fonio as described
in Section 2.7. These flavonoids had strong anti-thyroid
peroxidase (TPO) activity and reduced the activity of
the cyclic AMP (adenosine monophosphate) phospho-
diesterase (Sartelet et al., 1996). Epidemiological studies
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showed that thyroid diseases in humans were associated
with higher consumption of animal based fats and lower
intake of dried fruits and nuts, vegetables, and muesli
(Matana et al., 2017). Polyphenols, n-3 fatty acids, and phy-
tosterols were considered as potential antithyroid agents.
Indeed, fonio grains contained polyphenols, unsaturated
lipids, and phytosterols as described in Section 2.

3.2 Other potential health effects

The above-mentioned health benefits were largely
deduced from in vitro studies. More in vivo and clinical
studies are needed to draw conclusions on the health
effects of fonio grains. On the other hand, fonio grains
should havemore health benefits than the onesmentioned
above according to the chemical properties described in
Section 2. Fonio grains are gluten free and can aid people
with celiac diseases (Saturni, Ferretti, & Bacchetti, 2010).
Fonio grains are mostly consumed as whole grains due
to their small seeds. Many studies have shown diverse
health effects of whole grain cereals due to the pres-
ence of bioactive compounds, such as dietary fibers,
vitamins, phytosterols, and polyphenols (Tieri et al.,
2020; Ward et al., 2008). These compounds tend to be
biologically multiple-functional. Increasing whole grain
intake decreases the risks of type-2 diabetes, obesity and
overweight, colorectal and colon cancers, cardiovascular
mortality, and other metabolic diseases in humans (Tieri
et al., 2020). Therefore, it is expected that consumption
of fonio grains could lead to these health benefits due
to the presence of various nutrients, such as fibers and
polyphenols described in Section 2.

3.3 Food safety

Despite the health benefits, whole grains and related food
products may have contaminants, such as mycotoxins,
heavy metals, and acrylamide (Thiellecke, Nugent, & Thi-
elecke, 2019). Safety of fonio grains is mostly related to the
fungal contamination and mycotoxins. Four bacterial and
48 fungal metabolites were found in fonio grains (Ezekiel,
Sulyok, Warth, & Krska, 2012). Aflatoxin was found in
over 80% of the fonio samples tested in Nigeria. Auro-
fusarin was a major toxin in fonio grains (7,300 μg/kg). A
range of microbial metabolites, such as 3-nitropropionic
acid, brevianamid F, emodin, equisetin, monocerin, and
macrosporin A, were found in fonio grains, though the
safety and interactions of these compounds with humans
remain unclear (Ezekiel et al., 2012). Chemical contam-
inants, such as heavy metals and acrylamide, remain to

be studied for fonio grains and related products. Suitable
postharvest handling and processing techniques should be
used to ensure the food safety of fonio grains and products.
For example, themoisture contents of fonio grainswere too
high in some cases (e.g., 17%), as described in Section 2.1
(Table 1). Suitable storage conditions (e.g., modified atmo-
spheres, controlled temperature, and uses of preservatives)
and drying can largely reduce the mycotoxin contamina-
tions. Hazard analysis critical point (HACCP) and good
manufacturing and agricultural practice methods should
be applied on fonio grain production and processing for
quality and safety control (Alldrick, 2017).

4 FOOD AND OTHER APPLICATIONS
OF FONIO AND FONIO COMPONENTS

Fonio and fonio starch have been used in various food and
nonfood applications (Table 2). Food applications include
producing sprouts and malts (Ayo, Agbatutu, & Iribom,
2019; Lasekan, Salva, & Abbas, 2010; Nzelibe & Nwasike,
1995; Nzelibe, Obaleye, & Onyenekwe, 2000), gluten free
drinks (Badejo et al., 2017), infant weaning and children’s
foods (Agbede, Omotoso, Oloruntola, Ayeni, & Aletor,
2019; Sosanya, Nweke, & Ifitezue, 2018), breakfast cere-
als (Mbaeyi-Nwaoha & Uchendu, 2016), nonwheat pasta,
noodles, porridge, puddings, crackers, biscuits and cook-
ies, cakes, and sourdough breads (Ayo & Ayo, 2018; Ayo
et al., 2019; Chinma, Ihekoronye, Mukoro, & Eke, 2015;
Coda et al., 2010; Edema, Emmambux, & Taylor, 2013;
McWatters, Ouedraogo, Resurreccion, Hung, & Phillips,
2003; Meli et al., 2013; Ogori, Uzor, Hleba, Císarová, &
Glinushkin, 2020; Olagunju, Omoba, Enujiugha, & Aluko,
2018; Raji, Nassam,Abolaji, Ayorinde,&Raji, 2018;Umerie
&Umeh, 2016). From the results summarized in Sections 2
and 3, it is concluded that fonio grain and flour do not con-
tain gluten-type protein for desired rheology for a range
of bakery products. Also, for a nutritionally balanced diet,
it is desirable to fortify fonio flour with other ingredients
for some food product formulations (Agbede et al., 2019;
Lerner, O’Bryan, & Matthias, 2019). The food applications
of fonio can reduce the reliance on wheat in countries
where wheat is largely imported and expensive (Agbede
et al., 2019; Inyang, Daniel, & Bello, 2018). Fonio is a novel
food outside Africa. Novel food is a type of foods that does
not have a significant history of consumption within a cer-
tain region. EuropeanUnion has approved fonio as a novel
food (European Commission, 2018). It is critical to under-
stand the attitudes of the consumers in relation to percep-
tion of fonio-based products for diverse commercial appli-
cations (Tuorila & Hartmann, 2020).



