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The Contribution of Minor Cereals to Sustainable Diets and
Agro-Food Biodiversity

Laura Gazza * and Francesca Nocente

CREA–Research Centre for Engineering and Agro-Food Processing, Via Manziana, 30-00189 Rome, Italy;
francesca.nocente@crea.gov.it
* Correspondence: laura.gazza@crea.gov.it; Tel.: +39-063295705

Since the second half of the 20th century, the intensification of agriculture by increasing
external inputs (fertilizers, pesticides), cropland expansion, and the cultivation of only a
few selected cereal species or varieties have caused the loss of biodiversity and ecosystem
services on farmland. As a result, at present, only three major cereals—wheat, rice, and
corn—dominate agriculture and human sources of nutrition on a global scale, whilst many
traditional cereal species, varieties, and landraces have gradually disappeared from fields,
or their cultivation is limited to a small scale. However, the need for sustainable agriculture
in the context of climate change has sparked interest in ‘minor or underutilized’ cereals
that can be utilized on a global level. These cereals, some of which still represent the main
staple food at the national or regional level, include einkorn, emmer, millet, oats, rye, spelt,
sorghum, teff, triticale, and tritordeum. Indeed, despite their low yield, minor cereals have
proven to be inherently resilient and rustic and are therefore able to withstand adverse
climatic conditions and are well suited to grow under low-input cultivation management
on marginal lands; thus, they have less negative impacts on the environment. Due to the
increased demand for healthy, nutritious, non-conventional, and sustainably produced
food, minor cereals have re-gained the attention of researchers, farmers, producers, and
consumers. Indeed, as a source of carbohydrates, proteins, vitamins, minerals, fiber, and
antioxidant compounds, their inclusion into daily diets can reduce the risk of chronic
diseases such as cancers, type II diabetes, obesity, and cardiovascular diseases. To ensure
their sustainable production on a large scale in the future, it is absolutely essential to
strengthen research to ascertain the genetic variability of minor cereals and select genotypes
with promising traits for yield, disease resistance, climate resilience, and nutritional quality.
Research should also be directed toward optimizing agronomic practices and developing
technological processes able to produce innovative foods, preserve nutrients and bioactives,
and meet consumer expectations. In this Special Issue, twelve papers (including ten original
research articles and two reviews) address the topic of ‘Sustainable Diets and Agro-Food
Biodiversity’, investigating the possible contribution of minor cereals to tackle the future
demand for healthy and sustainable food. Among minor cereals, sorghum was the most
investigated, probably due to its ability to grow in semi-arid climates, its nutritional
characteristics, as well as its being a gluten-free cereal. Robles-Plata et al. [1] analyzed the
biophysical, nutraceutical, and techno-functional properties of pigmented sorghum (red
and yellow) and popcorn (blue, purple, red, black, and yellow). Besides differences in
biophysical and proximate composition among species and varieties, sorghum exhibited
higher total phenolic content, whereas higher total anthocyanin content was found in the
purple, blue, and black popcorn, as well as in red sorghum.

In a study by Renzetti et al. [2], the physical and sensory properties and consumers’
perceptions of bread obtained from a flour blend of sorghum, cassava, and cowpea were
assessed. The overall results suggest these African resilient crops have potential as an
alternative to wheat in bread-type products, especially in Sub-Saharan Africa.

Sorghum was also investigated in a research article by Mawouma et al. [3], which ana-
lyzed the nutritional and phytochemical profiles and antioxidant activity of sorghum and
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pearl millet local varieties that are regularly produced and consumed in Cameroon. Thus,
the most promising cultivars of sorghum and pearl millet to tackle nutrient deficiencies
and non-communicable diseases were identified.

Banu and Aprodu [4] performed a comparative study of the physicochemical and
functional properties of seven gluten-free flours obtained from cereals (sorghum, rice, oat,
and foxtail millet) and pseudocereals (amaranth, quinoa, and buckwheat), as well as the
thermo-mechanical properties of their dough.

Pontieri et al. [5] compared both the chemical composition and the content of fatty acids
and minerals of three sorghum varieties that differed in pericarp color (white, red, or black)
grown in the Mediterranean basin. Results indicated that grain pericarp color is associated
with unique nutritional profiles and that the sorghum varieties developed for commercial
production in the USA were also suitable to be grown in the Mediterranean environment.

Another example of using minor cereals for functional food is reported in a paper
by Živkovic et al. [6] that explored the effect of germination on the secondary metabolite
composition in spelt grains. According to the results, germinated kernels showed a sig-
nificant increase in the total phenolic content of several secondary metabolites, as well
as antioxidant activity, especially after 96 h of germination, indicating this biotechnology
could be used in a strategy to enhance cereal health-promoting effects.

In a study by Gazza et al. [7], the flours of two einkorn varieties, obtained by an
ultra-fine milling process, were used to produce wholewheat dry pasta. The technological,
nutritional, and sensorial characteristics of einkorn spaghetti were assessed, and results
indicated that, despite the very weak gluten network, einkorn proved to be a viable
alternative cereal to durum wheat to produce dry pasta.

In a research article by Nocente et al. [8], two ancient Caucasian hulled wheats grown
in Italy, Triticum timopheevii and Triticum zhukovskyi, were analyzed for physical, nutri-
tional, and technological characteristics. Both Caucasian species had high protein content
and antioxidant activity and good technological and rheological performances, suggest-
ing these wheats can serve as a promising raw material for the formulation of flatbreads,
biscuits, and pasta.

The article by Onyango et al. [9] compared the impact of native, steamed, or malted
finger millet and amaranth seeds on the rheological properties of dough and the physic-
ochemical quality of composite breads. As per their findings, malting and steaming
appear to be promising approaches for amaranth to improve composite bread quality,
whereas, with respect to finger millet, the treatments were not suitable to improve its
breadmaking potential.

Spaggiari et al. [10] characterized three common wheat evolutionary populations
(EP), a cultivation technique characterized by mixing and sowing many wheat genotypes
together to allow the crop to adapt genetically over several years in relation to specific
pedoclimatic conditions. The nutritional, chemical, and sensory qualities of three different
breads obtained using organic EP flours that were produced following a traditional sour-
dough process were investigated. Although the technological quality of EP flours seemed
unsuitable for bread-making, sourdough baking allowed excellent workability of the EP
doughs and good structure of the loaves.

The topic of the role of minor cereals in achieving the goal of food sustainability
and diversity was also addressed in a comprehensive review by Majzoobi et al. [11]. In
their review, the authors report previous knowledge published on ancient cereals and
pseudocereals in terms of physicochemical properties, nutritional profile, and food indus-
try applications and the comparison with modern crop counterparts. The review also
discusses the opportunities and challenges of ancient cereals as useful crops to address
Goal 2: Zero Hunger—United Nations Sustainable Development Program, as well as the
issue of malnutrition globally, providing a guide for decision-makers and policies to face
these threats.

In a more targeted way, the review of Gowda et al. [12] focuses on millet, one of
the major underutilized, highly nutritive food crops. The review provides an overview
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of original research articles and reviews that highlight the nutritional characteristics of
Indian millets (foxtail, kodo, proso, little, and pearl millets) and the effects of primary
(dehulling, soaking, germination, drying, polishing, and milling) and secondary (fermen-
tation, germination, extrusion, cooking, puffing, popping, malting, baking, flaking, and
extrusion) processing techniques on the nutritional features of this cereal. Germination and
fermentation improve the overall nutritional characteristics of millets, whereas excessive
dehulling, polishing, and milling reduce dietary fiber and micronutrients. This overview
on millet can help encourage farmers, the food industry, researchers, and consumers in
millet utilization and in selecting suitable processing techniques to optimize nutrient value,
increase the bioavailability of nutrients, and help combat food and nutrition security.

In conclusions, this Special Issue provides a fundamental understanding of the current
strategies for the revitalization of underutilized cereals, which represent a reservoir of
biodiversity that is useful to ensure sustainable production and food security in the context
of climate change.

Author Contributions: Conceptualization, L.G. and F.N.; methodology, L.G. and F.N.; writing—
original draft preparation, L.G. and F.N.; writing—review and editing, L.G. and F.N. All authors have
read and agreed to the published version of the manuscript.
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Biophysical, Nutraceutical, and Technofunctional Features of
Specialty Cereals: Pigmented Popcorn and Sorghum

Valery Tixian Robles-Plata 1, Sergio Serna Saldivar 2,*, Juan de Dios Figueroa-Cárdenas 3, William L. Rooney 4,

Juan Pablo Dávila-Vega 2, Cristina Chuck-Hernández 5 and Anayansi Escalante-Aburto 5,*
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Abstract: Different pigmented corn and sorghum types were evaluated to characterize their biophys-
ical, nutraceutical, and technofunctional properties for the first time. Commercially pigmented (blue,
purple, red, black, and yellow) popcorn (Zea mays var. everta) and sorghum (Sorghum bicolor L.) of
yellow and red colors were analyzed. Biophysical and proximal analyses were performed using
official methods. The nutraceutical profile included the total phenolic and anthocyanin content. In ad-
dition, rheological, structural, and morphological studies were conducted. The results demonstrated
significant differences between the popcorn samples and grain types, especially in terms of their
biophysical and proximate features. The nutraceutical profile revealed that these specialty grains
contained higher concentrations of antioxidant compounds (up to 3-fold when compared with the
other grains). The rheological analysis demonstrated that sorghum grains developed higher peak
viscosities than popcorn. According to the structural assessments, the type A pattern displayed peaks
at the interplanar spaces corresponding to the crystalline and amorphous regions in all the samples.
The data obtained in this study provides a base to further investigate the products obtained using
these biomaterials.

Keywords: popcorn; pigmented maize; sorghum; rheological properties; nutraceuticals; cereals

1. Introduction

Producing and consuming nonconventional cereals is considered essential to ensure
availability for future inhabitants [1]. Maize (Zea mays L.) is one of the most versatile crops
worldwide. In recent decades, pigmented varieties from Cacahuacintle and popcorn (Z. mays
var. everta) races have been investigated because of their nutritional and antioxidant
properties [2,3]. Maize is pigmented mainly due to the presence of a substantial number
of secondary metabolites, such as phenolic acids, carotenoids, and anthocyanins, that are
chiefly responsible for producing different pigments and can serve as beneficial dietary
elements because of their antioxidative properties and potential anti-inflammatory effects.
Pigments are primarily concentrated on the thick pericarp or aleurone layers of kernels
and corn cobs. Physical qualities, such as grain size, density, hardness, and chemical
composition, contribute to the variation in different pigmented corn types; therefore, each
variety has a specific observable property [4].

Moreover, after wheat, rice, maize, and barley, sorghum (Sorghum bicolor L.) is the
most produced cereal worldwide. Because of its outstanding production and tolerance to
heat, drought, and pests, this crop is replacing corn in some areas [5]. Sorghum contains

Foods 2023, 12, 2301. https://doi.org/10.3390/foods12122301 https://www.mdpi.com/journal/foods
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high levels of polyphenols, such as phenolic acids, flavonoids, and anthocyanins, that offer
various health benefits. In sorghum grains, polyphenols are mainly located in the layers
of the pericarp, testa, and aleurone [6]. Moreover, numerous studies have reported that
some compounds in sorghum exhibit beneficial effects against the most prevalent human
illnesses, such as diabetes, obesity, metabolic disorders, and inflammation [7].

Popcorn and sorghum can be used to obtain second-generation snacks as their grains
can be directly expanded by applying heat [8]. The pop-ability of popcorn and other related
cereals, such as sorghum, is strongly associated with the physical properties of kernels,
especially pericarp thickness and the structure of vitreous endosperm cells [9]. Furthermore,
information regarding the biophysical, morphological, and nutraceutical traits of grains is
essential for selecting high-yield seeds, which is also associated with economic issues [10].
This is the first study to evaluate the biophysical, nutraceutical, and technofunctional
properties of five popcorn and two sorghum varieties. This characterization helps in
evaluating future applications to produce functional foods with added value.

2. Materials and Methods

2.1. Biological Materials

Six commercial types of pigmented popcorn maize (Z. mays var. everta; blue, purple,
red, black, and yellow), purchased from a local market, and two cultivars of yellow and
red sorghum (Sorghum bicolor L.) were used. The yellow sorghum variety was developed in
the experimental fields of Texas A&M and the red sorghum variety was obtained from a
local supplier in Queretaro, México. All the samples were purchased in 2022. The grains
were cleaned using a 149-μm US sieve No. 100 in order to remove foreign material. The
biophysical properties were evaluated using cleaned whole kernels. Grains processed in a
grinder with a stainless steel blade (Krups®, model F203, Port Orchard, WA, USA) were
used for other determinations. Popcorn, sorghum grains, and flours were stored at 5 ◦C in
sealed polyethylene bags until use.

2.2. Biophysical Properties

In total, 1000 grains were weighed (g) on an analytical balance (Sartorius, model
MCE, Aubagne, France) in triplicate. In addition, the length, width, and thickness (mm) of
30 grains randomly obtained for each type of corn and sorghum were measured using a
digital vernier (Leidsany, Britt Technology Inc., Louisville, KY, USA) [11].

2.3. Proximal Analysis

The proximal analysis was performed in triplicate according to the following offi-
cial methods of AOAC. The protein analysis was conducted using the official method
978.02 with a 6.25 conversion factor, the moisture analysis was performed using the gravi-
metric method 925.10, the ash content was determined using the 923.03 procedure, and
the crude fiber content was measured using the 962.09 method [12]. The crude fat con-
tent was determined using the AACC method 30–20.01 protocol [13]. The content of the
nitrogen-free extract (NFE %) was calculated by difference [14] as follows:

NFE (%) = 100 − %Protein − %Moisture − %Ash − %Crude f iber − %Crude f at (1)

2.4. Nutraceutical Properties
2.4.1. Quantification of Total Phenolic Compounds

The Folin–Ciocalteu (FC) test [15] was used to determine the total phenolic content
of each extract using methanol as the solvent. The sample extract was obtained by weigh-
ing 500 mg of the sample and adding 5 mL of anhydrous methanol (Sigma-Aldrich®,
99.8% purity, Burlington, MA, USA). This mixture was vigorously vortexed. Then, the
samples were placed in a sonicator (Brandson 5510, Danbury, CT, USA) at 40 kHz for 30 min
and centrifuged at 4000 rpm for 30 min. A 100 L aliquot of the sample was placed in a 2 mL
microtube. Then, 200 μL of FC reagent at 10% (v/v) (Phenol Reagent of Folin–Ciocalteu,
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Sigma-Aldrich®, Burlington, MA, USA) was added to the sample and was rigorously
vortexed. The mixture was left for 2 min. Then, 800 L of 700 mM Na2CO3 (Sigma-Aldrich®,
99% purity, Burlington, MA, USA) was added to the mixture and incubated for 2 h at room
temperature. The total phenolic content was determined at an absorbance of 765 nm using
a spectrophotometer (Thermo Scientific, Model Evolution 300, Austin, TX, USA). Gallic
acid (Sigma-Aldrich, 98% purity) was used for the calibration curve (0–0.05 mg mL−1),
and the total phenolic content was calculated and expressed as milligrams of gallic acid
equivalents per gram of sample dry weight (mg GAE g−1).

2.4.2. Quantification of Total Anthocyanins

Total anthocyanins were examined using a previous method [16] with some modifi-
cations. First, 600 mg of the sample was weighed and 4.8 mL of acidified ethanol (AZ®,
96%) (ethanol + 1 N HCl, 85:15 v/v) was added (36.55–38% HCl, J.T. BakerTM, Mexico City,
Mexico). The mixture was vortexed for 30 min. The tubes were centrifuged at 3000 rpm
for 10 min, and the supernatant was obtained. Absorbance was measured at 520 nm using
the UV-Vis spectrophotometer (Thermo Scientific, Model Evolution 300, Fitchburg, WI,
USA). Cyanidin-3-glucoside (kuromanin chloride analytical standard, ≥98% purity, Merk®,
Darmstadt, Germany) was used as a standard pigment. A series of standard solutions of
cyanidin-3-glucoside was prepared at 0–0.02 mmol (0–27 μg/mL). Data were expressed as
milligrams of cyanidin-3-glycoside equivalents per kilogram of dry weight (mg C3G kg−1).

2.5. Rheological Assessment

Rheological analyses were performed using 4 g of each sample. The sample was
conditioned to a moisture content of 14% and weighed in an aluminum can. Then, 24 mL
of distilled water was added. The dispersed solution was stirred with a plastic paddle,
and a heating cycle was started at a controlled rate (50◦ C–90 ◦C–50 ◦C). The maximum
viscosity, final viscosity, retention force, breakdown, and setback in cP were analyzed,
and the rheological behavior was analyzed using a Rapid Visco Analyser (model RVA-3D,
Newport Scientific, Warriewood, Australia) [17].

2.6. Structural Properties (X-ray Diffraction)

The milled grain samples were adjusted to a moisture content of 7% according to
Escalante-Aburto et al.’s procedure [17]. A structural property analysis was conducted
using an X-ray diffractometer (DMAX-2100, Rigaku, Tokyo, Japan), which was operated
under the following conditions: 30 kV and 16 mA with CuKa radiation of λ = 1.5405. The
flour samples were scanned from 5◦ to 50◦ on the 2θ scale. The Bragg equation was used to
calculate the interplanar spacing (d) of the peaks.

2.7. Morphological Assessments

Grain morphology was examined using a scanning electron microscope (Phillips
model XL30) at an accelerating 20 kV (50 mA) voltage. The grains were segmented longitu-
dinally using a razor blade and were fixed over an aluminum base. Images were captured
at 500×, 1500×, and 5000× magnification from the hard, intermediate, and soft endosperm
and the protein bodies within the matrix.

2.8. Design of Experiments and Statistical Analysis

A completely randomized design of experiments was used. All the determinations
were performed in triplicates, and the means and standard deviations (SDs) were reported.
A one-factor ANOVA and a mean comparison analysis (Tukey test) were performed with
95% confidence. Both analyses considered p < 0.05 to be of statistical significance. Minitab®

LLC (State College, PA, USA), statistical analysis software version 21.4.0.0 was used.
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3. Results and Discussion

3.1. Biophysical Properties

Tables 1 and 2 present the biophysical parameters of the popcorn and sorghum culti-
vars. As expected, significant differences were observed between the popcorn and sorghum
cultivars because of their botanical and agronomic origins.

Table 1. Biophysical properties of different popcorn grains.

Sample
1000 Grains
Weight (g)

Length
(mm)

Width
(mm)

Thickness
(mm)

Blue 163.757 ±1.43 a 8.66 ± 0.41 ab 5.46 ± 0.36 b 4.34 ± 0.46 a

Purple 136.16 ± 2.32 c 8.79 ± 0.61 a 5.41 ± 0.57 b 4.21 ± 0.43 ab

Black 95.77 ± 1.82 e 8.07 ± 0.61 c 4.86 ± 0.42 d 3.96 ± 0.53 bc

Red 1 124.33± 3.14 d 8.40 ± 0.58 bc 5.20 ± 0.44 bc 3.65 ± 0.36 c

Red 2 123.84 ± 0.71 d 8.25 ± 0.40 c 5.00 ± 0.41 cd 3.67 ± 0.37 c

Yellow 158.16 ± 1.06 b 8.71 ± 0.49 ab 5.89 ± 0.49 a 3.95 ± 0.44 bc

Average values ± SD. Different letters in the same column are significantly different at p < 0.05.

Table 2. Biophysical properties of the sorghum grain types.

Sample
1000 Grains
Weight (g)

Length
(mm)

Width
(mm)

Thickness
(mm)

Red 25.18 ± 0.31 a 4.12 ± 0.37 a 3.53 ± 0.22 a 2.55 ± 0.21 a

Yellow 25.52 ± 0.21 a 4.11 ± 0.22 a 3.40 ± 0.24 b 2.53 ± 0.21 a

Average values ± SD. Different letters in the same column are significantly different at p < 0.05.

Among the popcorn varieties, the blue grains presented with the highest 1000-grain
weight value. All the other corn samples exhibited significantly lower values, but the
black grains had the lowest values. Both sorghum samples exhibited significantly lower
1000-grain weight values than the popcorn samples. Yellow and red sorghum had the same
1000-grain weight, and no significant differences were noted (Table 2).

The values for the geometrical measurements were similar among the popcorn samples.
Nevertheless, significant differences were observed in length, where blue, purple, and
yellow popcorn exhibited the highest values of length. The yellow popcorn exhibited the
highest width. The blue and purple samples presented the highest values of thickness. Tian
et al. [18] evaluated three popcorn varieties of yellow commercial grains and found that
the size of the kernel was highly associated with their densities and expansion volume.

No statistical differences were observed in the geometrical features of the sorghum va-
rieties. However, the physical features of the grains also account for their engineering prop-
erties, and the information they provide is essential for designing specialized equipment
and for determining their behavior during handling and processing. Surpam et al. [19]
evaluated the engineering properties of sorghum (Rabi Jowar) and reported average values
of 4.3, 4.2, and 2.6 mm for length, width, and thickness, respectively, which are similar to
the values reported for our samples.

3.2. Proximal Analysis

Tables 3 and 4 present the results of the proximal assessments of popcorn and sorghum
cultivars. The moisture content of black popcorn was the lowest compared with those of
other popcorn grains and was similar to those of sorghum grains. No significant differences
in moisture content were observed between the samples. All the grain samples were stored
at adequate relative moisture conditions in order to avoid microbial spoilage [20]. The
average protein content of the popcorn samples was 11.90%, and no significant differences
were reported in protein content. These protein content values are similar to those reported
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by Farahnaky et al. [21] for two popcorn genotypes (hybrid KSC 600PC and another from
a local market). They reported protein contents of 12.4% and 11.4%, respectively. Yellow
sorghum grains exhibited protein content levels similar to those of the popcorn varieties;
red sorghum exhibited the lowest protein content (almost 45% less protein). In fact, the
protein content of both sorghum types was significantly lower than that of four African
samples (white, yellow pale, yellow, and red), accounting for an average protein content of
22.53% in dry weight [22].

Table 3. Physicochemical properties of different pigmented popcorn grains.

Sample Moisture Protein Crude fat Ash Crude Fiber NFE

% (Dry Basis)

Blue 12.69 ± 0.30 abc 11.08 ± 0.28 a 3.00 ± 0.59 bc 1.60 ± 0.26 a 4.51 ± 0.21 ab 67.08 ± 0.79 bc

Purple 13.06 ± 0.12 ab 11.25 ± 0.15 a 3.79 ± 0.12 ab 1.46 ± 0.23 a 3.98 ± 0.55 abc 66.44 ± 0.15 bc

Black 11.67 ± 0.21 cd 11.91 ± 0.34 a 2.96 ± 0.65 bc 1.53 ± 0.23 a 3.88 ± 0.24 abc 68.02 ± 1.17 b

Red 1 13.76 ± 0.31 a 13.12 ± 0.33 a 3.79 ± 0.13 ab 1.83 ± 0.25 a 2.16 ± 0.11 e 65.29 ± 0.71 bc

Red 2 13.16 ± 0.92 ab 12.94 ± 0.20 a 4.11 ± 0.21 a 1.66 ± 0.30 a 3.48 ± 0.35 cd 64.68 ± 1.23 c

Yellow 12.55 ± 0.01 bc 11.15 ± 2.24 a 3.87 ± 0.48 ab 1.73 ± 0.05 a 3.59 ± 0.23 bc 67.08 ± 1.83 bc

Average values ± SD. Different letters in the same column are statistically different at p < 0.05. Abbreviation: NFE,
nitrogen-free extract.

Table 4. Physicochemical properties of the two types of sorghum grains.

Sample Moisture Protein Crude Fat Ash Crude Fiber NFE

% (Dry Basis)

Red 11.11 ± 0.38 a 7.93 ± 0.24 b 2.57 ± 0.11 b 1.53 ± 0.05 a 2.61 ± 0.48 b 74.21 ± 0.85 a

Yellow 11.22 ±0.03 a 10.95 ± 0.11 a 3.34 ± 0.22 a 1.53 ± 0.05 a 4.80 ± 0.22 a 68.12 ± 0.19 b

Average values ± SD. Different letters in the same column are statistically different at p < 0.05. Abbreviation: NFE,
nitrogen-free extract.

Nevertheless, the moisture content of the sorghum samples used in this study was sig-
nificantly higher than that of an Indian variety (9.25%) [19]. The lipid content ranged from
2.96% to 4.11% for the popcorn samples and 2.57% to 3.34% for the sorghum grains. The fat
content of our samples was significantly higher than those reported by Palavecino et al. [23]
in commercial samples from Central Argentina. They reported fat concentrations of up to
5.73% in hybrid sorghum cultivated in Argentina (Pioneer-80T25).

No significant differences in ash content were observed among the grain types and
cultivars. The blue, purple, and black popcorn exhibited the highest crude fiber content,
but the yellow sorghum variety significantly differed from the red variety in crude fiber
content. The sorghum varieties presented the highest NFE values (71.16%) compared with
all the popcorn samples, which had NFE values ranging from 64.68% to 68.02%.

The crude fat and ash contents of the sorghum grains were in the same magnitude
as those of a white sorghum Paloma variety reported by Hernández-Becerra et al. [24].
They reported crude fat and ash contents of 2.7% and 1.3%, respectively. According to
Khalid et al. [7], the total carbohydrate content of sorghum is between 57% and 80.6%, and
this result is similar to our findings.

3.3. Nutraceutical Characteristics

The nutraceutical properties evaluated in the specialty grains are shown in Figure 1.
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Figure 1. Functional properties of popcorn and sorghum grains: phenolic and anthocyanin content.
Different letters represent statistical differences at p < 0.05. The bars indicate the SD.

The anthocyanin content of all the popcorn samples ranged from 6.9 to
1073.5 mg C3G kg−1, and black popcorn presented the highest concentration of this antiox-
idant molecule. The average anthocyanin content of popcorn and sorghum was 287.41 and
69.03 mg C3G kg−1, respectively. Among all the samples, red sorghum had the highest
anthocyanin content. However, this value was lower than that reported by Xu et al. [25]
for red pericarp sorghums (2660–8930 mg C3G kg−1). On the other hand, the highest total
phenolic content was observed in the black and yellow popcorn samples. The total phenolic
contents of the blue, purple, and red 1 popcorn samples were lower. The total phenolic
contents varied from 32.34 to 13.80 mg GAE g−1 for the popcorn samples. Our popcorn
samples exhibited a higher total phenolic content than Iranian popcorn (Z. mays var. everta)
grains (0.13 mg GAE g−1) [26]. These assessments in raw popcorn samples are crucial be-
cause some studies have suggested that the total phenolic content and antioxidant capacity
(evaluated by FRAP) of pigmented raw and popped kernels do not differ significantly [27].

Both sorghum varieties exhibited the same total phenolic content; the average total
phenolic content was 34.27 mg GAE g−1. However, the red sorghum grains exhibited a
higher concentration of total phenolics than the yellow sorghum grains. The total phenolic
content of our sorghum samples was higher than those reported by Bhukya et al. [28] in
60-grain sorghum genotypes, including white, red, and brown pericarps. They reported
a total phenolic content of 0.05–4.23 GAE g−1. The total phenolic content in our samples
was up to 3-fold higher than that reported in six sorghum varieties of brown, red, and
white pericarps (11.50–0.24 mg GAE g−1) [29]. Similarly, the total polyphenol content of red
sorghum purchased from Maroua, Cameroon (82.2 mg GAE g−1) [22] was higher than that
of our study samples. In addition to the agronomical, harvesting, and storage conditions
of the samples, extraction procedures (refluxing, maceration, milling, and solvent types)
commonly influence the total phenolic and anthocyanin content in these grains. Regarding
the milling factor, Rumler et al. [30] evaluated dried and dehusked red sorghum (variety
Armorik, obtained in Austria) and reported total phenolic contents of 152.2, 237.2, and
155.5 mg FAE 100 g−1 in whole sorghum flours obtained using a dry-flake squeezer, a
pilot-scale stone mill, and an industry-scale roller mill, respectively. The particle size and
milling process remarkably affects the extraction rate of these compounds. Furthermore,
during extraction, some pericarp remains intact in the flour. Thus, additional studies must
be conducted to avoid underestimation when quantifying these compounds.
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3.4. Rheological Behavior

Figure 2 presents the rheological behavior of raw grains from the popcorn and sorghum
varieties. The sorghums presented higher viscosity than all the popcorn samples. The
yellow sample exhibited the highest peak viscosity among all the popcorn samples. Both
sorghum varieties exhibited higher values than the popcorn lines for all the parameters
evaluated in the viscoamylographic analysis, except for the breakdown parameter (Table 3).

Blue popcorn Red 1 popcornPurple popcorn

Black popcornRed 2 popcorn

Yellow sorghum

Red sorghum

Yellow popcorn

Temperature (°C)

Time (sec)

V
is

co
si

ty
 (c

P)

Tem
perature (°C

)

Figure 2. Rheological behavior of the evaluated popcorn and sorghum grains.

Tables 5 and 6 list the specific parameters of rheological behavior (RVA profile). The
sorghum lines exhibited higher peak viscosities than the popcorn varieties, which was
expected because, at this stage of the RVA analysis, the hydration of starch molecules
occurred. According to the proximal analysis results, the sorghum grains contain more
starch than the popcorn samples (Table 6). The peak viscosity values increased due to
increased interactions between water molecules and starch granules during gelatinization.
In this context, the peak viscosities of both sorghum varieties differed from those reported
by Sang et al. [31]. They reported peak viscosities of 2750, 1750, and 1250 cP for evaluated
waxy, heterowaxy, and normal sorghum hybrids, respectively. This indicated that the
varieties used in the present study had some characteristics of waxy endosperm; hence,
they contained less amylose content. Consequently, the breakdown values of the sorghum
samples were considerably higher than those of all the popcorn samples. Breakdown is
related to the differences in the type of starch and its structure, such as granule rigidity and
crystallinity, as well as the amylose and lipid content [32]. The lower breakdown values
of popcorn samples could also be attributed to increased interactions between starch and
protein. These interactions make the starch granules rigid and reduce the susceptibility of
grains to breakage during heating and shearing cycles [33]. Consequently, the breakdown
values of the popcorn samples used in the present study differed from those of the yellow
popcorn samples analyzed by Paraginski et al. [33]. They reported breakdown values
between 421.5 and 91 cP.
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Table 5. Rheological parameters (RVA analysis) of different popcorn grains.

Sample
Peak

Viscosity
Breakdown Holding Strength

Setback
Region

Total
Setback

Final
Viscosity

cP

Blue 1445 ± 7 b 184 ± 6 b 1261 ± 13 b 2929 ± 87 a 3113 ± 93 a 4374 ± 82 a

Purple 965 ± 12 f 55 ± 12 c 909 ± 6 e 969 ± 15 e 1024 ± 9 e 1933 ± 4 d

Black 1261 ± 10 d 58 ± 8 c 1203 ± 3 c 2287 ± 96 b 2345 ± 91 b 3548 ± 88 b

Red 1 1135 ± 8 e 47 ± 8 c 1088 ± 1 d 867 ± 16 e 914 ± 92 e 2002 ± 9 d

Red 2 1304 ± 1 c 68 ± 7 c 1236 ± 6 b 1551 ± 15 d 1618 ± 14 d 2855 ± 14 c

Yellow 1834 ± 12 a 431 ± 31 a 1404 ± 23 a 1738 ± 54 c 2168 ± 22 c 3572 ± 45 b

Average values ± SD. Different letters in the same column are statistically different at p < 0.05.

Table 6. Rheological parameters (RVA analysis) of two types of sorghum grains.

Sample
Peak

Viscosity
Breakdown Holding Strength

Setback
Region

Total
Setback

Final
Viscosity

cP

Red sorghum 3564 ± 12 a 1502 ± 3 a 2061 ± 12 a 833 ± 25 b 2335 ± 23 a 4397 ± 30 a

Yellow sorghum 2750 ± 9 b 778 ± 11 b 1972 ± 4 b 1551 ± 6 a 2329 ± 50 a 4301 ± 4 b

Average values ± SD. Different letters in the same column are statistically different at p < 0.05.

Melting of the crystalline regions increases the movement of water molecules inside
the starch granules. This represents holding strength. Holding strength is the lowest
viscosity value measured at the end of the heating cycle (holding stage) [32]. The blue
and yellow popcorn grains exhibited the highest breakdown values. These popcorn grains
likely have a larger proportion of vitreous endosperm cells, which increases the break-
down values (184 and 431 cP, respectively). This can be attributed to the compactness of
the endosperm, which prevents all the water molecules from gelatinizing all the starch
granules. The sorghum samples exhibited significantly higher holding strength values. The
holding strength values of our samples were lower than those of 13-grain sorghum varieties
cultivated in New South Wales (mean: 2969 cP). Nevertheless, some varieties exhibited
similar holding strength results, which could be related to chemical interactions between
kafirin and phenolic contents with starch. These interactions require further investigation
in future studies [34].

Concerning the setback (SB) region, the blue and black popcorn grains presented
significantly higher values. This parameter represents the increase in viscosity when the
cooling stage ends and starch retrogradation occurs. The leached amylose and amylopectin
chains form a new crystalline structure through realignment [32]. Thus, these popcorn
grains could have more intergranular interactions in the suspension, such as entanglement
between the surface particles of the adjacent starch granules, thereby increasing the vis-
cosity values [35]. The sorghum grains presented lower SB values than those reported by
Truong et al. [34]. They also found a significant relationship between SB and the ferulic
acid content in sorghum kernels. The final viscosities in the red and yellow sorghum sam-
ples were not of the same magnitude as those reported in 20 high-yield sorghum hybrids
harvested in South America. These sorghum hybrids had white, red, and brown pericarps,
and their final viscosities ranged between 3030 and 4402 mPa s [23].
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3.5. Structural Properties (X-ray Diffraction)

Figure 3 depicts the diffractograms obtained from the specialty cereals of popcorn
and sorghum. The typical structure of X-ray diffraction patterns for the popcorn lines and
sorghum varieties was type A, which corresponds to native starches found in cereals [36].

Figure 3. X-ray diffraction analysis of the evaluated nonconventional grains of sorghum and corn.

Four peaks corresponding to the crystalline structure of native starch granules were
detected [36]. Strong reflections can be observed at 17.5◦ and 27.5◦ (2θ), corresponding to
the interplanar spaces (d) of 5.86 and 3.84, respectively. Furthermore, a doublet at 20.5◦
and 21◦ (2θ) was detected at the interplanar spaces of 5.13 and 4.89 (d), which agrees with
the structures previously reported for the whole grain flours of corn and sorghum [37,38].
No differences were observed in the X-ray diffraction patterns of the popcorn and sorghum
lines. Nevertheless, yellow sorghum exhibited more defined peaks than red sorghum. The
findings of the popcorn patterns were the same as those reported by Trovo et al. [39] in
starch extracted from creole popcorn grains, with peaks observed at 15◦,18◦, 19◦, and 23◦
at 2θ.

3.6. Morphological Assessments

Figures 4 and 5 present the micrographs of the popcorn and sorghum samples, re-
spectively, exhibiting their soft, hard, and intermediate endosperms. Figure 4(A1–A6)
presents the polyhedral structure with angular shapes of the starch granules found in the
hard endosperm of popcorn grains. The size of the starch granules in these grains was
approximately 10 μm. The hard and compact structures in our samples are similar to
those reported by Singh et al. [35], who isolated starch granules from popcorn samples of
different grain sizes. The protein matrix (PM) covered the starch granules (Figure 4(B1–B6))
in the intermediate endosperm. Surrounding the oval starch granules, the protein matrix
formed the soft endosperm structures (Figure 4(C1–C6)). In the soft endosperm, the size
of the starch granules was approximately 10–15 μm and was similar in all the popcorn
samples. The starch structure was intact because the images taken were of half-cut grains
and not flour.
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Figure 5. Micrographs of the hard endosperm (A) at 500×, intermediate endosperm (B) at 500x,
soft endosperm (C) at 5000×, and (D) protein bodies at 5000× of sorghum samples corresponding
to (1) red and (2) yellow sorghum. Abbreviations: SG, starch granule; PM, protein matrix; PB,
protein bodies.

According to Ziegler et al. [40], popcorn grains contain 27% amylose and 73% amy-
lopectin, and the form of the granules is spherical and polyhedral, which agrees with the
morphological structures of our samples. In the soft endosperm (Figure 4(C1–C6)), some
voids were observed among the granules, which are necessary for the arrangement of
this grain proportion. This could be related to the expansion volume because samples of
progenies with high expansion volumes had a higher proportion of compact endosperm
and few voids interspersed among the granules [41]. This should be discussed as a quality
parameter for popcorn in further studies.

Although no significant differences were observed in the protein content of popcorn
grains, sample red 1 (Figure 4(C3)) exhibited a denser PM covering the soft endosperm.
In general, the micrographic images of popcorn kernels agree with the maize type and
findings reported by Cui et al. [42]. Furthermore, electron microscopy images of opaque
and translucent endosperm in a popcorn hybrid from Iran and American popcorn agree
with those of our samples. They demonstrate the presence of polygonal (pentagonal and
hexagonal) starch granules in the translucent endosperm (hard), with the starch granules
measuring 15 m in size. These structures are closely packed with no spaces among them [21],
as observed in Figure 4(B1–B4). During heating, the vitreous (translucent) proportion
exhibits the melting of the crystalline regions and gelatinization because water vapor is
forced into the starch granules, causing further expansion [41].

Figure 5(A1,B1,C1) presents the hard, intermediate, and soft endosperm of the red
sorghum grains, respectively. The compact structure of the starch granules was observed
in the hard proportion (A1) with the PM cover, even when the protein content of this type
of grain was the lowest (7.93%). The size of the starch granules was ~10–25 μm, and the
granules had a polyhedral shape and defined limits, contrary to the structures found in
the popcorn lines. Figure 5(D1) depicts the presence of multiple indentations on the grain
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surface caused by protein bodies and concurs with the morphological descriptions of the
vitreous endosperm of sorghum lines reported by Bean et al. [43].

A study conducted on sorghum grains and changes in their morphology reported
similar findings about the morphological properties of these grains using the same method-
ology. The shape and size of the starch were similar (i.e., polyhedral and spherical) in the
hard and soft endosperm sections [24]. Evaluating the endosperm type and proportion
in grains used for expanded products is important because the vitreous endosperm is the
structure that primarily contributes to kernel expansion during popping [41].

4. Conclusions

This is the first study analyzing the properties of pigmented specialty popcorn and
sorghum grains. According to their agronomical origin, popcorn and sorghum varieties
exhibited different biophysical properties. These experiments were performed using com-
mercial batches of specialty grains, and the results may vary when new batches are analyzed.
This is expected because these biomaterials might vary during each harvesting season.
Nevertheless, the first characterization of new bioproducts is always necessary for under-
standing more complex behaviors when the biomaterials are processed into final products.
The physicochemical traits of both the grain types and varieties were similar to those
given in the literature. Nevertheless, in terms of the nutraceutical features, the sorghum
samples exhibited higher total phenolic content than the other varieties. Moreover, the
total anthocyanin content of the red, purple, blue, and black popcorn was extremely high
compared with that of the commercial grain, which was expected because of their nature.
The same trend was observed in the red sorghum variety. The rheological, structural, and
morphological assessments revealed consistency with the characteristics reported in other
studies; however, the content of nutraceutical compounds (phenolics and anthocyanins)
can influence these properties. In general, these grains have the potential to be used as
functional ingredients and could be added in the cereal industry to produce low-caloric or
low-glycemic foods. Further studies are required to investigate this. Full characterization
of these specialty grains is crucial because these characteristics influence the functional and
technological properties of their final products and derivatives.
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Abstract: With food insecurity rising dramatically in Sub-Saharan Africa, promoting the use of
sorghum, cowpea and cassava flours in staple food such as bread may reduce wheat imports and
stimulate the local economy through new value chains. However, studies addressing the technological
functionality of blends of these crops and the sensory properties of the obtained breads are scarce. In
this study, cowpea varieties (i.e., Glenda and Bechuana), dry-heating of cowpea flour and cowpea
to sorghum ratio were studied for their effects on the physical and sensory properties of breads
made from flour blends. Increasing cowpea Glenda flour addition from 9 to 27% (in place of
sorghum) significantly improved bread specific volume and crumb texture in terms of instrumental
hardness and cohesiveness. These improvements were explained by higher water binding, starch
gelatinization temperatures and starch granule integrity during pasting of cowpea compared to
sorghum and cassava. Differences in physicochemical properties among cowpea flours did not
significantly affect bread properties and texture sensory attributes. However, cowpea variety and
dry-heating significantly affected flavour attributes (i.e., beany, yeasty and ryebread). Consumer tests
indicated that composite breads could be significantly distinguished for most of the sensory attributes
compared to commercial wholemeal wheat bread. Nevertheless, the majority of consumers scored
the composite breads from neutral to positive with regard to liking. Using these composite doughs,
chapati were produced in Uganda by street vendors and tin breads by local bakeries, demonstrating
the practical relevance of the study and the potential impact for the local situation. Overall, this
study shows that sorghum, cowpea and cassava flour blends can be used for commercial bread-type
applications instead of wheat in Sub-Saharan Africa.

Keywords: bread; sorghum; cowpea; cassava; sensory; food security

1. Introduction

Currently, the food system in Sub-Saharan Africa (SSA) is severely challenged because
of the growing urban population and climate change [1,2]. Massive urbanization is resulting
in a dietary shift, diverting from the use of local crops to imported cereals associated with
the Western lifestyle, largely maize and wheat [3]. Concomitantly, food production cannot
keep pace with internal demand, making SSA increasingly dependent on imported crops
such as wheat [4]. This issue is further exacerbated by climate change with projected
reductions in wheat and maize yields in SSA [3,5] and by the wheat crisis related to the
Russia–Ukraine conflict.