12 REVIEW OF FONIO PROPERTIES AND USES. . .

TABLE 2 Diverse applications of fonio and fonio starch

Applications Fonio type Major findings References
Gluten free products
Germinated flour White fonio Increasing germination time increased the contents of protein, ash, lipids,

fibers, vitamin B1 and B2, Zn, Fe, and decreased that of starch, Ca, and
P. The pasting viscosity of the flour was decreased by germination

Ayo et al., 2019

Malt White fonio β-Amylase was the major enzyme in the malt. Fonio malt had a high loss
during malting. Combination of fonio and barley/sorghum malts gave
suitable malting properties for mashing

Nzelibe &
Nwasike, 1995

Malt White fonio Three out of the eight fonio varieties tested had good malting property
with β-amylase as the major amylase having an optimum pH of 4.6.
Malting loss during germination varied from 6% to 42% among the fonio
varieties. The mashing temperature was optimized to be 50 to 55 oC

Nzelibe et al.,
2000

Malt White fonio Malting conditions were optimized. Drying temperature and germination
time were important factors affecting the quality of the malt, whereas
roasting temperature was important for that of malt extract. The
optimal malting conditions were germination time (28 h), drying
temperature (55 oC), and moisture content (5.0%). The optimal
conditions for malt extract were roasting and extraction temperatures
(210 and 70 oC, respectively) and extraction time (20 min)

Lasekan et al.,
2010

Beverage White fonio Gluten free drinks were made from malted white fonio, tigernut (Cyperus
esculentus), and ginger extracts. Increasing proportion of tigernut
extract decreased the in vitro antioxidant activities of the beverages.
Gallic acid, ellagic acid, chlorogenic acid and caffeic acid, quercetin,
quercitrin, and kaempferol were found in the beverages. Tigernut
extract addition at 75% gave the highest sensory acceptability

Badejo et al.,
2017

Children’s food White fonio White fonio flour was mixed with cashew nut paste (25%), soya bean flour
(18%), sugar (14%), milk powder (14%), vegetable oil (10%), crayfish
powder (1%), and a mineral–vitamin mix to make nutritious food
products for children to address the issue of severe acute malnutrition.
The resulting product had acceptable eating quality and largely met the
recommended nutritional requirements

Sosanya et al.,
2018

Infant weaning
food

n.a. Fonio-moringa (Moringa oleifera) seed meal blends were incorporated in
infant weaning foods. The resulting weaning foods were tested in
Wistar rats in vivo. The results showed that 10% of the meal blend
addition in the infant formula can be recommended for normal
growing performance

Agbede et al.,
2019

Semolina-type
products

While fonio Granulated products (dambu) were made from coarse fonio particles with
steaming. The products can complement other cereal semolina
products when one type of cereal is off-season. Sensory analysis
showed that the acceptability of fonio semolina was lower than that of
maize/sweet potato blends

Agu et al., 2007;
Meli et al.,
2013

Breakfast cereals White fonio White fonio flour and malted soybean flour (up to 40%) were mixed to
make breakfast cereals of thin porridge. Increasing soyflour ratio
increased the contents of protein, lipids and ash. Adding the soybean
flour at 10% to 20% gave an acceptable sensory score of the breakfast
cereal products

Agu et al., 2015

Breakfast cereals White fonio White fonio flour and fermented soybean paste were mixed to make
breakfast cereals. Increasing the proportion of fermented soybean paste
increased the contents of various nutrients, such as vitamins B2 and B3
and fibers. Sensory analysis showed that the mixture at a ratio of 70%
(fonio) to 30% (soybean paste) had the highest score of acceptance

Mbaeyi-Nwaoha
& Uchendu,
2016

(Continues)
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TABLE 2 (Continued)

Applications Fonio type Major findings References
Cake White fonio Xanthan gum (up to 5%) was added to white fonio–bambara nut mixtures

(75:25) to make cakes. Addition of the gum at 3% had acceptable sensory
quality that was comparable to wheat cake. The gum addition reduced
the staling and formation of off-flavors during the storage of the cakes

Chinma et al.,
2015

Fermented cereal
pudding

White fonio Fermented fonio flour was mixed with finger millet flour. Hydrolyzed soy
proteins up to 6% were added to the flour mixture to make pudding
(ogi). Compared to the pudding based on maize flour, fonio-based
pudding had improved protein content, water and oil absorption
capacity, and swelling index. Sensory analysis showed that the pudding
made up of 88% of fonio, 10% of finger millet, and 2% of soy protein
hydrolysates had good score, though it was less acceptable than that of
maize flour

Ogori et al., 2020

Cracker White fonio Blanched pigeon pea flour (up to 30%) and fonio flour mixtures were
made into crackers. Increasing pigeon pea flour concentration
increased the in vitro antioxidant activities and the concentrations of
methionine and lysine of the crackers, while decreasing the expected
glycemic index

Olagunju et al.,
2018

Biscuit White fonio Fonio flour (50% to 100%) was partially replaced by unripe plantain (0% to
10%) and bambara nut (0% to 40%) flour to make biscuits. Biscuits
made up of 70% or 80% fonio, 10% plantain, and 10% or 20% bambara
nut had acceptable sensory quality. Adding plantain and bambara nut
into biscuits increased the contents of protein, lipids, ash, and dietary
fiber. The predicted shelf life of the biscuits was up to 1 year

Agu et al., 2014

Biscuit White fonio Fonio flour was partially replaced by carrot flour up to 25% to make
biscuits. Increasing the proportion of carrot flour decreased the protein
and starch contents of the biscuits, while increasing the contents of
moisture, fiber, lipids, and ash. The amounts of bioactive components
including carotenoids, flavonoids, and saponins of the biscuits were
also increased. Adding carrot flour increased the water and oil
absorption, while decreasing the viscosity during pasting. Sensory
analysis showed that biscuits made up of 85% fonio flour and 15% carrot
had the highest acceptance

Ayo & Gidado,
2017

Biscuit White fonio Biscuits were made from fonio flour with addition of moringa seed flour
up to 25% to make biscuits. Increasing the proportion of moringa seed
flour decreased the spread ratio and break strength of the biscuits, and
increased the contents of fibers, ash, and protein. Sensory analysis
showed that biscuits with 10% of moringa seed flour addition had the
highest sensory acceptance

Ayo & Ayo, 2018

Biscuit Germinated
white fonio
flour

Biscuits were made from potato flour, fat, and germinated fonio flour at a
ratio of 4:6:10. Increasing germination duration increased the spread
ratio of the biscuits without affecting the volume and break strength.
However, the sensory quality of the resulting biscuits was inferior
compared with that of wheat-based biscuits

Ayo et al., 2019

Bread White fonio Fonio flour was mixed with potato starch (80:20) with addition of
carboxymethylcellulose (CMC) (up to 4%) to make breads. Breads with
added 4% CMC had similar crumb texture and color, as well as sensory
acceptance to wheat bread. Similarly, addition of potato starch (20%),
sprouted soybean flour (5%), and yeast (2%) under optimized
formulations gave acceptable sensory quality of white fonio breads.

Jideani et al.,
2007; Jideani
et al., 2008

(Continues)
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TABLE 2 (Continued)

Applications Fonio type Major findings References
Fermentation White fonio In natural environment of Nigeria, fonio grains were fermented. In the

fermented grains, the identified microorganism species included
Bacillus spp., Lactobacillus acidophilus, L. casei, L. delbrueckii,
Staphylococcus aureus, Aspergillus niger, A. flavus,Mucor mucedo,
Sacharromyces cerevisae, and Candida albicans. The fermentation
produced lactic acid, reducing the pH

Ishola et al.,
2018

Sourdough White and black
fonio

Pediococcus pentosaceus was the major species in the original fonio flours.
Upon fermentation (8 hr, 30 ◦C), sourdoughs of white and black fonios
had pH of 3.4 to 3.8 and 4.2 to 4.7, respectively. Black fonio sourdough
had more lactic acid than white fonio one. Acetoin and γ-amino acid
were made only in black fonio sourdough. P. pentosaceus and
Lactobacillus curvatus strains or L. plantarum could be used for
sourdough fermentation

Coda et al., 2010

Sourdough bread White and black
fonio

Sourdough fermentation largely increased the dough consistency and
pasting viscosity. The fermentation induced damages on starch
granules, leading to decreased gel firmness. The fermentation
increased the bread quality by increasing water absorption and
improving the crumb structure (Figure S3). The changes were similar
in both fonio dough and breads

Edema et al.,
2013

Gluten-containing products
Bread White fonio Fonio flour was mixed with wheat flour up to 100% to make bread. The

water absorption increased with increasing fonio flour proportion. The
loaf volume decreased and the moisture increased in the resulting
breads. Increasing fonio addition level decreased the sensory score of
the bread

Ayo & Nkama,
2004

Bread White fonio Fonio flour up to10% was mixed with wheat flour to make bread. The
Zeleny sedimentation and Falling Number values of wheat flour were
not affected by fonio flour addition. Increasing fonio portion in the
composite flour increased the peak viscosity during pasting and
decreased the time for reaching a maximum consistency during dough
mixing. Fonio addition at 5% to 10% had no effect on the bread volume,
whereas the addition at 2.5% increased the bread volume from 340 to
400 mL/100 g. The fonio addition had no effect on the sensory quality
of the breads

Drábková et al.,
2017; Švec &
Hrušková,
2018

Bread White fonio Fonio (up to 20%) and/or pigeon pea (up to 20%) flours were added to
wheat flour to make breads. Adding fonio and pigeon pea flours
increased the time of dough development and stability and pasting
viscosity. The addition increased the protein contents with improved
profile of essential amino acids. However, sensory analysis showed that
the eating quality of the breads made from the composite flours was
less than that of pure wheat flour

Olagunju et al.,
2020

Sourdough bread White fonio Fonio and bambara nut flours at a ratio of 1:1 were made into sourdough
by fermentation. The sourdough up to 30% was mixed with wheat flour
to make sourdough breads. Increasing the proportion of sourdough
decreased the pasting viscosity, while increasing the contents of dietary
fibers, minerals, amino acids, and antioxidants as well as protein
digestibility. Sourdough addition decreased the contents of phytate and
tannins in breads. Adding sourdough at 10% gave an improved sensory
acceptance of the resulting bread

Chinma et al.,
2016

Sugar cookie White fonio Sugar cookies were made from white fonio, blackeye cowpea, and wheat
flours in different combinations. Cookis of 50% fonio and 50% wheat
had comparable sensory acceptance to that of 100% wheat. Cookies
made from more than 50% fonio or from the addition of cowpea had
unacceptable sensory quality

McWatters et al.,
2003

(Continues)
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TABLE 2 (Continued)

Applications Fonio type Major findings References
Biscuits White fonio Composite flours of whole grain wheat (up to 50%), fonio (up to 25%), and

kidney bean (up to 25%) were used to make biscuits. Adding kidney
bean flour decreased the spread ratio of the biscuits, while increasing
the contents of proteins, dietary fibers, and diverse minerals. Biscuits
with kidney bean and fonio flours had the highest sensory acceptance
with health potential