Indigenous African crops such as sorghum, cassava and cowpea are climate-resilient
crops (CRCs) as they have enhanced tolerance to biotic and abiotic stresses [6,7]. Cowpea
requires few inputs, grows in low rainfall and shade [8] and is suitable for intercropping
with sorghum, reducing fertiliser use and soil erosion [9]. Promoting the valorisation of
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these CRCs into value-added ingredients and in the production of attractive, affordable
and nutritious food such as bread-type products could improve food and nutrition security,
stimulate the local economy and create new employment opportunities throughout the
value chain [10,11].

From a nutritional perspective, the relative overconsumption of starchy crops in SSA
is a concern for protein as well as micronutrient security [12]. Cassava is an affordable
source of carbohydrates and energy, but should be combined with other indigenous crops
from pulses and cereals [13]. Consumption of sorghum can positively impact human
health, especially regarding disorders such as celiac disease, diabetes and obesity [14].
Tannins present in sorghum can reduce starch digestion [15,16], resulting in a low gly-
caemic index [17,18]. Monomeric flavonoids in sorghum showed several anti-inflammatory
activities [19]. Sorghum is also rich in potassium and phosphorus and contains good
levels of calcium. The legume cowpea is a rich source of protein, dietary fibre and ad-
ditionally of polyphenols, vitamins and minerals [20,21]. Cowpea proteins are rich in
glutamic acid, aspartic acid and lysine, which are limiting in sorghum. From this perspec-
tive, it is nutritionally beneficial to complement sorghum and cassava with cowpea in the
human diet [22].

Sorghum flour has been studied for partial wheat replacement in pan breads [23],
showing detrimental effects on dough properties and the quality of the composite breads
with inclusions of 15% and beyond. From a sensory perspective, the inclusion of sorghum
in wheat bread products was found to be acceptable up to a maximum of 30% [24,25].
Due to its gluten-free status and nutritional value, sorghum flour has been also studied
for application in breads for people with celiac disease [26], often in combination with
starches [26,27] and with hydrocolloids [28]. Cassava has been extensively studied for
partial replacement of wheat flour in bread applications [29]. However, widespread im-
plementation of cassava in commercial products has failed to date, due to technological
challenges and poor product quality of cassava-wheat composite breads as perceived by
consumers and bakers [11].

Despite the relevance for human nutrition and food security, studies on composite
breads based on sorghum, cowpea and cassava are scarce. However, their combination
offers opportunities to optimize the nutritional composition and technological properties
of bread-type products [30], which would benefit the growing African population but
potentially also the segment of the global population suffering from celiac disease. To the
best of our knowledge, Renzetti and co-workers were the first to report on the use of a
composite sorghum–cowpea–cassava mixture to prepare a processable dough, instead of
a liquid batter, and produce tin breads (i.e., breads baked inside tins) [31]. These authors
reported that (physical) texture properties of the breads could be improved by modulating
cowpea flour properties, e.g., by dry-heating treatments, suggesting cowpea as a functional
ingredient for both technological and nutritional purposes. Further studies were suggested
to explore the implementation potential of these bread concepts, taking also the sensory
aspects into account. Variations in cowpea varieties and inclusion levels may have a
different contribution to the quality of the bread-type products due to differences in sensory
profile [32] and in functional properties [33].

Against this background, this study evaluated the effect of variations in cowpea
flour properties, namely variety and dry-heating treatment, and the level of addition
(i.e., cowpea to sorghum ratio) on the physical and sensory properties of breads made
from sorghum, cowpea and cassava mixtures. Two cowpea varieties were used for this
purpose. Relevant physicochemical properties of the flours were analysed in order to relate
to the bread properties. Descriptive sensory analysis was performed to understand the
effect of variations in flours and bread properties on the intensity of the sensory attributes.
Additionally, consumer studies were performed to gain insights into the perception and
liking of a selected CRCs-based bread formulation as compared to commercial wheat
bread. Implementation potential of the developed doughs was tested in Uganda with small
bakeries making tin breads and with street vendors making chapati.
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2. Materials and Methods

2.1. Materials

Red, non-tannin, King Korn superfine sorghum (locally known as mabele) meal was
obtained from a local supermarket in Pretoria (South Africa). Cowpea seeds from a white
(Bechuana white) and a red (Glenda) variety were sourced from Agrinawar Agricol Pty
(Pretoria, South Africa) and milled as whole grains at ProCorn Mills (Edenvale, Sebenza,
South Africa). Sorghum contained 10.2% protein, 11.5% dietary fibres (of which 2.3% was
soluble) and 73.1% starch. Bechuana white cowpea flour (BECH) contained 23.9% protein
(of which 18.6% was soluble at native pH), 20.6% dietary fibres (of which 7.5% was soluble)
and 40.7% starch. Red Glenda cowpea flour (GL) contained 23.9% protein (of which 18.4%
was soluble at native pH), 24.1% dietary fibres (of which 7.7% was soluble) and 39.7%
starch. Dry-heated GL (GL-DH) was also tested based on the result of a recent study on
the Glenda variety [31]. One treatment condition was selected to evaluate the contribution
to the sensory profile, which was not previously assessed. The treatment consisted of
equilibrating the flour at 50% RH and subsequently heating in an oven at 100 ◦C for 2 h
after sealing in a heat-resistant plastic bag.

Cassava starch (93.2% starch, 0.3% protein and 2.1% soluble fibres) was supplied by
DADTCO (Dutch Agricultural Development and Trading Company, Inhambane, Mozam-
bique). Psyllium husk powder (88% dietary fibres, 3% proteins) was from Unilecithin
(Sharjah, United Arab Emirates). Dry yeast (Mauripan red, AB Mauri, Dordrecht, The
Netherlands), salt and sucrose (both sourced in The Netherlands for lab tests and in Uganda
for implementation tests) were used for the breadmaking trials.

2.2. Methods
2.2.1. Water Binding Capacity of Native and Treated Flours

The water binding capacity (WBC) of the native and dry-heated GL (GL-DH) samples
was determined in triplicate, according to a modified version of [34]. Flours (0.4 g on
dry basis) were placed in 5 mL Eppendorf tubes and 3.6 g of distilled water was added
during vigorous stirring. After mixing on a vortex, the samples were left to shake at room
temperature for 20 min on a Multi Reax Vortex (Heidolph Instruments GmbH, Schwabach,
Germany). Then, the samples were centrifuged for 10 min at 5000 G using an Avanti J-26XP
High Speed Centrifuge (Beckman Coulter, Indianapolis, IN, USA). The supernatant was
collected and the pellet was drained for 15 min at an angle of 45◦, dried and then weighed.
WBC was expressed as follows:

WBC (g/g) =
wet pellet (g)− dried pellet (g)

dried pellet (g)
(1)

The moisture content of the pellet was measured by drying overnight in aluminium
dishes in an oven at 105 ◦C. The filled dishes were cooled for 1 h in a desiccator before
weight determination.

2.2.2. Thermal Analysis of Native and Treated Flours

Flour concentrations of 20% (on dry matter basis) in distilled water were used to mea-
sure starch gelatinization and protein denaturation with a TA Instruments type
Q200 Differential Scanning Calorimeter (DSC) as earlier described [31]. Samples were
measured by equilibrating at −5 ◦C for 5 min and then scanned to 160 ◦C with a rate
of 5 ◦C/min. The onset of starch gelatinization and protein denaturation (Tonset), peak
temperature (Tmin) and gelatinization/denaturation enthalpy were determined using the
analysis tool available in the Universal Analysis software (TA Instruments, New Castle,
DE, USA). Experiments were performed in triplicate.
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2.2.3. Pasting Behaviour of Native and Treated Flours

Pasting behaviour was investigated using a Rapid Visco Analyser (RVA) Super 4
(Perten, Hägersten, Sweden) as earlier described [31]. Flour or starch suspensions of 8%
dry matter (dm) in water were used. Samples were subjected to a time–temperature profile.
Initial stirring speed was 960 rpm at 50 ◦C for 60 s. Then, the stirring speed was decreased to
160 rpm while the temperature was increased to 95 ◦C within 3 min 42 s. Samples were then
held at 95 ◦C for 2 min 30 s minutes and cooled to 50 ◦C within 3 min 48 s. Finally, samples
were held at 50 ◦C for 2 min. All tests were performed in duplicate. Pasting temperature
(PT), peak viscosity (PV), hold viscosity (HV), breakdown (BD), final viscosity (FV) and set
back (SB) were obtained from the RVA measurements and expressed as centipoise (cP).

2.2.4. Bread-Making Procedure

Variations in CRCs-based bread formulations were built upon a product concept
recently developed containing sorghum, cassava and cowpea [31], as shown in Table 1.
Variations were designed to test the effect of cowpea flour (i.e., GL9 vs. G27), compare
between varieties at highest inclusion level to maximize differences (i.e., G27 vs. BENCH27)
and evaluate the effect of dry-heating treatment as compared to untreated cowpea flour
(i.e., GL9 vs. GL9-DH).

Table 1. Bread dough formulations tested for baking properties and descriptive sensory and for
sensory with naive consumers.

Ingredients Formulations in Baker’s %
GL9 GL27 BECH27 GL9-DH BENCH9 **

Flours mixture *
Sorghum 45.7 27.4 27.4 45.7 45.7

Cassava starch 45.7 45.7 45.7 45.7 45.7
GL 8.7 26.9

BECH 26.9 8.7
GL-DH 8.7

Salt 2.3 2.3 2.3 2.3 2.3
Dry yeast 5.0 5.0 5.0 5.0 5.0
Rapeseed oil 3.7 3.7 3.7 3.7 3.7
Sucrose 3.7 3.7 3.7 3.7 3.7
Psyllium flour 7.3 7.3 7.3 7.3 7.3
Water 108.7 108.7 108.7 108.7 108.7

* Sorghum, cassava and cowpea flours account together for the total flour; the remaining ingredients are expressed
as percentage of the flour mixture. GL = Cowpea flour from Glenda variety; BECH = cowpea from Bechuana
variety; GL-DH = dry heated cowpea flour Glenda variety. ** Formulation used only for sensory evaluation with
naive consumers.

In total, about 1300 g of dry ingredients were added to a Sinmag spiral mixer (Sinmag
Europe bvba, Zuienkerke, Belgium) and pre-mixed at low speed (speed I) for 1 min. Then,
water was slowly added during mixing, which was performed for 5 min at speed I and
for another 4 min at speed II. After mixing, the dough was divided and shaped manually,
and put into three greased baking tins, each containing 700 g of dough. These tins were
put in a fermentation chamber at 30 ◦C and 85% RH. The proofing time was defined as the
time needed by 50 g of dough to reach a CO2 production of 90 mL. The CO2 production
was determined using a Risograph (National Manufacturing, Lincoln, NE, USA). After
proofing, the doughs were put in a swing oven at 180 ◦C for 70 min. During the first minute,
steam was injected twice to regulate the moisture content. After baking, the breads were
cooled at room temperature for 40 min, sealed in plastic low-density polyethylene bags
and stored at room temperature until further analysis one day after baking. Baking tests
were performed in triplicate. The described procedure was used for bread intended for
instrumental characterization and descriptive sensory analysis.

For the naïve consumers’ study, sorghum and BECH flours were first hydrated in
excess water for 1.5 h in order to minimize sandiness in breadcrumbs, based on prelimi-
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nary trials. After hydration, the flour and the water were combined with the rest of the
ingredients in the Sinmag spiral mixer and the same breadmaking protocol was applied.

2.2.5. Instrumental Bread Quality Evaluation

Loaf volume was determined on 2 loaves from each baking test, with a rapeseed
displacement according to [35]. In total, 6 measurements were performed per variation.
Specific volume (SV) was calculated as loaf volume divided by loaf weight (mL/g).

Crumb texture was measured by means of Texture Profile Analysis (TPA), using a
TA-XT2i Texture Analyser from Stable Micro Systems (Godalming, Surrey, UK) with a
30 kg load cell and a 75 mm compression plate and performed as previously described [35].
In total, 12 measurements were performed per bread type.

The moisture content of the bread crumb (5 g sample) was measured according to [35]
by drying overnight in aluminium dishes in an oven at 105 ◦C. The filled dishes were
cooled for 1 h in a desiccator before weight determination. In total, 6 measurements were
performed per bread type.

2.2.6. Descriptive Sensory Analysis

Sensory profiling of the pan breads was conducted as generic descriptive analysis
with 8 trained panellists who were regularly trained. Written informed consents were
obtained from the participants prior to the evaluation. The base attribute list was de-
veloped by five trained assessors in a consensus session using previous studies as a
basis [32,36,37]. This list, along with all samples, was then presented to the whole sensory
panel in a consensus training session where they refined the attributes and their descrip-
tions, discussed the intensity ranges of the samples and decided on reference products. The
final sensory profile had 18 attributes that covered the odour (i.e., cereal, sweet, ryebread,
beany, fermented), appearance (dark, air bubble size), tactile texture (crumbliness), taste
(sour, sweet, astringent), flavour (ryebread, beany, yeasty, spicy) and mouthfeel (sandy,
crumbly, moist) of the samples.

For serving, a slice of each sample was packed in closed plastic bag and presented
with a 3-digit code. Water and a piece of wheat-based cream cracker were used as palate
cleansers. The serving order was randomized with a Latin squares design. The samples
were evaluated in duplicate in a complete block design. The attribute intensities were
evaluated with a 0–10 continuous line (0 = non-perceivable and 10 = very intense). The
data were collected with EyeQuestion version 5.3 (Logic8 B.V., Elst, The Netherlands).

2.2.7. Sensory Evaluation with Naive Consumers of a CRCs-Based Bread and of
Wholemeal Wheat Bread
Subjects

Fifty-one participants (n = 51, 37 female, age: 19–28 years) were recruited from Wa-
geningen University & Research campus using flyers, posters and social media. Subjects
were regular consumers of bread. Other inclusion criteria (self-reported) were no allergies
or intolerances to gluten, good dental health and non-smoking habits. Participants were
mainly of Dutch nationality (n = 37), followed by Italian (n = 5), and the remaining 9 were
each from a different nationality. A consent form was signed by all participants. Subjects
received reimbursement for their participation and were naive concerning the experimental
conditions and purposes.

Sensory Sessions

The sensory tests were conducted in meeting facilities at Wageningen University,
equipped with desk dividers for a maximum of six participants per session. Subjects
were asked to fill in a paper questionnaire. One short session was carried out to allow
participants to familiarize themselves with the sensory method. An explanation brochure
for the different descriptors and their definitions was provided during the test session.
Mechanically sliced samples of bread (thickness 1 cm) of the two different formulations
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were presented to the panellists with randomized three-digit codes. The panellists received
one slice of bread per formulation. Panellists were instructed to first taste the bread crumb
of the two different bread samples before scoring them. Subjects were instructed to cleanse
their mouth with water and have a break of at least 2 min between evaluating the samples.

Hedonic Characterization and Rate-All-That-Apply (RATA)

Participants were asked to evaluate commercial wholemeal bread (Stevig grof volko-
ren, Albert Heijn, Zaandam, The Netherlands) and CRCs-based bread prepared following
the recipe of GL9 (Table 1), but using BECH instead of GL. Participants first evaluated
overall liking of the bread using a hedonic 9-point scale ranging from “Dislike it extremely”
(1) to “Like it extremely” (9). After the hedonic evaluations, subjects were asked to evaluate
the samples using a RATA method with 9-box scales as previously described by [38,39].
The complete list of sensory terms, as well as their definitions, are reported in Table 2.
The list of attributes was presented to the subjects, who were asked to indicate whether
the specific descriptors were applicable to the assessed sample (“Yes” or “No” choice).
Once an attribute was selected as applicable to the sample (“Yes” choice), then subjects
had to rate the perceived intensity of the selected attribute on a 9 point-scale where “1”
corresponded to low intensity and “9” to high intensity. It was clarified that a non-selection
of an attribute was equivalent to a non-perception of the sensory stimulus. The order in
the questionnaire of the sensory attributes was randomized within each block of attribute
category (appearance, texture, and flavour) for each participant.

Table 2. List of descriptors and definitions used in the RATA test with naive consumers.

Attribute Definition

Appearance
Pore size Size of holes inside a loaf

Homogeneity of pores Observation of regular size of pores
Colour: dark Perception of dark colour

Colour: red tone Perception of red colour tones
Colour: yellow tone Perception of yellow colour tones

Texture
Hard Related to the force required to bite
Soft Related to the force required to bite

Dense Tightly packed crumb structure, more closed crumb structure
Sticky Adhering or sticking to oral cavity

Smooth Degree of perceived smoothness of bread
Sandy Sensation that describes presence of particles in oral cavity
Chewy Related to the number of chews required before swallowing
Pasty Sensation that describes the formation of a dough of the bolus

Crumbly Easily breaking into small fragments
Dry Degree of drying effect, amount of saliva absorbed by the sample

Moist Amount of moisture perceived of the product

Taste
Salty Perception of salt
Sweet Perception of sugar taste
Bitter Perception of bitter taste
Sour Perception of sour taste

Beany flavour Having a flavour associated with cooked dry beans
Bland Lacking taste
Tangy Having a strong piquant flavour.

Yeasty flavour Having a flavour associated with (dry) yeast

2.2.8. Statistical Analysis

Statistical evaluations (analysis of variance, ANOVA, with Tukey’s test as post hoc
test at a significance level of p < 0.05) for flour properties and physical properties of breads
were performed with SPSS (IBM, version 25, Chicago, IL, USA). A two-way mixed model
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ANOVA with samples as fixed factor and assessors as random factor was used for sensory
profiling. Principal component analysis (PCA) of sensory profiling data was performed
with Rstudio (RStudio version 1.1.463, Inc., Boston, MA, USA) using the PCA function
of the FactoMineR package [40], together with correlation analysis. Averaged data over
assessors and replicates were used for the PCA on sensory profiling.

For the RATA intensity scores, non-checked attributes were treated as intensity = 0,
and RATA intensity scores (0–9) were treated as continuous data [38,39]. A paired sample
t-test was performed to establish significant differences between the two bread samples for
each of the listed attributes. A significance level of p < 0.05 was chosen. Data from RATA
tests were analysed using SPSS.

3. Results and Discussion

3.1. Physicochemical Properties of Sorghum, Cowpea and Cassava Flours

Relevant physicochemical properties of the flours were studied to elucidate their
contribution to the baking behaviour of the composite CRCs doughs (Table 3). GL showed
the largest WBC among all flours, followed by BECH, sorghum flour and cassava starch.
The WBC of dry-heated GL flour was intermediate to GL and BECH. The decrease in
WBC of cowpea flour with dry-heating may be attributed to increased hydrophobicity
of proteins and annealing of starch [31,41]. The main compositional difference between
the two cowpea varieties was in the total dietary fibre content and particularly the insol-
uble part. Most likely, these compositional differences explained the WBC results, as a
general correlation was observed between WBC and the dietary fibre content of the flours
(R2 = 0.968, p < 0.05).

Table 3. Physicochemical properties of the flours used in the study.

Cassava Sorghum BECH GL GL-DH

WBC (g/g) 1.5 ± 0.1 a 2.1 ± 0.2 b 3.1 ± 0.2 c 3.7 ± 0.3 d 3.1 ± 0.2 cd
DSC parameters

Tonset (◦C) 60.1 ± 0.2 a 68.0 ± 0.2 d 67.0 ± 0.6 cd 64.6 ± 1.0 b 66.1 ± 0.5 bc
Tpeak1 (starch) (◦C) 71.1 ± 0.1 a 74.4 ± 0.1 b 78.5 ± 0.1 d 76.0 ± 0.2 c 76.0 ± 0.1 c

Tpeak2 (protein) (◦C) - - 87.4 ± 1.1 88.3 ± 0.6 87.7 ± 0.9
ΔH (kJ/mol) 17.0 ± 0.5 b 14.9 ± 1.6 b 8.9 ± 1.2 a 7.8 ± 0.5 a 8.6 ± 0.6 a

RVA parameters
PT (◦C) 70.7 ± 0.0 a 92.2 ± 0.1 e 86.6 ± 0.1 d 80.3 ± 0.1 b 82.8 ± 0.2 c
PV (cP) 2397 ± 4 e 487 ± 1 d 219 ± 3 b 277 ± 15 c 130.5 ± 1 a
HV (cP) 1094 ± 2 d 484 ± 1 c 216 ± 2 b 247 ± 21 b 129 ± 1 a
BD (cP) 1303 ± 6 c 4 ± 1 a 4 ± 1 a 30 ± 6 b 1.5 ± 1 a
FV (cP) 1471 ± 2 d 967 ± 4 c 363 ± 5 b 342 ± 13 b 174.5 ± 2 a
SB (cP) 377 ± 0 d 483 ± 2 e 147 ± 3 c 96 ± 8 b 45.5 ± 1 a

Values with different letters within each row indicated significant differences in ANOVA analysis (p < 0.05).
GL = Cowpea flour from Glenda variety; BECH = cowpea from Bechuana variety; GL-DH = dry heated cowpea
flour Glenda variety.

The DSC analysis of the flours revealed the main differences as being in their thermal
behaviour (Table 3). Cassava and sorghum flour showed one main endothermic peak asso-
ciated with starch gelatinization. The gelatinization temperature for cassava and sorghum
starch were in agreement with ranges previously reported [42,43]. On the contrary, GL
and BECH flours were characterized by two endothermic transitions with peaks appearing
around 77 and 88 ◦C. These peaks could be associated with starch gelatinization and protein
denaturation, respectively, as earlier reported [31]. Cassava showed the lowest onset of
starch gelatinization (Tonset), while sorghum and BECH had the highest (p < 0.05). The
Tpeak of starch was the highest for BECH, followed by GL and GL-DH, while cassava was
the lowest (p < 0.05). The enthalpies for starch and protein in cowpea flours could not
be distinguished due to partial overlapping between the two peaks. Nevertheless, the
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gelatinization enthalpies of cassava and sorghum flour were significantly higher than the
enthalpy for all the cowpea flours.

With regards to pasting behaviour, cassava starch showed the lowest pasting tem-
perature while sorghum flour had the highest, followed by BECH (p < 0.05). Samples GL
and GL-DH showed pasting temperatures that were significantly higher than cassava but
lower than BECH (p < 0.05). Dry heating significantly increased the pasting temperature
compared to the untreated GL. Paste viscosities (i.e., PV, HV and FV) were the highest for
cassava starch, followed by sorghum flour, GL, BECH and GL-DH (p < 0.05). The paste
viscosities of BECH were significantly lower than those of GL. Furthermore, dry heating
of GL resulted in significant reductions in PV, HV and FV. BD was the largest for cassava
starch and the lowest for sorghum, BECH and GL-DH. Sorghum flour showed the highest
SB, followed by cassava starch, BECH and GL (p < 0.05). Dry heating significantly reduced
SB compared to the untreated GL, which was in agreement with recent work on GL with
similar treatments [31]. It was recently shown that changes in the pasting properties and
water binding capacity of cowpea flour significantly affect the baking behaviour of bread
dough made from sorghum, cowpea flour and cassava starch [31]. Therefore, differences in
cowpea flour variety and concentration (in place of sorghum) were expected to modulate
bread properties.

3.2. Baking Quality of Breads Made from Blends of Cassava, Sorghum and Cowpea Flours

Baking tests were performed to evaluate the effect of cowpea flour variety and level of
addition on the baking performance of the dough (Table 4). Increasing GL content from
about 9 to 27% in the dough resulted in an overall improvement in the baking performance,
as indicated by the significant increase in SV, springiness and resilience and a concomi-
tant decrease in crumb hardness. Despite the significant differences observed between
the two cowpea varieties in terms of physicochemical properties (Table 3), replacing GL
with BECH did not significantly affect bread properties (i.e., samples GL27 and BECH27,
Table 4). Bread GL9-DH showed bread properties that were intermediate to GL9 and
GL27, suggesting dry-heating may be a simple and effective technology to functionalise
cowpea flour [31], although the size of the effect should be further optimized to justify the
additional processing step.

Table 4. Specific volume (SV) and crumb properties of the CRCs based breads.

GL9 GL27 BECH27 GL9-DH

SV (mL/g) 1.73 ± 0.03 a 1.82 ± 0.02 bc 1.84 ± 0.00 c 1.77 ± 0.03 ab
Crumb properties

Moisture (%) 52.5 ± 0.1 a 52.4 ± 0.0 a 52.4 ± 0.1 a 52.5 ± 0.1 a
Hardness (N) 21.1 ± 1.7 b 16.2 ± 1.6 a 16.4 ± 1.8 a 20.6 ± 1.3 b
Springiness 0.887 ± 0.012 a 0.917 ± 0.018 b 0.915 ± 0.009 b 0.904 ± 0.010 b

Cohesiveness 0.423 ± 0.017 a 0.477 ± 0.012 b 0.462 ± 0.016 b 0.436 ± 0.008 a
Resilience 0.191 ± 0.011 a 0.225 ± 0.008 c 0.213 ± 0.010 bc 0.201 ± 0.005 ab

Values with different letters within each row indicated significant differences in ANOVA analysis (p < 0.05). GL9
= Bread with 9% Glenda cowpea flour; GL27 = Bread with 27% Glenda cowpea flour; BECH27 = Bread with 27%
Bechuana cowpea flour; GL9-DH = Bread with 9% dry-heated Glenda cowpea flour.

Due to the lack of gluten, strain hardening is missing during fermentation and the
early stages of baking with CRCs-based doughs. The mechanical resistance against gas
pressure and collapse is merely provided by viscosity (or by shear modulus), as observed
in cake batters [44]. From this standpoint, the differences in WBC among cassava, sorghum
and cowpea flours are relevant as WBC will affect dough viscosity. A high level of cowpea
flours in place of sorghum may contribute to improved dough stability during proofing
and the early stages of baking, before starch gelatinization takes place, thus positively
influencing bread volume.

During the baking stage with CRCs dough, fixation of the expanding foam structure
is mainly related to the starch gelatinization process, due to the absence of the gluten
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thermo-setting mechanism. Starch gelatinization increases the viscosity and shear modulus
of the batter dramatically and the swollen starch granules further support against normal
forces in order to withstand collapse [45]. In bakery applications, such as cakes, where a
gluten network is also absent, variations in the temperature at which starch gelatinization
occurs largely determine the final volume [46]. Cowpea flours showed higher gelatiniza-
tion temperatures than sorghum, which may have slightly prolonged the time available
for further bubble expansion before structure setting. Additionally, the higher melting
transition temperatures could also implicate a faster stabilisation of the starch paste during
cooling. An optimum in viscosity is also likely to contribute to baking performance, with
too high viscosity limiting expansion and too low resulting in collapse. As suggested by
the RVA results, the paste viscosity was largely dominated by cassava starch. Raising the
level of cowpea flour in place of sorghum or adding dry-heated cowpea flour most likely
modulated paste viscosity, positively contributing to the increase in SV. Additionally, native
and dry-heated cowpea flour have shown low paste breakdown due to the role of proteins
around the starch granule acting as a physical barrier [31]. An increase in the amount
of starch granules that maintain integrity and rigidity during baking can contribute to
the continuity and strength of the starch phase upon cooling, thus resulting in improved
springiness, cohesiveness and resilience [31].

3.3. Descriptive Sensory Profiling of Bread

Significant differences in appearance, odour and flavour attributes and in texture
were observed among breads (Table 5). PCA analysis of the sensory profile also indicated
that the first two principal components (i.e., PC1 and PC2) accounted for over 78% of
the variance, thus providing a good representation of the differences among samples.
Bread samples were differentiated in terms of texture (crumbliness, moistness) and yeasty
flavour/fermented odour along the PC1, mainly dominated by samples GL27 and GL9-DH.
PC2 was dominated by samples GL9 and BECH27, which were separated based on beany
flavour, beany odour and darkness of the crumb (Figure 1A). The use of dry-heated cowpea
(GL9-DH) resulted in a significant decrease in cereal odour and increased fermented odour
compared to the other samples. Sample BENCH27 had the most intense beany odour and
beany flavour while samples GL9 and GL9-DH, respectively, had the lowest (p < 0.05).
Dry heating of cowpea provided bread GL9-DH with the most intense yeasty flavour.
In a recent study, flatbreads made with the Bechuana variety of cowpea also showed
a more intense beany odour and beany flavour compared to the Glenda variety [32].
Differences were attributed to the higher phenolic compounds in the more pigmented
cowpea varieties [47,48]. Off-flavours are generated by the breakdown of polyunsaturated
fatty acids by lipoxygenase to form secondary lipid oxidation products [49]. By binding
to lipoxygenase present in the beans, phenolics limit the oxidation of unsaturated fatty
acids during harvesting, thus controlling the beany aroma in legumes [50,51]. Flavour
is one of the most important sensory attributes in terms of acceptability [52] and beany
flavour considerably decreases the liking of bread enriched with legumes [53,54]. In this
study, the addition of 27% cowpea flour enhanced the beany odour and flavour perception,
particularly for BECH. The 9% addition of GL resulted in rather low scores for beany
flavour (i.e., 2.17 on a 0-to-10-point scale), thus suggesting that such a level of inclusion
may be suitable for bread applications. Thermal treatment has been reported to reduce
beany flavour and increase yeasty flavour. Similar findings were recently reported for
the thermal treatment of yellow pea [54]. However, thermal treatments can only partially
attenuate the beany flavour [55]. The limited effects observed for sample GL9-DH may
be explained by the low scores of beany flavour already attributed to sample GL9. The
significant increase in yeasty and fermented flavour for sample GL9-DH may be a positive
effect when associated with volatile compounds positively perceived by consumers [56]
and should be further investigated in future studies.
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Table 5. Sensory profile analysis of the different breads: mean scores and Tukey’s post hoc groups.

Attribute GL9 GL27 BECH27 GL9-DH p-Values

Appearance
Darkness 4.74 bc 6.28 a 3.41 c 4.94 ab <0.001
Pore size 3.91 4.17 3.64 3.46 0.232

Odour
Cereal odour 4.89 a 3.51 ab 4.20 ab 2.78 b 0.004
Sweet odour 2.52 2.24 2.84 3.70 0.056

Ryebread odour 3.79 3.86 2.92 3.3 0.452
Beany odour 1.67 b 3.06 ab 3.89 a 2.54 ab 0.009

Fermented odour 1.81 b 1.59 b 1.54 b 5.46 a <0.001
Flavour/Taste

Ryebread flavour 3.32 a 3.45 a 2.69 ab 1.91 b 0.007
Beany flavour 2.17 b 2.70 ab 4.08 a 1.94 b 0.004
Yeasty flavour 1.88 b 1.18 b 1.73 b 4.22 a 0.001
Spicy flavour 2.12 1.84 1.56 2.94 0.122

Sourness 3.94 3.95 3.06 4.03 0.265
Sweetness 1.96 2.16 2.54 2.82 0.353

Astringency 2.18 2.56 2.06 2.65 0.390
Texture

Crumbliness tactile 6.17 5.55 5.79 5.84 0.774
Sandiness 3.64 3.06 3.01 3.26 0.642

Crumbliness mouthfeel 5.61 ab 4.56 b 5.13 ab 5.95 a 0.019
Moistness 2.99 ab 3.58 a 3.13 ab 2.55 b 0.049

Attribute intensities scored with a 0–10 continuous line scale with 0 = non-perceivable and 10 = very intense.
Values with different letters within each row indicated significant differences in ANOVA post hoc analysis
(p < 0.05). GL9 = Bread with 9% Glenda cowpea flour; GL27 = Bread with 27% Glenda cowpea flour;
BECH27 = Bread with 27% Bechuana cowpea flour; GL9-DH = Bread with 9% dry-heated Glenda
cowpea flour.

BECH27 had the lightest crumb and GL27 had the darkest. In a recent study on
flatbreads from composite flours, breads prepared with the Glenda variety were also
perceived as darker than those with the Bechuana variety. Differences were attributed to
the higher concentration of anthocyanins in the seed coats of the red variety [57]. A dark
colour may negatively affect the liking of bread appearance by consumers [53]. From that
perspective, the BECH variety may be preferred over the GL one.

Crumbliness is an important quality aspect of bread. Crumbliness is defined as the
degree to which a sample fractures into pieces during mastication [58]. In our study, sam-
ple GL9-DH showed the highest crumbliness and lowest moistness, while sample GL27
showed the lowest crumbliness and highest moistness perception (p < 0.05). Perception of
crumbliness and moistness were significantly correlated (R2 = 0.95, p < 0.05), with lower
crumbliness scores observed with increasing moistness perception (Figure 1B). Crumbliness
scores (i.e., both tactile and mouthfeel perception) were inversely related to instrumental
cohesiveness and resilience (Figure 1B). However, the correlation was significant only
between resilience and tactile crumbliness (R2 = 0.91, p < 0.05). For wet soft-solids, such as
protein/polysaccharide gels, crumbliness perception increases with increasing recoverable
energy [59], with recoverable energy and cohesiveness both being measures of the recovery
after deformation [60]. Crumbly gels also exhibit low serum/water release [59]. Whether
these principles also apply to breadcrumbs remains to be proven. In commercial gluten-free
bread, the perception of crumbliness was inversely related to instrumental springiness [61].
Dryness perception of commercial wheat pan bread was inversely related to both instru-
mental cohesiveness and springiness [62]. On the contrary, no meaningful relations were
observed between bread texture and texture profile analysis in studies conducted on gluten-
free bread [63] and cassava composite bread [64]. Overall, a comparison of sensory and
instrumental analysis on crumb properties from this study indicates that positive changes
in mechanical properties, such as increased softness and cohesiveness/resilience, may be
associated with positive sensory perception, i.e., less crumbliness.
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Figure 1. PCA biplot comparing the sensory attributes of the four CRCs based breads (A); correlation
analysis between texture sensory attributes and instrumental properties of breads (B). Bread sample
codes are explained in Table 1. Measured parameters: O-Cereal = cereal odour, O-sweet = sweet
odour, O-Ryebread = rye bread odour, O-Beany = beany odour, O-Ferm = fermented odour, A-Dark
= dark colour appearance, A-AirBubble = appearance air bubble size, Tac-Crumbly = crumbliness
by hand (tactile), F-Sour = sourness, F-Ryebread = Rye bread flavour, F-Beany = beany flavour,
F-Yeasty = yeasty flavour, F-Spicy = spicy flavour, F-sweetness = sweet taste, F-Astring = astringency,
M-Sandy = sandy mouthfeel, M-Crumbly = crumbly mouthfeel, M-Moist = moistness in the mouth,
SV = specific volume of bread, MCcrumb = % moisture content in the crumb, Chew = TPA
chewiness, density = crumb density (g/mL), Hard = TPA hardness, Spring = TPA springiness,
Cohe = TPA cohesiveness, Res = TPA resilience. For both PCA and correlation table: * p < 0.05,
** p < 0.01, *** p < 0.001.

Sandiness was perceived in all samples and changes in the composition of the flour
blends and dry heating did not have significant effects. In preliminary trials, it was observed
that both sorghum and cowpea flours contributed to sandiness. Pre-trials with sieving
flours to below 200 μm or re-milling did not result in noticeable improvements (data not
shown). For legumes, the hard-to-cook phenomenon is widely reported and attributed to
structural and compositional changes induced by storage under hot and humid conditions,
as encountered in many subtropical and tropical African countries [65]. Lignification of
the cell wall contributes to increased cooking time [65] and could be one possible cause of
sandiness perception in bread from this study, since the intact cowpea seeds were milled
into flour. Additionally, an increase in starch crystallinity has been reported in beans during
storage [66]. In cowpea flour, starch is tightly covered with protein material [67,68], which
limits the water binding and swelling power of the starch [68]. From these data, it can be
inferred that starch hydration during mixing and proofing may be a limiting factor during
breadmaking, resulting in some crystalline starch material still being retained after baking.
Sorghum starch can also contribute to this mechanism as starch granules are encapsulated
by the hydrophobic kafirin [69], thus restricting the starch granules’ ability to absorb water.
During cooking, this protein barrier is further strengthened by the formation of protein
aggregates capable of resisting the combined dissociating action of urea and reducing
agents, which further limits starch accessibility [70].
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3.4. Consumers Evaluation of CRCs-Based Bread and Commercial Wholemeal Wheat Bread

The overall liking and sensory perception of CRCs-based bread and commercial
wholemeal wheat bread were compared in the consumers’ test. The wholemeal wheat
bread was chosen since the sorghum and cowpea flours were not refined. The CRCs-bread
formulation for this study was formulation BENCH9 (Table 1); BECH was preferred to get
a light crumb colour. The low quantity of cowpea flour was added to limit the beany odour
and flavour. The CRCs bread received an average general liking of 5.0, indicating that the
bread was neither liked nor disliked (Figure 2A). In particular, 47% of participants were in
the group that liked the bread (scores 6–9), 12% did not like or disliked it (score = 5) and
the remaining 41% did not like the bread (scores 1–4). The wheat bread received an average
general liking of 6.84, meaning it was moderately liked. Differences in the overall liking of
the two bread types were significant (p < 0.05).

Figure 2. Overall acceptance of breads by consumers on a 1–9 scale (A) and comparison of the
mean intensity scores for RATA test on a 0–9 point scale for attributes related to appearance (B),
texture (C) and flavour (D). * p < 0.05, ** p < 0.01, *** p < 0.001.

With regards to the RATA tests, many significant differences were found for appear-
ance, texture and taste attributes (Figure 2B–D). CRCs breadcrumbs were perceived as
substantially darker and with a slightly more red tone compared to the predominant yellow
tone and lighter appearance of the wheat bread. The CRCs bread had substantially smaller
and more homogeneous pore size, providing a more dense appearance. The texture of
CRCs breads was perceived by consumers as dry and crumbly compared to the wheat
bread, which was soft, moist and chewy. Despite the fact that the wheat bread crumb was
significantly softer, the hardness of the CRCs bread scored low in intensity. The CRCs
bread was also perceived as sandy as compared to wheat bread, even though the latter
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contained bran particles. These results are in line with a recent evaluation of commercial
gluten-free breads for which the texture sensations were described as hard, dry, crumbly
and sandy [61]. Composite breads with sorghum were also reported to be sandy [71],
which was attributed to the sorghum flour. Puerta and co-workers indicated that sandy and
crumbly sensations in commercial gluten-free breads were correlated and could be both
related to fragmentation of the bread crumb in the mouth as compared to wheat breads [61].
This mechanism may also contribute to the sandiness perception of the CRCs bread in this
study. In our research, the sorghum and cowpea flours were eventually soaked in water
for 1.5 h before use for breadmaking to minimize the perception of sandy-like particles.
In preliminary evaluations, this approach seemed successful and substantially minimized
sandiness perception.

The differences in flavour were related to salty, beany, tangy, sweet and sour attributes.
However, the largest differences in intensity scores were limited to beany flavour and
sour taste. Saltiness was more pronounced in the CRCs bread, likely due to a higher salt
content than in commercial wheat bread. Even though differences in beany flavour were
clearly perceived by consumers, this attribute received a low intensity score, suggesting
that the chosen level of cowpea flour addition may also be suitable for white varieties
such as Bechuana. The slight sourness and tanginess perceived in the CRCs bread may be
considered a positive attribute, when not excessive, as they are naturally associated with
sourdough breads [72].

3.5. Demonstration of Wheat Replacement in Real Life Conditions in SSA

One of the CRCs-based doughs in this study was evaluated for its implementation
potential in SSA, as a means to reduce Africa’s dependency on imported wheat and valorise
traditional and underutilised CRCs. Chapati-type flatbreads, the most popular convenience
foods produced by street vendors [11], and tin breads, a popular breakfast and lunch staple
in combination with condiments [73], were explored as relevant applications currently
based on refined wheat.

Chapati were tested with street vendors in the Kasanvu Slum of Kampala (Uganda),
by preparing popular dishes such as Kikomando (chapati served with beans; Figure 3F)
and Rolex (a chapati baked with eggs and rolled together with vegetables; Figure 4D).
Due to increasing wheat and fuel prices, local vendors are currently reducing the sizes of
the chapati to maintain affordable prices (communication from vendors, June 2022). The
flour mixture GL9 (Table 1) without yeast was provided to the street vendors. All other
ingredients and utensils were supplied by the vendor. The CRCs-based dough could be
prepared manually in a bowl and shaped into small dough balls as usually performed by
the vendors (Figure 3A,B). The dough balls were first flattened by hand and then with a
small roller (Figure 3C). The CRCs-based chapati was baked on an open-fire heated pan
with oil, rolled-up and cut into pieces to be served with beans as ‘Kikomando’ (Figure 3D–F).
The CRCs-based chapati was also heated together with eggs and then rolled with sliced
tomatoes and served as a wrap named ‘Rolex’ (Figure 4). Vendors could prepare the CRCs-
based chapati quite efficiently, which is one of the most important requirements for their
laborious business, with customers waiting for freshly produced food on the go. The
chapati were highly rollable, which was an important quality parameter for the street
vendors for their versatile use.
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Figure 3. Main steps in the preparation of chapati by a street vendor using the CRCs-based dough
GL9 (Table 1) without yeast. Dough mixing by hand in a plastic bowl (A), forming of dough balls
by hand (B), sheeting with a roller (C), baking on a hot pan with additional oil (D), rolling the
chapati before cutting (E) and serving Kikomando (chapati with beans) to the local consumers on
the street (F).