Inyang et al.,
2018

Fonio starch applications
Starch noodle White fonio Isolated white fonio starch was made into noodles. Increasing cooking

time from 3 to 10 min significantly decreased the tensile strength. Fonio
starch noodles had lower tensile strength and cooking loss compared
with commercial noodles

Umerie &
Umeh, 2016

Porridge White fonio Fonio starch was mixed with defatted moringa seed flour to make cooked
thick porridge. Central composite rotatable design was used to optimize
the composition for sensory acceptance of the porridge. A ratio of 88%
fonio starch and 12% moringa flour gave the highest sensory acceptance

Raji et al., 2018

Modified starch White fonio Succinylation of fonio starch to varying degrees (up to 0.2%) was done.
Succinylation increased the swelling power and solubility, while
decreasing the viscosity during pasting. The modification had no effect
on granule size and morphology

Arueya &
Oyewale, 2015

Modified starch White and black
fonio

Citric acid modified (CAM) starches had indentations on surface. They
remained liquid during pasting. The modification had no effect on the
granule morphology and polymorph type

Alimi &
Workneh,
2018

Pharmaceutical
excipient

White and black
fonio

Review of literature published up to the year 2012 showed that starches of
both white and black fonio grains in native and modified forms had
potential as excipients for making solid dosage forms and as glidant for
pharmaceutical granulation. The performance was comparable to that
of maize starch

Odeku, 2013

Modified starch
for drug
controlled
release

White fonio Fonio starch was hydrolyzed to produce nanocrystals that were further
carboxymethylated. Both the native and the modified fonio starches
were used as carriers for the controlled release of naproxen (a drug with
a low solubility). The releasing behaviors were in a sustained manner
and were well described by the Korsemeyer–Peppas model. The drug
loading capacity and efficiency were above 50% and 75%, respectively

Odeniyi et al.,
2019

Modified starch
for
pharmaceutical
excipient

White fonio Acid hydrolysis up to 96 hr modified fonio starch. The modification
decreased the pasting viscosity and granular swelling, while increasing
the crystallinity and solubility. The modification improved the
compaction property of the starch by decreasing the force to make
tablets. Tablets made from acid-modified starch had higher tensile
strength than those of native starch. Paracetamol tablet formulations
were studied using the modified starches. The modification increased
the disintegration efficiency of the starches. Modified fonio starch was
less suitable for tablet making compared to modified sweet potato
starch

Akin-Ajani
et al., 2014,
2016

an.a., not available

4.1 Gluten free products

4.1.1 Germinated and malted grains
and beverages

White fonio grains were germinated to improve the nutri-
tional profile (Ayo et al., 2019). Increasing the germina-

tion time increased the concentrations of various nutrients
including proteins, lipids, fibers, vitamins B1 and B2, Zn,
and Fe, while decreasing that of starch and its pasting vis-
cosity (Ayo et al., 2019). Such changes could be related to
biochemical reactions and elevated activities of enzymes
during the germination (Feng, Nemzer, & Devries, 2019).
White fonio grains were made into malts (Lasekan et al.,
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2010; Nzelibe & Nwasike, 1995; Nzelibe et al., 2000). The
quality of the resulting malts was dependent on fonio vari-
eties and malting conditions. Nzelibe et al. (2000) showed
that, among eight fonio varieties, three had good malt-
ing properties. The malting loss ranged from 6% to 42%
among the tested varieties (Nzelibe et al., 2000). Malt-
ing loss arises from steeping, respiration, and rootlets of
the grains during the process. Malting conditions should
be optimized to increase the malt quality (Lasekan et al.,
2010). It was found that the drying temperature and germi-
nation time significantly affected the malt quality. Germi-
nation time of 28 hr, drying temperature of 55 ◦C, andmois-
ture content of 5.0% were found to be the optimal malting
conditions. Roasting temperature significantly affected the
quality of malt extracts. The roasting (210 ◦C) and extrac-
tion (70 ◦C) temperatures for the quality of the extracts
were optimized (Lasekan et al., 2010). Like barley malt,
β-amylase was the major enzyme in fonio malt (Nzelibe
& Nwasike, 1995). How the quality of fonio malts can be
related to the quality of alcoholic beverages, such as beers,
remains to be studied.
The malted white fonio grains were combined with

tigernut (Cyperus esculentus) and ginger (Zingiber offici-
nale) extracts to make gluten free drinks (Badejo et al.,
2017). The drink with tigernut extract addition at 75%
had the highest sensory acceptability. However, increas-
ing the proportion of the tigernut extract decreased the
in vitro antioxidant activities of the beverages. High-
performance liquid chromatography (HPLC) analysis
showed that the drinks were rich in polyphenols includ-
ing gallic acid, ellagic acid, chlorogenic acid and caffeic
acid, quercetin, quercitrin, and kaempferol (Badejo et al.,
2017). The approach ofmaking functional beverages can be
extended to include other food ingredients for new product
development.

4.1.2 Gluten-free bakery and other
related products

Fonio flour was mixed with other flours/ingredients to
improve the nutritional and/or textural quality of different
food products (Agbede et al., 2019; Agu, Ayo, & Jideani,
2015; Agu, Ezeh, & Jideani, 2014; Agu, Jideani, & Yusuf,
2007; Ayo&Ayo, 2018; Ayo&Gidado, 2017; Ayo et al., 2019;
Chinma et al., 2015; Ishola, Ojokoh, & Odesanya, 2018;
Jideani, Alamu,& Jideani, 2007; Jideani, Salami,& Jideani,
2008;Mbaeyi-Nwaoha&Uchendu, 2016; Ogori et al., 2020;
Olagunju et al., 2018; Sosanya et al., 2018).
Fonio was used as an ingredient to formulate food prod-

ucts with improved nutritional profiles for infants and
children in Western Africa (Agbede et al., 2019; Ikujen-
lola, Ahmida, & Gbadamosi, 2017; Sosanya et al., 2018).