Baking experiments for CRCs-based tin breads were also performed in Uganda in a
BBROOD formal bakery in Tororo. The bakery produces and sells Western-type breads,
including tin breads, which are becoming popular among the middle class in the evolving
and rapidly growing urban market [11]. The dough mixing was performed with equipment
available at the commercial bakery (Figure 5A). Tin breads were produced using the flour
mixture GL9 (Table 1, Figure 5B). The baked breads were tasted at the BBROOD bakery
shop in Muyanga (Kampala) by local customers. After tasting, about 20 people were
informally asked for their feedback by the shop assistants. The customers’ (consumers)
responses to the bread samples were observed and noted. Most people had a neutral to
positive perception of the bread (i.e., 15 out of 20). Five out of the twenty indicated that
the bread was too salty. Sandiness was mentioned by only one of the consumers. Breads

31



Foods 2023, 12, 689

using sorghum, cassava and cowpea locally sourced were also successfully produced using
a recipe similar to GL9 Figure 5B), suggesting the adaptability to a local situation.

 
Figure 4. Preparation of a Rolex by the street vendor using the CRCs-based dough GL9 (Table 1)
without yeast. After preparation and pre-baking as in Figure 3A–D, eggs are cooked on the hot plate
and the chapati is added on top of the frying eggs (A). Once the eggs are cooked, the chapati is
placed on a table and vegetables are added (B); the chapati is then rolled (C) and served to the local
customers (D).

 
Figure 5. Bakers at BBROOD bakery in Tororo preparing the CRCs-based dough for tin bread baking
(A); tin breads from the CRCs dough (formulation GL9 in Table 1) based on flours used in this study
(left) and with flours locally sourced (right) (B).

To date, wheat replacement initiatives have not been very successful, as consumers in
many SSA countries perceive composite breads as a lower quality product and therefore
prefer bread made from 100% wheat flour [29,74]. On the contrary, innovations that
create new markets are critical to promote the use of CRCs ingredients [75]. The bread-
type products in this study could be proposed and further studied as new products,
thus overcoming the major pitfall for composite wheat breads not meeting consumers
expectations on shape and appearance [29].
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4. Conclusions

Cowpea flour proved to be functional in modulating the baking properties of the CRCs
breads. High cowpea to sorghum ratio improved specific volume and instrumental texture
by enhancing softness and cohesiveness. Substantial differences in WBC and pasting
properties of cowpea flour compared to sorghum flour and cassava starch could be related
to these improvements. Among varieties, the red Glenda cowpea was the most functional
in reducing perceived crumbliness and increasing perceived moistness, probably due to its
high WBC. Additionally, the Glenda variety scored better with regards to taste, as beany
flavour was most pronounced in breads with high inclusion levels of the Bechuana variety.
Dry-heating of cowpea flour substantially affected its functionality, but had limited effects
on bread texture. The most significant effects were observed for the perceived yeasty and
fermented flavour of the bread. Sensory tests with naive consumers indicated that the
CRCs bread was the most distinct from commercial wheat bread for its crumbly texture
and for the beany, sour and yeasty taste. Despite that, the CRCs bread was neither liked
nor disliked, while the commercial bread was only moderately liked. These blends of CRCs
could be successfully used in Uganda to produce chapati and tin breads with street vendors
and local bakeries, respectively. Overall, the result of this study showed that blends of
African local crops can be used to fully replace wheat in bread-type products. The selection
of the cowpea to sorghum ratio and cowpea variety are important for modulating their
texture and taste. These results are relevant to alleviate African dependency on imported
wheat, thus potentially contributing to food and nutrition security in SSA in the current
conditions of climate change and geopolitical crisis.
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Abstract: Sorghum and pearl millet are grain crops that can grow in semi-arid climates, with nu-
tritional and bioactive properties superior to those of major cereals such as rice, wheat, and maize.
However, these properties vary a lot, depending on the genetic factors, growing conditions, and place
of cultivation. Four sorghum and two pearl millet grains cultivars grown in the Far-North region of
Cameroon were screened for their chemical composition and antioxidant profile. The proximate and
mineral analyses were performed using AOAC standard methods. The antioxidant profile was as-
sayed spectrophotometrically and details on the phenolic compounds were investigated using HPLC.
The pearl millet cultivars, especially mouri, showed higher contents of proteins, lipids, ash, calcium,
copper, iron, and zinc. The red sorghum specifically exhibited the greatest amounts of total polyphe-
nols (82.22 mg GAE/g DE), total flavonoids (23.82 mg CE/g DE), and total 3-deoxyanthocyanidin
(9.06 mg/g DE). The most abundant phenolic compound was gallic acid, while the most frequent
were chlorogenic and ferulic acids. The maximum antioxidant activity against DPPH was observed
in yellow-pale sorghum (87.71%), followed by red sorghum (81.15%). Among the studied varieties
of cereals, mouri pearl millet and red sorghum were the best sources of nutrients and bioactive com-
pounds, respectively. Their consumption should be encouraged to tackle nutrient deficiencies and
non-communicable diseases within local populations.

Keywords: sorghum; pearl millet; chemical composition; antioxidant activity; Far-North Cameroon

1. Introduction

Sorghum (Sorghum bicolor (L.) Moench) and pearl millet (Pennisetum glaucum (L.) R. Br.)
are cereal crops belonging to the Poaceae family, which are native to Africa and were domes-
ticated between 3000 and 5000 years ago [1]. After wheat, rice, maize, and barley, sorghum
and pearl millet are the most widely produced grains on the planet [2,3]. Sorghum and pearl
millet can endure a variety of environmental conditions, including low soil fertility, high
temperatures, and insufficient rainfall. Sorghum and pearl millet are cultivated particularly
in the semi-arid parts of Africa and Asia, where they are predominantly used for human
consumption and are staple foods for the local populations [4–6]. In the Far-North region
of Cameroon, as in other Sahelian parts of Africa, sorghum and pearl millet, which are
consumed as gruel, rolled balls, partially cooked grains, and fermented beverages, are less
expensive sources of nutrients for low-income individuals. They are nutritionally superior
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to the major cereals in protein, energy, vitamins, and minerals [7]. Additionally, sorghum
and pearl millet are excellent sources of bioactive chemicals that help to improve non-
communicable disease characteristics, such as obesity, diabetes, cardiovascular diseases,
and cancer [8–10].

The pericarp of sorghum contains significant amounts of non-starch polysaccha-
rides; phenolic chemicals such as 3-deoxyanthocyanidins, tannins, and phenolic acids;
and carotenoids. The germ is composed of lipids, fat-soluble vitamins, B-complex vita-
mins, and minerals, whereas the endosperm is rich in carbohydrates, proteins, B-complex
vitamins, and minerals [1].

Proteins, carbohydrates, dietary fiber, and minerals are all present in finger millet.
Among all cereals, it contains the most calcium (344 mg/100 g). However, phytates,
polyphenols, tannins, trypsin inhibitory substances, and dietary fiber are also present in
millet. Phytochemicals such as dietary fiber and polyphenols are abundant in the millet
seed coating, which is an edible part of the kernel [2].

The richness in dietary fibers, absence of gluten, and interesting protein and fat profiles
are other properties that make these cereals very balanced food options that may help in the
management of many disorders [11]. On the other hand, sorghum and pearl millet grains
have a more variable nutritional and functional potential than major cereal grains [12].
Genetic factors, the growth environment, and the cultivation location all influence these
variations [13]. Sorghum varieties that were resistant to biotic and abiotic stressors, for
example, had higher levels of proanthocyanidins, 3-deoxyanthocyanidins, and flavan-4-ols
on average than sensitive varieties [14].

An abundance of scientific studies report on the nutritional and bioactive properties
of minor cereals. However, these studies generally concentrate on cultivars originating
from America, Asia, and Europe, but very few African countries [15–17]. To the best of our
knowledge, a comprehensive and comparative investigation of the chemical compositions
of sorghum and pearl millet cultivars grown in Cameroon has not been reported. However,
the characterization of local sorghum cultivars is an important step for breeding programs,
nutrition policies, and the food and nutraceutical industries.

The goal of this research was to assess the nutritional and bioactive profiles of sorghum
and pearl millet grain varieties that are regularly produced and consumed by locals.
Moreover, the renewed interest in using sorghum and pearl millet to make value-added
products for human nutrition and the lack of data on the chemical makeup of cultivars
found in Cameroon’s Far-North region sustained this research.

2. Materials and Methods

2.1. Chemicals

Hexane, acetone, ethanol, methanol, HPLC-grade methanol, sodium carbonate,
2,20-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 2,2-diphenyl1-
picrylhydrazyl (DPPH), Folin–Ciocalteu reagent, gallic acid solution, hydrochloric acid, sodium
nitrite, aluminum chloride, sodium hydroxide, iron (III) chloride, sulfosalicylic acid, phytic
acid and potassium persulfate were purchased from Sigma Aldrich (Schnelldorf, Germany).
The phenolic acid (gallic acid, vanillic acid, chlorogenic acid, caffeic acid, ferulic acid) and
flavonoid (catechin, epicatechin, quercetin, and kaempferol) standards were purchased from
Sigma Aldrich (Schnelldorf, Germany).

2.2. Samples Preparation

Sorghum (white, yellow-pale, yellow, and red) and pearl millet (mouri) grains were
purchased from a local market in Maroua, the principal city of the Far-North region of
Cameroon. The gawane cultivar of pearl millet was generously supplied by the Agricultural
Research Institute of Development (IRAD)’s regional branch. The grains were cleaned and
sorted to remove all dirt. After sun-drying, the grains were packed in polypropylene bags
and stored at room temperature.
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The grains were ground in a domestic grinder (Bosch TSM6A014R, 180 W) for 30 s,
and the resulting flours (particle size 250 μm) were stored at −20 ◦C before analyses.

2.3. Characterization of Sorghum and Pearl Millet Flours
2.3.1. Proximate Analysis

The moisture, lipid, protein, crude fiber, and ash contents of the flours were determined
according to AOAC standard methods [11]. The carbohydrate content was determined by
the difference between 100 and the total percentages of proteins, lipids, crude fibers, and
ash [18].

2.3.2. Determination of Mineral Content

The mineral contents of flours were determined using an atomic absorption spec-
trophotometer (3400 AAS Agilent Technologies). In brief, each flour sample (about 1 g) was
burnt in a calcining furnace at 500 ◦C. Then, the ash was dissolved in 2.5 mL nitric acid
(1 N) and filtrated. The filtrate was diluted using ultrapure water before analysis.

2.3.3. Determination of Phytochemical Profile of Flours

The ultrasound-assisted extraction was performed by mixing 1 g of flour with 9 mL of
70% methanol (v/v) prepared with pure methanol and distilled water. The samples were
vortexed for 5 min and then treated in an ultrasonic water bath (MRC Scientific Instruments)
at 40 kHz and 30–35 ◦C for 30 min. Afterward, the samples were centrifuged (6000 rpm
at 10 ◦C) for 10 min (Universal 320R Hettich Zentrifugen), followed by concentration
to dryness of the supernatants with an AVC 2–18 concentrator (Christ, UK). All dried
extracts were redissolved in 70% methanol (v/v) to reach a 10 mg/mL concentration for
further analyses.

Total polyphenol content (TPC): The sorghum and millet flour TPC values were spec-
trophotometrically measured using the Folin–Ciocalteu method [19,20]. Briefly, 200 μL
of the extract was mixed thoroughly with 15.8 mL of distilled water and 1 mL of Folin–
Ciocalteau reagent. After 10 min, 3 mL of Na2CO3 20% was added to the mixture. The resul-
tant mixture was stored at room temperature in the dark for 60 min before being measured
with a Biochrom Libra S22 spectrophotometer at 765 nm. The results were expressed
as milligrams of gallic acid equivalents per gram of dry flour (mg GAE/g DW) using a
calibration curve (0.1–0.5 mg/mL, R2 = 0.984).

Total flavonoid content (TFC): The aluminum chloride spectrophotometric method
was used to determine the TFC values of sorghum and pearl millet flours [21]. Briefly,
0.25 mL of the extract was mixed with 2 mL of distilled water and 0.075 mL of 5% sodium
nitrite (NaNO2). After 5 min, 0.15 mL of aluminum chloride (AlCl3) was added to the
mixture. Six minutes later, 0.5 mL of sodium hydroxide (NaOH) 1 M was added to the
mixture before being measured with a Biochrom Libra S22 spectrophotometer at 510 nm.
The results were reported as milligrams of catechin equivalents per gram of dry flour
(mg CE/g DW) using a calibration curve (0.1–0.5 mg/mL, R2 = 0.997).

Total 3-deoxyanthocyanidin content (TDC): The absorbance values of redissolved
extracts were directly read at 480 nm, and the TDC was expressed as milligrams of
3-deoxyanthocyanidin per gram of flour (mg/g DW) using the molar extinction coefficient
of luteolinidin, which is 13,800 M−1 cm−1 [22].

Total carotenoid content (TCC): Carotenoids were extracted as described above but using
the hexane/acetone (3:2) mixture as the solvent. The absorbance values of redissolved dried
extracts were directly read at 450 nm, and the TCC was expressed as milligrams per 100 g of
dry flour (mg/100 g DW) using the molar extinction coefficient 2500 M−1 cm−1 [23].

Phytate content: The phytate content was determined according to the method de-
scribed by Vaintraub and Lapteva [24], with slight modifications. Briefly, 0.5 g of either
sorghum or pearl millet flour was extracted for 1 h at room temperature with 10 mL of
2.4% HCl. The mixture was centrifuged for 30 min at 3000 rpm at room temperature, and
the supernatant was used to calculate the phytate. Three milliliters of the supernatant was
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mixed with one milliliter of Wade reagent (0.03% FeCl3 solution with 0.3% sulfosalicylic
acid in distilled water) and centrifuged for 10 min at 3000 rpm at room temperature. Then,
the absorbance was measured at 500 nm. A phytic acid standard curve (5–40 mg/mL,
R2 = 0.980) was used to compute the phytate concentration, and the results were represented
as phytic acids in milligrams per 100 g of dry weight (mg/100 g DW).

2.3.4. Antioxidant Activity

DPPH scavenging method: The extracts’ antiradical activity was tested using the
stable 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) compound in accordance with the
manufacturer’s instructions [25]. The ability of the extracts to bleach the free radical
was used to examine their ability to scavenge free radicals. The blank absorbance was
measured at 515 nm using a 3.9 mL DPPH solution 0.1 M (in methanol) and 0.100 mL
methanol instead of the extract (A0). For the samples, 3.9 mL of 0.1 M DPPH solution was
mixed with 0.100 mL of each extract, and afterward the mixtures were kept for 30 min at
room temperature in the dark before the absorbances were recorded (Af ). The inhibition
percentage was calculated as follows:

% Inhibition =
A0 − A f

A0
× 100 (1)

ABTS scavenging method: For the ABTS scavenging activity, 2.85 mL of ABTS stock
solution 7 mM (in ethanol, mixed with 2.45 mM potassium persulfate), having 1.10 ab-
sorbance (A0), was mixed with 0.15 mL of extract solution (Af ). After 2 h of incubation in
the dark, the solution’s absorbance was measured at 734 nm. The percentage of radical
scavenging activity was estimated as follows:

% Inhibition =
A0 − A f

A0
× 100 (2)

2.3.5. HPLC Analysis of Polyphenols

A chromatographic profile of sorghum and millet was created utilizing a Surveyor
HPLC system (Finnigan Surveyor LC, Thermo Scientific, Waltham, MA, USA) using the
following methodology for the preparation and separation of compounds, as described by
Păcularu-Burada et al. [26]. The samples were suspended in 5 mL of 70% (v/v) methanol
prior to HPLC separations. The mixtures were dissolved in an ultrasonic bath (MRC, Holon,
Israel) for 45 min, and the sample supernatants were centrifuged at 6000 rpm and 4 ◦C
for 10 min (Hettich Universal 320R, Tuttlingen, Germany) before being filtered through
0.22 m syringe filters (Merck, Darmstadt, Germany). Briefly, the elution system used was
formed from 100% (v/v) methanol (solvent A) and 3% (v/v) formic acid (solvent B) and the
separation was performed using a linear gradient: 0–20 min (91% B), 20–40 min (91–65% B),
and 40–55 min (65–91% B). The analysis was conducted at detection wavelengths of 280
(for phenolic acids) and 320 nm (for flavonoids). The polyphenols were identified using the
retention time for the commercially available standards as a guideline, and by comparison
with the literature reviews.

2.4. Statistical Analysis

Unless otherwise stated, the analyses were performed in triplicate and the figures
were reported as means ± standard deviation. Data were subjected to ANOVA and signifi-
cant differences between means were revealed via post hoc Duncan’s multiple range test
(p < 0.05). The principal component analysis (PCA) was carried out to gain an overview of
the relationships among experimental data.
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3. Results and Discussion

3.1. Proximate Chemical Composition of Sorghum and Pearl Millet Flours

The proximate physicochemical contents related to the main macronutrients (proteins,
lipids, carbohydrates, and fibers), moisture, and ash in sorghum and pearl millet flours are
shown in Table 1.

Table 1. Proximate chemical composition of sorghum and pearl millet flours (g/100 g DW).

Samples Moisture (%) Proteins Lipids Fibers Ash Carbohydrates

Sorghum Varieties
white 9.33 ± 0.01 a 19.62 ± 0.01 a 3.49 ± 0.02 a 2.56 ± 0.02 a 1.59 ± 0.01 a 72.71± 0.02 a

yellow-pale 8.51± 0.01 b 23.21 ± 0.01 b 3.62 ± 0.01 b 3.39 ± 0.01 b 1.44 ± 0.01 b 68.31 ± 0.04 b

yellow 8.63 ± 0.01 c 23.78 ± 0.01 c 2.74 ± 0.01 c 3.79 ± 0.03 c 1.21 ± 0.01 c 68.45 ± 0.02 c

red 8.85 ± 0.01 d 23.51 ± 0.01 d 3.33 ± 0.01 d 4.70 ± 0.03 d 1.15 ± 0.01 d 67.28 ± 0.02 d

Pearl Millet Varieties
gawane 8.00 ± 0.01 e 27.85 ± 0.01 e 5.11 ± 0.01 e 5.68 ± 0.03 e 2.24 ± 0.01 e 59.09 ± 0.01 e

mouri 8.03 ± 0.01 f 32.56 ± 0.02 f 5.36 ± 0.01 f 3.72 ± 0.05 c 2.77 ± 0.01 f 55.57 ± 0.04 f

DW: dry weight of flour. Mean values in the same column with different superscript letters are significantly
different (p < 0.05).

The moisture, protein, lipid, crude fiber, ash, and carbohydrate contents of the an-
alyzed sorghum samples varied in the ranges of 8.51–9.33%, 19.62–23.78%, 2.74–3.32%,
2.56–4.70%, 1.15–1.59%, and 67.281–72.71%, respectively. As stated in Table 1, white sorghum
was the most carbohydrate-rich cultivar with the highest moisture and ash contents. On the
other hand, this cultivar had the lowest protein and fiber contents. The yellow-pale sorghum
cultivar had the highest lipid concentration. The protein level of yellow sorghum was the
highest, whereas its lipid content was the lowest. Red sorghum was determined to have the
highest fiber content while having the lowest ash and carbohydrate levels. Our results are
in agreement with other studies. Shegro et al. [27] and Udachan et al. [28] also reported
differences in nutrient concentrations between different types of sorghum due to genetic
differences. However, the concentrations identified in our study are comparable with those
reported by these authors.

The carbohydrate and fiber content of pearl millet was significantly higher in the
gawane cultivar (Table 1), whereas the protein, fat, and ash contents were significantly
higher in the mouri cultivar (p < 0.05). By comparison, the pearl millet samples were
higher in proteins (27.81–32.56%), lipids (5.11–5.36%), crude fibers (3.72–5.68%), and ash
(2.24–2.77%) but lower in moisture (8.00–8.03%) and carbohydrates (55.57–59.09%) when
compared to sorghum samples (Table 1). It is known that pearl millet has a better nutritional
profile than sorghum and other major cereals, with the same findings being reported by
other authors such as Ojo et al. [29].

The variations in the proximate compositions of the various samples may have been
primarily due to genetic factors, since the studied cultivars were cultivated under similar
climatic conditions [13]. Pearl millet cultivars, with low carbohydrate contents and high
crude fiber contents, can be recommended to people suffering from metabolic syndrome,
characterized by high glucose levels and hypercholesterolemia. In addition, considering
the high levels of proteins and lipids, the studied pearl millet varieties are good candidates
to fight protein-energy malnutrition in children.

3.2. The Mineral Content of Sorghum and Pearl Millet Flours

The mineral contents of the studied cereals are detailed in Table 2.
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Table 2. Macro-element (mg/100 g DW) and trace element contents of sorghum and pearl millet
flours (mg/100 g DW).

Samples Ca Na K Mg P

Sorghum Varieties

white 11.20 ± 0.08 a 4.55 ± 0.03 c 328.70 ± 0.89 d 130.47 ± 0.13 a 256.74 ± 1.04 a

yellow-pale 12.91 ± 0.09 b 3.98 ± 0.13 a 313.39 ± 8.31 c 149.11 ± 0.46 b 311.37 ± 0.13 b

yellow 11.90 ± 0.01 c 3.94 ± 0.01 a 314.34 ± 1.10 c 139.35 ± 0.03 c 279.73 ± 0.76 c

red 10.81 ± 0.03 d 4.21 ± 0.01 b 278.68 ± 0.21 a 145.69 ± 0.63 d 301.77 ± 0.35 d

Pearl Millet Varieties

gawane 13.66 ± 0.09 e 4.48 ± 0.05 c 302.52 ± 1.36 b 132.47 ± 0.21 e 266.03 ± 0.90 e

mouri 15.67 c ± 0.30 f 3.96 ± 0.03 a 307.06 ± 1.92 bc 142.48 ± 0.40 f 292.66 ± 0.12 f

DW: dry weight of flour. Mean values in the same column with different superscript letters are significantly
different (p < 0.05).

As shown in Table 2, white sorghum was the cultivar with the highest sodium and
potassium levels, while having the lowest levels of magnesium and phosphorus. The yellow-
pale sorghum cultivar had the highest calcium, magnesium, and phosphorus concentrations
of all of the cultivars studied, but the lowest sodium concentration was found for the
yellow sorghum cultivar. The lowest calcium and potassium concentrations were found
in red sorghum. While gawane millet had a high sodium content, mouri pearl millet had
the greatest calcium, magnesium, and phosphorus levels. No significant differences were
observed between gawane and mouri pearl millet flours in the potassium concentrations
(p > 0.05). By comparison, as already seen in Table 2, pearl millet presented a significantly
higher calcium content than sorghum (p < 0.05).

The obtained results are comparable to data reported earlier for sorghum genotypes
by authors such as Chavan et al. [30]. Other studies have reported pearl millet containing
higher amounts of minerals compared to sorghum [31]. The cultivar with the lowest levels
of copper, iron, and zinc was discovered to be white sorghum (Table 3). The copper and
manganese concentrations in the yellow-pale sorghum were the highest of all the varieties
evaluated. Yellow sorghum had the highest iron content but the lowest manganese content.
Red sorghum also had a high copper content, with no significant difference from yellow-pale
sorghum (p > 0.05). Red sorghum was also discovered to be the most zinc-rich cultivar.
Although gawane pearl millet had the highest amounts of copper and zinc, mouri had the
highest iron and manganese levels (Table 3).

Table 3. Macro-element (mg/100 g DW) and trace element contents of sorghum and pearl millet
flours (mg/100 g DW).

Samples Cu Fe Mn Zn Samples

Sorghum Varieties
White 0.12 ± 0.07 a 2.75 ± 0.15 a 1.48 ± 0.05 a 1.34 ± 0.01 a White

yellow-pale 0.25 ± 0.07 c 3.15 ± 0.08 b 1.69 ± 0.01 b 1.71 ± 0.01 b yellow-pale
yellow 0.21 ± 0.08 b 3.28 ± 0.07 c 1.40 ± 0.02 c 1.38 ± 0.03 c yellow

red 0.32 ± 0.08 c 3.07 ± 0.01 d 1.56 ± 0.01 d 2.13 ± 0.06 d red
Pearl Millet Varieties

Gawane 0.69 ± 0.03 e 4.45 ± 0.01 e 0.54 ± 0.01 e 2.78 ± 0.02 e Gawane
Mouri 0.59 ± 0.06 d 4.92 ± 0.04 f 0.92 ± 0.01 f 1.97± 0.01 f Mouri

DW: dry weight of flour. Mean values in the same column with different superscript letters are significantly
different (p < 0.05).

As far as trace elements are concerned, copper, iron, and zinc contents were higher
(p < 0.05) in pearl millet cultivars compared to sorghum. Only manganese was more
abundant in sorghum. Many studies reported pearl millet as a better source of minerals than
the major cereals, especially iron [32]. The stated variations in the mineral contents of the
studied cultivars can be explained by genetic factors and the soil composition [33]. Indeed,
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the soil characteristics are not homogeneous in the Far-North region of Cameroon [34].
Pearl millet grains can be used to prepare various nutrient-dense food products, effectively
fighting mineral deficiency in children and women.

3.3. Phytochemicals Profile of Sorghum and Pearl Millet Flours

The phytochemical composition of the extracts derived from sorghum and pearl millet
was determined. Table 4 shows the concentrations of TFC, TPC, TDC, TCC, and phytates.

Table 4. Phytochemicals content of sorghum and pearl millet flours.

Samples
TPC

(mg GAE/g DE)
TFC

(mg CE/g DE)
TDC

(mg/g DE)
TCC

(mg/100 g DE)
Phytates

(mg/100 g DW)

Sorghum Varieties
white 22.48 ± 0.75 a 7.14 ± 0.34 a 1.60 ± 0.03 a 0.99 ± 0.10 a 330.44 ± 19.59 a

yellow-pale 33.96 ± 0.80 b 5.18 ± 0.64 b 1.04 ± 0.05 b 0.94 ± 0.02 a 391.00 ± 18.95 b

yellow 21.91 ± 0.93 a 19.97 ± 0.52 c 1.20 ± 0.02 b 0.74 ± 0.02 b 389.91 ± 24.57 b

red 82.22 ± 3.29 c 23.82 ± 1.27 d 9.06 ± 0.32 c 0.66 ± 0.03 c 223.33 ± 12.24 c

Pearl Millet Varieties

gawane 17.36 ± 0.44 a 9.23 ± 0.10 e 0.74 ± 0.01 d 0.52 ± 0.03 d 384.93 ± 18.28 b

mouri 19.15 ± 0.56 a 8.85 ± 0.06 e 1.01 ± 0.05 b 0.53 ± 0.01 d 273.60 ± 15.54 d

TPC: Total Polyphenols Content; TFC: Total Flavonoids Content; TDC: Total 3-Deoxyanthocyanidin Content;
TCC: Total Carotenoids Content; GAE: Gallic Acid Equivalent; CE: Catechin Equivalent; DW: dry weight of flour;
DE: dry weight of extract; Mean values in the same column with different superscript letters are significantly
different (p < 0.05).

The phytochemical profile showed significant variations among the studied culti-
vars. According to Table 4, red sorghum was the richest cultivar in total polyphenols, total
flavonoids, and total 3-deoxyanthocyanidin. However, the lowest phytate contents were no-
ticed in red sorghum. One of the elements determining the content and profile of flavonoids
is the color of the sorghum grains [35,36]. Sorghum grains contain flavonoids in the form of
3-deoxyanthocyanidins [12,32]. Polyphenols are the main bioactive compounds of sorghum
and are present in all cultivars of this cereal crop [37]. White sorghum was the richest cultivar
in total carotenoids. A recent study conducted in Poland on sorghum grains also revealed
the white genotype to have the highest content in carotenoids [37]. These findings suggest
that the pigmentation of the external coat of sorghum cultivars is not an indicator of the
abundance of carotenoids, as it is the case with many fruits and vegetables.

The mouri pearl millet was the richest source of total polyphenols and TDC, while
gawane showed the highest phytate content. In terms of the TFC and TCC, no significant
differences were observed between the two cultivars of pearl millet (p > 0.05).

In the present study, the analyzed compounds were globally found in higher amounts
in sorghum varieties compared to pearl millet. However, polyphenols and phytates are
also known as antinutritional factors since they form insoluble complexes with minerals
such as iron, zinc, and calcium, reducing their bioavailability [38].

3.4. Antioxidant Activity of Sorghum and Pearl Millet Flours

The radical scavenging activities of sorghum and pearl millet flour varieties are pre-
sented in Table 5, with DPPH and ABTS being used as free radicals.

Table 5. Antioxidant activity of sorghum and millet extracts.

Samples DPPH (%) ABTS (%)

Sorghum Cultivars

white 73.18 ± 5.26 b 95.02 ± 5.51 a

yellow-pale 93.14 ± 4.46 c 92.65 ± 6.76 a
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Table 5. Cont.

Samples DPPH (%) ABTS (%)

yellow 64.09 ± 3.29 a 98.14 ± 5.48 a

red 86.43 ± 5.03 c 95.77 ± 3.97 a

Pearl Millet Cultivars

gawane 70.55 ± 3.62 ab 90.64 ± 4.48 a

mouri 73.27 ± 5.36 b 89.24 ± 1.64 a

Mean values in the same column with different superscript letters are significantly different (p < 0.05).

The values from Table 5 reveal that the sorghum varieties were high in DPPH antioxi-
dant activity compared to the pearl millet cultivars. The highest antioxidant activity was for
yellow-pale sorghum (93.14%), followed by red sorghum (86.43%). Punia et al. [39] found red
sorghum to exhibit the highest antioxidant activity among five varieties cultivated in India.
Another recent study carried out in the Mediterranean zone also identified red sorghum to
have high antioxidant potential [40]. However, it can be noticed that no sorghum variety
with a yellowish pericarp was used in these two previous studies.

The antioxidant activity levels of pearl millet flours tested against DPPH radical were
more than two-fold higher than the result obtained by Gull et al. (31.80%) in a pearl millet
variety grown in India [41]. In addition to genetic factors, the observed difference may be
attributed to the local harsh and stressful climatic conditions, which could have boosted
the synthesis of antioxidant phytochemicals.

In terms of ABTS, no significant differences were observed in the inhibition activity
levels of the sorghum and pearl millet flours (p > 0.05). The antioxidant properties of
cereal grains are attributed to their polyphenols and flavonoids, which act as free radical
scavenging agents and protect against oxidative stress within the human body [42].

3.5. High-Performance Liquid Chromatography Analysis

Figure 1 illustrates the chromatographic profile of sorghum and millet flour varieties.
At 320 nm, 13 compounds were identified: caffeic acid, chlorogenic acid, ferulic acid,
gallic acid, p coumaric acid, protocatechuic acid, sinapic acid, syringic acid, and vanillic
acid. Catechin, epicatechin, quercetin, and kaempferol were the flavonoid compounds that
were separated.

Table 6 shows the concentrations of bioactive compounds identified in sorghum and
pearl millet varieties.

The polyphenolic extracts of sorghum and pearl millet revealed different concentra-
tions of each bioactive compound in the analysis. It can be seen from Figure 1 and Table 6
that the main compounds identified were gallic acid, chlorogenic acid, and ferulic acid.
Chlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid, and sinapic acid were the
hydroxycinnamic acids measured (Figure 1), with the different levels among the genotypes
(Table 6) attributed to the cultivars and the growth conditions and environment they were
exposed to [39]. Among them, the most frequent phenolic acids identified were chlorogenic
acid and ferulic acid. Ferulic acid was higher in red and yellow sorghum while chlorogenic
acid was higher in yellow sorghum and mouri pearl millet. Similar results were obtained in
previous studies [40,43].

The hydroxybenzoic acids identified were gallic acid, protocatechuic acid, vanillic
acid, and syringic acid (Figure 1). Vanillic acid was most prominent in yellow sorghum and
was lacking in white sorghum.

As indicated in Table 6, red sorghum had a more considerable phenolic compound
diversity than the other samples, followed by gawane pearl millet. In their studies, Ghinea
et al. also identified that sorghum bicolor grains exhibited a high diversity of compounds
such as caffeic acid, chlorogenic acid, epicatechin, p-coumaric acid, daidzein, rutin, hyper-
oside, quercetin, naringenin, and genistein [44]. Another study by Hong et al. found a
variety of polyphenolic compounds isolated from sorghum extracts, including caffeic acid,
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coumaric acid, ellagic acid, ferulic acid, gallic acid, sinapic acid, syringic acid, vanillic acid,
apigenin, catechin, chrysin, eriodictyol, luteolin, naringenin, and quercetin [45].

Figure 1. Chromatographic profile of sorghum and pearl millet phenols detected at 280 nm and 320
nm: peak 1—gallic acid; peak 2—protocatechuic acid; peak 3—catechin; peak 4—vanillic acid; peak
5—chlorogenic acid; peak 6—epicatechin; peak 7—caffeic acid; peak 8—syringic acid; peak 9—p
coumaric acid; peak 10—ferulic acid; peak 11—sinapic acid; peak 12—quercetin; 13—kaempferol;
(A)—white sorghum; (B)—yellow-pale sorghum; (C)—yellow sorghum; (D)—red sorghum; (E)—gawane
millet’ (F)—mouri millet.
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Table 6. The concentrations of compounds detected in sorghum and pearl millet cultivars.

Bioactive Compounds
Identified (μg/mL)

Sorghum Cultivars Pearl Millet Cultivars

White Yellow-Pale Yellow Red Gawane Mouri

Gallic Acid 115.11 ± 2.00 c 170.01 ± 0.80 b 104.73 ± 0.90 d ND 185.79 ± 0.70 a 165.59 ± 0.10 b

Catechin ND ND NQ 87.41 ± 0.90 a 12.65 ± 0.60 c 75.73 ± 0.30 b

Vanillic Acid ND 21.34 ± 0.7 548.65 ± 1.40 b 18.24 ± 0.04 a 20.27 ± 0.20 b ND
Chlorogenic Acid 10.11 ± 0.10 f 22.37 ± 0.11 d 59.36 ± 0.09 a 32.71 ± 0.08 c 19.06 ± 0.07 e 34.61 ± 0.12 b

Epicatechin ND ND 114.80 ± 2.69 a ND ND ND
Caffeic Acid 7.42 ± 0.04 a ND ND 4.72 ± 0.01 b ND 4.32 ± 0.05 c

Ferulic Acid 2.73 ± 0.22 d 5.11 ± 0.07 c 55.96 ± 0.17 a 34.16 ± 0.49 b NQ NQ
Quercetin ND ND ND 53.85 ± 0.74 a ND ND

Kaempferol ND ND ND 11.49 ± 0.10 a ND ND

ND: not detected; NQ: not quantified. Mean values in the same column with different superscript letters are
significantly different (p < 0.05).

3.6. Principal Components Analysis (PCA) of Experimental Data

A principal component analysis was carried out to determine and visualize the re-
lationships between the different sorghum and pearl millet cultivars and the studied
parameters. The eigenvalues were 10.57, 5.35, 3.13, 1.71, and 1.24 for factors F1 to F5,
respectively. The first two principal components or factors (F1 and F2) together explained
72.96% of the total original variance in the data set. A biplot projection of the observations
(cultivars) and measured variables on the plane defined by F1 and F2 is shown in Figure 2.

Figure 2. Principal components analysis of the experimental data.

The first principal component F1, which explained 48.06% of the total experimental
variability, aggregated all of the proximate analysis parameters, trace elements, and calcium.
The location of gawane and mouri pearl millet close to proteins, lipids, and trace elements
such as copper (Cu), iron (Fe), and zinc (Zn) clearly indicates that these cultivars are
better sources of nutrients compared to sorghum. The tight positive correlation between
the proteins and the above-mentioned trace elements may be due to the mineral-binding
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ability of some amino acid side chains. Additionally, our findings suggest a possible
competitive binding process among divalent cations favorable to calcium, copper, iron, and
zinc. Yellow-pale and yellow sorghum are characterized by high carbohydrate, carotenoid,
and manganese (Mn) contents, which have a strong negative correlation with the majority
of nutrients. The carotenoids may be the main contributors to the ABTS antioxidant activity
observed in the studied samples.

The second principal component F2, which explained 24.30% of the total experimental
variability, clustered phytochemicals with antioxidant properties (TDC, TFC, TPC), phy-
tates, and macro-elements such as magnesium (Mg), phosphorus (P), potassium (K), and
sodium (Na). Phytates negatively correlated with other phytochemicals. There is a strong
positive correlation between the grouped phytochemicals, which are synthesized in the
context of a physiological adaptation of the plant to environmental stress. Additionally,
it can be deduced by the position of red sorghum being close to TDC, TFC, TPC, and
DPPH that it had the best antioxidant profile. The independent relationship between trace
elements and phytochemicals such as polyphenols and phytates is a paradoxal finding.
In fact, these two compounds are known to be divalent cations chelators [46].

The principal component analysis clearly segregated pearl millet cultivars (especially
mouri) and red sorghum as the major sources of nutrients and bioactive compounds, re-
spectively. This implies that recommending their consumption will depend on the type of
nutritional challenges faced. Mouri pearl millet seems to be suitable for addressing protein-
energy and micronutrients deficiencies, while red sorghum could be useful in managing
non-communicable diseases.

4. Conclusions

This study analyzed the chemical composition and antioxidant profile of four sorghum
and two pearl millet cultivars grown and consumed in the Far-North region of Cameroon.
The physicochemical and mineral analyses revealed a global nutritional superiority of
pearl millet cultivars, especially mouri, which exhibited high amounts of proteins and trace
elements. The phytochemicals and antioxidant activity were noticeably higher in colored
cultivars of sorghum (red and yellow). Red sorghum had a more considerable phenolic
compound diversity than the other samples. The most abundant phenolic component was
gallic acid, while ferulic acid was the most dominant. The studied cereal crops can be
considered health-promoting tools for local populations, and their consumption should
be encouraged to tackle nutrient deficiencies and non-communicable diseases. However,
further investigations are required to identify adequate processing methods that best
preserve the nutritional and functional properties mentioned above.
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Abstract: Seven commercial gluten-free (rice, oat, sorghum, foxtail millet, amaranth, quinoa, and
buckwheat) flours were investigated in this study from the point of view of thermo-mechanical
properties and solvent retention capacity (SRC). Each flour was used to prepare doughs with specific
water absorption (WA) to get a consistency of 1.1 Nm (WA1) and doughs with WA2 levels higher than
85% to ensure a sufficient amount of water in the system for allowing the hydration of all components
of the flours. Different correlations were established between proteins, ash, pentosans, damaged
starch, and amylose contents on the one hand, and the capacity of the flour samples to retain different
solvents such as sucrose, sodium carbonate and CaCl2 on the other hand. Although no significant
correlation was found between the protein content of the flours and lactic acid-SRC, the mechanical
weakening of the protein was significantly correlated with lactic acid-SRC for both tested WA levels.
The doughs with WA1 had higher starch gelatinization and hot gel stability values compared to the
corresponding dough systems with a higher water amount. Moreover, lower starch retrogradation
and setback torques were obtained in the case of the dough prepared with higher amounts of water.

Keywords: gluten-free flours; solvent retention capacity; Mixolab; dough consistency

1. Introduction

The most suitable flour for obtaining gluten free baked products is rice flour. Rice is
widely recognized as a hypoallergenic cereal with high nutritional value [1]. The proteins of
both white and brown rice mainly consist of glutenin fraction, while the albumin, globulin,
and gliadin fractions are in small quantities [1].

Generally, rice flour is blended with other grain flours to improve the functionality
and nutritional properties of the final products [2].

In addition to rice, a large number of grains can be used to obtain gluten-free flour,
such as the group of cereals named coarse cereals, which includes oat, sorghum, millet,
and buckwheat, and the minor grain-like cereals, such as quinoa and amaranth. Beyond
the gluten free property, every grain mentioned above is characterized by particular nutri-
tional constituents.

Oats are recommended for their high content of β-glucans, which are components
that have all the properties that are specific to water-soluble dietary fibers and are used
as a healthy food ingredient [3,4]. Yue et al. [5] reported a high proportion of 7S globulin
fraction in oat proteins.

Quinoa has high-quality proteins with a balanced amino acid content [6] and high
levels of vitamin E that assures high stability of quinoa lipids during storage [7]. The
quinoa proteins consist of 11S globulin fraction (37%), 2S albumin fraction (35%), while the
prolamine fraction represents about 0.5–7% [8].

As well, amaranth is a good source of high-quality proteins [9], having a high content
of methionine, cysteine, and lysine [10]. The distribution of protein fractions is closer to
pulses than cereals and the digestibility of the proteins is high [10]. The proteins are mainly
formed from albumins and globulins (50–60%) [9].
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Buckwheat has proteins with a well-balanced amino acid composition and large
amounts of flavonoids, rutin, and quercetin with good antioxidant activity [11]. The main
protein fractions found in buckwheat are globulins (up 50%) and albumins (about 25%) [11].

Sorghum is rich in polyphenols and phytosterols [12], and the protein fractions mainly
consist of kafirins [13].

Foxtail millet contains high levels of protein and fiber [14]. The main protein fractions
from foxtail millet are prolamins (up to 60% of the total protein content) and glutelins,
which are rich in essential amino acids [15]. Foxtail millet has been listed among protein
sources with good potential for replacing animal proteins in different types of products. It
has been reported that foxtail millet proteins display bioactive effects that are promising
for the efficient management of different human chronic diseases [15].

In order to obtain gluten-free baked products with high overall quality, it is necessary
to know the functionality of gluten-free flour constituents and the rheological properties of
the dough. Starting from this, the objective of the study was to compare the physicochemical
and functional properties of seven gluten-free flours as well as the thermo-mechanical
properties of the dough systems.