Fonio-moringa (Moringa oleifera) seed flour mixtures up
to 20%were formulated into infant weaning foods (Agbede
et al., 2019). The formulated foods were fed to Wistar rats.
The growing performance of the rats showed that addi-
tion of the flour mixture at 10% was optimal for the growth
(Agbede et al., 2019). Fonio (18%) was mixed with a range
of local ingredients to address the severe acute malnutri-
tion among children (Sosanya et al., 2018). These ingredi-
ents were cashew nut paste (25%), soya bean flour (18%),
sugar (14%), milk powder (14%), vegetable oil (10%), cray-
fish powder (1%), and a mineral–vitamin mix (0.07%). The
resulting children’s food largely met the recommended
nutritional requirements and had acceptable sensory qual-
ity (Sosanya et al., 2018). Such formulations can improve
the nutritional quality of foods for infants and children at a
reasonable cost in low-income regions (Agbede et al., 2019;
Sosanya et al., 2018). However, the safety of this type of
infant food formulations should be rigorously tested, espe-
cially when using “novel” ingredients. For example, infant
complementary foodsmade from fonio and kariya (Hilder-
gardia barteri) protein isolates were toxic in vivo (Ikujen-
lola et al., 2017).
White fonio flour was blended with fermented soybean

paste or malted soybean flour to make breakfast cereals
including porridges (Agu et al., 2015; Mbaeyi-Nwaoha &
Uchendu, 2016). Increasing the amount of the soybean
products increased the contents of various nutrients, such
as vitamins, lipids, proteins, and fibers. Sensory analysis
showed that the mixtures with 30% of the soybean paste or
10% to 20% of the soybean flour added had the highest sen-
sory scores of the breakfast cereals in terms of color, flavor,
mouthfeel, texture, taste, aftertaste, and overall acceptabil-
ity (Mbaeyi-Nwaoha & Uchendu, 2016). Cereal pudding
was produced using fermented fonio flour, finger millet
flour, and hydrolyzed soy proteins (up to 6%) (Ogori et al.,
2020). The pudding had improved protein content, water
and oil absorption capacity, and swelling index, in com-
parison with that made from maize flour. A combination
of 88% of fonio + 10% of finger millet and 2% of soy pro-
tein hydrolysates gave the pudding a high sensory accep-
tance. However, the sensory quality of this pudding was
not as good as that of maize flour in terms of appearance,
aroma, texture, taste, and overall acceptance (Ogori et al.,
2020). More work is needed to improve the sensory proper-
ties (appearance, aroma, texture, and taste) of fonio-based
products. Optimization of processing and functional food
additives may be employed to address these issues.
Crackers were made from fonio flour and blanched

pigeon pea flour (up to 30%) (Olagunju et al., 2018).
Increasing pigeon pea flour concentration increased the
in vitro antioxidant activities and the concentrations of
methionine and lysine of the crackers, while decreasing
the expected GI (Olagunju et al., 2018). Biscuits were made
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from blending native/germinated white fonio flour with
other ingredients including potato, carrot, unripe plantain,
and bambara nut flours (Agu et al., 2014; Ayo & Gidado,
2017; Ayo et al., 2019). Unripe plantain (up to 10%) and
bambara nut (up to 30%) flours were mixed with white
fonio flour to make biscuits (Agu et al., 2014). Under the
optimized formulations with 10% of unripe plantain and
10% to 20% of bambara nut flour, the biscuits had a pre-
dicted shelf life of 1 year and acceptable sensory quality
with improved contents of protein, lipids, dietary fiber,
and ash (Agu et al., 2014). Fonio and carrot (up to 25%)
flours were mixed and baked into biscuits (Ayo & Gidado,
2017). The carrot flour addition increased the water
and oil absorption capacities and decreased the pasting
viscosity of the flour. Increasing the proportion of car-
rot in the biscuits increased the contents of carotenoids,
flavonoids, saponins, dietary fibers, lipids, ash, and mois-
ture, while decreasing the protein and starch contents. Bis-
cuits of 85% fonio and 15% carrot flour had the highest
sensory acceptance (Ayo & Gidado, 2017). Similarly, bis-
cuits made up of fonio and fortified with moringa seed
flour were developed with improved nutritional profile
(Ayo & Ayo, 2018). The addition of 10% moringa seed flour
gave the highest sensory acceptance score (Ayo & Ayo,
2018). In another study, fonio flour of germinated grains
was mixed with potato flour and lipids to make biscuits
(Ayo et al., 2019). Biscuits made up of fonio flour with
increased germination time had a higher spread ratio. The
germination time had no effect on the volume and break
strength of the biscuits. The sensory acceptance of the
biscuits made from the composite flour was lower than
that of wheat biscuits (Ayo et al., 2019). In these stud-
ies, nonwheat ingredients were used in fonio-based prod-
uct formulations for improved nutritional quality. This
approach can be extended to include other food ingredi-
ents for desired nutritional properties. Overall, strategies
to improve the eating quality of these fonio based products
should be explored.
Suitable techniques, such as high pressure, extrusion,

and sourdough fermentation, can be used to improve the
textural quality of gluten-free bakery products. A range
of texturizing agents, such as gums and hydrocolloids,
can also be used to improve the nutrition, rheology, and
eating quality of gluten-free bakery products (Jideani,
Alamu, et al., 2007; Jideani, Salami, et al., 2008; Naqash,
Gani, Gani, & Masoodi, 2017). Bread made from pure
fonio flour had unacceptable eating quality in terms of
taste, odor, color of crust and crumb, crumb texture,
appearance, and overall acceptance (Ayo & Nkama, 2004).
Breads made with the addition of potato starch (20%) and
carboxymethylcellulose (CMC) (4%) to white fonio flour
had comparable crumb texture and color and sensory
acceptability to pure wheat bread (Jideani, Alamu, et al.,

2007). Similarly, adding potato starch (20%), sprouted
soybean flour (5%), and yeast (2%) under optimized
formulations gave acceptable sensory quality of white
fonio breads (Jideani, Salami, et al., 2008). Fermentation
and sourdough technology have been used to improve the
nutritional and textural quality of bakery products con-
taining no gluten (Sakandar et al., 2019). This technology
has been applied to include fonio flour (Adisa, Ifesan,
Enujiugha, & Adepeju, 2019; Coda et al., 2010; Edema
et al., 2013; Ishola et al., 2018).
Microbiological analysis showed that Pediococcus pen-

tosaceuswas themajor species in rawwhite and black fonio
flours (Coda et al., 2010). In naturally fermented white
fonio grains from Nigeria, a total of 13 microorganisms
were identified (Ishola et al., 2018). They included Bacillus
spp., Lactobacillus acidophilus, Lactobacillus delbrueckii,
Lactobacillus casei, Staphylococcus aureus, Aspergillus
niger, Aspergillus flavus, Sacharromyces cerevisae, Mucor
mucedo, and Candida albicans (Ishola et al., 2018).
P. pentosaceus and L. curvatus or L. plantarum were used
for sourdough fermentation (Coda et al., 2010). After the
fermentation at 30 ◦C for 8 hr, the pH values of the sour-
doughs from white and black fonios were 3.4 to 3.8 and 4.2
to 4.7, respectively. There was more lactic acid in the sour-
dough of black fonio than in that of white fonio. The fer-
mentation also produced some bioactive compounds, such
as acetoin and γ-amino acid (Coda et al., 2010). Fonio lacks
the gluten-type protein. Sourdough fermentation was used
to improve the dough consistency and pasting viscosity for
bread making (Edema et al., 2013). The fermentation dam-
aged starch granules, leading to decreased gel firmness.
This could be attributed to the amylolysis of starch during
the fermentation. The fermentation increased the water
absorption and improved the crumb structure of the result-
ing fonio breads (Figure S3). The structural and functional
changes were similar in the doughs and breads of white
and black fonio and also sorghum (Edema et al., 2013).
Semolina-type products (dackere and dambu) of fonio

flour were made by hydration of flour, granulation, steam-
ing, and drying (Agu et al., 2007; Meli et al., 2013). The
processing steps of hydration and steaming gelatinized the
starch component. The starch gelatinization contributed
to the texturizing of the semolina. The fonio-based prod-
ucts can complement those made from other cereals when
one type of cereal is off-season (Agu et al., 2007). However,
the sensory acceptability of the fonio-based semolina was
lower than that of maize/sweet potato blends (Meli et al.,
2013). More research is needed to improve the eating qual-
ity of the fonio product. For example, functional ingredi-
ents may be added to improve the eating quality.
Xanthan gum was added to white fonio-bambara nut

(Vigna subterranean) flour mixtures (75:25) to improve the
dough rheology for making cakes (Chinma et al., 2015).
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Xanthan gum addition reduced the staling and formation
of off-flavors during the storage of the cakes. The cakes
with 3% of the gum addition had the acceptable sensory
quality that was comparable to wheat cake (Chinma et al.,
2015). The added gum could also function as dietary fibers
in the cakes for improved nutritional performance.

4.2 Gluten containing products

White fonio flour was mixed into wheat flour to make
breads, biscuits, and sugar cookies (Ayo & Nkama, 2004;
Chinma et al., 2016; Drábková, Hrušková, & S ̌vec, 2017;
Inyang et al., 2018; McWatters et al., 2003; Olagunju,
Ekeogu, & Bamisi, 2020; Švec & Hrušková, 2018). Increas-
ing fonio flour proportion increased the water absorption
and decreased the loaf volume and the sensory quality
of the bread (Ayo & Nkama, 2004). Similarly, increasing
fonio flour proportion up to over 50% decreased the eat-
ing quality of sugar cookies (McWatters et al., 2003). The
decreased quality of bakery products made from fonio and
wheat flour mixtures could be largely attributed to the
gluten dilution effect. Other food ingredients are needed
to improve the textural quality of the resulting products
with fonio addition (Inyang et al., 2018). Adding both fonio
and kidney bean flours (up to 25%) to whole grain wheat
flour for biscuit formulations led to better sensory accep-
tance compared with that of whole grain wheat in terms
of appearance, taste, texture, crispiness, and overall accep-
tance (Inyang et al., 2018). Interactions of different ingre-
dients in relation to the sensory properties of the biscuits
remain to be studied.
Effects of fonio flour addition up to 10% in bread for-

mulations were studied (Drábková et al., 2017; Švec &
Hrušková, 2018). TheFallingNumber andZeleny sedimen-
tation values were not affected by the addition (Drábková
et al., 2017). The Falling Number relates to α-amylase activ-
ity of the flour tested, whereas the Zeleny sedimentation
value reflects the bread quality and volume (Hruskova,
Skodova, & Blazek, 2004). At a given water addition level,
the addition decreased the time to reach a maximum con-
sistency during dough mixing tests, while increasing the
peak viscosity during the pasting (Švec & Hrušková, 2018).
The addition at 2.5% significantly increased the bread vol-
ume, whereas further increase had no effect on the bread
volume compared to the control. All the addition levels had
no effect on the sensory quality, though 5% addition was
recommended to reach a balance among the processing,
nutritional, and eating properties (Drábková et al., 2017).
White fonio (up to 20%) and/or pigeon pea (up to 20%)
flours were formulated into wheat flour to make breads
(Olagunju et al., 2020). The addition increased the time
of dough development and stability and pasting viscosity