2. Materials and Methods

2.1. Materials

Seven commercial gluten-free grain flours purchased from the Galati market (Romania)
were used: rice flour (Solaris Plant SRL, Romania), oat flour (Sano Vita, Romania), sorghum
flour (origin Hungary, distributed by Adams Vision SRL Tg Mures, Romania), foxtail millet
flour (distributed by La Finestra sul Cielo Vilareggia, Italy), amaranth flour (Adams Vision
SRL, Tg Mures, Romania), quinoa flour (Vitanescu Maricel, Romania), and buckwheat flour
(distributed by SC Prifan Distribution SRL, Romania).

2.2. Proximate Analyses and Physical Properties

The chemical composition of the flour samples was determined as follows: moisture
content by SR ISO 712:2005 [16], protein content using the semimicro-Kjeldahl method
(Raypa Trade, R Espinar, SL, Barcelona, Spain), and the nitrogen-to-protein conversion
factor of 5.95 for rice flours; 6.25 for oat, foxtail millet, buckwheat, and quinoa flours;
5.75 for sorghum flour; and 5.85 for amaranth flour. The fat content was determined
through ether extraction using Soxhlet method (SER-148; VELP Scientifica, Usmate Velate
(MB), Italy). The crude fiber content was determined by Fibretherm Analyser (C. Gerhardt
GmbH & Co. KG, Königswinter, Germany). The total pentosans content was determined
using the method described by Delcour et al. [17], and the ash content was determined by
SR ISO 2171/2002 [16]. The starch content was estimated by subtracting 100 g of products
from the average contents of the components that were determined experimentally. The
Amylose/Amylopectin Assay Kit (Megazyne International Ireland Ltd. Wicklow, Ireland)
was used to determine the amylose contents of the flours.

The damaged starch content was quantified using the AACC Method 76-31.01 [18]
and the Starch Damage Assay Kit (Megazyme International Ireland Ltd. Wicklow, Ireland).

The fineness module was determined by sieving the flour samples through a 400, 315,
160, and 125 μm mesh [19].

2.3. Solvent Retention Capacity

The solvent retention capacity (SRC) profile was determined to be in agreement with
the AACC Method 56-11.02 [18] when the percentage of solvents retained by the flour
samples upon centrifugation for 15 min at 1000× g. The following solvents were tested:
water (W-SRC), 5% sodium carbonate (SC-SRC), 50% sucrose (S-SRC), 5% lactic acid (LA-
SRC) (AACC International, 2000), and 1 M CaCl2 (Ca-SRC) [3]. The SRC values were
reported at moisture basis (14%).
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2.4. Thermo-Mechanical Properties

The thermo-mechanical properties of the flours were determined through the Chopin+
protocol using the Mixolab device (Chopin Technology, Villeneuve La Garenne, France).
To better understand the evolution of dough during thermal and mixing constraints, two
water absorption (WA) values were considered when running the Chopin+ protocol on
each of the tested flours. WA1 was needed to obtain dough with a maximum torque C1
of 1.1 Nm, except for sorghum and buckwheat, for which it was not possible to reach the
targeted dough consistency and WA2 of 85%. Oat flour was the only sample for which
the C1 of 1.1 Nm was achieved for WA1 of 85%. The following torques were registered
in the case of the Mixolab tests performed at both WA levels: maximum C1 torque at
initial mixing, consistency of the dough after 8 min of mixing at constant temperature
of 30 ◦C (CS), C2 showing dough changes at heating caused by protein weakening, C3
associated to starch gelatinization, C4 provided information on the stability of the hot gel,
and C5 registered the cooling phase when starch retrogradation occurred [20]. Further
thermo-mechanical indicators were calculated as follows: mechanical weakening of the
proteins MWP = (C1 − CS)/C1 × 100, strength of the protein network while heating the
dough (C1-C2), intensity of starch gelatinization (C3-C2), breakdown torque (C3-C4), and
setback torque (C5-C4) [21].

2.5. Statistical Analysis

Triplicate measurements were performed, and the results are presented as the aver-
age ± standard deviation values. The significant differences among samples were assessed
using the Minitab 19 software (Minitab Inc., State College, PA, USA) through the one-way
ANOVA with a 95% confidence interval, after assessing the normality and variance equality
conditions. The Tukey method was selected for the post-hoc analysis when p values lower
than 0.05 were indicated by ANOVA analysis. The Pearson’s correlation was calculated to
identify the potential relationships between the SRC of the flour and dough characteristics.

3. Results and Discussion

3.1. Proximate Compositions and Physical Properties of Gluten-Free Flours

The proximate composition of the gluten-free flours is shown in Table 1. The protein
content varied from 6.21% in rice flour to 13.98% in quinoa flour. Overall, higher protein
contents were found in pseudocereals, i.e., quinoa, amaranth, and buckwheat, compared to
cereals, i.e., rice, millet, sorghum, and oat.

The highest contents of starch were registered in rice, sorghum, and oat flour, while
millet flour had the lowest starch content. The fiber content ranged from 16.33% in millet
flour to 3.72% in sorghum flour. However, oat flour had the highest pentosans content
of 5.13%, while rice and amaranth flour had the lowest values of 1.41–1.48%. Amaranth,
millet, and quinoa flour had the highest fat (6–5.30%) and ash (2.94–2.41%) content, while
rice flour had the lowest fat (2.14%) and ash (1.51%) content.

The damaged starch content ranged between 1.58%, in the case of buckwheat flour, and
5.29%, in the case of oat flour. The starch damage is the result of ripping, rubbing, shearing,
and cutting forces acting on the grains during the milling process [3], but the extent of the
damage also depends on the endosperm structure [22,23]. Therefore, even if oat and quinoa
flour had close values for the fineness module—2.26% and 2.25%, respectively—they had
significantly different damaged starch contents of 5.29% and 2.71%, respectively (Table 1).
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Table 1. Proximate compositions and fineness modules of the gluten free flours.

Component
Flours

Rice Oat Sorghum Millet Buckwheat Quinoa Amaranth

Moisture, % 11.28 ± 0.03 b 10.9 ± 0.05 c 8.16 ± 0.01 e 10.91 ± 0.03 c 11.28 ± 0.02 b 10.25 ± 0.02 d 11.69 ± 0.03 a

Ash, % 1.51 ± 0.01 f 1.42 ± 0.01 g 1.61 ± 0.01 e 2.68 ± 0.02 b 1.88 ± 0.01 d 2.41 ± 0.01 c 2.94 ± 0.01 a

Protein, % 6.21 ± 0.04 f 10.91 ± 0.07 d 9.81 ± 0.02 e 9.85 ± 0.02 e 11.60 ± 0.03 c 13.98 ± 0.02 a 13.59 ± 0.02 b

Fat, % 2.14 ± 0.03 g 3.88 ± 0.03 d 3.18 ± 0.02 e 5.72 ± 0.02 b 2.67 ± 0.03 f 5.30 ± 0.02 c 6.00 ± 0.02 a

Crude fiber, % 6.60 ± 0.02 d 7.19 ± 0.02 c 3.72 ± 0.05 f 16.33 ± 0.06 a 10.22 ± 0.03 b 5.31 ± 0.02 e 6.70 ± 0.03 d

Pentosans, % 1.48 ± 0.02 f 5.13 ± 0.03 a 3.71 ± 0.02 c 4.45 ± 0.02 b 3.56 ± 0.01 d 2.22 ± 0.03 e 1.41 ± 0.01 g

Starch, % 83.54 ± 0.05 a 76.60 ± 0.11 c 81.68 ± 0.08 b 65.42 ± 0.06 g 73.63 ± 0.06 d 73.00 ± 0.06 e 70.77 ± 0.02 f

Damaged starch, % 4.40 ± 0.05 b 5.29 ± 0.04 a 3.79 ± 0.03 d 3.20 ± 0.02 e 1.58 ± 0.02 g 2.71 ± 0.02 f 3.96 ± 0.01 c

Amylose, % 31.32 ± 0.30 a 27.64 ± 0.26 b 21.79 ± 0.20 d 12.77 ± 0.25 f 23.52 ± 0.36 c 10.92 ± 0.26 g 17.90 ± 0.35 e

Fineness module 2.85 ± 0.05 a 2.26 ± 0.05 c 1.55 ± 0.05 e 1.87 ± 0.03 d 2.36 ± 0.05 b,c 2.25 ± 0.05 c 2.46 ± 0.05 b

Means from the same row not sharing a superscript letter are significantly different (p < 0.05).

3.2. Solvent Retention Capacity of Gluten-Free Flours

SRC was initially developed to define the functional profile of wheat flour to allow for
the prediction of the baking performance of flour [18]. In the last few years, SRC has been
also used for characterizing different gluten-free flours [24,25].

The SRC values of the gluten-free flours investigated in the present study are reported
in Table 2. The W-SRC varied from 87.00% to 126.34%, with the lowest value being
registered for quinoa flour, while the highest was for amaranth flour. However, the W-SRC
values of all investigated flours are much higher than those indicated by the AACC method
56-11.02 [18] for the wheat flour recommended for cookies (W-SRC below 51%) or sponge
and dough bread (W-SRC below 57%).

Table 2. Solvent retention capacity of gluten-free flours.

SRC
Flours

Rice Oat Sorghum Millet Buckwheat Quinoa Amaranth

W-SRC, % 101.96 ± 0.48 e 115.23 ± 0.50 c 115.61 ± 0.44 c 107.28 ± 0.54 d 121.06 ± 0.41 b 87.00± 0.36 f 126.34 ± 0.57 a

Ca-SRC, % 142.82 ± 0.20 a 133.25 ± 0.25 b 131.06 ± 0.48 c 118.74 ± 0.25 e 122.52 ± 0.28 d 104.16 ± 0.30 g 117.75 ± 0.31 f

SC-SRC, % 116.52 ± 0.50 b 122.62 ± 0.47 a 106.28 ± 0.20 d 96.52 ± 0.30 e 94.00 ± 0.30 f 96.56 ± 0.23 e 109.40 ± 0.36 c

LA-SRC, % 132.29 ± 0.26 b 124.99 ± 0.34 d 126.40 ± 0.36 c 119.32 ± 0.20 e 134.72 ± 0.37 a 114.81 ± 0.20 f 131.83 ± 0.32 b

S-SRC, % 125.00 ± 0.36 f 145.41 ± 0.37 a 136.40 ± 0.36 c 142.06 ± 0.31 b 135.11 ± 0.35 d 130.15 ± 0.22 e 117.08 ± 0.19 g

W-SRC—water retention capacity; Ca-SRC—CaCl2 solvent retention capacity; Na-SRC—NaCl solvent retention
capacity; SC-SRC—sodium carbonate solvent retention capacity; LA-SRC—lactic acid solvent retention capacity;
Su-SRC—sucrose solvent retention capacity. Means from the same row not sharing a superscript letter are
significantly different (p < 0.05).

SC-SRC ranged from 94.00% to 122.62%. According to Kweon et al. [26], SC-SRC is
related to the content of damaged starch, which is easily soluble in Na2CO3 solution with
a pH above the pKa of the starch hydroxyl groups. Indeed, oat flour, having the highest
level of damaged starch (5.29%), exhibited the highest SC-SRC value, while buckwheat
flour, with the lowest value of damaged starch (1.58%), presented the lowest SC-SRC value
(Table 2). In agreement with the findings of Kweon et al. [26], the content of damaged
starch for the gluten-free flours was significantly correlated (R2 of 0.938 and p < 0.01) with
SC-SRC, confirming the high swelling ability of the damaged starch when placed in contact
with Na2CO3 solution. In addition, a significant correlation (R2 of 0.758 and p < 0.05)
was found between the ash content (Table 1) and SC-SRC (Table 2) of the investigated
gluten-free flours.

Oat flour had the highest S-SRC value of 145.41% among all investigated gluten-free
flours. In addition, as indicated in Table 2, oat flour had the highest pentosans content. In
fact, a significant correlation (R2 of 0.964 of p < 0.01) was found between pentosans content
and S-SRC.

LA-SRC provides information on gluten functionality, being particularly related to
glutenin characteristics. Anyway, the presence of high amounts of bran particles, which
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have good swelling ability in lactic acid solution, might interfere with the accurate interpre-
tation of the LA-SRC of whole flours [27]. If in the case of wheat flour the LA-SRC varied
generally between 100–115% [27], in case of the gluten-free flour investigated in our study,
the LA-SRC varied from 114.81% to 134.72%. The correlation (R2 of 0.308 and p < 0.05)
between the protein content and LA-SRC was not significant.

A significant correlation (R2 of 0.758 and p < 0.05) was found between the ash content
of gluten-free flours and Ca-SRC. Additional correlations were registered between the
protein contents and Ca-SRC (R2 of 0.852 and p < 0.05), and between the amylose content
and Ca-SRC (R2 of 0.920 and p < 0.01). On the other hand, in the case of oat flour, different
authors reported significant correlations between Ca-SRC and β-glucan, with an R2 of
0.615 (p < 0.01) [4] and R2 of 0.82 (p < 0.01), respectively [3]. Additionally, Zhang et al. [4]
reported a significant correlation between Ca-SRC and the molecular weight of β-glucan of
oat flour (R2 of 0.366 and p < 0.05). As indicated by Guo et al. [28] and Yamazaki et al. [29],
the water retention capacity of β-glucans is favored upon binding metal ions like Ca2+ in a
solution with pH that is regulated from neutral to acidic.

3.3. The Thermo-Mechanical Properties

The Mixolab device was designed for the investigation of wheat dough properties
during the dual constraints of kneading and temperature. If in the case of the wheat flour
bread the dough consistency of 1.1 ± 0.05 Nm is a benchmark, in the case of gluten-free
flours, this dough consistency is no longer a necessary target, given the different technology
for preparing bread in the absence of gluten in the system. Cappa et al. [30] appreciated
that, in the case of gluten-free formulas, a lower dough consistency is preferred. For this
reason, two experimental set-ups were considered in the present study, which look for
the investigation of gluten-free-flour-based dough rheology at specific water absorption
levels that are needed to obtain a dough consistency of 1.1 ± 0.05 Nm (WA1) in the case of
each investigated flour (Table 3), and at the same water absorption of 85% (WA2), which is
chosen in such a manner as to assure a dough consistency value below 1.1 Nm (Table 4).
In Figure 1, the Mixolab curves are depicted, showing substantial differences between the
thermo-mechanical profiles of the investigated gluten-free flours. The particularities of the
thermo-mechanical behavior of the gluten-free doughs are derived from the differences in
the chemical composition and hydration ability of the flour components during kneading,
and the further dough behavior during heating and cooling.

Table 3. The thermo-mechanical properties of gluten-free flours at specific water absorption (WA)
levels required to obtain doughs with the maximum consistency C1 of 1.1 ± 0.05 Nm.

Parameters
Flours

Rice Oat Quinoa Amaranth Millet

WA, % 66.0 85.0 62.1 61.0 61.9
C1, Nm 1.08 ± 0.03 b 1.09 ± 0.01 b 1.15 ± 0.01 a 1.08 ± 0.01 b 1.04 ± 0.01 c

CS, Nm 1.06 ± 0.03 a 1.03 ± 0.01 a 0.83 ± 0.01 b 1.06 ± 0.01 a 0.76 ± 0.01 c

C2, Nm 0.68 ± 0.01 a 0.67 ± 0.01 a 0.22 ± 0.01 c 0.41 ± 0.01 b 0.15 ± 0.01 d

C3, Nm 2.31 ± 0.01 a 2.18 ± 0.01 b 1.60 ± 0.02 c 0.51 ± 0.01 d nd
C4, Nm 2.04 ± 0.02 b 1.17 ± 0.02 d 1.35 ± 0.01 c 0.49 ± 0.01 e 2.67 ± 0.01 a

C5, Nm 3.33 ± 0.04 b 1.73 ± 0.02 d 1.92 ± 0.01 c 0.81 ± 0.01 e 3.54 ± 0.01 a

MWP, % 1.85 ± 0.05 c 5.50 ± 0.05 b 27.83 ± 0.24 a 1.85 ± 0.01 c 26.93 ± 1.43 a

C1-C2, Nm 0.40 ± 0.03 c 0.42 ± 0.02 c 0.93 ± 0.01 a 0.67 ± 0.02 b 0.89 ± 0.02 a

C3-C2, Nm 1.63 ± 0.01 a 1.51 ± 0.01 b 1.38 ± 0.03 c 0.10 ± 0.00 d nd
C3-C4, Nm 0.27 ± 0.03 b 1.01 ± 0.02 a 0.25 ± 0.03 b 0.02 ± 0.01 c nd
C5-C4, Nm 1.29 ± 0.04 a 0.56 ± 0.00 c 0.57 ± 0.02 c 0.32 ± 0.02 d 0.87 ± 0.01 b

Means from the same row not sharing a superscript letter are significantly different (p < 0.05); nd—not detected;
MWP—mechanical weakening of the proteins.
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Table 4. The thermo-mechanical properties of gluten-free flours at a water absorption of 85% used
for obtaining doughs.

Parameters
Flours

Rice Oat Quinoa Amaranth Millet Sorghum Buckwheat

C1, Nm 0.11 ± 0.01 f 1.09 ± 0.01 b 0.81 ± 0.01 c 0.14 ± 0.01 f 0.21 ± 0.02 e 0.41 ± 0.01 d 4.19 ± 0.01 a

CS, Nm 0.10 ± 0.01 d 1.03 ± 0.01 b 0.06 ± 0.01 e 0.09 ± 0.01 d 0.04 ± 0.01 e 0.24 ± 0.01 c 3.68 ± 0.01 a

C2, Nm 0.09 ± 0.01 b 0.67 ± 0.01 a 0.01 ± 0.01 d 0.08 ± 0.01 b,c 0.01 ± 0.01 d 0.06 ± 0.01 c nd
C3, Nm 1.64 ± 0.02 c 2.18 ± 0.01 a 0.80 ± 0.02 d 0.28 ± 0.01 e 1.60 ± 0.02 c 1.85 ± 0.01 b nd
C4, Nm 1.36 ± 0.01 d 1.17 ± 0.02 e 0.43 ± 0.02 f 0.31 ± 0.01 g 1.42 ± 0.01 c 1.87 ± 0.02 a 1.53 ± 0.01 b

C5, Nm 1.98 ± 0.01 d 1.73 ± 0.01 e 0.42 ± 0.01 g 0.51 ± 0.02 f 2.15 ± 0.00 c 2.77 ± 0.02 a 2.28 ± 0.02 b

MWP, % 9.14 ± 0.83 e,f 5.50 ± 0.05 f 92.60 ± 1.14 a 35.84 ± 2.57 d 81.14 ± 2.98 b 41.48 ± 1.01 c 12.17 ± 0.45 e

C1-C2, Nm 0.02 ± 0.01 e 0.42 ± 0.02 b 0.80 ± 0.01 a 0.06 ± 0.01 e 0.20 ± 0.03 d 0.35 ± 0.02 c nd
C3-C2, Nm 1.55 ± 0.02 b,c 1.51 ± 0.01 c 0.79 ± 0.03 d 0.20 ± 0.01 e 1.59 ± 0.03 b 1.79 ± 0.00 a nd
C3-C4, Nm 0.28 ± 0.01 c 1.01 ± 0.02 a 0.37 ± 0.03 b −0.03 ± 0.02 e 0.18 ± 0.01 d −0.02 ± 0.01 e nd
C5-C4, Nm 0.62 ± 0.00 c 0.56 ± 0.01 d −0.01 ± 0.01 f 0.20 ± 0.03 e 0.73 ± 0.01 b 0.90 ± 0.00 a 0.75 ± 0.01 b

Means from the same row not sharing a superscript letter are significantly different (p < 0.05); nd—not detected;
MWP—mechanical weakening of the proteins.

As can be seen from Table 3, the water absorption needed to obtain dough with
1.1 ± 0.05 Nm varied in large limits. Moreover, in the case of sorghum and buckwheat flour,
it was not possible to reach 1.1 ± 0.05 Nm during kneading at constant temperature (30 ◦C).
Torbica et al. [31] highlighted the importance of the amount of water used for preparing
gluten-free dough. They reported the higher water requirements for preparing the oat
flour-based dough. After analyzing the results presented in Table 3, one can see that, among
the seven investigated gluten-free flours, the highest water absorption was registered for
oat flour. Our observations regarding the behavior of the sorghum flour comply with the
findings of Torbica et al. [31], who failed to obtain dough with a consistency of 1.1 Nm. The
sorghum-flour-based dough was very firm and remained attached to the arms of the mixer
in such a manner that the device could not record the consistency values.

In order to compare the strength of the dough during kneading, MWP values were
calculated (Table 4). The low MTW values are associated with a high value of the torque
after 8 min of kneading, which means there is a higher stability for dough during kneading.
Doughs prepared with rice, amaranth, and oat flour exhibited higher resistance during
kneading compared to the millet and quinoa doughs. These results can be explained by
the presence of different types of protein fractions that are present in the gluten-free flours
and their particular behavior during kneading. The main proteins found in the rice flour
are glutenins [1], while for the oat flour, globulins are the most abundant fraction [5]. An
important additional factor that influences the C1 values is the pentosans content (5.13% in
oat flour and 1.48% in rice flour).

As the temperature rises, the dough consistency decreases until it reaches the C2
value. The rice and oat doughs had (C1-C2) values close to those of wheat dough, while
for the amaranth, quinoa, and millet doughs, the (C1-C2) values were much higher. The
same C2 value of 0.67 Nm was registered for the oat flour at both tested WA levels,
whereas for rice flour, C2 decreased from 0.68 to 0.09 Nm when WA increased from
66% to 85% (Tables 3 and 4). Even if quinoa, amaranth, and millet flour are able to form
doughs with C1 of 1.1 ± 0.05 Nm at similar WA levels of 61–62.1% (Table 3), the C2
values varied significantly (p < 0.05). Amaranth flour presented a C2 value that was about
two times higher than quinoa flour, while the lowest C2 value was registered for millet
flour, suggesting the weakness of the protein network during heating. In addition to the
higher protein contents in quinoa and amaranth flour compared to millet flour, the protein
fractions prevailing in quinoa and amaranth flour, consisting of albumins and globulins,
have good solubility in water and dilute salt solutions [32]—unlike prolamins and glutelins,
which are mainly found in millet flour and have poor solubility [33].
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Figure 1. Mixolab curves of the dough samples prepared with rice (a), oat (b), quinoa (c), amaranth (d),
millet (e), sorghum (f), and buckwheat (g) flour at different water absorption (WA) levels: WA1
necessary to obtain a maximum torque of 1.1 ± 0.05 Nm and WA2 of 85%. Note: For the oat flour,
WA1 and WA2 had the same value of 85%.
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When comparing the C2 of rice and amaranth flour-based doughs, Hadnadev et al. [20]
noted that the lower weakening of rice flour proteins is due to mechanical and thermal
constraints, whereas the high weakening observed for amaranth flour, which had a higher
protein content, was assigned to the lower protein quality.

Doughs prepared with WA 85% can be distributed in three groups based on the
behavior during kneading at a constant temperature (30 ◦C) and while heating up to
50–55 ◦C: (i) oat dough characterized by a Mixolab curve (Figure 1b) was similar to those
specific to wheat flour; (ii) rice (Figure 1a), quinoa (Figure 1c), amaranth (Figure 1d), millet
(Figure 1e), and sorghum (Figure 1f) dough with C1 below 1.1 ± 0.05 Nm and C2 values
falling in a very narrow range of 0.01–0.09 Nm; and (iii) buckwheat dough with a Mixolab
curve having C1 over 4.50 Nm and lacking C2, with the dough consistency being in a
continuous decrease during heating from 30 ◦C to 50–55 ◦C (Table 4, Figure 1g). For gluten-
free flour from group (ii), the water amount from the dough system appears to be too high
with respect to the requirements for the chemical components of the flour, while in the
case of buckwheat flour, the amount of water used for preparing the dough appeared to be
too low.

MWP was significantly correlated with the LA-SRC for both tested WA levels: WA1
needed to obtain C1 of 1.1 ± 0.05 Nm (R2 of 0.891, p < 0.05) and WA2 of 85% (R2 of 0.719
and p < 0.05).

Additional correlations were established between the various solvent retention capaci-
ties of the gluten-free flours and the thermo-mechanical properties of the corresponding
doughs, which depended on the WA level. For instance, for WA1, the C2 (R2 of 0.941 and
p < 0.01), (C2-C1) (R2 of 0.943 and p < 0.01), and MWP (R2 of 0.776 and p < 0.05) were
significantly correlated with SC-SRC. Moreover, for WA1, the Ca-SRC was significantly
correlated with (C1-C2) (R2 of 0.968 and p < 0.01), while for WA2, Ca-SRC was significantly
correlated with MWP (R2 of 0.629 and p < 0.05). According to Codină et al. [34], calcium
ions decrease the softening degree of the dough during kneading. For wheat flour, Ca2+

was reported to improve protein solubility and to favor the overall hydration capacity [35].
When factoring in the role played by wheat flour starch, the destabilization effect, which is
associated in particular with the damaged starch, should be considered. Given the existence
of high spaces between the amylopectin chains in the damaged starch of wheat flour, the
binding of Ca2+ is facilitated, thereby favoring the increase of the water absorption values
of the doughs.

Finally, (C1-C2) was correlated with LA-SRC (R2 of 0.684 and p < 0.05) when the WA2
of 85% was used, suggesting that the ability of the gluten-free flours to retain the lactic acid
solution might provide information on the weakening behavior of the proteins.

As the temperature rises from 50–55 ◦C to 90 ◦C, the protein’s contribution to the
dough consistency decreases and the starch properties become more important. Higher
starch gelatinization (C3) and hot gel stability (C4) values were observed for the doughs
prepared using WA1, which needed to obtain C1 of 1.1 ± 0.05 Nm, compared to WA2 of
85% (Tables 3 and 4). The use of a higher WA level of 85% appeared to benefit the dough
by improving the structure of the dough prepared with millet, oat, and rice, respectively.
Sorghum, buckwheat, and millet formed stronger starch networks than rice and oat when
the WA2 of 85% was used.

In the case of quinoa and amaranth flour, the dough with WA2 had a very low
maximum consistency C3 and starch retrogradation (C5-C4) (Table 4) compared to the
corresponding dough samples prepared with WA1. The Mixolab curve indicated an atypical
behavior of the amaranth flour-based dough at 95 ◦C and while cooling at 50 ◦C compared
to other investigated flour samples. Similar results were reported by Inglett et al. [36], who
obtained low values for the maximum viscosity, and the viscosity remained constant even
after cooling to 50 ◦C.

Starch behavior is influenced by the particularities of the starch structure; more specif-
ically, it is influenced by the length of the amylose and amylopectin chains and the ratio
between the two macromolecules [37]. Quinoa and amaranth have amylose contents of
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10.92% and 17.96%, respectively. Although millet has an intermediate amylose content of
12.77%, a different starch retrogradation behavior was noticed, which was likely the result
of differences in the botanical source of the starch. It should also be noted that quinoa, ama-
ranth, and millet had a lower content of starch and higher content of lipids compared to the
other investigated flours. These observations comply with previous findings that indicate
that lipids can complex amylose, thereby causing a reduction in the peak viscosity [21,38].
On the other hand, rice flour, which has the highest amount of carbohydrates among all
investigated flours (Table 1), had maximum peak torque (C3) and gelatinization intensity
(C3-C2) values that prevail over those of other flours when the doughs were prepared using
WA1, which was needed to obtain C1 of 1.1 ± 0.05 Nm.

The dough systems prepared with a higher amount of water (WA2) presented a lower
starch retrogradation (C5) compared to the corresponding doughs with WA1. A better
bread-making performance of the flours with a low C5 value was suggested by Ekpa
et al. [39], who also related these parameters with a slow staling process. The increase of
the water level used to prepare the dough, from WA1 to WA2, also resulted in a decrease
of the setback torques (C5-C4) (Tables 3 and 4). In agreement with Ekpa et al. [39], this
decrease might result in the improvement of the shelf life of bread.

4. Conclusions

Significant correlations were found between the solvent retention capacity of gluten-
free flours and the thermo-mechanical properties of the doughs prepared at two different
hydration levels. A significant correlation was found at lower hydration levels between the
mechanical weakening of the proteins and the LA-SRC. At a high water absorption of 85%,
the strength of the protein network while heating the dough was correlated with LA-SRC,
but no correlation could be established at a lower water absorption level when the dough
had C1 of 1.1 ± 0.05 Nm. The starch behavior at high temperatures highly depended on
the amount of water used to prepare the dough systems. The gluten-free dough systems
with a higher water absorption presented higher values of starch gelatinization and hot
gel stability. The high amount of water in the dough system also resulted in the decrease
of starch retrogradation and setback torques, a situation that can be associated with the
increase of bread shelf life.

Author Contributions: Conceptualization, I.A. and I.B.; methodology, I.B.; validation, I.A.; formal
analysis, I.B.; investigation, I.B. and I.A.; writing—original draft preparation, I.B.; writing -review
and editing, I.A.; supervision, I.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cao, X.; Wen, H.; Li, C.; Gu, Z. Differences in functional properties and biochemical characteristics of congenetic rice proteins.
J. Cereal Sci. 2009, 50, 184–189. [CrossRef]

2. Badiu, E.; Aprodu, I.; Banu, I. Trends in the development of gluten-free bakery products. Nnals Univ. Dunarea De Jos Galati Fasc.
VI-Food Technol 2014, 38, 21–36.

3. Niu, Q.; Pu, Y.; Li, X.; Ma, Z.; Hu, X. Solvent Retention Capacities of Oat Flour. Int. J. Mol. Sci. 2017, 18, 590. [CrossRef] [PubMed]
4. Zhang, K.; Li, X.; Ma, Z.; Hu, Z. Solvent retention capacity of oat flour: Relationship with oat β-glucan content and molecular

weight. Food Hydrocoll. 2019, 93, 19–23. [CrossRef]
5. Yue, J.; Gu, Z.; Zhu, Z.; Yi, J.; Ohm, J.B.; Chen, B.; Rao, J. Impact of defatting treatment and oat varieties on structural, functional

properties, and aromatic profile of oat protein. Food Hydrocoll. 2021, 112, 106368. [CrossRef]
6. Agrawal, R.S. Quinoa—Supergrain of the future: A Review. Pharma Innov. 2018, 7, 249–251.

58



Foods 2022, 11, 1857

7. Ng, S.C.; Anderson, A.; Coker, J.; Ondrus, M. Characterization of lipid oxidation products in quinoa (Chenopodium quinoa). Food
Chem. 2007, 101, 185–192. [CrossRef]

8. Dakhili, S.; Abdolalizadeh, L.; Hosseini, S.M.; Shojaee-Aliabadi, S.; Mirmoghtadaie, L. Quinoa protein: Composition, structure
and functional properties. Food Chem. 2019, 299, 125161. [CrossRef]

9. Joshi, D.C.; Sood, S.; Hosahatti, R.; Kant, L.; Pattanayak, A.; Kumar, A.; Yadav, D.; Stetter, M.G. From zero to hero: The past,
present and future of grain amaranth breeding. Theor. Appl. Genet. 2018, 131, 1807–1823. [CrossRef]

10. Narwade, S.; Pinto, S. Amaranth—A Functional Food. Concepts Dairy Vet. Sci. 2018, 1, 000112.
11. Torbica, A.; Hadnad̄ev, M.; Hadnad̄ev, T.D. Rice and buckwheat flour characterisation and its relation to cookie quality. Food Res.

Int. 2012, 48, 277–283. [CrossRef]
12. Fu, J.; Zhang, Y.; Hu, Y.; Zhao, G.; Tang, Y.; Zou, L. Concise review: Coarse cereals exert multiple beneficial effects on human

health. Food Chem. 2020, 325, 126761. [CrossRef] [PubMed]
13. Hamaker, B.R.; Bugusu, B.A. Overview: Sorghum protein and food quality. Department of Food Science. Purdue University and

the INTSORMIL CRSP West Lafayette, Indiana, USA (20 May 2003). In Proceedings of the Afripro-Workshop on the Proteins of
Sorghum and Millets: Enhancing Nutritional and Functional Properties for Africa, Indiana, Pretoria, South Africa, 2–4 April 2003.

14. Sharma, N.; Niranjan, K. Foxtail millet: Properties, processing, health benefits, and uses. Food Rev. Int. 2018, 34, 329–363.
[CrossRef]

15. Sachdev, N.; Goomer, S.; Singh, L.R. Foxtail millet: A potential crop to meet future demand scenario for alternative sustainable
protein. J. Sci. Food Agr. 2021, 101, 831–842. [CrossRef] [PubMed]

16. SR ISO 712:2005; SR ISO 2171/2002. Romanian Standards Catalog for Cereal and Milling Products Analysis; ASRO: Bucharest,
Romania, 2008.

17. Delcour, J.A.; Vanhamel, S.; De Geest, C. Physico-Chemical and Functional Properties of Rye Nonstarch Polysaccharides. I. Colori-
metric Analysis of Pentosans and Their Relative Monosaccharide Compositions in Fractionated (Milled) Rye Products. Cereal
Chem. 1989, 66, 107–111.

18. AACC International. Approved Methods of Analysis, 11th ed.; Methods 56-11.02 and 76-31.01; American Association of Cereal
Chemists International: St. Paul, MN, USA, 2000.

19. Godon, B.; Wilhm, C. Primary Cereal Processing A Comprehensive Sourcebook; VCH: New York, NY, USA, 1994; pp. 129–130.
20. Dubat, A.; Boinot, N. Mixolab Applications Handbook. Rheological and Enzymes Analyses; Chopin Technology: Villenueve, France, 2012;

p. 14.
21. Hadnadev, T.D.; Torbica, A.; Hadnadev, M. Rheological properties of wheat flour substitutes/alternative crops assessed by

Mixolab. Procedia Food Sci. 2011, 1, 328–334. [CrossRef]
22. Barrera, G.; Perez, G.; Ribotta, P.; Leon, A. Influence of damaged starch on cookie and bread-making quality. Eur. Food Res. Technol.

2007, 225, 1–7. [CrossRef]
23. Topin, V.; Radjai, F.; Dellene, J.Y.; Sadoudi, A.; Mabille, F. Wheat endosperm as a cohesive granular material. J. Cereal Sci. 2008, 47,

347–356. [CrossRef]
24. Collar, C.; Angioloni, A. Pseudocereals and teff in complex breadmaking matrices: Impact on lipid dynamics. J. Cereal Sci. 2014,

59, 145–154. [CrossRef]
25. Mariotti, M.; Lucisano, M.; Pagani, M.A.; Ng, P.K.W. Effects of dispersing media and heating rates on pasting profiles of wheat

and gluten-free samples in relation to their solvent retention capacities and mixing properties. LWT Food Sci. Technol. 2016, 66,
201–210. [CrossRef]

26. Kweon, M.; Slade, L.; Levine, H. Solvent retention capacity (SRC) testing of wheat flour: Principles and value in predicting
flour functionality in different wheat-based food processes and in wheat breeding—A review. Cereal Chem. 2011, 88, 537–552.
[CrossRef]

27. Wang, N.; Hou, G.G.; Kweon, M.; Lee, B. Effects of particle size on the properties of whole-grain soft wheat flour and its cracker
baking performance. J. Cereal Sci. 2016, 69, 187–193. [CrossRef]

28. Guo, X.; Hu, G.; Liu, S. Anti-nutritive role of oat β-glucan and application of oat β-glucanase in feed. Jiangxi Feed 2001, 2, 11–13.
29. Yamazaki, E.; Murakami, K.; Kurita, O. Easy preparation of dietary fiber with the high water-holding capacity from food sources.

Plant Foods Hum. Nutr. 2005, 60, 17–23. [CrossRef]
30. Cappa, C.; Lucisano, M.; Mariotti, M. Influence of Psyllium, sugar beet fibre and water on gluten-free dough properties and bread

quality. Carbohyd. Polym. 2013, 98, 1657–1666. [CrossRef]
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Abstract: Grain sorghum (Sorghum bicolor) is a gluten-free cereal grown around the world and is a food
staple in semi-arid and subtropical regions. Sorghum is a diverse crop with a range of pericarp colour
including white, various shades of red, and black, all of which show health-promoting properties
as they are rich sources of antioxidants such as polyphenols, carotenoids, as well as micro- and
macro-nutrients. This work examined the grain composition of three sorghum varieties possessing a
range of pericarp colours (white, red, and black) grown in the Mediterranean region. To determine
the nutritional quality independent of the contributions of phenolics, mineral and fatty acid content
and composition were measured. Minor differences in both protein and carbohydrate were observed
among varieties, and a higher fibre content was found in both the red and black varieties. A higher
amount of total saturated fats was found in the white variety, while the black variety had a lower
amount of total unsaturated and polyunsaturated fats than either the white or red varieties. Oleic,
linoleic, and palmitic were the primary fatty acids in all three analysed sorghum varieties. Significant
differences in mineral content were found among the samples with a greater amount of Mg, K, Al,
Mn, Fe, Ni, Zn, Pb and U in both red and black than the white sorghum variety. The results show
that sorghum whole grain flour made from grain with varying pericarp colours contains unique
nutritional properties.

Keywords: sorghum; pericarp; nutrition; grain; proximate composition; minerals; lipid composition

1. Introduction

Sorghum (Sorghum bicolor (L.) Moench) is a widely consumed cereal staple in regions
of Africa and Asia [1–8] and is the fifth leading cereal crop in the world, after the crops
wheat, maize, rice, and barley [9]. The United States is the number one producer and
exporter of sorghum, generating roughly 20% of total production and near 80% of total
sorghum exports from 2001–2003 [10]). Where sorghum has been traditionally a basic
food staple, it has also been used in several food products and in some cases health food
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items [8,11,12]. Sorghum does not contain peptide sequences that are toxic to persons
with celiac disease, as are found in wheat, barley, and rye, and is therefore a safe food
for celiac patients [13–15]. With increasing interest related to the unique properties of
sorghum, its value as a food in helping to improve human health and to prevent disease
has generated increasing research [1,2,4,11,15–17]. Specifically, increased research attention
has focussed on the diverse content of phenolic compounds present in sorghum, which is a
unique attribute among cereal grains [2]. These phenolic compounds have been shown to
have various properties, e.g., inhibiting cancer cell growth [17], and while more research
is needed on the health benefits of sorghum, consumption of whole grain sorghum may
have the potential to help reduce health problems such as heart disease, diabetes, and
obesity [16].

A current trend worldwide is a considerable preference for foods that have additional
health benefits beyond basic nutrition. Research has continued to demonstrate that sorghum
whole grains have numerous human health benefits, especially as related to antioxidant
activity of phenolic compounds present in the outer layers of the grain [18,19]. The free
radical scavenging activity of sorghum phenolic compounds has been related to beneficial
health attributes, including anti-microbial properties [20], reduced oxidative stress [18],
anti-inflammatory properties [21] and anti-cancer activity [17,22–25], thereby adding value
to sorghum grains and its increasing human consumption [26]. The beneficial activities of
sorghum for human health have been attributed mainly to the phenolic compounds found
in sorghum grain and which are well known to vary with pericarp colour. While much
of the research related to sorghum phenolic compounds and potential health benefits has
been conducted using whole sorghum bran, or crude extracts from sorghum grain/bran,
e.g., [6,17,18,20,21], numerous types of polyphenols have been identified in sorghum with
examples including, flavonoids, hydroxybenzoic acids and hydroxycinnamic acids with
specific levels varying according to both genetics and environment [24,27]. Several varieties
of sorghum exist with a wide range of pericarp colour, and which can be classified based on
the pigmentation of the pericarp [28]. In particular, research has shown that total phenolic
content and antioxidant activity in sorghum are correlated with the pericarp thickness
and colour, and sorghum with darker and thicker pericarp had greater levels of phenolic
compounds and increased antioxidant activity [28,29]. Highly pigmented sorghum may
therefore be desirable for use in human foods with improved human health attributes.

Substantial research has been conducted with the aim of developing the cultiva-
tion of sorghum lines in the Mediterranean area for use in production of human food
products [8,30–32]. With that overall goal, the focus of this research was to compare the nu-
tritional composition of sorghum varieties that differed in pericarp colour to (1) determine
how nutritional properties other than phenolic content varied and (2) identify varieties
with improved nutritional characteristics in addition to phenolic content and thus provide
greater potential health value for consumers. Additionally, this research adds to the body of
knowledge on sorghum grain nutrient composition, especially for sorghum grown outside
the major sorghum producing regions.

2. Materials and Methods

2.1. Sorghum Cultivars

The sorghum varieties along with seed sources used in this research are shown in
Table 1. In 2019, sorghum production was conducted in San Bartolomeo in Galdo (BN) in
the Fortore area, which is in the Campania Region of southern Italy (41◦25′ N, 15◦01′ E
and 597 m a.s.l.). The soil in this region is predominantly clay loam, deep and with a good
water holding capacity. The milling was carried out starting from 1 month from the harvest
of the sorghum grain, which was stored in a dry environment at 16 ◦C.
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Table 1. List of sorghum varieties.

Variety Colour Variety Name Source Supplied by

White sorghum DSM 3-410 Richardson Seeds Ltd. M. Malin
Red sorghum DSM IF-41912 Richardson Seeds Ltd. M. Malin

Black sorghum DSM 212-2311 Richardson Seeds Ltd. M. Malin

2.2. Flour Sample Preparation

Flour samples were produced from approximately 1 kg of grain samples that were
milled using a two-roll mill (Chopin Moulin CD1; Chopin S.A., Villeneuve la Garenne,
France) and subsequently were sieved using a planetary sieve (Buhler AG, Uzwil, Switzer-
land) with a screen size of 120 μm2.

2.3. Moisture

Moisture was determined according to the method described by Pontieri et al. [31].
Briefly, a ceramic capsule was accurately weighed after a complete desiccation at 100 ◦C in
vacuum-packed (25 mm Hg) conditions using an oven (ISCO mod. NSV9035) and chilled at
room temperature in a silica gel dryer. Then, an accurately weighed aliquot of flour samples
(about 2 g) was placed in the desiccated ceramic capsule. The humidity was removed from
the sample, by keeping it in the same temperature and pressure conditions for about five
hours, until a constant weight was achieved. The moisture content was estimated by the
weight loss.

2.4. Ash

To measure total ash, sorghum grain samples (ca. 3 g each) were weighed into broad,
shallow ashing dishes and incinerated at ~550 ◦C, after which the dishes were placed in a
desiccator to cool and then weighed after coming to room temperature [33].

2.5. Protein Content

Nitrogen content was measured using the Kjeldahl method [34] with total protein
content determined with a conversion factor of 6.25. Sorghum grain samples (2 g each)
were analysed with a Mineral Six Digester and an Auto Disteam semi-automatic distilling
unit (International PBI, Milan, Italy).

2.6. Total Lipid Content

Total lipid content was measured as described by Pontieri et al. [30]. Briefly, ap-
proximately 3 g of grain was ground with liquid nitrogen using a mortar and pestle and
lyophilized with the FTS-System Flex-DryTM instrument. The ground whole meal was
then extracted using a Soxhlet apparatus with chloroform (CHCl3) for 4 h. Extracts were
then dried with a rotary evaporator to obtain the crude extracts, which were subsequently
weighed to determine the amount of extracted fat.

2.7. Gas Chromatography of Fatty Acids

Esterification of fatty acids from the crude extracts and subsequent gas chromatographic
analysis of the fatty acid methyl esters was carried out as described previously [30,31]. Briefly,
solid sorghum fat was melted in an oven at 50 ◦C to determinate its composition. A drop of
fat was transferred into a 1.5 mL-vial. One ml of hexane and 100μL of 2N KOH methanolic
solution were added. The vial was vortexed for 5 min, and then left under static conditions
for 5 min, to enable a complete stratification of the hexanic portion, which contained the
methyl ester of the fatty acids. Chromatographic separation was achieved using a GC-
2010 (Shimadzu, Kyoto, Japan) equipped with a DB-Wax (Phenomenex, Torrance, CA,
USA), 30 m length, 0.25 mm internal diameter, 0.25 μm film thickness column. The GC
conditions were as follows: carrier gas, He; pressure, 75 kPa; injector temperature, 220 ◦C;
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FID temperature, 250 ◦C; and oven program, 170 ◦C for 8 min, 2◦C/min to 185 ◦C for
10 min, 1 ◦C/min to 190 ◦C for 12 min, 10 ◦C/min to 240 ◦C for 5 min.

2.8. Carbohydrates

Carbohydrate content was determined by subtraction as the amount of material left
after accounting for moisture, ash, protein, and fat content [35].

2.9. Fibre

Fibre was determined according to the AOAC [36] method. Briefly, fibre was deter-
mined as the loss, after incineration, of the sample digested in an acidic environment by
H2SO4 (0.255 N), followed by an alkaline digestion with NaOH (0.223 N). Digestion was
obtained with an automatic digestor (Velp Scientific mod. FIWE3, Usmate Velate, Monza e
Brianza, Italy).

2.10. Total Minerals Determination

The determination of the mineral elements of interest was performed according to
Tenore et al. [37] as described by Pontieri et al. [38].

Briefly, for each sample, the ash content was solubilized using ultrapure water (18 MΩ,
produced using a Millipore Direct-Q UV3 water purifier) based HNO3 (Ultrapure, Sigma
Aldrich, St. Louis, MO, USA) 5% solution. The solution was filtered using ash-free
regenerated cellulose filters. All chemicals were of the highest commercially available
purity grade. No glass (flask, pipettes, etc.) was used for any operation. Before use, all
plastic containers were cleaned using 10% ultra-pure grade HNO3 for at least 24 h, and
then rinsed copiously with ultra-pure water before use.

Element quantification was performed using quadrupole inductively coupled plasma
mass spectrometry, ICP-QMS (820-MS, Bruker Daltonics, Billerica, MA). The operational pa-
rameters were: Plasma flow: 18 L/min, Auxiliary flow: 1.8 L/min, Sheath Gas: 0.14 L/min,
Nebulizer flow: 0.98 L/min, RF power: 1.40 kW, Pump rate: 4 rpm, Stabilization delay:
20 s, First Extraction Lens: −40 volts, Second Extraction Lens: −166 volts, Third Extraction
Lens: −234 volts, Corner Lens: −208 volts, Mirror Lens left: 29 volts, Mirror Lens right:
26 volts, Mirror Lens bottom: 30 volts; CRI parameters: Skimmer Gas: H2 at 50 mL/min,
Sample Gas: He at 10 mL/min; dwell time, 10,000 μs; no. of scan replicate: 10, no. repli-
cate for sample: 5. High purity He (99.9999% He, SALDOGAS Srl, Naples, Italy) and H2
(99.9999% H2, produced by the DBS H2 generator PGH2-300) were used, in order to mini-
mize the potential problems caused by unidentified reactive contaminant species in the
cell. Calibration solutions were prepared from multi-elemental standard stock solutions of
20.00 mg/L. Calibration curves were obtained using 9 calibration solutions. Reagent blanks
containing ultra-pure water were additionally analysed to control the purity of the reagents
and laboratory equipment. Standards and blanks were subjected to the same treatment as
the samples. A mixed solution of internal standard (6Li, 45Sc, 72Ge, 89Y, 103Rh 159Tb, 165Ho,
209Bi) 10 μg/L was on-line aspired with a T union with the sample and standard solution.

2.11. ELISA Assay

The RIDASCREENR standard test kit [RIDASCREEN R Gliadin (Art. No R7001)
R-Biopharm AG] sandwich ELISA based method was used to determine the presence
of protein sequences reactive to gliadins in sorghum flour samples [39] following the
manufacturer’s instructions. Commercial gliadin standard 16–18% N (Sigma Aldrich,
Milan, Italy) was used as control.

2.12. Statistical Analysis

With the exception of total lipids analysis, which was performed in triplicate, all
analyses were performed in quintuples (n = 5) (technical replicates), and the results are
presented as the mean ± SD. Data distributions were evaluated by means of Shapiro–Wilk
test. As all data was not normally distributed, differences in means were investigated using

64



Foods 2022, 11, 436

the non-parametric Mann–Whitney U test. Analysis of variance (ANOVA) was used to
assess if the different values were statistically significant or not. The Tukey post-hoc test
was used to identify which samples were different. False discovery rate (FDR) corrected
p-value was used to manage the multiple comparisons.

3. Results

3.1. Nutrient Composition

The chemical composition of white, red, and black sorghum varieties developed
in the USA but produced in Southern Italy is shown in Table 2. The table also reports
the recommended daily dose (RDA) according to the European legislation [40]. Minor
variations in both protein and carbohydrate were observed among the three coloured
sorghum varieties analysed, while a higher fibre content was found in both the red and
black varieties (p < 0.05).

Table 2. Nutritional values of white, red, and black sorghum varieties. Abbreviation: Recommended
Daily dose (RDA).

Parameter White Red Black RDA

Moisture (%) 11.86 ± 0.06 11.92 ± 0.04 * 11.44 ± 0.09 §
Ash (%) 1.22 ± 0.04 1.44 ± 0.05 * 1.88 ± 0.06 *§

Total proteins (%) 6.14 ± 0.10 6.85 ± 0.07 * 7.28 * ± 0.09 § 50 g/day
Fats (%) 2.23 ± 0.05 2.00 ± 0.04 * 1.55 * ± 0.03 § 70 g/day

Total carbohydrates (%) 73.17 ± 0.27 71.32 ± 0.30 * 70.07 * ± 0.39 § 260 g/day
Sugars (%) 0.67 ± 0.05 0.63 ± 0.06 0.77 ± 0.06 90 g/day
Fibres (%) 5.37 ± 0.14 6.46 ± 0.29 * 7.78 ± 0.24 *§

FDR corrected p-value < 0.05 comparing to white sorghum was indicated as *, while comparing to red sorghum
as §.

3.2. Fatty Acid Composition of Total Lipids

The percentages of total fatty acids, also aggregated as saturated, mono-unsaturated
and polyunsaturated fats, of white, red and black sorghum varieties are shown in Table 3.
Greater levels of total saturated fats (* p < 0.05) was found in the white variety than in the
red and black varieties, while the black variety had a lesser amount of total unsaturated
and polyunsaturated fats (* p < 0.05) than both the white and red varieties.

Table 3. Fatty acid content (g per 100 g raw fat) of white, red, and black sorghum varieties.

Fatty Acid White Red Black

Myristic acid 0.013 ± 0.000 0.012 ± 0.000 0.036 ± 0.000 *§
Palmitic acid 18.633 ± 0.001 17.322 ± 0.01 * 12.769 ± 0.001 *§

Palmitoleic acid 0.824 ± 0.002 0.792 ± 0.002 0.690 ± 0.001 *§
Margaric acid 0.064 ± 0.534 0.065 ± 0.537 0.099 ± 0.385 *§

Margaroleic acid 0.063 ± 0.447 0.061 ± 0.421 0.067 ± 0.0438 *§
Stearic acid 2.226 ± 0.613 2.236 ± 0.598 1.234 ± 0.599 *§
Oleic acid 37.62 ± 0.031 42.655 ± 0.029 * 40.178 ± 0.018 *§

Linoleic acid 35.707 ± 0.062 33.985 ± 0.058 42.084 ± 0.052 *§
Linolenic acid 2.051 ± 0.087 1.958 ± 0.081 2.084 ± 0.091 *§
Arachidic acid 0.435 ± 0.026 0.374 ± 0.025 * 0.214 ± 0.028 *§
Eicosenoic acid 0.302 ± 0.023 0.274 ± 0.021 * 0.220 ± 0.022 *§

Behenic acid 0.072 ± 0.021 0.061 ± 0.019 * 0.027 ± 0.023 *§
Lignoceric acid 0.203 ± 0.015 0.188 ± 0.013 * 0.232 ± 0.018 *§

Erucic acid 0.019 ± 0.015 0.018 ± 0.013 0.065 ± 0.014 *§

Saturated fats 0.52 ± 0.05 0.41 ± 0.04 * 0.22 ± 0.03 *§
Monounsaturated fats 0.85 ± 0.02 0.89 ± 0.01 0.64 ± 0.02 *§
Polyunsaturated fats 0.86 ± 0.07 0.71 ± 0.02 * 0.69 ± 0.02 *

FDR corrected p-value < 0.05 comparing to white sorghum was indicated as *, while comparing to red sorghum
as §.
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Oleic, linoleic, and palmitic, were the primary fatty acids in all three of the sorghum
varieties analysed, which is in agreement with previously reported results [31,41,42]. The
percentage of palmitic acid in the black sorghum variety was slightly lower than both the
white and red varieties, while the percentage of linoleic acid was slightly higher in the
black variety than in the white and red varieties. Finally, the percentage of oleic acid was
comparable between the three varieties of sorghum.

3.3. Mineral Content

Levels of minerals from the three sorghum varieties are reported in Table 4. Statistical
analysis was not performed on the mineral content due to the number of minerals tested.
However, the levels of macro-elements followed the sequence K > Mg > Ca > Na in all three
varieties analysed. Micro-element content followed the sequence Fe > Zn > Al > Mn > Cr >
Ni > Cu > Ba > Mo > Pb > Co > Sn > Ag > As > Se > V > Be > Tl in the white variety, while
the content of micro-elements followed the sequence Fe > Zn > Al > Mn > Ni > Cu > Cr >
Ba > Mo > Pb > Co > Sn > Ag > As > Se > V > Be > Tl in both the red and black varieties
analysed. The white variety had a lower element content than that of both the red and
black varieties, with K, Fe and Sb were the most abundant macro-element, micro-element,
and trace element in all analysed varieties, except Hg which was the most abundant trace
element in the white variety. The potassium and sodium content of the samples varied
from 26.89 to 35.66 g kg−1 and 0.42 to 0.54 g kg−1, respectively, with the potassium content
of the samples ranging from about 64-fold to 66-fold higher than that of sodium. Therefore,
the K:Na ratio was higher than the recommended ratio 5.0 [43] for the human diet. The fact
that the sorghum hybrids all contained a high K:Na ratio suggests that sorghum could be
used to modulate sodium-related health problems. In fact, diets with a higher K:Na ratio
are recommended for certain health conditions such as [44].

Table 4. Elements content in sorghum varieties. Abbreviation: Recommended Daily dose (RDA).

Metal Unit White Red Black RDA

K g/Kg 26.89 ± 0.62 32.02 ± 0.68 * 35.66 ± 0.61 *§ 2.0 g/day
Mg g/Kg 8.69 ± 0.35 12.86 ± 0.22 * 16.93 ± 0.41 *§ 0.375 g/day
Ca g/Kg 1.25 ± 0.03 2.16 ± 0.03 * 2.88 ± 0.08 *§ 0.8 g/day
Na g/Kg 0.42 ± 0.04 0.43 ± 0.01 0.54 ± 0.01 *§
Fe mg/Kg 346.91 ± 1.35 578.75 ± 1.42 * 655.15 ± 1.37 *§ 14 mg/day
Zn mg/Kg 180.21 ± 0.86 250.47 ± 5.34 * 284.35 ± 7.59 *§ 10 mg/day
Al mg/Kg 54.59 ± 0.54 179.01 ± 5.43 * 200.01 ± 4.68 *§
Mn mg/Kg 49.81 ± 1.22 79.44 ± 2.58 * 98.68 ± 2.53 *§ 2 mg/day
Cr mg/Kg 31.17 ± 1.13 43.54 ± 1.55 * 53.74 ± 0.61 *§ 0.04 mg/day
Ni mg/Kg 29.32 ± 0.51 40.13 ± 0.78 * 49.91 ± 1.46 *§
Cu mg/Kg 24.11 ± 0.49 31.83 ± 0.88 * 35.56 ± 0.83 *§ 1 mg/day
Ba mg/Kg 4.63 ± 0.14 6.46 ± 0.25 * 8.00 ± 0.08 *§
Mo mg/Kg 1.15 ± 0.03 1.62 ± 0.02 * 2.05 ± 0.05 *§ 0.05 mg/day
Pb mg/Kg 0.57 ± 0.06 1.39 ± 0.04 * 1.61 ± 0.06 *§
Co mg/Kg 0.50 ± 0.02 0.96 ± 0.01 * 1.07 ± 0.01 *§
Sn mg/Kg 0.17 ± 0.01 0.31 ± 0.01 * 0.39 ± 0.01 *§
Ag mg/Kg 0.17 ± 0.01 0.30 ± 0.01 * 0.34 ± 0.01 *§
As mg/Kg 0.63 ± 0.01 0.23 ± 0.01 * 0.28 ± 0.01 *§
Se mg/Kg 0.08 ± 0.01 0.05 ± 0.01 * 0.07 ± 0.01 *§ 0.055 mg/day
V mg/Kg <0.01 <0.01 <0.01
Be mg/Kg <0.01 <0.01 <0.01
Tl mg/Kg <0.01 <0.01 <0.01
Sb μg/Kg 38.62 ± 0.90 64.69 ± 1.10 * 79.80 ± 2.01 *§
Hg μg/Kg 61.56 ± 3.08 50.81 ± 2.06 * 62.70 ± 2.20 §
Cd μg/Kg 11.86 ± 0.20 32.90 ± 0.68 * 36.93 ± 0.86 *§
U μg/Kg 3.14 ± 0.05 5.54 ± 0.13 * 6.21 ± 0.12 *§

FDR corrected p-value < 0.05 comparing to white sorghum was indicated as *, while comparing to red sorghum
as §.
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3.4. Immunochemical Evidence for the Absence of Gluten in Coloured Sorghum Varieties

Immunochemical measurement of gliadin concentration in the sorghum flour from all
samples tested showed that gluten levels in all sorghum cultivars were less than 5 ppm
(the detectable limit) (Table 5) and are at levels substantially below the 20 mg/kg (ppm)
threshold recommended as safe for celiac patients [39].

Table 5. Measurement of gliadin (as ppm) in flours by using sandwich R5 enzyme-linked immunosor-
bent assay (ELISA).

Variety Type Content (ppm) 2

White Sorghum <5
Red Sorghum <5

Black Sorghum <5
Gliadin standard 1 Wheat 56

1 Gliadin standard from wheat (Sigma). 2 Mean values from 3 measurements.

4. Discussion

As it has been reported that pericarp colour of sorghum grain may vary due to both
genotype environmental factors [42,45,46], in this work we compared both the chemical
composition and the content of fatty acids and the mineral content of three coloured
varieties of sorghum grown in the Mediterranean environment of Southern Italy. The search
for varieties of sorghum developed in the USA that have high functional and nutraceutical
properties when grown in the Mediterranean area will stimulate the use of sorghum for
human use as a health food in European countries; it may encourage European farmers
to produce sorghum, as it is a drought tolerant plant very well suited to environmental
changes [8].

The composition profiles of white, red, and black food-grade sorghum varieties devel-
oped in the USA, and grown in Southern Italy, were overall similar with slight differences
in both protein and carbohydrate percentages. The higher fibre content found in the red
and black varieties suggests that this variety may have health benefits in addition to those
conferred from just phenolic compounds. The black sorghum also had slightly higher total
protein levels and less total fat, which could be minor benefits for use of black sorghum
flour in human food products.

The quantities of the total saturated and mono-unsaturated fats of both the white and
red varieties were similar and higher than those of the black variety, while the red and
black varieties had similar quantities of total polyunsaturated fats but lower than that of the
white variety. Thus, the black variety analysed in this research may have a slight nutritional
advantage related to consumption of saturated fat relative the other two varieties. Oleic,
linoleic, and palmitic were the primary fatty acids in all the sorghum varieties. Unsaturated
fatty acids are important for human nutrition, as they are major components of biological
membranes and play a role in modulating the fluidity of membranes. Additionally, un-
saturated fatty acids do not have cholesterogenic properties (unlike saturated fatty acids),
and reduce the risk of thrombosis, due to anti-aggregating activity of blood lipoprotein
particles. Because of these features, unsaturated fatty acids are strongly recommended to
lower the risk of atherosclerosis [4,11,16]. The sorghum samples analysed in this work all
contained some levels of unsaturated fatty acids and could supplement other plant-based
sources of unsaturated fats in human diets.

The content of each macro-element followed the sequence K > Mg > Ca > Na in all three
coloured sorghum varieties analysed with the primary mineral being K, followed by Mg,
which is consistent with the literature [38,47–49]. Furthermore, the concentrations of the
above four macro-elements were higher in the red and black sorghum varieties than in the
white sorghum variety, confirming previous works whose results indicate that the mineral
content of sorghum was affected by both genetic and environmental factors [38]. With
regards to macro-element content, this research reported a K:Na ratio greater than what is
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recommended in the human diet for all sorghum varieties analysed [43]. An improved K:Na
ratio may improve bone health, lessen muscle loss, and moderate other chronic diseases
such as hypertension and stroke [44]. In addition to the above, the magnesium content in
the sorghum varieties was greater than typically found in corn (on average, 0.47 g kg−1)
and wheat flour (on average, 0.25 g kg−1) [50]. Because each of the three types of coloured
sorghum varieties analysed have high magnesium content, these sorghum varieties may
be good sources of magnesium. Magnesium is an important macro-element because it is
required for the function of many enzyme systems and therefore human metabolism [50].

The content of micro-elements followed the sequence Fe > Zn > Al > Mn > Cr > Ni > Cu
> Ba > Mo > Pb > Co > Sn > Ag > As > Se > V >Be > Tl in the white variety analysed, while
the content of micro-elements followed the sequence Fe > Zn > Al > Mn > Ni > Cu > Cr > Ba
> Mo > Pb > Co > Sn > Ag > As > Se > V > Be > Tl in both red and black varieties analysed.
The differences in the concentrations of some micro-elements between the white sorghum
variety and both red and black sorghum varieties reported above could be affected by the
sorghum variety, soil conditions and the state of plant maturity at harvest [38]. The most
abundant micro-element was Fe in all three sorghum varieties analysed, confirming the
data reported in the literature [38,46,49]. The latter is an essential micro-element in human
nutrition, and Fe-deficiency is a major public health threat worldwide [6]. The expanding
production of sorghum for human use in the US [11] and in Mediterranean countries [8],
suggests the use of this cereal for healthy nutrition. Thus, identifying sorghum varieties
with the highest levels of Fe is beneficial when identifying sorghum varieties for production
in Europe.

The concentrations of trace element content followed the sequence Hg > Sb > Cd > U
in the white variety, while it followed the sequence Sb > Hg > Cd > U in both red and black
varieties. Importantly, with regards to the trace elements Sb, Hg, Cd, U, their concentration
in the three sorghum hybrids analysed in this study did not exceed the maximum permitted
by Regulation (CE) n. 41/2009.

Regarding the micro-elements content, the results reported in the present study show
high content of both Fe and Zn in all sorghums. The latter two elements are essential
micro-elements in human nutrition, and Fe and Zn deficiencies are worldwide public
health issues [6].

Furthermore, in this work, the sorghum varieties developed in the USA and grown
in the Mediterranean environment were also analysed immunochemically to measure
the concentration of gliadin to verify previous reports on safety of sorghum for people
with celiac disease. As shown in Table 5, the results indicated that the gluten levels in all
sorghum cultivars were less than 5 mg/kg (below detectable limits) which is below the
20 mg/kg level proposed as a safe level for celiac patients [39] and agrees with previous
results [13–15].

5. Conclusions

Consumers worldwide have increasingly expressed interest in both functional and nu-
traceutical foods due to the additional health benefits provided through their consumption.
Substantial research has been focused on identifying the mechanisms associated with the
disease prevention or therapeutic potential of such foods. One example of a functional and
nutraceutical food that has received increased research attention is sorghum grain. It is well
known that sorghum is a genetically diverse crop—that diversity extends to the presence of
phenolic content and composition, and results in phenotypic expression in sorghum grain
with a range of pericarp colours. Sorghum has been studied for several potential human
health benefits, including the role of sorghum phenolic compounds present in types of
sorghum that vary in pericarp colour. The present study supports the continued strategy
of evaluating sorghum with a range of pericarp colour not only for the properties of their
phenolic compounds, but also for additional nutritional properties such as protein and
carbohydrate contents, levels of unsaturated fatty acids and minerals. Sorghum varieties
developed for production in the USA and grown in the Mediterranean region demonstrate
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the feasibility of producing a range of different sorghums that vary in polyphenolic content
and the high antioxidant capacity of the compound eriodictyol-O-hexoside isolated from
the red sorghum variety, a flavonoid very important for human health due to its ability
to fight free radicals with high efficiency [51]. The current research provides valuable
information on nutrient composition of sorghum and supports the growing research on the
unique health benefits of sorghum whole grain consumption. This research also shows that
sorghum varying in pericarp colour and in associated phenolic compounds [50] can also
vary in overall nutrient composition.

Cereals have long been consumed by humans and are staple foods providing a primary
source of carbohydrates, proteins, B vitamins and minerals for a substantial portions of
the world’s population; this is especially so where sorghum is consumed as the primary
food source. Sorghum also contains a variety of phytochemicals which may, in addition
to basic nutrition, provide some of the health benefits seen in populations consuming
primarily plant food-based diets [47]. The fact that the nutritional composition was similar
between the same varieties of sorghum grown in the USA and in the Mediterranean area is
confirmation that it is possible to utilize sorghum for human use in Europe.
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Abstract: In this study, we investigated the effects of germination on the secondary metabolite
composition in spelt grains. Germination significantly increased the content of various metabolites in
free and bound forms. Benzoxazinoids were the most important compounds in the free fraction of
the 96 h germinated grains (MBOA content as the predominant compound was 277.61 ± 15.29 μg/g
DW). The majority of phenolic acids were present in the bound fraction, with trans-ferulic acid as
the main component, reaching 753.27 ± 95.87 μg/g DW. The often neglected cis-isomers of phenolic
acids accounted for about 20% of the total phenolic acids. High levels of apigenin di-C-glycosides
were found in spelt grains, and the schaftoside content was most affected by germination, increasing
threefold. The accumulation of secondary metabolites significantly increased the antioxidant activity
of germinated spelt. According to the results of this study, the content of most bioactive compounds
was highest in spelt grains after 96 h of germination. These data suggest that germinated spelt could
potentially be valuable for the production of functional foods.

Keywords: spelt; germination; benzoxazinoids; cis-isomers; schaftoside; free and bound fractions

1. Introduction

Spelt (Triticum spelta L.) is primitive wheat that is a distant cousin of common wheat
(Triticum aestivum L.). Along with einkorn (Triticum monococcum L.) and emmer (Triticum
turgidum L.), spelt is considered an ancient wheat that has remained unchanged over a
very long period of time. Compared to common wheat, ancient wheats are more resistant
to disease, require less nitrogen fertilization, and are generally better adapted to harsh
growing conditions. Products from spelt and other ancient cereals are reported to be
better tolerated by individuals with intolerances or allergies to modern wheat varieties [1].
Recent evidence from in vitro, in vivo, and clinical studies suggests that the consumption of
ancient wheat products has antioxidant and anti-inflammatory effects. In addition, ancient
cereals and their products have a lower glycemic index than other grains [2].

As a result of these findings and its image as a “healthier and more natural” cereal
compared to modern wheat varieties, spelt is gaining popularity in both conventional and
organic agriculture and thus commercial interest in the food industry.

Germination processes are a traditional method for improving the nutrient profile
of grains and offer a practical way to naturally biotransform grains. It is considered a
“green food” engineering method to accumulate natural bioactive compounds in seeds
and sprouts that can be consumed as functional foods [3]. Germination is initiated by
increasing the moisture content of the grain to 43–45% by soaking in water [4]. After
initiation, storage macromolecules are degraded by newly synthesized enzymes, and these
reactions lead to the development of new highly bioactive compounds through de novo
synthesis and transformation, thus increasing the nutritional value and health-promoting
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effects of germinated grains [5]. Germination increases various metabolites (polyphenols,
alkylresorcinols, vitamins) and many other less known groups of secondary metabolites.
Other benefits of germination include removal or reduction of antinutritional compounds
(e.g., phytates) and enrichment with dietary fiber [3,6,7].

In the literature, phenolic compounds are the most reported type of bioactive com-
pounds in cereals, and they generally occur in free and bound forms. However, the total
phytochemical content in whole grains is often underestimated since most studies deter-
mine only the content of free phenolics. The free form of phenolic compounds accounts for
only a small portion of the phenolics in grains [8]. The majority of phenolics in cereals are
bound to cell wall materials, such as lignin, cellulose, proteins, and arabinoxylan and can
be released only by alkaline or enzymatic hydrolysis [9]. Consequently, bound phenolic
compounds can survive gastrointestinal digestion to reach the colon intact, where they
may provide a favorable antioxidant environment for intestinal microbiota [10]. This might
partly explain the positive health effect of whole-grain consumption, as demonstrated by
epidemiological studies [11]. In addition to phenolic acids, there are other, often neglected
compounds found in cereal grains, such as benzoxazinoids and apigenin di-C-glucosides
(mainly schaftoside and isoschaftoside). It is suggested that these compounds could be
additional contributing factors to the health benefits of whole grains.

Benzoxazinoids are nitrogen-containing secondary metabolites found mainly in the
vegetative parts of Poaceae plants, such as rye, wheat, triticale, and maize. They are
usually divided into three groups according to their structure: benzoxazolinones, lactams,
and hydroxamic acids. Benzoxazinoids are mostly analyzed because of their importance
in plant physiology as allelochemicals for defense against predators and infection [12];
however, to the best of our knowledge, there is no information about dynamic changes in
benzoxazinoids during germination of spelt grains or in spelt grains whatsoever.

Recent studies have found that benzoxazinoids are present not only in the vegetative
parts of young plants but also in mature cereal grains. Considerable amounts of benzox-
azinoids are found in fermented beverages made from wheat or rye malt [13]. With the
significant dietary intake of various whole grain cereals and cereal products, the potential
health-promoting effects of benzoxazinoids have come into focus.

There are still no conclusive data on the health effects of these compounds in hu-
mans [14]; however, recent studies on benzoxazinoids have reported their pharmacological
and health-promoting properties, including anti-inflammatory, anticancer, antimicrobial,
appetite suppressant, and reproductive system stimulant effects [15]. Animal and human
studies have demonstrated that dietary benzoxazinoids are absorbed and metabolized in
mammals [16]. Quantitative analysis of benzoxazinoid metabolism in a rat model revealed
that the bioavailability of various benzoxazinoids based on their urinary excretion levels
varied from <1 to 21% [17]. The pharmacokinetics of benzoxazinoids in plasma and urine
have shown that benzoxazinoid levels are dose-dependent, and it takes approximately
3 h to reach the highest plasma levels. After consumption, most benzoxazinoids and their
metabolic derivatives are excreted slowly in the urine [18].

Flavonoids are another group of compounds present in cereal seeds and represent a
large family of plant polyphenolic compounds that act as UV filters and colorants, serve
to defend against pathogens, and are of great interest to human health. Schaftoside and
isoschaftoside are flavonoid di-C-glycosides that possess a variety of biological activi-
ties, including antidiabetic, antihypertensive, hepatoprotective, anti-inflammatory, and
antioxidant activities in mammals, with potential for applications as drugs or dietary sup-
plements [19,20]. Because of the various health benefits of compounds in cereal grains,
understanding the dynamic changes in bioactive compounds in cereals, both in free and
bound forms, during germination is highly important [21]. However, limited information is
available on the dynamic changes in benzoxazinoids and apigenin di-C-glycosides during
the first stages of germination.
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The present investigation reveals the effect of germination on the quantitative con-
tribution of these substances to the total nutritional value of spelt grains. Therefore, the
main objective of this study was to study and characterize the dynamic changes in the com-
position and content of selected phenolics, benzoxazinoids, and apigenin di-C-glycosides
in free and bound forms of spelt grains at different stages of germination. The second
objective was to quantify often neglected cis isomers of phenolic acids in the bound fraction
of spelt extracts. Finally, we evaluated the effect of germination on the total phenolic
content and antioxidant activity. Our goal was to provide information that can contribute
to the implementation of germinated spelt grains for the production of new functional
food products.

2. Materials and Methods

2.1. Materials

Throughout this work, we used the »Ostro« cultivar of common spelt (Triticum spelta
L.) grown in organic growth conditions that were kindly supplied by Rangus mill (Šen-
tjernej, Slovenia). Methanol, hydrochloric acid, sodium bicarbonate, sodium hydroxide,
1,1-diphenyl-2-picrylhydrazyl (DPPH), and 2,2’-azino-bis (3-ethylbenzothiazolin-6-sulfonic
acid diammonium salt) (ABTS) were purchased from Sigma-Aldrich (Steinheim, Ger-
many). Manganese dioxide was from Kemika (Zagreb, Croatia) and Folin–Ciocalteu (FC)
reagent was from Merck (Darmstadt, Germany). The analytical standards of 6-methoxy-2-
benzoxazolinone (MBOA), 2-benzoxazolinone (BOA), ferulic acid, p-coumaric acid, and a
mixture of cis/trans isomers of ferulic acid were from Sigma-Aldrich (Steinheim, Germany).
Schaftoside and isoschaftoside were from Biosynth (Bratislava, Slovakia). All of the stan-
dards used were analytical or HPLC grade. All aqueous solutions were prepared using
Milli-Q purified water (Merck Millipore, Bedford, MA, USA).

2.2. Germination Method

Before germination, we prepared spelt samples by removing foreign materials and
damaged grains. Disinfection of the grains was performed by soaking the samples in 50 ◦C
water for 5 min [22]. The soaking time was 8 h in water, with a 15 min aeration period every
hour. After soaking, the grains were placed in a thin layer on perforated metal trays. The
trays were placed in a growth chamber with a humidifier to ensure high humidity (relative
humidity, >95%) and germinated at 20 ◦C. Germinated seeds were harvested at 12, 24, 36,
48, 72, and 96 h after the start of soaking. Prior to analysis, moisture content in all samples
was determined using a modified AACC method 44-19.01, and results were expressed on a
dry weight basis.

2.3. Extraction of Free Phenolic Compounds

The extraction of free phenolic compounds was carried out according to the method
previously reported by Živković et al. [7]. Briefly, 1 g of ground grains was mixed with
3.0 mL 70% aqueous methanol, and the mixture was shaken in the dark at room tem-
perature for 40 min at 200 rpm (EV-403; Tehtnica Železniki, Železniki, Slovenia). After
centrifugation at 8709× g for 8 min at 10 ◦C (Avanti JXN-26; Beckman Coulter, Krefeld,
Germany), the supernatant was removed and stored, and the extraction was repeated twice
more. The 3 supernatants were pooled, diluted to 10 mL with 70% aqueous methanol, fil-
tered using 0.45-μm pore size syringe filters (Chromafil A-45/25; Macherey-Nagel, Düren,
Germany), and stored at 2 ◦C until determination of total phenolic content (TPC) and
antioxidative activity (AA) analysis within 24 h.

2.4. Extraction of Bound Phenolic Compounds

After methanol extraction, the solid residues were hydrolyzed with sodium hydroxide,
as described previously by Živković et al. [7]. Briefly, 20 mL of 2 M NaOH was added to
the reaction tube, and the mixture was shaken in the dark at room temperature for 4 h at
200 rpm (Tehtnica Železniki EV-403, Slovenia). The hydrolyzed mixture was acidified to
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pH 3.2 to 3.4 by the addition of 3.5 mL of concentrated formic acid. After centrifugation
at 8709× g for 8 min at 10 ◦C (Avanti JXN-26; Beckman Coulter, Krefeld, Germany), the
supernatant was removed and filtered through 0.45-μm pore size syringe filters (Chromafil
A-45/25; Macherey-Nagel, Düren, Germany) and stored at 2 ◦C until determination of total
phenolic content (TPC) and antioxidative activity (AA) analysis within 24 h.

2.5. Total Phenolic Content (TPC)

The TPC of the crude grain extracts was determined using the Folin–Ciocalteu (FC)
reagent according to Živković et al. [7]. A total of 100 microliters of extract was dispensed
into 2.0 mL microcentrifuge tubes and mixed with 1.3 mL Milli-Q water and 0.3 mL diluted
FC reagent (reagent:water, 1:2). After 5 min, 0.3 mL 20% (w/v) aqueous Na2CO3 was
added. After 1 h at room temperature, the absorbances were measured at 765 nm (UV-
Vis spectrophotometer; Model 8453; Agilent Technologies, Santa Clara, CA, USA). The
measurements were compared with a standard curve of a Trolox solution, and TPC was
expressed as mg Trolox equivalents (TE) per g dry weight of the grain sample (mg TE/g
DW). Trolox was used as a standard because it exchanges the same number of electrons in
FC, ABTS, and DPPH assays [23], which allows a direct comparison of the relative efficiency
of extracted phenolic compounds in FC and antioxidant assays.

2.6. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity [24] of the grain extracts was determined
according to a method described previously [7]. A total of 50 microliters of each extract
was mixed with 250 μL of acetic buffer, 0.7 mL of 70% aqueous methanol, and 1 mL of a
0.2 mM methanol solution of DPPH to give a final volume of 2 mL. The absorbance of the
mixture was measured after 1 h at 517 nm (UV-Vis spectrophotometer; Model 8453; Agilent
Technologies, Santa Clara, CA, USA). The measurement was compared to a standard
curve of a Trolox solution, and the radical scavenging activity was expressed as mg Trolox
equivalents per g dry matter (mg TE/g DW).

2.7. ABTS Radical Cation Scavenging Activity

The ABTS radical scavenging activities of the grain extracts were determined according
to a method described previously [7]. A total of 50 microliters of each extract was mixed
with 0.5 mL 0.325 M phosphate buffer, 1.0 mL of diluted ABTS radical cation solution,
and 0.45 mL Milli-Q water to give a final volume of 2 mL. The mixture was shaken
and left in the dark for 1 h. The absorbance was measured after 1 h at 734 nm (UV-Vis
spectrophotometer; Model 8453; Agilent Technologies, CA, USA). The measurement was
compared to a standard curve of a Trolox solution, and the radical scavenging activity was
expressed as mg TE/g DW.

2.8. Purification of Extracts

Crude grain extracts were purified using 100 mg Strata-X RP cartridges (Phenomenex,
Torrance, CA, USA) according to a previously described method [7]. Briefly, 30 mL of the
diluted crude methanol extracts (extract:water, 1:9) or 3.0 mL of the hydrolyzed extracts
were applied to the SPE cartridges, washed with 4.0 mL of Milli-Q water, and dried with a
flow of air. The compounds bound to the cartridges were eluted with 2.0 mL of 70% (v/v)
aqueous methanol. The resulting extracts were filtered through syringe filters with a
pore size of 0.20 μm (Chromafil Xtra-20/13; cellulose acetate; Macherey-Nagel, Düren,
Germany) and then stored at −80 ◦C until liquid chromatography–mass spectrometry
analysis (LC-MS).

2.9. Liquid Chromatography–Mass Spectrometry Analysis

For separation and quantification of each compound in spelt extracts, reversed-phase
LC-MS analysis was used. The LC system used (1100 chromatography system; Agilent
Technologies, CA, USA) included a thermostated autosampler (G1330B), a thermostated col-
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umn compartment (G1316A), a diode array detector (G1315B), and a binary pump (1312A).
The LC system was coupled with a mass spectrometer (Quattro micro API; Waters, Milford,
MA, USA). Chromatographic separation was carried out using a C18 column (2.7 μm,
150 mm × 2.1 mm; Ascentis Express) with a C18 guard column (2.7 μm, 5 mm × 2.1 mm;
Ascentis Express; Supelco, Bellefonte, PA, USA). The conditions used were as follows: col-
umn temperature, 35 ◦C; injection volume, 2 μL; and mobile phase flow rate, 320 μL/min.
The components of the mobile phase were 0.1% aqueous formic acid (solution A) and
acetonitrile (solution B). The mobile phase gradient was programmed as follows (%B):
0–4 min, 10%; 4–18 min, 10–60%; 18–18.2 min, 60–80%; 18.2–20 min, 80%; 20–20.2 min,
80–10%; and 20.2–26 min, 10%. Detection was performed with scanning diode array spectra
from 240 nm to 650 nm.

The mass spectrometer was operated in negative ionization mode, and the operating
conditions were as follows: electrospray capillary voltage, 3.5 kV; cone voltage, 20 V;
extractor voltage, 2 V; source block temperature, 100 ◦C; desolvation temperature, 350 ◦C;
cone gas flow rate, 30 L/h, and desolvation gas flow rate, 350 L/h. The data signals were
acquired and processed on a PC using MassLynx software (V4.1 2005; Waters Corporation,
Milford, MA, USA). Compared to previously determined calibration curves, identification
of the individual compounds was achieved by comparing their retention times and both
the spectroscopic and mass spectrometric data, with quantification according to peak areas.

The compound corresponding to peak 16 in the LC-MS chromatograms was isolated
by repetitive semipreparative chromatography runs. The chromatography conditions and
gradient were the same as specified previously in the main experiment.

2.10. NMR Spectroscopy

NMR spectra were recorded on a Bruker Avance III 500 NMR spectrometer with a
proton NMR frequency of 500.26 MHz and a 5 mm BBO probe head using standard pulse
sequences. Methanol-d4 was used as the solvent, and spectra were recorded at 298 K. The
spectra were referenced to the residual proton signal of methanol-d4. Chemical shifts were
given in δ (ppm), and coupling constants were given in Hz.

2.11. Statistical Analysis

All experiments were carried out in triplicate using a complete randomization method.
All spelt extracts were prepared in duplicate. Data were presented as mean ± standard
deviation (SD) for three analyses for each extract. Results were subjected to two-way
comparison ANOVA, and significance of differences between means was determined using
Tukey’s Multiple Comparison Tests. Data analysis was performed using SPSS Statistics
software (version 24; IBM, New York, NY, USA). Statistical significance was defined at the
level of p < 0.05.

3. Results and Discussion

3.1. Effect of Germination on Total Phenolic Content and Antioxidant Activity

The changes in the content of free and bound phenolic compounds at the different
germination stages are shown in Table 1. Our results show that germination induced
dynamic changes in free, bound, and total phenolic compounds in spelt. Germination had
a significant effect on the content of free phenolic compounds (p < 0.05), which increased
from 1.17 mg TE/g DW in nongerminated grains to 4.57 mg TE/g DW at the end of the
96 h germination period. Bound phenolic compounds were the predominant form in
the nongerminated grains and accounted for approximately 72.0% of the TPC on a dry
weight basis. This is consistent with results previously reported for TPC in nongerminated
spelt [25,26]. It was found that germination increases the TPC of both free and bound
phenolic compounds in spelt grains, so the next objective was to evaluate the dynamic
changes in antioxidant capacity of the free and bound fractions of germinated spelt. The
spelt extracts were evaluated for their scavenging activity against the stable free radicals
DPPH and ABTS. The radical scavenging activity of DPPH and ABTS radicals in germinated
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spelt extracts was expressed as milligrams of Trolox equivalents per gram dry weight (mg
TE/g DW). The results are summarized in Table 1. With both assays, the lowest AA was
measured in the free fraction of grains prior to germination (Table 1). Similar values of AA
in nongerminated spelt were reported by Yilmaz et al. [26]. In the same study, the levels
of AA measured by the ABTS assay were 6–8-fold higher than the levels of AA measured
by the DPPH method. As seen from our results in Table 1, similar differences were found
between the values measured by the DPPH method and the ABTS values. The differences
in the measured antioxidant capacity between the two assays can be explained by the
different reactivities (Figure S1) of the compounds present in the spelt extract toward the
free radicals ABTS and DPPH [27].