of the composite flour, while increasing the protein con-
tents with improved profile of essential amino acids. How-
ever, sensory analysis showed that the eating quality of the
breads made from the composite flours was less than that
of pure wheat flour (Olagunju et al., 2020). Another strat-
egy to improve the bread quality is sourdough technology
(Chinma et al., 2016). Sourdough (up to 30%) of white fonio
and bambara nut flours was mixed with wheat flour to
make sourdough breads. Addition of 10% of the sourdough
improved the eating quality of the breads (Chinma et al.,
2016). The sourdough addition also improved the nutri-
tional profiles, including increased contents of fibers, min-
erals, amino acids, and antioxidants and decreased con-
tents of phytate and tannins (Chinma et al., 2016). Overall,
functional ingredients and processing techniques remain
to be applied to improve the quality of bakery products
with fonio addition of more than 10%.

4.3 Fonio starch

4.3.1 Starch modifications

There has been increasing research on modifications of
fonio starch to obtain a range of functional properties
(Table 2). For starch isolation, fonio flour was mixed in
NaOH solution for steeping before wet milling. Then, the
slurry was sieved to remove fibrous impurities before cen-
trifuging. The protein layer on the top of the resulting
starch cake was removed. The starch washing step was
repeated to obtain pure fonio starch (Carcea&Acquistucci,
1997). White fonio starch was subjected to succinylation
with a degree of substitution of up to 0.2% (Arueya & Oye-
wale, 2015). The modification increased both the swelling
power and water solubility of the starch, decreased the
pasting viscosity, and had no effect on the granule mor-
phology (Arueya & Oyewale, 2015). Starches from both
white and black fonio grains were subjected to citric acid
modification (Alimi & Workneh, 2018). The modification
had no effect on the polymorph type and granule size of the
starches. The resulting starches remained largely solubi-
lized during pasting (Alimi &Workneh, 2018). White fonio
starch was subjected to acid hydrolysis to make nanocrys-
tals (Akin-Ajani et al., 2014; Odeniyi, Adepoju, & Jaiyeoba,
2019). The hydrolysis decreased the pasting viscosity and
granular swelling, and increased the crystallinity and solu-
bility. This could be due to the removing of the amorphous
material in the starch granules by the acid hydrolysis. The
resulting fonio starch nanocrystals were carboxymethy-
lated to increase the solubility (Odeniyi et al., 2019).
Overall, the outcomes of these modifications of

fonio starch largely agreed with previous studies on
modifications of other industrially important starches,
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such as maize starch (BeMiller & Whistler, 2009;
Wurzburg, 1986; Xu, Andrews, & Shi, 2020). This indicated
that these modified fonio starch could be complementary
to the same type of modified starches from major crops,
such as maize and wheat, for specific applications.

4.3.2 Starch applications

Fonio starch has been used for food formulations (Raji
et al., 2018; Umerie & Umeh, 2016). One study reported
the application of isolated fonio starch for noodle mak-
ing (Umerie & Umeh, 2016). The used fonio starch had
an amylose content of 25%. The resulting starch noodles
had lower cooking loss and tensile strength compared
with commercial noodles, though the type of the latter
was not specified in the study (Umerie & Umeh, 2016).
Commercial starch noodles with good quality are usually
made from starch with relatively high amylose contents
(Saito, Tamura, & Ogawa, 2019). The properties of fonio
starch noodles remain to be compared with those of com-
mercially important starch noodles, such as noodles made
of mung bean or sweet potato starches. Fonio starch can
be used as a complementary food item for balanced nutri-
tional requirement. The starch was mixed with defatted
moringa seed flour for developing a recombined food item
with desired nutritional quality (Raji et al., 2018). Sen-
sory analysis showed that the cooked porridge of the mix-
tures had the highest sensory acceptance when the ratio
of fonio starch to moringa seed flour was at 88:12 (Raji
et al., 2018).
The focus of fonio starch applications has been on

pharmaceutical excipients (Akin-Ajani et al., 2014, 2016;
Odeniyi et al., 2019). Odeku (2013) reviewed the appli-
cations of white and black fonio starches in native and
modified forms as glidants for pharmaceutical granula-
tion and as excipients for making solid dosage forms.
The results showed that fonio starch had similar func-
tional performance to maize starch in the pharmaceuti-
cal uses. Recent studies have continued to show that fonio
starch in native and various modified forms were used
to make tablets (Akin-Ajani et al., 2014, 2016; Odeniyi
et al., 2019). Fonio starch nanocrystals and carboxymethy-
lated nanocrystals were used as carriers for sustained
release of drugs with low solubility (Odeniyi et al., 2019).
The drug loading capacity and efficiency were over 50%
and 75%, respectively. The kinetics of drug release was
well described by the Korsemeyer–Peppas model. Acid
hydrolyzed starch and related nanocrystals had improved
compaction properties by reducing the force to make
tablets. The resulting tablets had high tensile strength
and increased disintegration efficiency than those made
up of native starch (Akin-Ajani et al., 2014, 2016). Com-