Table 1. Total phenolic content (FC) and antioxidant activities (DPPH, ABTS) for the free and bound
extraction fractions of the spelt extracts during germination.

Analysis Measure
Germination Time (h)

Nongerminated 12 24 36 48 72 96

Total phenolic content (mg TE/g dry weight)

FC
Free 1.17 ± 0.08 a 1.39 ± 0.06 ab 1.47 ± 0.07 ab 1.76 ± 0.11 b 2.40 ± 0.15 c 3.12 ± 0.28 d 4.57 ± 0.57 e

Bound 3.01 ± 0.16 a 3.12 ± 0.24 ab 3.35 ± 0.28 ab 3.45 ± 0.57 ab 3.69 ± 0.29 b 4.34 ± 0.20 c 4.54 ± 0.40 c

Total 4.18 ± 0.18 a 4.51 ± 0.29 a 4.82 ± 0.30 a 5.21 ± 0.59 ab 6.09 ± 0.41 b 7.46 ± 0.46 c 9.11 ± 0.96 d

Antioxidant activity (mgTE/g dry weight)

DPPH
Free 0.36 ± 0.03 a 0.43 ± 0.05 ab 0.50 ± 0.05 b 0.61 ± 0.04 c 0.72 ± 0.06 d 0.92 ± 0.07 e 1.13 ± 0.09 f

Bound 1.34 ± 0.07 a 1.31 ± 0.05 a 1.42 ± 0.04 a 1.67 ± 0.02 b 1.80 ± 0.06 bc 1.96 ± 0.08 c 2.14 ± 0.19 d

Total 1.70 ± 0.07 a 1.74 ± 0.09 a 1.92 ± 0.09 a 2.28 ± 0.04 b 2.52 ± 0.11 b 2.88 ± 0.14 c 3.27 ± 0.28 d

ABTS
Free 2.22 ± 0.12 a 2.72 ± 0.06 b 2.89 ± 0.12 b 3.34 ± 0.16 c 3.95 ± 0.13 d 4.80 ± 0.06 e 6.14 ± 0.56 f

Bound 9.33 ± 0.19 a 9.41 ± 0.34 a 9.69 ± 0.32 a 10.43 ± 0.48 a 11.66 ± 0.96 b 13.09 ± 0.67 c 13.98 ± 1.05 c

Total 11.55 ± 0.22 a 12.13 ± 0.39 a 12.58 ± 0.40 ab 13.77 ± 0.45 b 15.61 ± 0.98 c 17.89 ± 0.69 d 20.12 ± 1.61 e

Data are means ± SD from three independent replicates. Means with different letters in rows indicate statistically
significant differences between the different stages of germination (p < 0.05).

The antioxidant activity in both free and bound fractions gradually increased during
the observed 96 h germination period. These results are in agreement with previous reports
in other cereals, such as rice [28], wheat [29], and buckwheat [7]. As seen from the results of
TPC and AA of the germinated spelt extracts, the ratio between the measured values in the
free and bound fractions changed during the germination process (Figure 1). This difference
is most pronounced for values obtained by the FC method. Free phenolic compounds in
nongerminated spelt extracts accounted for 28% of the total phenolic content, while this
ratio increased to 50% in extracts of spelt germinated for 96 h. The change in the ratio
between free and bound phenolics was also measured by the DPPH and ABTS assays but
not as much as by the FC assay. This may be explained by the accumulation of newly
synthesized compounds in the germinated spelt and their different reactivities in the FC,
DPPH, and ABTS assays. According to the profile of compounds from LC-MS analysis,
the major constituents in the free fractions of germinated spelt were benzoxazinoids. The
specific reactivities of BOA and MBOA toward the FC, DPPH, and ABTS reagents (Figure
S1) were analyzed, and the results showed that MBOA had a high affinity for the FC reagent
and almost no affinity for either ABTS or DPPH. Differences in the reactivity of MBOA and
probably other benzoxazinoids to FC, DPPH, and ABTS assays can explain the difference
in the ratio between the measured values of free and bound fractions in nongerminated
and germinated spelt extracts.
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Figure 1. Ratio between values of free and bound fractions measured by FC, DPPH, and ABTS assays
in nongerminated spelt (A) and 96 h germinated spelt (B). An increase in plot area represents a
relative increase of measured values during 96 h of germination.

3.2. Phenolic Characterization by Liquid Chromatography–Mass Spectrometry

LC-MS analysis of the extracts of the raw and germinated grains (i.e., sprouts) revealed
the presence of several compounds in free and bound forms. The changes in the profile
of the compounds of germinated spelt at different stages of germination are shown in
Table 2, and the representative chromatograms of the detected components are shown in
Figure 2. The results show large differences between the compounds in germinated and
nongerminated spelt.

To identify some of the detected compounds, we used chromatographic separation
to isolate a selected peak (peak 16) and NMR spectroscopy for structural identification.
The isolated peak was identified by NMR spectroscopy as 6-methoxy-2-benzoxazolinone
(MBOA) (Figures S3–S5). Based on the identified compound, another benzoxazinoid,
2-benzoxazolinone (BOA, peak8), was identified by comparing UV-Vis spectra (Figure S2),
MS data, and retention times with the commercial standard. Since standards for other ben-
zoxazinoids were not commercially available, Peak 5 was characterized based on UV-Vis
spectra (Figure S2) and MS data and tentatively identified as 2-hydroxy-1,4-benzoxazin-
3-one (HBOA) and was expressed as MBOA equivalents (μg/g extract). We also de-
tected several unidentified compounds in the free fraction. Peaks 2 (m/z 388.2), 4 (418.2),
6 (m/z 594.5), and 14 (m/z 432.4) had UV-Vis spectrum profiles similar to that of HBOA (Fig-
ure S1) and similar to UV-Vis spectra of other lactams and hydroxamic acids in the literature
(λmax = 264–266 nm) [30–32]. We can assume that these compounds may be related to ben-
zoxazinoids, more specifically to lactams, hydroxamic acids, or their methyl derivatives, but
due to a lack of literature data and no available commercial standards, we cannot confirm
this hypothesis. MBOA was detected 24 h after soaking, and during 48 to 96 h germination,
its content gradually increased to maximum values of 277 μg/g DW. BOA also increased
during germination, but the concentrations were much lower than those of MBOA. The
content of HBOA was strongly affected by germination and reached 219.65 μg/g DW at the
end of the germination period. This strong increase in benzoxazinoids in the early stages of
germination is consistent with previous studies of metabolic synthesis of benzoxazinoids
in rye [33] in which genes responsible for benzoxazinoid synthesis showed the highest
expression levels 24–30 h after the onset of germination. Although there are no available
data yet on the biosynthesis of benzoxazinoids in spelt, we can assume that pathways
similar to those in other Poaceae plants are initiated during germination.
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Figure 2. Chromatograms obtained through LC-MS analysis of (A) free fraction of nongerminated
spelt, (B) free fraction of 96 h germinated spelt, and (C) bound fraction of 96 h germinated spelt. Peaks:
1–unidentified, (m/z 534.3); 2–unidentified, (m/z 388.2); 3–unidentified, (m/z 134.2); 4–unidentified,
(m/z 418.2); 5–HBOA; 6–unidentified, (m/z 594.5); 7–trans p-coumaric acid; 8-BOA; 9–schaftoside
structural isomer 1; 10–cis p-coumaric acid; 11–schaftoside; 12–schaftoside structural isomer 2;
13–trans ferulic acid; 14–unidentified, (m/z 432.4); 15–cis ferulic acid; 16–MBOA.

Two phenolic acids were detected in methanol extracts but at very low concentrations.
In nongerminated grains, ferulic acid was the only phenolic compound detected (1.9 and
0.96 μg/g DW for trans and cis isomers, respectively). In germinated grains, trans-p-
coumaric acid was also detected, with the highest concentration reached at the end of
germination (1.59 μg/g DW).

Characterization of the methanol extracts in the grains before germination showed
a significant content of a compound with an m/z of 563.5 (peaks 9, 11, and 12). Based on
retention times and fragmentation pattern matching with a commercial standard (Table S1),
the compounds were identified as apigenin-di-C-glucosides (schaftoside and its structural
isomers). Literature data concerning schaftoside and its isomers in wheat and cereals are
relatively scarce [34], and to the best of our knowledge, there is no information about dy-
namic changes in apigenin-di-C-glucosides during germination. Of the three apigenin di-C
glucosides detected in nongerminated spelt, schaftoside was detected at the lowest con-
centration (13.58 μg/g DW), but it was most affected by germination, reaching 53.69 μg/g
DW at the end of the 96 h germination period. Although the content of most compounds in
spelt increased during germination, the main compounds in raw grains (structural isomers
of schaftoside) were not significantly affected by the germination process. Flavonoids in
plant tissues are associated with protection against UV light, and their content usually
increases when the plant is exposed to UV radiation [35]. Since the germination process
in our experiment was conducted under dark conditions, it is possible that there was no
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activation of the photoreceptors responsible for the induction of UV-protective flavonoid
synthesis [36].

A higher concentration of phenolic compounds was detected in the bound fraction
of spelt grain extracts. As expected from the literature data [37], the most abundant
phenolic compounds in the bound fraction were trans-ferulic acid and trans-p-coumaric
acid. Significant accumulation of bound phenolic compounds during germination was
also observed. This confirms the conclusions reached in the literature [38,39] that during
germination, the content of bound phenolics increased gradually. This increase coincides
with the growth of the seedling and the development of new tissue. Previous studies
reported high levels of bound phenolics in leaves and other tissues of cereal plants [40], so
this increase can be explained by the growth of tissues (shoot and radicle) rich in bound
phenolics. The content of trans-ferulic acid increased significantly and reached 753 μg/g
DW after 96 h of germination, which corresponds to an increase of 110% compared to raw
grains. Trans-p-coumaric acid, which was also present in high concentrations in the bound
fraction, showed a significant increase during germination (p < 0.05), reaching 119.77 μg/g
DW (610% increase) after 96 h of germination. In addition to trans-ferulic acid and trans-
p-coumaric acid, two other peaks were detected in the bound fraction (peaks 10 and 15).
The MS analysis of the samples showed that Peak 10, eluted 1 min after trans-p-coumaric
acid, had the same m/z ratio as trans-p-coumaric acid (m/z 163). The unknown compound
showed the same fragmentation pattern as trans-p-coumaric acid, so we can assume that
the peak occurring after trans-p-coumaric acid is the corresponding cis-isomer. Peak 15 was
confirmed to be cis-ferulic acid, according to the retention time of the commercial standard
of the ferulic acid isomer mixture and MS data analysis. A similar conclusion was reached
by another study [41], where secondary peaks of p-coumaric, caffeic, and ferulic acid were
noticed. The two cis-isomers were quantified using the calibration curve of their respective
trans-isomers. The levels of cis-isomers were also significantly increased after germination
and were 165% and 477% higher than the levels of cis-ferulic acid and cis-p-coumaric acid in
nongerminated grains, respectively. Our results provide a new perspective on phenolic acid
content in cereals. Most of the works on bound phenolic content in cereals did not mention
the existence of cis-stereoisomers of phenolic acids due to the lack of effective separation
methods. Only a few papers mention the separation and identification of cis-stereoisomers
in food samples [42,43]. In the present study, cis-ferulic acid accounted for approximately
20% of the total ferulic acid content in the spelt samples, which is consistent with the
results reported by Tang et al. [42]. The proportion of cis-p-coumaric acid was lower and
accounted for approximately 8% of the total p-coumaric acid content. This proportion
of cis-stereoisomers of phenolic acids in cereals opens new questions about the possible
physiological functions of cis-stereoisomers in biological systems.

According to the data in the present study, germination of the spelt grains had sig-
nificant effects on the profile of secondary metabolites, as well as the levels of individual
compounds in germinated grains. These results provide important information on the
nutraceutical quality of germinated spelt grains.

4. Conclusions

The germination process resulted in important changes in the composition of spelt
grains. The total phenolic content, antioxidant activity, and secondary metabolite content
were significantly increased during germination. Ferulic and p-coumaric acids (cis and
trans forms combined) were the major phenolic acids in spelt grains, and their total content
increased from 457.93 ± 12.03 μg/g DW in nongerminated spelt to 1090.99 ± 101.99 μg/g
DW in germinated spelt. Benzoxazinoids and apigenin-di-C-glucosides are often neglected
compounds in cereals, and germination strongly affects their content in spelt grains, as the
sum of the three quantified benzoxazinoids reached a concentration of 517.75 ± 48.49 μg/g
DW in germinated spelt, while no benzoxazinoids were detected in nongerminated spelt.
Among apigenin-di-C-glucosides, only schaftoside was significantly affected (nearly four-
fold increase during germination). According to the results of the present study, the
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content of most bioactive compounds was highest in spelt grains after 96 h of germination.
Obtained data are promising for the high-value application of germinated spelt in functional
foods (e.g., enriched baked goods, whole seed flowers, ready-to-eat snacks, etc.), but
further studies on the health benefits of spelt secondary metabolites are essential to better
understand their health-promoting effects on humans. Overall, germinated edible grains
and sprouts rich in bioactive compounds can be considered as an important raw material
for the production of functional foods that have a positive impact on the prevention of
some chronic diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12091769/s1, Table S1. Characteristics of the phenolic
compounds in germinated spelt extracts as analyzed by LC-MS; Figure S1. Specific reactivities of
selected compounds toward FC, DPPH, and ABTS reagents; Figure S2. UV spectrum of selected
compounds in germinated spelt extracts; Figure S3. Structure of 6-Methoxy-2-benzoxazolinone
(MBOA); Figure S4. 1H NMR spectrum of MBOA; Figure S5. NOESY spectrum of MBOA; Figure S6.
HSQC spectrum of MBOA.
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37. Mencin, M.; Mikulic-Petkovsek, M.; Veberič, R.; Terpinc, P. Development and Optimisation of Solid-Phase Extraction of Extractable
and Bound Phenolic Acids in Spelt (Triticum spelta L.) Seeds. Antioxidants 2021, 10, 1085. [CrossRef] [PubMed]
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Abstract: The increased demand for healthier foods, the recognition of dry pasta as an ideal carrier
of functional ingredients, and the current interest for ancient wheats such as einkorn motivated the
present research. Two varieties of Triticum monococcum, namely cv Norberto and the free-threshing
cv Hammurabi, were milled by ultra-fine milling process (micronization) to produce wholegrain
spaghetti. Einkorn pasta was assessed in terms of technological and biochemical properties and
cooking and sensorial quality and compared to durum wheat semolina pasta. Wholewheat einkorn
pasta showed a threefold increase in total dietary fibre content as well as in total antioxidant capacity
in comparison to the control. The level of resistant starch in cv Norberto resulted significantly
higher respect to semolina and einkorn cv Hammurabi pasta. Despite the very weak einkorn gluten
network, the sensory and instrumental assessment of pasta quality highlighted that einkorn spaghetti
presented good sensorial properties related to their technological quality, in particular, for the overall
judgment and firmness. Cultivar Hammurabi emerged as the preeminent compromise on the basis of
technological performances together with chemical and sensorial aspects.

Keywords: minor cereals; wholegrain pasta; micronization; einkorn cv Hammurabi; einkorn cv Norberto

1. Introduction

Dried pasta is the symbol of Italian food, and thanks to its low cost, versatility, easy
preparation, nutritional value, long shelf-life, and pleasant organoleptic attributes, it is the
second most consumed staple food worldwide. All these properties make pasta an ideal
carrier of functional ingredients, exerting human health beneficial effects. Consequently, in
the last years, innovative pasta formulations have been developed by either the replacement
or the enrichment of semolina with functional ingredients from plant or animal origin
or by the use of alternative raw materials such as minor cereals, gluten-free cereals, or
neglected species as ancient wheats [1,2]. The current interest for ancient, hulled wheats
such as einkorn, emmer, and spelt has been motivated by the increased demand for health-
ier foods concurrently to the urgent need of a more sustainable agricultural production
system [3]. Indeed, ancient wheats, traditionally cultivated under low-input conditions
and not subjected to modern breeding or selection, have retained the genetic diversity
of useful traits such as disease tolerance, adaptability to climate changes, and enhanced
nitrogen and water use efficiency [4], making them suitable candidates to be employed for
a “regenerative agriculture”. Moreover, the superior nutritional quality of ancient wheats
in terms of protein, minerals, and antioxidant compounds content and less negative health
effects concerning gluten digestibility when compared with the modern varieties [5–7]
have contributed to their comeback in large scale agriculture [3]. The hulled wheat einkorn,
Triticum monococcum L. subsp. monococcum (2n = 2x = 14, AmAm), was the most ancient
wheat species to be cultivated until the Neolithic period for thousand years, and progres-
sively, it was replaced by free-threshing and high-yielding wheat species [8]. Nowadays,
its cultivation is limited to marginal areas of Europe, Turkey, Caucasus, and Morocco, and
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recently, it has been re-introduced thanks to its adaptation to poor soils and low-inputs agri-
culture, tolerance and resistance to pests and diseases, good technological and organoleptic
properties, and for its peculiar nutritional value [8–10]. The higher nutritional quality of
einkorn with respect to bread and durum wheat lies in the higher amount of proteins,
essential fatty acids, microelements, and antioxidant compounds such as carotenoids (par-
ticularly lutein), tocols, phytosterols, conjugated polyphenols, and alkylresorcinols [4,9–11].
Moreover, low β-amylase and lipoxygenase activities preserve antioxidants degradation
during einkorn processing [9,12]. Although the T. monococcum gluten content is similar
to modern tetraploid and hexaploid wheats, its gliadin and glutenin allele composition
is characterized by an excess of gliadins over glutenins [13]. This protein composition
makes the gluten network less polymerized and then more digestible by gastro-intestinal
enzymes, resulting in a low content of immunostimulatory peptides toxic to people affected
by gluten-related disorders [7,14,15]. The weakness of the gluten in T. monococcum was
confirmed by its poor bread-making properties though einkorn accessions with a suitable
bread-making quality have been identified [16–19]. Nevertheless, einkorn wheat flour
resulted as suitable for the manufacturing of baking products such as cookies, pastries,
and unleavened bread [20]. Concerning the einkorn pasta-making aptitude, only few
studies have been performed to compare the quality of einkorn flour respect to durum
wheat semolina. Brandolini et al. [21] found that pasta obtained from einkorn refined
flour exhibited a lower firmness and cooking loss and a higher nutritional value. Similar
results were observed in pasta from pregerminated or decorticated einkorn, einkorn–egg
albumen, and einkorn–whole egg pasta [22]. Analysis of the structure of einkorn pasta
revealed a less compact structure and a lower rate of starch hydrolysis compared to durum
wheat pasta [23,24]. In spite of the increasing consumer demand for wholegrain pasta,
studies on wholewheat einkorn pasta have not been yet reported. Hence, in this work,
two varieties of T. monococcum, i.e., cvs Norberto and the free-threshing Hammurabi, were
milled by ultra-fine milling process to produce 100% wholegrain einkorn spaghetti. Einkorn
pasta-making aptitude in terms of chemical and technological properties and cooking and
sensorial quality was assessed and compared to durum wheat semolina pasta.

2. Materials and Methods

2.1. Plant Material and Milling Process

Two einkorn cultivars—one naked, Hammurabi, and one hulled, Norberto—were
grown by Horta® at organic small farms in Marche Region, Central Italy. De-hulled einkorn
kernels were obtained by two consecutive cycles in a bench micro-thresher (Marelli SpA,
Milan, Italy).

Micronization was applied on the intact, no-tempered kernels of einkorn cultivars in
the KMX-500 device (Separ Microsystem, Brescia, Italy) at a frequency of 170 Hz to produce
micronized wholewheat flours (85% of particles with size < 120 μm). Durum wheat cv
San Carlo, grown at the CREA-IT experimental field of Montelibretti (Rome, Italy), was
milled in the pilot plant (Buhler MLU 202, Uzwil, Switzerland) to recover semolina and
used as control.

2.2. Rheological and Technological Analyses

Wholewheat einkorn flours and semolina were analysed with the Chopin Alvgraph
(Chopin, Villeneuve La Garenne, France) according to the manufacturer’s instructions
under conditions as described by the standard AACC method 54-30.02 [25]. The SDS
sedimentation test was performed according to the standard method AACC 56-70.01 [26].
The AACC 56-81B method [27] was used for the assessment of the falling number (FN),
using the Perten Falling Number System 1500 (Stockholm, Sweden). Gluten index (GI)
determination was conducted with the Glutomatic 2200 (Perten Instruments) according to
AACC method 38-12 [28].
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2.3. Pasta-Making Process

Pasta formulations from micronized flours of cvs Hammurabi and Norberto were
produced. To achieve an appropriate consistency of the doughs for extrusion, 2 kg of
micronized flours were hydrated in the kneading machine to reach a level of 32% humidity.
The pasta-making process was performed using a pilot plant consisting of: (i) an extruder
(NAMAD, Rome, Italy) with a capacity up to 20 kg/h, equipped with a screw (45 cm in
length, 4.5 cm in diameter), which ended with a Teflon-coated die consisting of 164 holes,
1.80 mm diameter, to produce spaghetti shape (1.65 mm diameter), and (ii) an experimental
dryer (AFREM, Lyon, France). Extrusion conditions were applied following the procedure
already reported by Nocente et al. [29] both for einkorn and semolina pasta production. The
moisture content of dried pasta was 12.5%. Pasta samples were stored at room temperature
until analyses.

2.4. Chemical Characterization and Total Antioxidant Capacity of Cooked Pasta

All results are expressed as dry weight (dw), and the moisture content was determined
using the thermo balance (Sartorius MA 40, Goettingen, Germany) at 120 ◦C. All analytical
determinations were made in triplicate on cooked (Section 2.5) and freeze-dried pasta.

Protein content of pasta samples was measured by micro-Kjeldhal nitrogen analysis
(ICC 105/2 method) [30], using as the conversion factor N × 5.7. Resistant starch (RS)
content was determined according to the Official Method 2002.02 [31], using Resistant
Starch Assay Kit (Megazyme, Bray, Ireland). Total dietary fibre (TDF) content was measured
using an enzymatic-gravimetric kit for fibre determination (Bioquant, Merck, Darmstadt,
Germany) according to the Official Method 991.43 [32]. Ash content was determined
by the AACC 08-01.01 method [33]. Enzymatic method (AACC International Method
No. 32.32) [34] was used for the determination of fructooligosaccharides (FOS). Total
antioxidant capacity (TAC) was ascertained according to [35].

2.5. Cooking Quality and Pasta Colour

The cooking test was performed according to the AACC method 66-50.01 [36], adding
100 g of dried spaghetti to 1 L of boiling tap water until reaching the optimal cooking time
(OCT); the time it took for the centre core of the pasta to disappear was determined by
squeezing it between two plates. Water absorption (WA), total organic matter (TOM), and
cooking loss (CL) were determined as already reported by Nocente et al. [37]. Firmness of
cooked spaghetti was determined in compliance to the AACC 66-50.01 method [36], using
the Texture Analyzer TA.XT plus (Stable Micro System, Ltd., Surrey, UK) and the Texture
Exponent 32 (Texture Technologies Corporation, Scarsdale, NY, USA) software.

Pasta colour was measured by Tristimulus Colorimeter, Chroma Meter CR-400 (Kon-
ica Minolta, Osaka, Japan), using the CIE-Lab colour space coordinates L* (lightness),
a* (red/green value), and b* (yellow/blue value) and the D65 illuminant.

2.6. Sensory Test

Sensory evaluation was focused on sensory texture quality traits and assessed, accord-
ing to D’Egidio et al. [38], by a panel of five trained assessors, who are food technicians of
our ‘Cereal Food Processing Lab’ in Rome. The technical panel evaluated three spaghetti
textural characteristics: stickiness, which consists in the material adhering to the cooked
pasta surface; firmness, which indicates the resistance to chewing by the teeth; and bulki-
ness, which is the degree of jamming among the spaghetti strands. The tasting was carried
out by the technical panellists independently and separately. Water was provided to the
tasters between samples. Each sensorial parameter was scored from 10 to 100; the overall
judgment (SJ) was calculated as the arithmetic mean of the scores of each parameter [38].

2.7. Statistical Analysis

Results were reported as mean ± standard deviation. One-way ANOVA was per-
formed with MSTATC program (Michigan State University, East Lansing, MI, USA); Duncan
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multiple range test for post hoc comparison of means was applied to compute significant
differences (p ≤ 0.05) for each analysed parameter.

3. Results and Discussion

3.1. Chemical Characterization of Cooked Pasta

The protein content of pasta from cv Hammurabi was on average 19.1 g/100 g, almost
one percentual point higher than pasta samples from cv Norberto (Table 1). Significantly
higher protein contents were observed in einkorn pasta in comparison with those reported
about the durum wheat semolina pasta used as control, confirming the very high protein
content of T. monococcum species also on organic agricultural management [39].

Table 1. Chemical traits and total antioxidant capacity of einkorn cv Hammurabi and cv Norberto
and semolina cooked pasta.

Proteins RS TDF FOS TAC Ash

(g/100 g) (g/100 g) (g/100 g) (g/100 g) (mmol TEAC/kg) (g/100 g)

Hammurabi 19.10 ± 0.07 a 0.276 ± 0.002 c 10.1 ± 0.3 a 1.11 ± 0.03 a 69.7 ± 0.5 a 2.59 ± 0.01 a

Norberto 18.3 ± 0.2 b 0.80 ± 0.02 a 10.03 ± 0.08 a 1.3 ± 0.2 a 64.2 ± 0.5 b 2.26 ± 0.03 b

Semolina 13.3 ± 0.2 c 0.382 ± 0.005 b 3.6 ± 0.3 b 1.29 ± 0.02 a 46.8 ± 0.5 c 0.708 ± 0.001 c

Results are reported as dry weight and expressed as mean ± standard deviation for three replications. Within the
same column, values with different letters indicate significant differences determined by Duncan’s test (p ≤ 0.05).
RS, resistant starch; TDF, total dietary fibre; FOS, fructooligosaccharides; TAC, total antioxidant capacity; TEAC,
trolox equivalent antioxidant capacity.

Pasta from cv Norberto showed a significantly higher content of resistant starch at
0.80 g/100 g on average, with respect to semolina pasta, +110% and even up to +190%
if compared with cv Hammurabi (Table 1). Rotondi Aufiero et al. [40] observed high
levels of RS in einkorn pasta made with cv Hammurabi digested in vitro when compared to
commercial pasta, suggesting that einkorn pasta may be characterized by a lower glycaemic
index. Several promising health benefits of RS have been proven, such as prevention from
colon and cardiovascular diseases, reduction of blood glucose levels and insulin, and
prebiotic effect [41].

The amount of TDF in einkorn pasta samples were increased of almost threefold
respect to durum wheat, with the mean content of TDF in semolina pasta being 3.6 g/100 g
(Table 1). Noticeable, 100 g of einkorn pasta samples analysed in this study provided more
than 6 g total dietary fibre, corresponding to around 40% of the RDA for an adult (25 g/die;
EFSA [42]), so it could be defined as “high in fibre” [43].

Results relative to ash content revealed a threefold increment in spaghetti obtained
from einkorn wholewheat flours (Table 1) when compared to pasta produced from durum
semolina (0.71 g/100 g); these data represent the greater mineral content of monococcum
grains with respect to durum wheat kernels [9]. However, einkorn wholewheat pasta
stayed largely above the Italian legal limits for durum wholewheat pasta (1.8 g/100 g) [44].

The level of TAC was significantly higher (+43%, on average) in einkorn pasta than in
pasta control (Table 1), mainly in cv Hammurabi. In T. monococcum, the total antioxidant
capacity was always higher than in durum wheat [10], likely due to the presence of higher
amounts of antioxidants compounds, mainly tocols and carotenoids, in T. monococcum [45].

Fructooligosaccharides can be used as fermentable substrates for probiotic microor-
ganisms, hence providing prebiotic effects linked to several health benefits, including
prevention of digestion diseases, reduction of cholesterol and blood pressure, and an-
ticancer effects [46]. In wheat, the FOS level is maximum in kernels at the milky stage;
thereafter, their concentration swiftly reduces [47]. In einkorn spaghetti, FOS content turned
out to be 1.2 g/100 g on average (Table 1), which was not significantly different from pasta
control (1.29 g/100 g). Brandolini et al. [48] reported an average fructan concentration in
kernels of four einkorn genotypes of 1.9 g/100 g. Such values might seem quite low, but
wheat provides about 70% of fructans in the Western diets [49].
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3.2. Rheological and Technological Parameters

Variation in total protein content alone does not adequately explain the variation in
wheat processing quality since which storage proteins are expressed is an important factor
as well. The gluten index (GI) is a measurement of wheat proteins that provides a simulta-
neous determination of gluten quality and quantity [50]. Indeed, GI is a criterion defining
whether the gluten quality is weak (GI < 30%), normal (GI = 30–80%), or strong (GI > 80%).
As shown in Table 2, despite a significantly higher protein content, wholewheat flour from
einkorn cv Hammurabi presented an extremely weak gluten network, whereas cv Norberto
can be classified as flour of normal strength. This gluten quality parameter had a bulk of
effects on technological and rheological aspects besides consequences on gluten digestibil-
ity [7,14,15]. The low gluten index accounted both for the low SDS sedimentation values of
Hammurabi flour, which was on average less than half of the sedimentation volume value
registered for einkorn Norberto, and for the low W and P/L parameters (Table 2).

Table 2. Rheological and technological parameters of einkorn cv Hammurabi and cv Norberto
wholewheat flours and durum wheat semolina.

GI SDS W P/L FN

(%) (mL) (J × 10−4) (sec′′)

Hammurabi 0 c 24.7 ± 0.7 c 44.0 ± 3.6 c 2.5 ± 0.1 a 463′′ ± 10 b

Norberto 52 ± 2 b 58.5 ± 0.7 a 84 ± 4 b 1.6 ± 0.4 b 417′′ ± 11 c

Semolina 84 ± 3 a 37.5 ± 0.7 b 227 ± 21 a 1.8 ± 0.1 b 483′′ ± 2 a

Results are reported as mean ± standard deviation for three replications. Within the same column, values with
different letters indicate significant differences determined by Duncan’s test (p ≤ 0.05). GI, gluten index; SDS, SDS
sedimentation volume test; FN, falling number.

The FN is commonly used for assessing the baking quality of wheat flour in relation
to the amylase activity. However, Sjoberg et al. [51] referred to low pasta-making aptitude
wheat varieties as those with falling number of less than 300 s. The low FN value, besides
the risk of an over darkening of the pasta, may affect its cooking quality parameters, mainly
stickiness, due to excessive starch degradation. In the present study, the falling number
levels in all flour samples showed FN over 400 sec (Table 2) even if einkorn wholegrain was
reported to have a higher alpha-amylase activity than in white flours [52], hence meeting
the specifications for the production of pasta in regard to this parameter.

3.3. Cooking Quality Parameters and Pasta Colour

The diameter of dry spaghetti was similar for all samples: in the range of 1.52–1.66 mm
(Table 3). The variation of the diameter observed in different area of the spaghetti might be
imputed to the coarse surface due to the high content of fibre particles (Table 1) observed
in wholegrain einkorn pasta and also to the weak gluten net of monococcum pasta samples
(Table 2). The poor gluten matrix also accounted for decreased cooking time observed
in einkorn spaghetti, in particular in the Hammurabi sample, with respect to semolina
pasta (10′30′′ on average). The reduction in cooking time was also due to a lower water
absorption (WA) for einkorn pasta. In fact, a significant reduction of water absorption
was detected in einkorn pasta, mainly in Hammurabi (Table 3), with respect to the control
(148.6 g), as previously observed in other bran-enriched foods [53,54], likely because of
the fibre present in einkorn pasta that absorbs a lesser quantity of water with respect to
the starch.

Hammurabi wholegrain spaghetti presented the highest level of organic matter on
their surface (Table 3). Moreover, the increased TOM values might be due to the high
content of fibre, which could disarrange the starch/gluten network, resulting in more
starch released over pasta cooking [54]. High quantities of organic matter is an index of
poor cooking quality; nevertheless, TOM values between 2.1 and 1.4 g/100 g correspond
to good-quality pasta [55], and all the pasta samples valued in the present study fell into
this range.
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Table 3. Cooking, textural properties, and colour indices of einkorn cv Hammurabi and cv Norberto
and semolina pasta.

Spaghetti
Diameter

OCT WA TOM CL Firmness Colour

(mm) (min′ s′′) (g) (g) (g/100 g) (kg) (b*) (100-L) (a*)

Hammurabi 1.52–1.64 7′ 00′′ ± 5′′ c 128.21 ± 0.08 c 2.06 ± 0.01 a 10.7 ± 0.3 a 0.33 ± 0.02 b 22.4 ± 0.8 c 59.8 ± 0.5 a 12.1 ± 0.3 a

Norberto 1.56–1.66 7′ 30′′ ± 5′′ b 137.99 ± 0.09 b 1.7 ± 0.1 b 7.9 ± 0.1 b 0.48 ± 0.04 a 28.0 ± 0.7 a 56.3 ± 0.5 b 10.8 ± 0.2 b

Semolina 1.53–1.60 10′ 30′′ ± 5′′ a 148.6 ± 0.2 a 1.64 ± 0.04 b 3.67 ± 0.02 c 0.276 ± 0.005 b 25.4 ± 0.2 b 38.2 ± 0.1 c 1.25 ± 0.08 c

Results are expressed as mean ± standard deviation for three replications. Within the same column, values with
different letters indicate significant differences determined by Duncan’s test (p ≤ 0.05). OCT, optimal cooking
time; WA, water absorption; TOM, total organic matter; CL, cooking loss; L, lightness.

Einkorn pasta resulted in increased cooking loss compared with the control (Table 3).
The highest cooking loss value was for Hammurabi pasta sample, whereas the sample
from Norberto had significantly (p ≤ 0.05) lower cooking loss. The higher cooking loss
in einkorn pasta compared with durum semolina (3.67 g/100 g) might be attributed to a
weaker protein gluten network [56], especially in cv Hammurabi with a close to null gluten
index (Table 2).

Cooked spaghetti firmness, as revealed by the TA.XT instrument analysis, was signifi-
cantly (p ≤ 0.05) higher in cv Norberto compared both to wholegrain Hammurabi and to
semolina pasta control (Table 3); the improved spaghetti firmness of cv Norberto could
be ascribed to the very high resistant starch content of this cultivar (Table 1), as already
observed by Marti et al. [57] and Taddei et al. [58].

As expected, the presence of bran in einkorn spaghetti determined high brown and red
indices; nevertheless, a very high yellow index was found in wholegrain einkorn spaghetti
(Table 3), likely as a consequence of the large amount of yellow

Pigments have been reported for einkorn flour by several studies [9,12,21,45,48]. The
difference in the b* value between spaghetti from cv Hammurabi and cv Norberto is
noticeable also in cooked pasta (Figure 1).

Figure 1. Wholegrain einkorn, namely cv Hammurabi (A) and cv Norberto (B), and semolina
(C) cooked spaghetti.

3.4. Sensory Evaluation of Cooked Pasta

Firmness, stickiness, and bulkiness of spaghetti are the sensory parameters related
to the most to their technological quality and are those that spaghetti consumers mainly
take into consideration. The highest scores for stickiness (80), firmness (65), and overall

90



Foods 2022, 11, 2905

judgment (72) were revealed, as expected, in the semolina pasta control (Table 4). The
lowest firmness score was found in Hammurabi wholegrain pasta (55) followed by Norberto
sample (60), which were both in the range considered sufficient (>40 and ≤60) for semolina
pasta sensorial quality standard (Table 4). Lower stickiness and bulkiness indices were
observed in einkorn pasta (75 for Hammurabi for both parameters) and in Norberto (60 for
the two indices); these results could be related to the weak gluten network of wholewheat
flour from einkorn cultivars, which is unable to counteract the release of starch upon
pasta cooking.

Table 4. Sensory assessment of einkorn cv Hammurabi and cv Norberto and semolina cooked pasta.

Firmness Stickiness Bulkiness Global Sensorial Judgment

Hammurabi 55 c 75 b 75 a 68 b

Norberto 60 b 60 c 60 c 60 c

Semolina 65 a 80 a 70 b 72 a

Results are expressed as mean for five replications. Within the same column, values with different letters indicate
significant differences determined by Duncan’s test (p ≤ 0.05). Firmness: absent (≤20), rare (>20 and ≤40),
sufficient (>40 and ≤60), good (>60 and ≤80), very good (>80 and ≤100); bulkiness and stickiness: very high
(≤20), high (>20 and ≤40), rare (>40 and ≤60), almost absent (>60 and ≤80), absent (>80 and ≤100); Global
Sensorial Judgment: scarce (<55), sufficient (≥55 and <65), good (≥65 and <75), very good (≥75).

Concerning the global sensorial judgment, wholewheat einkorn pasta from Norberto
reached the acceptability limit of 55, whereas the Hammurabi sample showed a “good” (68)
quality of spaghetti in the same class of quality of durum semolina pasta used as control in
this study (Table 4).

4. Conclusions

The paucity of studies carried out on wholegrain einkorn pasta, in contrast with the
growing interest in whole-meal pasta formulated from ancient species of wheat, drove
this research. The results of this study indicated that wholewheat einkorn pasta showed a
notable rise in TDF content and in TAC levels with respect to the control. The level of RS in
cv Norberto is very interesting also in light of the renewed importance for this nutritional
parameter. Despite the very weak einkorn gluten network, the sensory and instrumental
assessment of pasta quality highlighted that einkorn spaghetti demonstrated good sensorial
properties related to texture, mainly for the overall judgment and firmness. Nevertheless,
cv Hammurabi turned out to be the preeminent option considering both the technological
performances and the chemical and sensorial aspects.

In formulating food products starting from unconventional raw materials, such as
the new species of cereal addressed in this study, attention should always be paid to the
genotype choice, as suggested by the differences observed between pasta obtained from
cv Norberto and cv Hammurabi. Further studies should be considered to more fully
evaluate the sensory and taste analysis and also involving a panel of regular consumers of
whole-meal pasta obtained from minor cereals or ancient wheat varieties.
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Abstract: Through the centuries, the domestication and modern breeding of wheat led to a significant
loss of genetic variation in the cultivated gene pool with a consequent decrease in food diversity. Current
trends towards low-input and sustainable agriculture call for the revitalization and exploitation of ancient
wheats, which represent a reservoir of biodiversity useful to ensure sustainable wheat production in
the context of climate change and low-input farming systems. Ancient Caucasian wheat species, such
as the hulled wheats Triticum timopheevii (tetraploid AuAuGG) and Triticum zhukovskyi (hexaploid
AuAuAmAmGG), are still grown to a limited extent in the Caucasus for the production of traditional
foods. These Caucasian wheats were grown in Italy and were analyzed for physical, nutritional and
technological characteristics and compared to durum wheat. Both Caucasian species revealed a high
protein content (on average 18.5%) associated with a low gluten index, mainly in T. zhukovskyi, and test
weight values comparable to commercial wheats. The total antioxidant capacity was revealed to be the
double of that in durum wheat, suggesting the use of ancient Caucasian wheats for the production of
healthy foods. Finally, the technological and rheological results indicated that Caucasian wheats could
be potential raw material for the formulation of flat breads, biscuits and pasta.

Keywords: Triticum timopheevii; Triticum zhukovskyi; food diversity; minor cereals; sustainable diets;
ancient wheat

1. Introduction

Through the centuries, domestication and modern breeding made only three cereal
species, rice, corn and wheat, provide almost 60% of the energy intake of the planet’s
population [1]. The narrow focus of modern agriculture on intensive selection has led to a
significantly reduced genetic diversity among wheat cultivars, since only few genotypes
are cultivated on a large scale. The need for food diversification as well as the current
demand for nutritionally healthy food products have driven a renewed interest in ancient
wheats such as emmer, spelt and einkorn because of their desirable nutritional and putative
health-beneficial traits [2,3]. Consequently, some neglected species and old varieties have
been reintroduced in agriculture, having been recognized as interesting raw materials for
the production of niche products. A superior quality, with reference to protein content,
minerals and antioxidant compounds, along with minor adverse health effects in terms
of allergy, intolerance and sensitivity, were observed in ancient wheats compared with
the modern varieties [3–9]. Ancient Caucasian wheat species, such as the hulled wheats
Triticum timopheevii (Zhuk.) Zhuk. subsp. timopheevii (tetraploid AuAuGG) and Triticum
zhukovskyi Menabde et Erizian (hexaploid AuAuAmAmGG), investigated in the present
study, have not been subjected to an extensive breeding activity, representing a reservoir of
genes which could contribute to extending the biodiversity of cultivated wheats in order
to better face climate fluctuations and biotic and abiotic stress. These two species were
probably domesticated in Southern Turkey and Northern Syria and then transferred to
Georgia, where they were cultivated as a mixture in a population called Zanduri which
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also comprises the diploid Triticum monococcum var. hornemannii (diploid AmAm) [10].
The genome analysis revealed that T. zhukovskyi originated from the hybridization of T.
timopheevii with T. monococcum [11,12]. Wild timopheevii (Zhuk.) Zhuk. is also a primary
genetic relative and gene donor to emmer wheat (T. turgidum subsp. dicoccon (Schrank)
Thell.) and to common wheat (T. aestivum L.) [13,14]. It is worth noting that these ancient
wheats are characterized by an immunity to the prevalent wheat diseases such as rusts,
powdery mildew and Fusarium head blast, as well as a tolerance to salt and excessive
humidity; additionally, they are well adapted to cool environments [13,15–18]. Their
cultivation is currently limited to marginal areas for the production of traditional foods,
particularly flat breads, and for feed, whereas straw is made into mats, carpets, baskets and
is used for packing material [16].

To prevent the loss of Caucasian ancient wheat as an indispensable raw material for
the preparation of typical foods and artifacts, a request for their inscription in the List of
Intangible Cultural Heritage in Need of Urgent Safeguarding of UNESCO (United Nations
Educational, Scientific, and Cultural Organization) was proposed in 2019 by the Minister of
Environment, Protection and Agriculture of Georgia [19].

The reintroduction of the large-scale cultivation of undervalued cereal species, beyond
showing acceptable agronomic performances, comes with the identification of feasible prod-
ucts (flours, breads, pasta, biscuits, beverages) appreciated by consumers and constituting
a source of health-promoting bioactives.

Comparative studies on the grain quality of several ancient wheat species revealed
a higher total phenolic and ferulic acids content in T. thimopheevii with respect to other
ancient and common wheat varieties that were analyzed, along with a high antioxidant
activity, balanced iron and zinc content and high protein content [16,20,21].

Considering the rising demand for ancient and undervalued crops in developed
countries [22] and the paucity of scientific literature data about the nutritional and tech-
nological characteristics of these ancient species, the Caucasian wheats T. thimopheevii and
T. zhukovskyi, grown in Italy, were analyzed in this work. The aim was to investigate both
their capacity to be processed into foodstuff and their health-promoting potential, with a
view to contributing to the sustainability, the resilience and the biodiversity of agrosystems
and to fostering food diversification in the context of healthy and sustainable diets, pillars
of the European ‘Farm to Fork strategy’ action plan [23].

2. Materials and Methods

2.1. Plant Material

T. timopheevii (accession Lonigo, Figure 1A) and T. zhukovskyi (accession Far 75,
Figure 1B) were grown in 2020 in Montelibretti, Rome (Italy), at the experimental fields of
the Research Center for Engineering and Agro-Food Processing (CREA-IT). The reference
material was the T. durum cv San Carlo, largely used in Italy for pasta production. Each
accession was grown in 10 m2 plots in randomized blocks with three replicates. The agro-
nomic practices were those typical for durum wheat production in the selected area [24].
Immediately after harvest, the spikes from Caucasian wheats were threshed, and dehulled
kernels were obtained by two subsequent steps using a bench micro-thresher (Marelli SpA,
Milan, Italy); combined samples of grains from the three replicates were stored at 4 ◦C.
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Figure 1. Ears, hulled and dehulled kernels of (A) T. timopheevii and (B) T. zhukovskyi.

2.2. Grain Physical Analyses

The methods ISO 520:2010 [25] and ISO 7971-1:2009 [26] were used to determine the
thousand kernel weight (TKW) and test weight (TW), respectively. The hardness index
(HI) of the kernel was performed on 300 kernel samples by the Perten SKCS 4100 (Perten,
Springfield, IL, USA), following the manufacturer’s operating procedure. The instrument
was set at a range of hardness values between −40 and +120. The kernel length, width and
thickness were recorded for 30 random kernels from each species using a calliper, and the
average values were reported.

2.3. Chemical Characterization

All samples were milled to wholemeal flour using a laboratory mill (Cyclotec, FOSS,
Hillerod, Denmark) at a 0.5 or 1.0 mm sieve, depending on the requirements of each
analysis. All analyses were performed in triplicate. The sample moisture was measured
using a thermobalance (Sartorius MA 40, Goettingen, Germany) at 120 ◦C just before the
chemical analyses in order to express all data as dry weight (dw). Protein content was
measured by micro-Kjeldhal nitrogen analysis according to the ICC 105/2 method [27],
using as the conversion factor N × 5.7. The total and resistant starch (TS and RS) content
was determined by enzymatic method using the Megazyme (Bray, Ireland) kits K-TSTA
and K-RSTAR according to McCleary et al. [28] and McCleary et al. [29], respectively.
The content of total dietary fiber (TDF) was measured using an enzymatic kit for fiber
determination (Bioquant, Merck, Darmstadt, Germany) according to the AOAC Official
Method 991.42 [30]. Protein, TS, RS and TDF content were expressed as percentage w/w.
The total antioxidant capacity (TAC) was determined according to Ciccoritti et al. [31]. The
total soluble phenolic content (TSPC) was determined using the Folin–Ciocalteau method
as reported by Menga et al. [32], and the results were expressed as milligrams of ferulic acid
equivalents per gram (mg FAE/g). Ash content was determined according to the approved
method AACC 08-01.01 [33].

2.4. Rheological and Technological Tests

Semolina from durum and Caucasian wheats was obtained by Buhler MLU 202 mill
(Utzwill, Switzerland). The total milling yield was considered as the percentage of the
weight of semolina and flour fractions obtained from 100 g of kernels. The dry gluten
content and gluten index were determined with the Glutomatic 2200 apparatus (Perten)
according to the method ICC 158 [34]. Alveograph parameters (W, P and L) of semolina
were obtained by Chopin Alveograph (Chopin, Villeneuve La Garenne, France) according
to the manufacturer’s instructions. The SDS sedimentation test was assessed according to
the standard method AACC 56-70.01 [33]. The AACC 56-81B method [33] was used for the
determination of the falling number (FN) using the Perten 1500 system. Semolina color
was evaluated by a Tristimulus colorimeter (ChromaMeter CR-400, Minolta, Milan, Italy)
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equipped with a D65 illuminant, using the CIELab color space coordinate b* (yellowness),
a* (redness) and L* (lightness); brownness was expressed as 100-L*.

2.5. Statistical Analysis

Replicated results were expressed as mean ± standard deviation. A one-way analysis
of variance was performed with MSTATC program (Michigan State University, East Lansing,
MI, USA), followed by the Duncan multiple range test for a post-hoc comparison of means,
applied to assess significant differences (p ≤ 0.05) for each considered parameter.

3. Results and Discussion

3.1. Physical Kernel Traits

Thousand kernel weight (TKW) and test weight (TW) are the main technological
parameters indicating grain quality and play a large role in flour yield at milling [35]. The
TKW values of de-hulled kernels were very similar in the Caucasian wheats, and they
resulted in almost half of those of T. durum (Table 1). The TKW values were comparable to
those obtained from the ancient wheats einkorn, spelt and emmer [36], but they were lower
than those observed as the mean of more than 50 T. timopheevii accessions by Mikò et al. [37]
and by Relina et al. [20], who found TKW values ranging from 33 to 39 g. These differences
could be due to the agronomic practices, growing environment and genotypes used in
the different studies. Similarly, no differences were observed between T. timopheevii and
T. zhukovskyi for the TW values, which resulted in being statistically lower (p ≤ 0.05) than
those observed in durum wheat (Table 1).

Table 1. Physical kernel traits of the two ancient Caucasian wheats and T. durum cv San Carlo.

Thousand Kernel
Weight (g)

Test Weight
(kg/hL)

Hardness Index
Kernel Dimensions

Length (mm) Width (mm) Thickness (mm)

T. timopheevii
accession Lonigo 28.0 ± 0.4 b 72.2 ± 0.1 b 83 ± 15 a 8.7 ± 0.6 b 2.3 ± 0.1 c 2.4 ± 0.2 b

T. zhukovskyi
accession Far 75 27.7 ± 0.4 b 72.0 ± 0.5 b 85 ± 17 a 8.9 ± 0.8 a 2.7 ± 0.2 b 2.5 ± 0.1 b

T. durum cv San Carlo 56.2 ± 0.3 a 84.3 ± 0.3 a 84 ± 12 a 8.1 ± 0.7 c 3.7 ± 0.4 a 3.5 ± 0.5 a

Results are expressed as mean ± standard deviation for three replications. Within the same column, values with
different letters indicate significant differences determined by Duncan’s test (p ≤ 0.05).

The kernel dimensions of Caucasian Triticum were significantly lower than those of
durum wheat (Table 1), suggesting that the small kernel size of Caucasian wheats affected
the kernel weight more than the TW, as already observed by Wang and Fu [38]. However,
the TW value of 72 kg/hL, found in the two ancient wheats, met the current TW requirement
for the No. 4 wheat class (TW ≥ 71 kg/hL) of Canada Western Amber Durum (CWAD) [39],
whereas durum wheat cv San Carlo fell into the No. 1 CWAD class (TW ≥ 80 kg/hL) [39].
The mean values of 72 kg/hL of TW have also been reported for the ancient hulled wheats
einkorn, spelt and emmer [40].

Endosperm texture in wheat exerts a strong indirect impact on a bulk of technological
and rheological quality traits including flour yield, dough rheological properties, bread
volume and crumb structure [41]. Almost all tetraploid cereal species are characterized by
an extra-hard kernel texture with an SKCS hardness index (HI) > 80 [42], mainly due to the
lack of expression of puroindolines proteins. Both T. timopheevii and T. zhukovskyi revealed
a very hard kernel texture (HI > 80, Table 1), comparable to that of durum wheat. These
results agree with Relina et al. [20] who classified the T. timopheevii kernels as hard-textured.

It is worth noting that even if the physical traits of Caucasian kernels showed signifi-
cantly lower values than durum wheat (Table 1), their milling yield was satisfactory (61%
and 70%, in T. timopheevii and T. zhukovskyi, respectively) and comparable to that of durum
cv San Carlo (69%).
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3.2. Chemical and Nutritional Traits

Besides their nutritional properties, proteins are important for the processing capacity
of cereals, especially for the texture of poor-gluten quality foods. The whole wheat flour of
T. timopheevii showed a significantly higher protein content (20.1%) than both T. zhukovskyi
(16.9%) and durum wheat (14.3%) (Table 2).

Table 2. Chemical and nutritional traits of the two ancient Caucasian wheats and T. durum cv San
Carlo.

Protein (%) Total Starch (%) TDF (%) Ash (%) TAC (mmol TEAC/kg) TSPC (mg FAE/g)

T. timopheevii
accession Lonigo 20.1 ± 0.8 a 62.2 ± 0.19 b 9.3 ± 0.2 c 2.13 ± 0.01 a 87.4 ± 0.5 b 0.94 ± 0.05 b

T. zhukovskyi
accession Far 75 16.92 ± 0.03 b 62.0 ± 0.3 b 9.6 ± 0.2 b 1.96 ± 0.02 b 89.7 ± 0.3 a 0.997 ± 0.005 b

T. durum cv San Carlo 14.3 ± 0.5 c 65.0 ± 0.8 a 12.3 ± 0.3 a 1.65 ± 0.01 c 44.1 ± 0.3 c 1.19 ± 0.04 a

Results are reported as dry weight and expressed as mean ± standard deviation for three replications. Within the
same column, values with different letters indicate significant differences determined by Duncan’s test (p ≤ 0.05).
TDF = total dietary fiber; TAC = total antioxidant capacity; TEAC = trolox equivalent antioxidant capacity;
TSPC = total soluble phenolic content; FAE = ferulic acid equivalents.

A higher protein content in hulled ancient wheats with respect to modern wheat
varieties was also observed in previous works [43–45], suggesting that the hulled wheat
species have a better potential than modern wheat varieties for using nitrogen [43] and
could therefore be considered as suitable crops for low input agriculture. However, one
should take into consideration that the high protein content in ancient wheats is also
ascribable to their low agronomic yield. As a consequence of the higher protein content,
Caucasian wheats presented a lower total starch content than T. durum [46]. In any case,
the very high protein and total starch content of about 62% make these wheats a valuable
alternative raw material for producing highly nutritious cereal foods. The quantification of
RS, i.e., the fraction of the starch that cannot be digested by human gastrointestinal enzymes,
revealed, in all species, a RS content lower than the limit of 2% required for an adequate
accuracy of the method used [29]. However, the method allowed for the discernment of
a statistically different RS content between durum wheat (0.26%) and Caucasian wheats
(0.17%). Dietary fiber is the main bioactive component of wheat grain, due to its health
benefits in colon cancer prevention, prebiotic activity and modulation of blood glucose and
insulin levels [47]. Durum wheat cv San Carlo had a significantly higher level of TDF when
compared to both Caucasian wheats (Table 2). Generally, flours made from smaller kernels
have a higher percentage of fiber; however, a lower content of dietary fiber in ancient wheat
species has been reported in several studies related to the comparison between ancient and
modern wheats [2,22,48]. Both T. timopheevii and T. zhukovskyi resulted in higher levels of
minerals, as suggested by the significantly higher ash content (Table 2). A mean value of
the ash content of 2% was also reported in spelt, einkorn and emmer [40,49]. The higher ash
values in Caucasian wheats resulted from a higher share of outer kernel layers compared
to durum wheat due to the smaller size of the grains. An adequate intake of minerals is an
important contribution to human health, even if a higher content of minerals does not mean
an improved uptake and bio-accessibility and kernels may also contain toxic metals [45].

Currently, antioxidant activity is the most common in vitro parameter that is used to
assess or predict the potential benefits of phytochemical compounds. The level of TAC was
significantly higher in T. zhukovskyi (+103%) and T. timopheevii (+98%) than in durum wheat
cv San Carlo (Table 2). A higher antioxidant activity in T. timopheevii compared to durum
wheat was also observed by Relina et al. [20]. The highest TAC level in ancient Caucasian
wheats could not be ascribed to the presence of a major phenolics content compared
to T. durum, since their TSPC was statistically lower than in the modern wheat cultivar
(Table 2). Data on the phenolics content of ancient wheats usually [50] showed that wild
tetraploid wheat ancestors had the lowest phenolic content, and, even if contradictory data
are present in the literature, wild wheats do not seem to possess valuable characteristics for
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the improvement of TPC in wheat [48]. Hence, the very high level of TAC found in ancient
Caucasian grains cannot be explained by their level of TSPC but rather by the occurrence
of other bioactive compounds, such as carotenoids. This hypothesis should be confirmed
by further studies; in any case, as T. zhukovskyi possesses the einkorn Am genome, it can be
assumed that it shares a high lutein content, einkorn being indicated as the wheat with the
highest level of lutein [48,51]. Moreover, the higher yellow index (b*) shown by Caucasian
wheats’ semolina, as reported in the following section, could reinforce this assumption.

3.3. Technological and Rheological Traits

Because of their poor-gluten quality, ancient wheats result in less structured doughs
with a low elasticity and high extensibility [43]. The SDS-sedimentation test is one of the
most useful single small-scale tests for screening for gluten strength and consequently
for pasta-cooking and bread-making quality in durum wheat [52]. Significant differences
(p ≤ 0.05) in SDS values (Table 3) were observed between the two ancient Caucasian wheats;
in particular, T. zhukovskyi was considered as ‘poor gluten quality’, having an SDS value
<30 mL, whereas ‘good gluten quality’ could be ascribed to T. timopheevii, which presented
an SDS value in the range of 30–40 mL [53].

Table 3. Technological and rheological traits and semolina color of the two ancient Caucasian wheats
and T. durum cv San Carlo.

SDS
Sedimenta-

tion Volume
(mL)

Gluten
Index

(%)

Dry Gluten
Content

(%)

Alveograph
Parameters Falling

Number
(s)

Color

W P/L
Yellow
Index
(b*)

Brown
Index

(100-L*)

Red
Index
(a*)

T. timopheevii
accession
Lonigo

34.5 ± 0.7 b 34 ± 1 b 17.13 ± 0.07 a 29 ± 15 b 1.2 ± 0.7 ab 467 ± 1 b 29.2 ± 0.2 a 15.4 ± 0.2 a −2.69 ± 0.09 a

T. zhukovskyi
accession
Far 75

22.5 ± 0.7 c 1.3 ± 0.6 c 15.3 ± 0.2 b 9 ± 8 b 0.8 ± 0.1 b 476 ± 8 a 27.7 ± 0.2 b 15.6 ± 0.2 a −2.23 ± 0.09 b

T. durum
cv San Carlo 37.5 ± 0.7 a 93 ± 1 a 10.5 ± 0.1 c 227 ± 21 a 1.8 ± 0.1 a 483 ± 2 a 22.1 ± 0.2 c 14.9 ± 0.5 b −2.3 ± 0.2 b

Results are expressed as mean ± standard deviation for three replications. Within the same column, values with
different letters indicate significant differences determined by Duncan’s test (p ≤ 0.05).

These results were in agreement with the gluten index values found in T. zhukovskyi
and in T. timopheevii (Table 3). Indeed, according to the standard quality classes UNI
10709 [54] and UNI 10940 [55], T. zhukovskyi fell into the worst quality class, showing values
slightly >1, whereas T. timopheevii showed a gluten index about three-fold lower than that
recorded in durum wheat, falling into the quality class III. Despite the low gluten index,
both Caucasian semolina showed a gluten content that was significantly higher than durum
wheat (Table 3), due to the higher protein content (Table 2). It is worth noting that in T.
timopheevii and T. zhukovskyi, the gluten content accounted for 85% and 90% of the total
protein content, respectively, whereas in durum wheat cv San Carlo, it accounted for 73%.

Alveograph P and W values are indicators of dough elasticity and strength, respec-
tively, and the L value is the indicator of dough extensibility. As expected, the poor quality
of glutenin Caucasian wheat affected the rheological quality of semolina, as demonstrated
by the W and P/L alveograph values (Table 3). The highest W value was observed in T.
durum cv San Carlo, which met the requirements for the UNI 10709 [54] and UNI 10940 [55]
standard quality class II, followed by T. timopheevii and T. zhukovskyi, which presented
non-classifiable values (W < 100). The P/L ratio is a measurement of the balance between
the elasticity and extensibility of dough and, with some exceptions, is higher than 1.0 in
durum wheat [56], reflecting the tenacious and inextensible dough properties of this wheat
species well. T. timopheevii showed a P/L value >1, similar to durum wheat cv San Carlo,
whereas in T. zhukovskyi the low alveograph P value resulted in a significantly lower P/L
ratio when compared to T. timopheevii and durum wheat. These results suggested that
flours deriving from Caucasian wheats could be more suitable for being processed into
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pasta, flat breads and unleavened products than into traditional bread and baked products
that require long leavening and processing.

The falling number (FN) is used to assess the baking quality of wheat flour in relation
to the amylolytic enzymes activity, with which it is negatively correlated. FN values
higher than 400 s were observed in the three analyzed species (Table 3), indicating a scarce
amylolytic activity and, consequently, a poor bread-making performance in terms of crumb
texture and low loaf volume. These data reinforced the idea, supported by alveograph tests,
that Caucasian flours are optimal for being processed into pasta or flat breads, as already
reported for einkorn, emmer and spelt wheat [57].

Kernel and milling products’ color is an important factor in anticipating the end-
product color quality; it is used in the durum grain trade, and the higher the b* value, the
more intense the yellow coloring of the sample. Elevated values of the b* parameter (Table 3)
were found in Caucasian wheats’ semolina, mainly in T. timopheevii, which presented a
higher b* value (+32%) than that of durum wheat semolina. On the contrary, the brown
(100-L*) and red (a*) indexes, even if statistically different, were very similar in the three
wheat species (Table 3).

4. Conclusions

The exploitation of ancient wheat species, besides playing a key role in plant breeding
as a reservoir of useful genes, could contribute to providing new raw materials for the
production of health-promoting foods, while increasing the agro-food biodiversity. The
assessment of grain physical parameters, products’ feasibility, flours’ technological and
rheological quality, and the presence of some health-promoting molecules revealed the
ancient Caucasian wheats to be a valuable option for the entire supply chain, from farm
to fork, meeting the main requirements that are used to evaluate the suitability of wheat
for food production. Indeed, T. timopheevii and T. zhukovskyi, despite having a seed weight
that was about half that of durum wheat, showed an excellent milling yield and an accept-
able test weight, which suggests a promising use for processing. The technological and
rheological parameters identified the Caucasian wheats as a potential raw material for the
formulation of flat breads or biscuits, while the very high protein content could result in
a good pasta-making capacity. Finally, the very high TAC level recorded in these wheats
could satisfy the increasing demand for healthier and high-quality foods, encouraging the
introduction of novel raw materials and products into diets, in developed countries as well.
Future work will be necessary to evaluate the GxE effect on agronomical, nutritional and
technological parameters and to investigate the most suitable technological processes and
food.
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Abstract: Amaranth and finger millet are important food security crops in Africa but show poor bread
making ability, even in composite wheat breads. Malting and steaming are promising approaches
to improve composite bread quality, which have not been fully explored yet. Therefore, in this
study, wheat was blended with native, steamed or malted finger millet or amaranth in the ratio of
70:30. Wheat/native amaranth (WHE-NAM) and wheat/malted amaranth (WHE-MAM) had longer
dough development times and higher dough stabilities, water absorption capacities and farinograph
quality numbers than wheat/steamed amaranth (WHE-SAM), wheat/native finger millet (WHE-
NFM), wheat/steamed finger millet (WHE-SFM) or wheat/malted finger millet (WHE-MFM). The
WHE-NAM and WHE-MAM breads had lower crumb firmness and chewiness, higher resilience and
cohesiveness and lighter colours than WHE-NFM, WHE-SFM and WHE-MFM. Starch and protein
digestibility of composite breads were not different (p > 0.05) from each other and ranged between
95–98% and 83–91%, respectively. Composite breads had higher ash (1.9–2.5 g/100 g), dietary
fibre (5.7–7.1 g/100 g), phenolic acid (60–122 mg/100 g) and phytate contents (551–669 mg/100 g)
than wheat bread (ash 1.6 g/100 g; dietary fibre 4.5 g/100 g; phenolic acids 59 mg/100 g; phytate
170 mg/100 g). The WHE-NAM and WHE-MAM breads possessed the best crumb texture and
nutritional profile among the composite breads.

Keywords: amaranth; bread; dough; finger millet; wheat

1. Introduction

Finger millet (Eleusine coracana) and amaranth (Amaranthus cruentus) are important
food security crops in sub-Saharan Africa because they are high-yielding crops, even
under adverse agro-ecological environments. In addition, they are valuable sources of
energy and proteins. However, they have limited utilization in industrial food product
development. One technique to increase consumption of these crops is by incorporating
them in ready-to-eat foods such as bread [1–3].

Partial substitution of wheat with non-wheat flours improves the nutritional quality
of bread, promotes consumption of underutilized crops and increases sensory diversity of
bread [1–3]. Unfortunately, composite bread has lower volume and harder crumb compared
to wheat bread because the non-wheat flour dilutes gluten and the gluten matrix cannot
develop properly due to interference by non-wheat flour constituents, such as dietary
fibre [3–5]. These envelop the gluten proteins, limiting the formation of a network.

The major strategies used to manage the negative effects of non-wheat flours in
composite dough and bread include using wheat flour with high protein content [5,6]
and limiting the amount of non-wheat flour to about 30–40% w/w [2,7,8]. In addition,
vital gluten, ascorbic acid, emulsifiers, enzymes and hydrocolloids [2,9,10] can be added
to composite dough to compensate for gluten dilution and support development of the
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gluten matrix. Amaranth albumin proteins also improve rheological properties of dough
by interacting with gluten proteins through disulphide bonds [11]. Bread with added
amaranth albumin proteins has higher volume and better crumb texture compared to
wheat bread [12].

The quality of composite bread can also be improved by modifying non-wheat flours
prior to blending them with wheat. Guardianelli et al. [13] found that germinated amaranth
improves elasticity and viscosity of composite dough, while Mlakar et al. [14] found that
composite dough made from wheat and amaranth whole-grain flour had higher stability
and strength compared to wheat dough. However, these two studies did not report on
the impact of amaranth flours on the quality of composite bread. Tosi et al. [15] reported
that low levels (4% flour-weight-basis) of defatted hyperproteic amaranth flour has no
negative impact on specific volume of bread. Composite dough containing extruded finger
millet is less firm and more extensible than dough containing unextruded finger millet [16].
The resulting bread has higher volume and better crumb texture than bread containing
unextruded finger millet [16]. Other examples of modified cereals that have been used
to improve volume and crumb texture of composite bread are germinated brown rice
flour [17] and fermented sorghum [18]. There is still a lack of studies on the impact of
finger millet on the quality of composite bread. It is a native African crop with remarkable
resilience against heat and drought stress combined with high storage stability and good
nutritional values. Thus, incorporation of finger millet into various food products should
be studied more intensely. Onyango et al. [1] reported that composite bread containing
hydrothermally treated finger millet had softer crumb and higher volume compared to
composite bread containing native finger millet. The use of steaming or malting to improve
the bread making abilities of amaranth and finger millet has not been studied yet. However,
it was found that composite bread made with boiled malt flour has better crumb texture
and lower degree of staling compared with composite bread made with native sorghum
flour [19]. Based on these results, malting and steaming appear as promising tools to
improve the quality of composite wheat bread. Hence, it was the aim of this study to
close this knowledge gap by comparing the effect of steamed or malted finger millet
and amaranth on the rheological properties of dough and physico-chemical quality of
bread. These results are an important contribution towards an optimized utilisation of the
nutritionally and economically valuable crops amaranth and finger millet.

2. Materials and Method

2.1. Modification of Finger Millet

Native finger millet (NFM) and amaranth (NAM) grains were purchased in Busia
County, Kenya. Steamed finger millet (SFM) and amaranth (SAM) were prepared by
washing the grains before steeping them in water (1:5 w/v) for 24 h at 24 ± 1 ◦C. After
steeping, excess water was drained through a filter cloth before the grains were placed in a
stainless-steel container, covered with an aluminium sheet and steamed in an autoclave
(Biobase Co., Ltd., Shandong, China) at 100 ◦C for 20 min. Malted finger millet (MFM)
and amaranth (MAM) were prepared using a modified method by Hugo et al. [19]. The
grains were washed and steeped as described for SAM and SFM and excess water was
removed. The grains were then spread on woven polypropylene cloth, which was spread
on perforated aluminium tray for 48 h at 24 ± 1 ◦C. The tray was loosely covered with
another woven polypropylene cloth. Twice daily, water was sprinkled on the grains before
they were gently mixed. After malting, the grains were steamed, as described for SAM
and SFM. The steamed and malted grains were dried to 12 ± 2% moisture content in an
electric oven (Memmert GmbH + Co. KG., Schwabach, Germany) set at 60 ◦C over a period
of 48 h. The grains were milled using a Bauermeister universal turbo laboratory (UTL)
grinder fitted with 500 μm sieve (Bauermeister Maschinenfabrik GmbH, Hamburg-Altona,
Germany).
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2.2. Characterization of Flours

Protein (N × 5.75 for wheat; N × 6.25 for finger millet and amaranth, respectively),
lipid and ash contents of flours were determined on dry-weight basis according to ICC
standard methods No., 105/2, 136 and 104/1, respectively [20,21]. Total and digestible
starch and phytate contents were measured using K-RAPRS and K-PHYT kits, respectively
(Megazyme Int. Ireland Ltd., Wicklow, Ireland). Soluble, insoluble and total dietary fibre
contents were measured using K-TDFR-100A kit from Megazyme Int. (Wicklow, Ireland).

Free soluble sugars were determined following the procedure described by Schmidt
and Sciurba [22] with some modifications. In brief, 1.00 ± 0.01 g of sample was combined
with 2.0 mL methanol and homogenized. After adding 20 mL of deionized water (80 ◦C), the
suspension was homogenized by ultrasonication (BANDELIN Sonoplus, Berlin, Germany)
for 2 × 15 s at room temperature. After centrifugation (5 min, 1700× g, 20 ◦C), the
supernatant was transferred to a 100 mL volumetric flask and the hot water extraction was
repeated twice. Proteins were removed from the combined supernatants by adding 500 μL
of Carrez I (15% w/v) and Carrez II (32% w/v), respectively. After adjusting to volume,
solids were removed by centrifugation (10 min, 3000× g, 20 ◦C) and the supernatant was
filtered (0.45 μm) into a HPIC vial. For analysis of the sample extracts, high-performance
anion exchange chromatography (HPAEC, Dionex ICS 5000+, Sunnyvale, CA, USA) with
pulsed amperometric detection (PAD) was used. The system was equipped with a CarboPac
PA 1 guard column and a CarboPac PA1 analytical column (4 × 250 mm), both operated
at 25 ◦C. The mobile phase consisted of (A) 100 mM sodium hydroxide solution and (B)
600 mM sodium acetate in 100 mM sodium hydroxide. Eluents were degassed and stored
under helium atmosphere. The following gradient program was applied for separation:
0–40 min 100% A, 40–55 min linear increase of B from 0 to 100%, 55–70 min 100% A. The
injection volume was 25 μL, the flow rate was set to 1.0 mL/min for a total run time of
70 min. For calibration, analytical standards of raffinose, maltose, sucrose, glucose, fructose,
sorbitol and mannitol were used in various dilutions, between 0.1 and 30 mg/100 mL. All
calibrations were found to be linear in the respective calibration range (R2 > 0.99). Limit
of detection (LOD) and limit of quantification (LOQ) were set for a signal to noise ratio of
3 and 10, respectively.

Determination of the total arabinoxylan content was based on the method of Houben
et al. [23]. The sample (0.05 ± 0.001 g) was suspended in 1 mL of deionized water and
2 mL of hydrochloric acid (4 M). The homogenized suspensions were incubated for 90 min
at 100 ◦C and homogenized every 10 min. After cooling to room temperature, mixtures
were neutralized with 2 mL sodium hydroxide (4 M). Subsequently, 1 mL of Tris buffer
(0.2 M, pH = 7.6) and 1 mL of glucose oxidase-catalase solution from Megazyme Int.
(Wicklow, Ireland) were added and homogenized. The suspension was incubated for 60
min at 30 ◦C, centrifuged (10 min, 3500 g, 20 ◦C) and the supernatant filtered (0.45 μm)
into a HPIC vial. Analysis was carried out similarly to the free soluble sugars described
above, with the following modifications. The mobile phase consisted of (A) 20 mM sodium
hydroxide solution and (B) 600 mM sodium acetate in 100 mM sodium hydroxide. For
analysis, the following gradient program was used: 0–30 min 100% A, 30–45 min linear
increase of B from 0 to 100%, 45–60 min 100% A. Total run time was 60 min. For calibration,
analytical standards of arabinose and xylose were used in various dilutions, between 0.1
and 30 mg/100 mL.

Characterization of process-induced changes in arabinoxylan molar mass was carried
out using gel permeation chromatography (GPC). For extraction, 200 mg of ground sample
was suspended in 10 mL of sodium nitrate solution (0.1 M), containing 0.02% sodium azide,
and incubated for 2.5 h at 90 ◦C. Subsequently, the mixtures were cooled to 50 ◦C and after
addition of 200 μL lichenase solution (10 U) incubated for 1 h at 50 ◦C. After addition of
10 μL α-amylase solution (5 mg/mL in 3.6 mM CaCl2) and incubation at 37 ◦C for 1 h, 50 μL
of Carrez I (15% w/v) and Carrez II (32% w/v) were added, the mixture was centrifuged
and the supernatant filtered (0.45 μm) into a GPC vial. Measurement was carried out
using the GPCmax gel permeation chromatography system (Malvern Panalytical, UK).
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For separation, a A6000M (300 × 8 mm), Aq GPC/SEC double column, equipped with an
AGuard pre-column (50 × 6 mm) was used. The measurement was done isocratic using
0.1 M sodium nitrate solution, containing 0.02% sodium azide, at a flow rate of 1.0 mL/min.
The column temperature was held at 30 ◦C, the run time was 35 min and the injection
volume was 100 μL. Discrete pullulan molar mass standards were used for conventional
calibration, to determine arabinoxylan molar mass. In vitro protein digestibility (IVPD) and
free phenolic compounds were determined as previously reported by Onyango et al. [1].

2.3. Properties of Flours and Doughs

Composite flour was prepared from baker’s wheat (WHE) flour (Unga Ltd., Nairobi,
Kenya) and native, steamed or malted finger millet (WHE-NFM, WHE-SFM, WHE-MFM)
or amaranth (WHE-NAM, WHE-SAM, WHE-MAM) at a ratio of 70:30. The α-amylase
activity was measured using K-CERA kit from Megazyme Int. (Wicklow, Ireland). Dough
properties were evaluated using a Farinograph-AT and an Extensograph-E (Brabender
GmbH & Co. KG., Duisburg, Germany) according to ICC standard methods No. 115/1 and
ICC No. 114/1, respectively [20,21].

2.4. Bread Making and Evaluation of Physical and Textural Properties of Breads

Breads were made by the straight dough method, as previously described by Onyango
et al. [1] from WHE (control) or composite flours (wheat: non-wheat flour 70:30). The
remaining baking ingredients were: sugar (2% flour-weight-basis, fwb, Kibos Sugar &
Allied Industries, Kisumu, Kenya), active dry yeast (1% fwb, Angel Yeast Co., Ltd., Beni
Suef, Egypt), baker’s fat (1% fwb, Bidco Africa Ltd., Nairobi, Kenya) and salt (1% fwb,
Kensalt Ltd., Nairobi, Kenya). The farinograph water absorption capacities of the flours
were adjusted to reach consistencies of 500 farinograph units (FU). Farinograph water
absorption capacity of WHE, WHE-NFM, WHE-SFM and WHE-MFM was 59, 57, 60 and
60%, respectively. Farinograph water absorption capacity of WHE-NAM, WHE-SAM and
WHE-MAM was 61, 63 and 62%, respectively. The ingredients were combined and mixed
at low speed using a spiral dough hook for 1 min and further kneaded for 5 min at medium
speed in a SP22HI planetary mixer (SPAR Food Machinery Mfg. Co. Ltd., Taichung Hsien,
Taiwan). After resting for 15 min the dough was divided into 400 g pieces before it was
manually rounded and rested for another 15 min. The dough was molded manually, loaded
into baking tins (dimensions: L × W × H: 205 × 105 × 70 mm) and proofed for 60 min at
35 ◦C and 80% relative humidity in a proofing cabinet (National Mfg. Co., Lincoln, NE,
USA). After proofing, the tins were placed in a rotary oven (National Mfg. Co., Lincoln, NE,
USA) set at 200 ◦C and baked for 35 min. After de-panning, the loaves were kept in paper
bags stored in an incubator at 25 ◦C for 22 h before further analysis. Bread weight, volume
and specific volume were determined as described by Onyango et al. [1]. Briefly, bread
was weighed on a Shimadzu analytical balance (Shimadzu Corporation, Kyoto, Japan).
Bread volume was determined by displacement of finger millet in a 10 L stainless-steel
container. Specific volume was calculated by dividing bread volume with weight. Change
in crumb lightness (ΔL* = L*wheat bread − L*composite bread), was measured using a Chroma
Meter CR-10 (Konica Minolta, Sakai, Japan), in order to determine the impact of the pre-
treatments (malting and steaming) of finger millet or amaranth on crumb appearance.
Texture Profile Analysis of bread crumb was measured as previously reported by Onyango
et al. [1]. Briefly described, 20 mm thick slices of bread were compressed using a 75 mm
diameter aluminium cylinder probe (P/75) which was attached to a TA-XT plus Texture
Analyser (Stable Micro Systems, Surrey, UK). The operating variables of the probe were
calibration height (40 mm), pre-test speed (1 mms−1), test-speed (5 mms−1), post-test speed
(5 mms−1), penetration distance (10 mm), trigger force (0.05 N).

2.5. Nutrient Qualities of Breads

Bread was dried at 40 ◦C and milled using a Bauermeister universal turbo laboratory
(UTL) grinder fitted with 500 μm sieve (Bauermeister Maschinenfabrik GmbH, Hamburg-
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Altona, Germany). Total starch, digestible starch, protein, IVPD, lipid, dietary fibre, ash,
phytate, arabinoxylan, free soluble sugars and total phenol contents were determined as
described in Section 2.2.

2.6. Experimental Design and Statistical Data Analysis

All experimental analyses were done in duplicate or triplicate and the results were
reported as mean ± standard deviation. The effect of flour type on the properties of flour,
dough and bread was evaluated in a single factor experimental design. The data obtained
were subjected to one-way analysis of variance. Tukey’s Test at a confidence level of 95%
was used to evaluate differences in treatment means. The data were analyzed using Minitab
17 statistics software (Minitab Inc., State College, PA, USA).

3. Results and Discussion

3.1. Characterization of Flours

The distribution of free sugars and sugar alcohols in native and modified flours is
shown in Table 1. Disaccharides were the major sugars in wheat and native finger millet,
whereas disaccharides and trisaccharides were the major sugars in native amaranth. These
results agree with those of Dharmaraj and Malleshi [24] who found that glucose, fructose,
sucrose and maltose are the main sugars in finger millet; and Becker et al. [25] who reported
that sucrose and raffinose are the major sugars in amaranth. The content of free sugars (i.e.,
monosaccharides, disaccharides and trisaccharides) decreased from 851 to 750 mg/100 g
and from 1609 to 1326 mg/100 g in finger millet and amaranth, respectively, after steaming.
The loss of free sugars in steamed finger millet is due to leaching during steeping and
Maillard reactions during steaming [24]. The content of free sugars increased from 851 to
1311 mg/100 g and from 1609 to 2013 mg/100 g in finger millet and amaranth, respectively,
after malting. These changes were attributed to enzymatic hydrolysis of starch into sugars
during germination. Starch content declined by 4 and 16% for finger millet and amaranth,
respectively, whereas monosaccharide content of the grains increased almost 20 times after
malting. The levels of sugar alcohols in all the grains were ≤63 mg/100 g and decreased
for finger millet but increased for amaranth after the grains were steamed or malted.

Amaranth is a dicotyledonous plant that is commonly referred to as a pseudocereal
because its chemical composition and techno-functionality resemble those of true cereals.
However, the starch content of amaranth seeds is lower than that of true cereals, such as
wheat and finger millet (Table 1). Amaranth had higher (p < 0.05) digestible starch content
than wheat or finger millet. Starch granule size is an important factor in determining
the rate of starch digestion and, usually, smaller granules are digested faster than larger
granules. In this case, the smaller amaranth starch granules (1–2 μm) have higher surface
area to volume ratio for enzymatic hydrolysis than the larger finger millet (4–12 μm) and
wheat starch (15–35 μm) granules [26].

Finger millet and amaranth had 3 to 5 times more insoluble dietary fibre but 1 to
2 times less soluble dietary fibre than wheat (Table 1). Overall, finger millet and amaranth
had 2 to 5 times more total dietary fibre than wheat. The low insoluble dietary fibre content
in refined wheat can be attributed to separation of the starchy endosperm from the bran
during milling. By contrast, finger millet and amaranth had high insoluble dietary fibre
contents, since bran was not separated from the endosperm during milling. Arabinoxylan
content declined when finger millet was steamed but increased when it was malted or
when amaranth was steamed or malted. The increase in arabinoxylan content in malted
grains may be because steeping and germination softened the cell wall tissues resulting in
improved extractability [27]. Despite the changes in arabinoxylan contents of the grains
after steaming or malting, there was no corresponding change in their average molecular
weights (Table 1).

109



Foods 2022, 11, 911

Table 1. Nutrient composition (based on dry weight) and quality of wheat, finger millet and ama-
ranth flour.

Nutrient Wheat
Finger Millet Amaranth

Native Steamed Malted Native Steamed Malted

Monosaccharides
(mg/100 g) * 53 ± 1 g 77 ± 0 e 219 ± 1 d 1257 ± 0 a 65 ± 0 f 282 ± 1 c 1030 ± 0 b

Disaccharides (mg/100 g) ** 710 ± 0 c 692 ± 1 d 460 ± 0 f 54 ± 0 g 784 ± 0 b 593 ± 1 e 817 ± 0 a

Trisaccharides (mg/100 g) *** 104 ± 1 d 82 ± 1 e 71 ± 1 f nd 760 ± 0 a 451 ± 0 b 226 ± 0 c

Sugar alcohols
(mg/100 g) **** 12 ± 0 f 30 ± 0 b 15 ± 0 d 7 ± 0 g 14 ± 0 e 18 ± 0 c 63 ± 1 a

Total starch (g/100 g) 73 ± 0 bc 82 ± 0 a 83 ± 1 a 79 ± 1 ab 69 ± 1 c 61 ± 5 d 58 ± 0 d

Digestible starch
(% of total starch) 88 ± 2 b 84 ± 1 b 86 ± 3 b 88 ± 1 b 97 ± 1 a 97 ± 0 a 98 ± 2 a

Insoluble dietary fibre
(g/100 g) 2.3 ± 0.2 d 12 ± 0 a 12 ± 0 ab 11 ± 0 ab 7.6 ± 0.2 c 8.5 ± 0.9 c 10 ± 2 b

Soluble dietary fibre (g/100 g) 1.3 ± 0.3 a 0.6 ± 0.2 b 0.6 ± 0.5 b 0.8 ± 0.3 b 0.7 ± 0.3 b 1.0 ± 0.1 ab 1.0 ± 0.0 ab

Total dietary fibre (g/100 g) 3.6 ± 0.3 c 13 ± 0 a 12 ± 1 a 12 ± 0 a 8.3 ± 0.4 b 9.5 ± 0.9 b 11 ± 2 a

Arabinoxylan (mg/100 g) 1312 ± 0 d 1555 ± 2 b 1455 ± 1 c 2017 ± 3 a 1061 ± 2 g 1184 ± 0 f 1228 ± 1 e

Arabinoxylan molecular
weight (kDa) 195 ± 25 a 177 ± 16 a 189 ± 17 a 166 ± 8 a 99 ± 4 b 139 ± 15 ab 93 ± 10 b

Total protein (g/100 g) 15 ± 1 a 11 ± 0 bc 9 ± 0 c 9 ± 1 c 14 ± 2 ab 16 ± 1 a 18 ± 2 a

In vitro protein digestibility
(% of total protein) 80 ± 4 b 88 ± 2 ab 79 ± 2 b 80 ± 1 b 87 ± 4 ab 92 ± 0 a 93 ± 1 a

Lipid (g/100 g) 1.8 ± 0.1 c 1.3 ± 0.0 d 1.6 ± 0.1 cd 1.4 ± 0.3 cd 8.0 ± 0.1 ab 7.6 ± 0.3 b 8.3 ± 0.1 a

Ash (g/100 g) 0.8 ± 0.0 c 3.9 ± 0.0 a 3.4 ± 0.5 ab 3.1 ± 0.0 b 2.9 ± 0.1 b 2.8 ± 0.0 b 3.2 ± 0.0 b

Phytate (mg/100 g) 621 ± 69 c 1260 ± 133 c 1087 ± 37 c 1144 ± 311 c 1366 ± 310 bc 2062 ± 107 ab 2209 ± 176 a

Total phenolic content
(mg GAE/100 g) 103 ± 5 c 162 ± 2 a 162 ± 2 a 142 ± 6 b 39 ± 0 f 68 ± 4 e 85 ± 0 d

* Glucose and fructose; ** sucrose and maltose; *** raffinose; **** sorbitol and mannitol. nd: not detected. Values
presented as mean ± standard deviation; n = 3. Values in the same row with different superscript letters are
significantly different at p < 0.05.