parative studies showed that acid modified fonio starch
was less suitable for tablet formulations with paraceta-
mol compared tomodified sweet potato starch (Akin-Ajani
et al., 2014, 2016). Overall, the properties of fonio starch for
pharmaceutical applications depend on the type of mod-
ifications and also the type of drugs. Native and modi-
fied starches from other plant sources have shown poten-
tial to be used in various pharmaceutical and biomedical
applications (Garcia, Garcia, & Faraco, 2020). Therefore,
it is expected that fonio starch in different forms can be
complementary to other starches in pharmaceutical and
biomedical applications. There are different mathematical
models to describe drug release kinetics of pharmaceuti-
cal systems (Bruschi, 2015). The models should be applied
to analyze the drug release properties of fonio starch-
based systems in future studies. Starch in various forms
has the capacity to encapsulate and deliver food ingredi-
ents (Zhu, 2017). Therefore, it is expected that fonio starch
should have similar encapsulation properties for food
applications.
Compared to commercially important starches, such as

maize, potato, and cassava starches, fonio starch is con-
sidered “novel,” underutilized, and unconventional (Zhu,
2020). There are diverse modifications of starch and many
different food applications of both native and modified
starches (BeMiller & Whistler, 2009; Wurzburg, 1986). It
is expected that the approaches of the modifications and
applications on other starches can be extended to include
fonio starch for value-added processing. This aspect of
fonio grains remains to be studied.

5 CONCLUSIONS

Chemical composition, physicochemical and nutritional
properties, and food and nonfood applications of fonio
were summarized. Whole grain fonio is a source of
macronutrients, such as starch, dietary fiber, lipids, and
proteins which contains more methionine than those of
other cereal grains. Fonio is also a source of micronu-
trients, such as polyphenols, minerals (e.g., Fe and Zn),
and vitamin B. The high level of phytic acid reduces
the bioavailability of the minerals. The major compo-
nent of fonio is starch that has an A-type polymorph.
The starch granules are polygonal and their diameter is
around 7 to 8 μm. The functional properties of fonio
starch resemble those of common cereal starches, such as
wheat starch. Limited variations in the chemical compo-
sition and physicochemical properties of the components
among different fonio varieties were recorded. Physico-
chemical properties of white and black fonio grains are
similar. Their processing properties are expected to be
similar. The reported nutritional benefits of fonio include



20 REVIEW OF FONIO PROPERTIES AND USES. . .

gluten free, antidiabetic, antioxidant, anticancer, and other
properties. Fonio has been processed into a range of gluten-
free food products, including malts, beverage, sourdough
bread, puddings, crackers, semolina, breakfast cereals, and
weaning foods. Different processing techniques and func-
tional ingredients were used to improve the textural and
nutritional quality of these products. Fonio starch has been
modified to create a range of physicochemical proper-
ties with a focus for pharmaceutical applications. Overall,
fonio grains can complement other cereal grains for food
and nonfood applications.

6 RESEARCH OUTLOOK

There is a lack of research on fonio compared to other
major cereal grains, such as rice and wheat. There are
research opportunities to better use fonio for human
consumption. Overall, the structure/composition–
function–application relationships of fonio components
should be better established.
There is limited diversity in the agronomic, chemi-

cal, physicochemical, and nutritional properties of fonio.
Major issues of fonio production include low yields, small
grain size, low resistance to certain pests, weed and dis-
eases, shattering, and lodging. Appropriate technology
remains to better be applied in fonio harvesting and
dehusking process. These are themajor factors limiting the
development of fonio as popular food item. Breeding and
agronomic programs should be established to improve the
diversity in these properties and to optimize the process-
ing of fonio. Novel genotypes, such as those with higher
yield, larger seed size, better disease resistance, high and
low amylose contents, high polyphenol, fiber, and lysine
contents, and pigmented genotypes, should be developed
using genetic transformation. The interactions between
genetics and growing conditions of fonio should be stud-
ied in relation to the chemical andnutritional composition.
The presence of endogenous enzymes is to be explored.
Research should also be done on the properties of the seeds
from related species of the genus Digitaria, such as D. san-
guinalis (hairy crabgrass) and D. compacta (raishan), to
obtain desirable traits for breeding and food applications.
On most of the properties of fonio, only limited num-

bers of studies were done. Therefore, confirmative stud-
ies are needed and more genotypes including both white
and black fonio should be used. Standard methods should
be used to enable the comparison of data from any future
studies, and the methods used should be specified in
reports. Common commercial cereal grains, such aswheat,
rice, and maize, should be used in the research for com-
parison in any future studies. Chemical composition of
some components, such as dietary fibers and polyphe-

nols, should be studied. The “black” nature of black fonio
remains to be determined. Functional properties of fonio
proteins, dietary fiber, and bioactive compounds should be
studied. The molecular basis responsible for the gluten-
free nature of fonio remains to be studied. Microbiota
affected by fonio intake should be studied as fonio is con-
sumed in whole grain form. More types of modifications
and applications of fonio starch and protein should be
done for value-added processing. For example, the small
fonio starch granules may be suitable for formulations of
Pickering emulsions. Fonio proteins may be subjected to
enzymatic hydrolysis to make functional peptides. Novel
processing techniques, such as high pressure, ozone, cold
plasma, and ultrasound processing, can be used to treat
fonio products for a range of properties and improved func-
tionalities. For example, the protein component may be
modified for improved rheological properties using ozone.
Despite the small size of fonio grains, processing tech-
niques remain to be developed to separate the bran from
the endosperm for value-added applications. Fonio has
potential to be developed into a range of food and beverage
products including gluten-free ones. In this sense, there
are opportunities for product diversification and devel-
opments with the incorporation of different food ingre-
dients. The eating and nutritional quality of the result-
ing products should not be compromised and should be
aided with functional ingredients and suitable process-
ing methods. Finally, perception of the products in rela-
tion to consumer traits should be well understood for
commercial success.
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