The net change in protein content of grains after malting is influenced by the balance
between leached water-soluble peptides versus starch breakdown via respiration. Thus,
protein content of malted finger millet may have declined because the loss of water-soluble
peptides exceeded the degree of starch degradation. In contrast, protein content in malted
amaranth increased because starch breakdown exceeded the leaching of water-soluble
peptides. Although the contents of water-soluble peptides were not determined, changes
in starch contents due to germination vary substantially and are likely to have an impact
on the protein contents of the grains. Amaranth lost a greater amount of starch (16%)
after germination than finger millet (4%). The IVPD of finger millet and amaranth were
between 87 and 88% and did not change (p > 0.05) after malting or steaming. These results
differ from published literature, which indicate that IVPD of finger millet and amaranth
increase after malting or steaming [24,28,29]. The native materials had inherently high
IVPD contents, which did not further increase after malting or steaming. Other authors
have reported lower IVPD values in native finger millet and amaranth and substantial
increases after steaming or germination. Dharmaraj and Malleshi [24] reported that IVPD
in finger millet increased from 79 to 91% after steaming, whereas Hejazi and Orsat [29]
found that it increased from 74 to 92% after germination. Olawoye and Gbadamosi [28]
found that IVPD increased from 36% in native amaranth to 58 and 65% after steaming and
germination, respectively.

The lipid, ash, phytate and phenolic acid contents of the grains reflected their different
botanical origins and effect of processing (Table 1). Amaranth had higher (p < 0.05) lipid
content than wheat or finger millet. Finger millet and amaranth had higher (p < 0.05) ash
and phytate contents than refined wheat. Phytate content of finger millet did not change
(p > 0.05) whereas that of amaranth increased after steaming or malting. Generally, phytate
content decreases after germination [29] due to synthesis or activation of endogenous phy-
tases, which hydrolyse myo-inositol 1,2,3,4,5,6-hexakisphosphate (IP6) into lower inositol
phosphates such as IP5, IP4, IP3, IP2, IP1 and myo-inositol. However, phytate content may
also increase after malting [30] if the lower forms of phytic acid are co-eluted as total phytic
acid during extraction [31]. Phenolic acid contents of native flours followed the order:
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amaranth < wheat < finger millet. In finger millet, the phenolic acid content did not change
(p > 0.05) after steaming but increased (p < 0.05) after malting. Malted or steamed amaranth
contained higher (p > 0.05) phenolic acid content than in the native grain. Phenolic acid
content increases in grains after malting due to the action of esterases on phenolic acid
esters linked to arabinoxylans and other non-starch polysaccharides [27].

3.2. Properties of Flours and Doughs

The α-amylase activities of the flours and dough properties derived from the farino-
grams are shown in Table 2. There were no significant differences (p > 0.05) in the α-amylase
activities of the flours. Especially noteworthy were the low α-amylase activities of flours
containing malted finger millet or amaranth. Although germination induces de novo
synthesis of α-amylase in grains, the diastatic activity can be regulated or inactivated by
heat treatment [19].

Table 2. Enzyme activity of flours and farinogram properties of doughs.

Flour
α-Amylase

Activity (CU/g)
WAC (%) DDT (min) Stability (min) DS (FU) FQN (mm)

WHE 0.6 ± 0.1 59 ± 0.2 e 1.9 ± 0.2 b 3.6 ± 0.3 c 76 ± 4 d 40 ± 3 d

WHE-NFM 0.6 ± 0.0 58 ± 0.1 e 1.8 ± 0.4 b 5.5 ± 0.1 a 122 ± 2 c 55 ± 1 c

WHE-SFM 0.4 ± 0.2 60 ± 0.0 d 1.5 ± 0.1 b 5.2 ± 0.3 ab 113 ± 7 c 56 ± 1 c

WHE-MFM 0.7 ± 0.0 61 ± 0.2 bc 1.4 ± 0.3 b 2.5 ± 0.0 d 168 ± 11 b 32 ± 1 e

WHE-NAM 0.5 ± 0.1 61 ± 0.1 c 3.8 ± 0.4 a 5.0 ± 0.7 ab 114 ± 6 c 70 ± 1 a

WHE-SAM 0.4 ± 0.0 63 ± 0.3 a 3.8 ± 0.3 a 4.1 ± 0.1 bc 132 ± 8 c 66 ± 4 ab

WHE-MAM 0.6 ± 0.2 62 ± 0.1 b 4.2 ± 0.1 a 4.2 ± 0.1 bc 193 ± 1 a 61 ± 1 bc

CU/g: ceralpha units/g; WHE: wheat; NFM: native finger millet; SFM: steamed finger millet; MFM: malted
finger millet; NAM: native amaranth; SAM: steamed amaranth; MAM: malted amaranth; WAC: water absorption
capacity; DDT: dough development time; DS: degree of softening; FQN: farinograph quality number; FU:
farinograph units. Values presented as mean ± standard deviation; n = 3. Values in the same column followed by
the same lower-case letter are not significantly different from each other (p < 0.05). Values in the same column not
followed by lower-case letter are not significantly different from each other (p < 0.05).

The water absorption capacity of wheat is determined by its protein, arabinoxylan
and damaged starch contents, hardness and particle size index [32]. This value is enhanced
further in composite flours with high protein or dietary fibre contents [5,15], as was noted
for amaranth and finger millet. Dietary fibre has huge impact on water absorption capacity
of flour because the numerous hydroxyl groups in the molecular structure of non-starch
polysaccharides allow for multiple water interactions through hydrogen bonds [6,33]. In
addition, the high water absorption capacity of WHE-NAM, WHE-SAM and WHE-MAM
doughs could be attributed to the high water binding capacity of amaranth starch granules
and albumins [12,15].

The WHE-NAM, WHE-SAM and WHE-MAM had higher dough development times
than wheat or WHE-NFM, WHE-SFM and WHE-MFM doughs. Composite doughs, ex-
cept WHE-MFM, had higher dough stabilities than wheat. However, prolonged mixing of
doughs showed that composite doughs had higher (p < 0.05) degrees of softening compared
to wheat (Table 2). The quantity and quality of gluten proteins determine the mixing be-
haviour of hydrated wheat and the rheological character of optimally mixed dough. When
wheat flour is hydrated and kneaded, discrete masses of gluten protein are transformed
into a continuous cohesive viscoelastic network. During kneading, dough resistance in-
creases to an optimal state before it begins to decrease. The changes in resistance to mixing
are recorded in the farinograph as dough development time, dough stability and degree
of softening. The gluten protein network, formed during kneading, is responsible for
retaining carbon dioxide produced during fermentation and in the initial stages of baking,
thus determining bread volume and crumb structure [34]. While in wheat doughs gluten is
the determining factor for dough development and stability, in composite doughs, dietary
fibre [5,6,33] and proteins [11,12] of the non-wheat constituents also play an important
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role. Dietary fibre increases dough development time, because non-starch polysaccharides
require more time to absorb water before dough reaches optimal consistency [5]. With
respect to amaranth, the albumin proteins also form intermolecular disulphide bonds with
wheat glutenins and produce dough with rheological character similar to glutenin polymers
in wheat [11,12]. Despite the positive effects of finger millet and amaranth on the devel-
opment and stability of composite doughs, prolonged mixing of these doughs eventually
destroyed and weakened their gluten networks and increased their degrees of softening.
The farinograph quality number was positively correlated with dough development time
and stability. The WHE-NAM, WHE-SAM and WHE-MAM doughs had high farinograph
quality numbers, which agreed with their long dough development times and high dough
stabilities. In contrast, WHE-MFM dough had the lowest farinograph quality number,
which was consistent with its short dough development time and low dough stability.

Composite doughs had lower (p < 0.05) energies, extensibilities and resistances to
extension than wheat dough at all incubation times (Table 3). These findings are similar to
those of Koletta et al. [5] and Mlakar et al. [15] and show that composite doughs were more
rigid and required less work to stretch compared to wheat. The viscoelastic character of
wheat is influenced by the two gluten fractions: gliadin and glutenin. Glutenin polymers
form viscoelastic networks that provide strength (resistance to extension) and elasticity
to dough, whereas gliadin acts as plasticizer within the glutenin polymer [34]. The low
dough strengths of composite doughs can be explained by the high content of dietary
fibre in non-wheat flours, which hindered formation of gluten viscoelastic networks. The
ratio of maximum resistance to extension/extensibility (MR/E) increased when incubation
time was extended from 45 to 90 min (Table 3). However, when incubation time was
further extended to 135 min, MR/E of WHE-NFM, WHE-SFM and WHE-MFM decreased
by between 21 and 30%. In contrast, MR/E of wheat and WHE-NAM decreased by smaller
margins of about 10%. The MR/E of WHE-SAM did not change whereas that of WHE-
MAM increased by 17% when incubation time was prolonged to 135 min. The positive
effect of amaranth on MR/E in composite doughs was attributed to the interaction of
amaranth albumins with glutenin polymers [11,12]. Dough with high MR/E value has
high strength relative to extensibility and, up to a certain limit, is expected to give bread
with a high volume.

Table 3. Extensogram properties of dough.

Dough

45 min 90 min 135 min

Energy

(cm2)

E
(mm)

MR
(EU)

MR/E
Energy

(cm2)

E
(mm)

MR
(EU)

MR/E
Energy

(cm2)

E
(mm)

MR
(EU)

MR/E

WHE 127 ± 11 a 167 ± 10 a 626 ± 62 a 3.9 ± 0.5 a 102 ± 6 a 139 ± 3 a 661 ± 33 a 4.8 ± 0.2 b 70 ± 8 a 122 ± 10 a 523 ± 22 a 4.3 ± 0.3 ab

WHE-NFM 54 ± 6 b 93 ± 1 b 446 ± 43 b 4.8 ± 0.4 a 38 ± 1 b 74 ± 3 c 432 ± 18 b 5.9 ± 0.1 a 16 ± 2 b 68 ± 7 b 189 ± 14 d 2.8 ± 0.1 cd

WHE-SFM 45 ± 0 bc 85 ± 0 b 405 ± 8 b 4.8 ± 0.1 a 35 ± 1 bc 70 ± 1 c 432 ± 17 b 6.2 ± 0.3 a 25 ± 3 b 66 ± 5 b 321 ± 16 b 4.9 ± 0.1 a

WHE-MFM 44 ± 3 bc 88 ± 2 b 383 ± 36 b 4.4 ± 0.6 a 29 ± 6 bc 72 ± 4 c 330 ± 46 cd 4.6 ± 0.4 b 17 ± 5 b 63 ± 7 b 204 ± 52 cd 3.2 ± 0.4 c

WHE-NAM 43 ± 3 bc 89 ± 4 b 379 ± 12 b 4.3 ± 0.0 a 39 ± 1 b 79 ± 5 bc 410 ± 18 bc 5.3 ± 0.5 ab 32 ± 3 b 76 ± 1 b 352 ± 33 b 4.7 ± 0.5 a

WHE-SAM 27 ± 3 c 99 ± 8 b 198 ± 4 c 2.0 ± 0.1 b 22 ± 0 c 89 ± 1 b 183 ± 3 e 2.1 ± 0.1 c 20 ± 1 b 84 ± 2 b 178 ± 4 d 2.1 ± 0.0 d

WHE-MAM 28 ± 1 c 104 ± 0 b 199 ± 9 c 1.9 ± 0.1 b 29 ± 2 bc 88 ± 2 b 252 ± 7 de 2.9 ± 0.0 c 31 ± 2 b 84 ± 3 b 285 ± 6 bc 3.4 ± 0.0 bc

WHE: wheat; NFM: native finger millet; SFM: steamed finger millet; MFM: malted finger millet; NAM: native
amaranth; SAM: steamed amaranth; MAM: malted amaranth; E: extensibility; MR: maximum resistance to
extension; EU: extensograph units. Values presented as mean ± standard deviation; n = 3. Values in the same
column followed by the same lower-case letter are not significantly different from each other (p < 0.05).

3.3. Physical and Textural Properties of Breads

Substantial differences regarding bread volume and colour, as well as the crumb structure,
were visible depending on the type of composite flour used (Figure 1). The weights of
breads ranged between 335–344 g and the volumes ranged between 1110–1448 cm3 (Table 4).
The specific volumes of composite breads were lower by between 9–28% compared to
wheat bread. Specific volume is an important quality parameter of bread because it is
largely associated with the appearance of bread. The distinctive high volume of bread is
attributed to gluten, which influences the gas retention properties of fermenting dough [34].
Substitution of wheat with gluten-free flour reduces bread volume due to the combined
effects of gluten dilution and disruption of gluten matrix by non-starch polysaccharides [5,6].
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Partial dehydration of gluten due to competition with fibre for hydration is responsible for
the structural changes of gluten matrix and collapse of the gluten polymeric network [4].
In addition, dietary fibre disrupts formation and physical properties of gluten network
through interactions of its reactive components (especially ferulic acid monomers) with
gluten proteins [35]. The high water-holding capacity of dietary fibre also reduces the
amount of steam generated, which results in decreased loaf volume.

Figure 1. Cut-through sections of breads produced using 100% wheat flour, 70% wheat + 30% native
finger millet flour and 70% wheat + 30% amaranth flour.

The WHE-NAM and WHE-MAM breads had higher (p < 0.05) specific volumes and
lower (p < 0.05) crumb firmness than the other composite breads (Table 4). Crumb firmness
is inversely related to specific volume and breads with low specific volumes tend to have
high crumb firmness because of their compact and closed crumb structure [5,8]. Crumb
firmness in composite bread is influenced by the botanical origin of non-wheat flour and
degree of wheat substitution [5,7,8]. Dietary fibre is the main cause of high crumb firmness
in composite breads, since it strengthens the walls which surround air bubbles in the
crumb [6,33]. The low crumb firmness of WHE-NAM and WHE-MAM breads could be
attributed to formation of stable disulphide linkages between amaranth albumins and
wheat glutenin polymers [11]. Silva-Sánchez et al. [12] found that albumin isolates (1–
3% w/w) in a bread recipe improves its volume and crumb texture. However, the low
specific volume and high crumb firmness of WHE-SAM bread indicate absence of albumin–
gluten interactions in its dough probably because albumins lost their functionality through
denaturation during steaming. Steaming decreases, whereas germination increases, the
content of albumins in amaranth [36]. Although drying (90 ◦C) germinated amaranth
decreases the amount of water-soluble proteins, the net amount is still higher than in native
or steamed amaranth [36] and contributes to low crumb firmness.

The impact of gluten dilution and interference during gluten network formation
in composite formulas was evident in the poorer crumb structure of composite breads
compared to wheat bread. Composite breads had lower (p < 0.05) crumb cohesiveness,
resilience and springiness than wheat bread (Table 4). Crumb chewiness (product of
crumb firmness, cohesiveness and springiness), which indicates the energy required to
chew bread into a state suitable for swallowing, closely imitated crumb firmness rather
than cohesiveness or springiness of the breads. Crumb chewiness of WHE-NAM and
WHE-MAM breads were not significantly different (p > 0.05) to WHE bread. In addition,
WHE-NAM and WHE-MAM breads were more cohesive and resilient than WHE-SAM or
WHE-NFM, WHE-SFM and WHE-MFM breads. The better crumb texture of WHE-NAM
and WHE-MAM breads compared to the other composite breads was attributed to the
presence of functionally active albumins in amaranth, as explained before.
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Table 4. Physical and textural properties of bread.

Bread Weight (g) Volume (cm3)
Specific
Volume
(cm3/g)

Firmness (N) Cohesiveness ** Resilience ** Springiness (%) Chewiness (N) ΔL*

WHE 341 ± 2 ab 1448 ± 58 a 4.3 ± 0.2 a 3.0 ± 0.5 d 0.74 ± 0.02 a 0.31 ± 0.02 a 91 ± 1 a 2.0 ± 0.3 e -
WHE-
NFM 335 ± 2 c 1135 ± 30 d 3.4 ± 0.1 cd 7.2 ± 1.0 bc 0.56 ± 0.02 d 0.22 ± 0.01 de 88 ± 1 b 3.5 ± 0.5 bc −20 ± 1 c

WHE-
SFM 340 ± 1 ab 1135 ± 70 d 3.3 ± 0.1 cd 8.8 ± 0.8 b 0.57 ± 0.04 d 0.23 ± 0.02 cde 86 ± 1 bc 4.3 ± 0.6 b −19 ± 1 c

WHE-
MFM 344 ± 1 a 1070 ± 26 d 3.1 ± 0.1 d 6.6 ± 0.5 c 0.55 ± 0.01 d 0.22 ± 0.01 e 86 ± 2 bc 3.1 ± 0.3 cd −21 ± 1 c

WHE-
NAM 339 ± 2 b 1240 ± 28 c 3.7 ± 0.1 bc 4.2 ± 0.4 d 0.67 ± 0.01 bc 0.27 ± 0.01 b 86 ± 1 bc 2.4 ± 0.2 de −8 ± 3 a

WHE-
SAM 344 ± 2 a 1110 ± 42 d 3.2 ± 0.2 d 10.7 ± 1.4 a 0.63 ± 0.03 c 0.25 ± 0.01 bcd 86 ± 1 bc 5.8 ± 0.6 a −10 ± 4 ab

WHE-
MAM 344 ± 2 a 1350 ± 26 b 3.9 ± 0.1 b 2.7 ± 0.2 d 0.68 ± 0.02 b 0.26 ± 0.01 bc 85 ± 1 c 1.6 ± 0.1 e −13 ± 2 b

WHE: wheat; NFM: native finger millet; SFM: steamed finger millet; MFM: malted finger millet; NAM: native
amaranth; SAM: steamed amaranth; MAM: malted amaranth. ΔL* = L*wheat bread − L*composite bread. ** Dimension-
less terms. Values presented as mean ± standard deviation; n = 3. Values in the same column followed by the
same lower-case letter are not significantly different from each other (p < 0.05).

The change in crumb lightness (ΔL*) of composite breads was closely related to the
colours of native finger millet and amaranth flours. The lightness index (L*) of wheat flour
was 81 ± 3. Finger millet has darker (t-test, p < 0.001) seed coat pigmentation (L* = 64 ± 3)
than amaranth (L* = 73 ± 2). Consequently, WHE-NFM, WHE-SFM and WHE-MFM
breads were darker (p < 0.05) compared to WHE-NAM, WHE-SAM and WHE-MAM
breads (Table 4). Crumb lightness of WHE-MFM or WHE-SFM breads was not significantly
different (p > 0.05) to WHE-NFM bread. In contrast, WHE-SAM and WHE-MAM breads
had darker crumbs than WHE-NAM bread. The darker crumbs of WHE-SAM and WHE-
MAM breads may be associated with Maillard and caramelization reactions in the crumb
arising from the high contents of free sugars in steamed or malted amaranth. Due to the
potential adverse health effects of Maillard reaction products, such as acrylamide [37], the
development of WHE-SAM and WHE-MAM breads must be further optimized.

3.4. Nutrient Qualities of Bread

The WHE-NAM, WHE-SAM and WHE-MAM breads contained higher (p < 0.05)
monosaccharide but lower (p < 0.05) disaccharide contents than wheat or WHE-NFM,
WHE-SFM and WHE-MFM breads (Table 5). Trisaccharides were not present whereas
the contents of sugar alcohols were less than 25 mg/100 g in all breads. The total sugar
contents of the breads were cumulative values of the sugars naturally present in the flours
(Table 1), sugar used in the breadmaking recipe and sugars derived from diastatic activity on
damaged starch. The total content of free sugars (i.e., monosaccharides and disaccharides)
increased from 2924 mg/100 g in WHE-NFM to 3160 mg/100 g in WHE-SFM bread. By
contrast, it decreased from 3862 mg/100 g in WHE-NAM to 3762 mg/100 g in WHE-
SAM bread. The total content of free sugars was higher in WHE-MFM (3666 mg/100 g)
and WHE-MAM (4799 mg/100 g) than in WHE-NFM (2924 mg/100 g) and WHE-NAM
(3862 mg/100 g), respectively.

There were no significant differences (p > 0.05) in the starch and protein contents and
digestibilities of the different breads (Table 5). The WHE-NAM, WHE-SAM and WHE-
MAM breads had higher (p < 0.05) lipid contents than wheat or WHE-NFM, WHE-SFM and
WHE-MFM breads due to the higher lipid content of amaranth (Table 1). Composite breads
had higher (p < 0.05) ash, phytate and phenolic acid contents than wheat bread due to the
inherently higher amounts of these compounds in whole-milled finger millet and amaranth
(Table 1). Composite breads had higher arabinoxylan and insoluble and total dietary fibre
contents but lower soluble dietary fibre contents than wheat bread, which originated from
the different dietary fibre composition of amaranth and finger millet compared to wheat.
Since regular consumption of dietary fibre, in particular arabinoxylans, is recommended for
a healthy diet [38,39], the composite breads had a higher nutritional value than the wheat
breads. The WHE-NAM, WHE-SAM and WHE-MAM breads had lower arabinoxylan
molecular weights than wheat or WHE-NFM, WHE-SFM and WHE-MFM. Higher molar
mass arabinoxylans are generally associated with better nutraceutical properties, due to
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increased viscosity in the intestine [39], indicating lower nutritional value for amaranth
composite breads.

Table 5. Nutrient composition (based on dry weight) and quality of bread.

Nutrient WHE WHE-NFM WHE-SFM WHE-MFM WHE-NAM WHE-SAM WHE-MAM

Monosaccharides (mg/100 g) * 1047 ± 1 g 1347 ± 0 f 1532 ± 1 e 1715 ± 2 d 3275 ± 1 b 3253 ± 2 c 4085 ± 1 a

Disaccharides (mg/100 g) ** 2877 ± 2 a 1577 ± 0 d 1628 ± 1 c 1951 ± 1 b 587 ± 0 f 509 ± 0 g 714 ± 1 e

Sugar alcohols (mg/100 g) *** 23 ± 0 b 25 ± 0 a 19 ± 0 c 15 ± 0 e 11 ± 0 g 13 ± 0 f 17 ± 0 d

Total starch (g/100 g) 78 ± 1 77 ± 1 78 ± 3 78 ± 0 76 ± 0 76 ± 0 76 ± 0
Digestible starch (% of

total starch) 96 ± 4 96 ± 3 95 ± 2 95 ± 2 98 ± 2 98 ± 1 98 ± 1

Insoluble dietary fibre (g/100 g) 2.7 ± 0.4 c 5.4 ± 0.2 a 5.5 ± 0.1 a 5.5 ± 0.2 a 4.4 ± 0.4 b 4.1 ± 0.3 b 4.5 ± 0.3 b

Soluble dietary fibre (g/100 g) 1.8 ± 0.2 a 1.7 ± 0.3 ab 1.3 ± 0.1 b 1.4 ± 0.2 b 1.5 ± 0.2 ab 1.6 ± 0.1 ab 1.5 ± 0.2 ab

Total dietary fibre (g/100 g) 4.5 ± 0.4 c 7.1 ± 0.3 a 6.8 ± 0.2 a 6.9 ± 0.2 a 6.0 ± 0.5 b 5.7 ± 0.2 b 6.0 ± 0.1 b

Arabinoxylan (mg/100 g) 1363 ± 0 g 1375 ± 0 f 1413 ± 1 d 1480 ± 1 b 1497 ± 0 a 1410 ± 0 e 1441 ± 1 c

Arabinoxylan molecular
weight (kDa) 153 ± 5 a 120 ± 16 bc 134 ± 10 ab 119 ± 6 bc 91 ± 7 cd 90 ± 0 cd 85 ± 6 d

Total protein (g/100 g) 14 ± 1 12 ± 0 12 ± 0 15 ± 2 15 ± 1 14 ± 2 15 ± 1
In vitro protein digestibility

(% of total protein) 91 ± 3 89 ± 1 83 ± 5 87 ± 1 89 ± 2 84 ± 1 86 ± 2

Lipid (g/100 g) 2.1 ± 0.5 ab 1.4 ± 0.3 b 1.2 ± 0.2 b 1.4 ± 0.2 b 2.7 ± 0.3 a 2.9 ± 0.0 a 2.9 ± 0.2 a

Ash (g/100 g) 1.6 ± 0.2 c 2.5 ± 0.1 a 2.4 ± 0.0 a 2.2 ± 0.0 ab 2.2 ± 0.0 ab 2.2 ± 0.0 ab 1.9 ± 0.1 bc

Phytate (mg/100 g) 170 ± 36 b 609 ± 141 a 551 ± 7 a 598 ± 8 a 668 ± 15 a 698 ± 16 a 669 ± 44 a

Total phenolic content
(mg GAE/100 g) 59 ± 3 d 88 ± 7 bc 84 ± 9 bc 94 ± 11 b 60 ± 3 d 74 ± 9 cd 122 ± 10 a

* Glucose and fructose; ** sucrose and maltose; *** sorbitol and mannitol. WHE: wheat; NFM: native finger millet;
SFM: steamed finger millet; MFM: malted finger millet; NAM: native amaranth; SAM: steamed amaranth; MAM:
malted amaranth; GAE: gallic acid equivalent. Values presented as mean ± standard deviation; n = 3. Values
in the same row followed by the same lower-case letter are not significantly different from each other (p < 0.05).
Values in the same row not followed by a lower-case letter are not significantly different from each other (p < 0.05).

4. Conclusions

The impact of native, steamed or malted finger millet and amaranth on dough and
bread quality was investigated. While the properties of wheat dough are primarily deter-
mined by gluten, in the composite doughs, dietary fibre and protein from finger millet and
amaranth were found to have an effect as well. In general, doughs containing finger millet
had poorer rheological qualities than doughs containing amaranth. Amongst composite
doughs, WHE-NAM and WHE-MAM had the best rheological properties, which translated
to breads with high volume and good crumb texture. The suitability of amaranth for
making composite bread was attributed to its albumin fraction that forms stable disulphide
linkages to wheat glutenin, whereas the poor baking quality of finger millet was attributed
to its dietary fibre fraction by hindering the formation of gluten viscoelastic networks. The
addition of finger millet or amaranth did not change the starch and protein contents or
digestibilities of bread. However, they improved the dietary fibre, ash and phenolic acid
contents of bread. This study shows that the type of grain and its modification influences
the quality of composite dough and bread. Based on the results, the use of native or malted
amaranth appears as a promising approach for the production of high quality breads with
the added benefit of significantly higher dietary fibre content than the reference wheat
bread. There is a need for further optimization to increase the amount of amaranth that
can be added to composite bread without quality deterioration. This could make an in-
crease in bread protein content possible. Furthermore, future studies should determine
the acrylamide content when using malted amaranth, to ensure consumer safety. With
respect to finger millet, steaming and malting were not suitable to improve its breadmaking
potential. Hence, other techniques of flour modification should be explored in future
studies to enlarge the range of applications for this crop.
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Abstract: Plant biodiversity preservation is one of the most important priorities of today’s agricul-
ture. Wheat (Triticum spp. L.) is widely cultivated worldwide, mostly under a conventional and
monovarietal farming method, leading to progressive biodiversity erosion. On the contrary, the
evolutionary population (EP) cultivation technique is characterized by mixing and sowing together
as many wheat genotypes as possible to allow the crop to genetically adapt over the years in relation
to specific pedoclimatic conditions. The objective of this study was to assess the nutritional, chemical
and sensory qualities of three different breads obtained using different organic EP flours, produced
following a traditional sourdough process and compared to a commercial wheat cultivar bread.
Technological parameters, B-complex vitamins, microelements, dietary fibre and phenolic acids were
determined in raw materials and final products. Flours obtained by EPs showed similar characteris-
tics to the commercial wheat cultivar flour. However, significant differences on grain technological
quality were found. The breads were comparable with respect to chemical and nutritional qualities.
Overall, the sensory panellists rated the tasted breads positively assigning the highest score to those
produced with EPs flours (6.75–7.02) as compared to commercial wheat cultivar-produced bread
(cv. Bologna, 6.36).

Keywords: evolutionary populations; sourdough bread; consumer perception; wheat (Triticum
aestivum L.); bread composition

1. Introduction

Agriculture, the first actor composing the agri-food system, is currently facing two
interconnected crises, such as climate change and biodiversity loss. These challenges are
jeopardizing the possibility to provide food manufacturers with high quality raw materials,
without affecting price or yield. In conventional agriculture, cereal crops are cultivated
repeatedly as monocultures or in rotations that include only two species relying on external
inputs such as chemical fertilizers and pesticides [1,2]. On the other hand, ecological
principles are followed when considering cereal cultivation in marginal areas, such as
mountains, high hills, or organic farming. Among these approaches, the use of a higher
inter- and intra-specific diversity and the selection of naturally evolved varieties adapted
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to the pedoclimatic context over the years [3] are the most efficient ones to ensure cereal
yield and quality [4].

On this account, the evolutionary populations (EP) have been introduced with the aim
to increase the cultivated biodiversity while ensuring adaptation to the specific pedocli-
matic conditions and climate change effect. This concept, introduced more than 60 years
ago [5] and now applied by an increasing number of low input farmers [6], relies on the
mixing and sowing together of as many genotypes of the same species as possible [7].
At the European Union (EU) level, in 2022 the new organic Regulation came into force
describing the rules for certified organic production [8,9]. Regulation EU 218/848 defined
new options for reproductive plant material available for organic farmers including evolu-
tionary populations within the organic heterogeneous material (OHM) category. The fact
that the seeds of evolutionary populations can now be marketed will most likely increase
their availability and their cultivation in the EU.

One of the main concerns regarding EPs-produced-bread is related to the poor tech-
nological quality for bakery applications. Indeed, evolutionary breeding has been aimed
at improving yield stability under low input agriculture rather than technological prop-
erties [10]. However, studies are needed to investigate how EP flour responds to the
traditional processing of bread-making. Indeed, bread is recognized as a staple food and a
cultural driver, synonymous with symbolic values given its wide and varied preparation
methods and recipes. Bread is essentially composed of carbohydrates, like starch, polysac-
charides and more complex sugars such as dietary fibres, especially when wholemeal flour
is used in dough formulation. Nevertheless, it is a vehicle of other important nutrients
belonging to lipids (fatty acids), vitamins (B-group) and bioactive compounds (phenolic
compounds). Additionally, the bread formulation method plays an important role on both
nutritional and organoleptic characteristics.

Today, sourdough manufacturing is receiving greater attention mainly due to the
synergistic effect of specific lactic acid bacteria and yeast strains capable of modifying the
whole dough structure and composition, leading to dietary fibre and bioactive solubilization
and specific sensory properties [11–14]. Moreover, sourdough processing is perceived by
consumers as a traditional technique which could be considered as added value [15] and a
useful tool for a potential whole grain exploitation.

In relation to this, food industry drivers and trends are constantly changing. In fact,
consumer food choices are shifting to virtuous producers who consider environmental
issues and food system sustainability while designing their food products [16]. Consumers
are also starting to pay more attention to the sensory characteristics of food, and their
inputs are used by food companies to develop new products [17,18]. The new method-
ologies developed include CATA (check-all-that-apply) questionnaires, which consist of
a lists of words and phrases from which respondents must pick all options they deem
relevant [19]. Although a novelty in the fields of sensory and consumer science, these
kinds of questionnaires were already being used for vast ranges of products, including
bread [19–23]. The latter studies have confirmed that CATA questionnaires are a quick, easy,
and dependable way to collect information on consumers’ sensory perceptions when it
comes to food and can provide similar information to the time-worn descriptive evaluations
by skilled assessors [24].

Given the above, the aim of this study was to (i) study the suitability of organic wheat
flours (Type I) obtained from EPs cultivated during the 2016–2017 growing season in the
Emilia-Romagna Apennines, Italy, for a traditional sourdough bread-making process; (ii) to
analyse the chemical and nutritional profile of the flours and the obtained breads and finally
(iii) to assess the consumers’ sensory perception by acceptability and check-all-that-apply
(CATA) tests.
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2. Materials and Methods

2.1. Chemicals

Acetonitrile, ethyl acetate, formic acid, acetic acid, methanol (>99.9%) were HPLC-
grade, hydrochloric acid (HCl, 37.0%), sodium hydroxide (NaOH, >98.0%), caffeic acid
(>98%), p-hydroxybenzoic acid (>99%), p-coumaric acid (>98%), sinapic acid (>98%), gallic
acid (>98%) and trans-ferulic acid (>99%), Folin-Ciocalteu’s reagent solution were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The cis-ferulic acid was obtained by total
conversion of a trans-ferulic acid solution under UV light.

2.2. Plant Materials

Three bread wheat (T. aestivum L.) EPs (Bio2, Grossi and ICARDA) and a modern
bread wheat variety (Bologna) were cultivated in a farm located in Vogno di Toano (600 m
a.s.l), in the Emilia-Romagna Apennines (Italy) under organic farming, over the 2016–2017
growing season. In October 2016 manure was distributed on the fields and harrowing was
performed in order to prepare the soil for sowing. Sowing was performed on 31 October
2016 at a sowing rate of 300 seeds/mq. The seedling emergency date was 5 December 2016
and the harvesting date was 5 July 2017. No treatment was performed for pest control.

The initial nucleus of Bio2 and Grossi EPs consisted of material deriving from long-
term conservation, crossbreeding and multiplication activities of local heritage varieties
by the Azienda Agraria Sperimentale Stuard (Parma, Italy) and from the Claudio Grossi
farm (Parma, Italy), respectively. The local heritage varieties were Ardito, Autonomia B,
Carosella, Fiorello, Frassineto, Gentilrosso, Mentana, Terminillo, Verna, Virgilio for Bio2
and Ardito, Virgilio, Miracolo, Gentilrosso, Poulard di Ciano for Grossi.

EP ICARDA was assembled in 2009 by Salvatore Ceccarelli and Stefania Grando with
the collaboration of the bread wheat breeders of the International Centre for Agriculture
Research in Dry Areas (ICARDA, Beirut, Lebanon) and contained F2, F3 and F4 of 1996
crosses. It arrived in Italy in 2010 thanks to the Italian Association for Organic Agriculture
(AIAB, Rome, Italy), in the framework of the EU-FP7 Solibam project. For this, it is also
known as Solibam bread wheat EP. In this study, four samples of the ICARDA population
were collected from different Italian farms and mixed before sowing. The modern bread
wheat Bologna, used as a reference, is a variety by Società Italiana Sementi (SIS, San Lazzaro
di Savena, Bologna, Italy).

2.3. Cereal Grain Milling and Bread Formulation
2.3.1. Technological Quality Analysis of the Wheat Flours

Test weight and protein content of EPs and Bologna variety were determined using an
Infratec 1241 near infrared (NIR) spectrophotometer (FOSS Analytical, Hilleroed, Denmark).

To analyze thousand kernel weight, reading was set at 1000 grains in an optical seed
counter (Contador, Pfeuffer, Kitzingen, Germany) and the weight of the grain was measured
with a precision balance (SBC 53, Scaltec Instruments, Göttingen, Niedersachsen, Germany).

An aliquot of each wheat grain was milled using a Bona laboratory mill (Labormill,
Monza, Italy) and analysed for rheological behaviour following the UNI EN ISO 27971/2008
test method [25] by means of an Alveograph (NG Model, Chopin, Villeneuve-la-Garenne,
Cedex France), evaluating the baking strength (W, 10−4 J) and the curve configuration ratio
(P/L ratio, where P (mm) = dough tenacity; L (mm) = dough extensibility).

2.3.2. Flour Preparation

After appropriate cleaning, the kernels were tempered overnight at room temperature
by adding a sufficient amount of water to obtain 16.5% final moisture. The grains were
milled into flours using an industrial pilot plant (MLU 202; Bühler, Uzwil, Switzerland)
consisting of three breaks (B1 to B3), three reduction (C1 to C3) passages and one laboratory
bran duster. Milling fractions from the pilot plant accounted for flour (~65.9% extraction
rate, ER), middlings (~10.8% ER) and bran (~17.9% ER). Based on an analysis of the total ash
content (American Association of Cereal Chemists, Inc., AACC Method 08-12.01) [26], the
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flours obtained from all EPs were classified as Type 1 (0.65 < ashes ≤ 0.80 dry basis) while
flour from the cv. Bologna was found to be a Type 00 flour (ashes ≤ 0.55 d.b.) in conformity
with the Italian standard set out in the Presidential Decree 187/2001 [27]. Therefore, to
obtain the same commercial type of flours for all samples, a Type 1 flour was prepared
from the Bologna variety by combining 12.27% of middlings (ashes = 2.74% d.b.) with the
Type 00 flour obtained (ashes= 0.45% d.b.) according to the equation:

(g f ∗ a f ) + (gm ∗ am ) = (gm + g f ) ∗ ax (1)

where g is the grams of flour (f) or middlings (m), a is the ash content (%, d.b.) of flour (f),
middlings (m) and reconstituted flour (x). After reconstitution, cv. Bologna Type 1 flour
(FBo) had an 80% ER against the 66.2%, 64.8% and 64.7% of Bio2 EP Type 1 flour (FB),
Grossi EP Type 1 flour (FG) and ICARDA EP Type 1 flour (FI), respectively.

2.3.3. Bread Formulation

Four breads (Bio2, ICARDA, Grossi EPs and cv. Bologna Type 1 flours, Figure 1) were
produced twice in a baking laboratory by the same professional baker using sourdough
manufacturing process. The recipe was: wheat flour (2500 g), sourdough (750 g, prepared
by the professional baker), salt (60 g), malt (45 g), extra virgin olive oil (30 mL) and water
(~1250 mL). The sourdough starter, commonly used by the same baker in bread-making,
was fed twice with organic bread wheat flour Type 0 (Molino Grassi, Parma, Italy) and left
to leaven in a prover under controlled conditions (30 ◦C, 86% relative humidity, RH) for two
days. Small adjustments to the bread-making process were made in terms of leavening time,
while the dough’s workability was improved by the baker’s expertise. All breads were
prepared by mixing the ingredients in a spiral mixer (SPI 45 F E, Esmach, Vicenza, Italy) for
10 min at low speed and 8 min at high speed. More water was added during the kneading
depending on the dough’s workability resulting in the following water additions: 480 mL
for bread produced using cv. Bologna (BBo), 440 mL for bread produced using ICARDA
and Grossi EPs (BI and BG, respectively), 380 mL for bread produced using Bio2 EP (BB).
Bulk fermentation was carried out in a prover (BFM 6080, Climother, Bongard Esmach,
Italy) under controlled conditions (28 ◦C, 86% RH) for 90 min. The fermented dough
was then divided into 1 kg loaves and placed back into the prover to rest for 15–30 min.
Subsequently, the loaves were put into rattan baking molds, proved (28 ◦C, 86% RH) for
80 min and baked for 60 min at 215 ◦C in an electric oven (EMT 4/6040, Tagliavini, Parma,
Italy). After baking, the loaves were cooled to room temperature, cut into equal slices
and immediately used for the sensory and hedonic analysis, or otherwise lyophilized,
homogeneously minced under nitrogen, and kept at −20 ◦C until extraction and analysis.

2.4. Protein, Lipids, Dietary Fibre Components and Carbohydrates of Breads

Fat content was determined by Soxhlet (American association Of Analytical Chemistry
international, AOAC 922.06 [28]), using diethyl-ether as solvent. FAs profile was deter-
mined according to Dall’Asta et al. [29]. The FAs were identified and the relative percentage,
calculated using the area under each peak. Results were also reported as saturated (SFA),
monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids in accordance with
their unsaturation degree.

Crude nitrogen content was determined following the Kjeldahl method (AOAC
950.36 [28]) using 5.7 as conversion factor. The analysis of high molecular weight in-
soluble dietary fibre (HMWIDF), high molecular weight soluble dietary fibre (HMWSDF),
low molecular weight soluble dietary fibre (LMWSDF) and total dietary fibre (TDF) content
in flours and formulated breads was carried out by an external accredited laboratory of
food analysis (UNI CEI EN ISO/IEC 17025:2005 [30], Accredia, Lab. n. 0490), using an
official enzymatic-gravimetric method (AOAC 2011.25 2013, [28]). Carbohydrates were
determined by difference. Lastly, the determination of resistant starch (RS) was undertaken
using the AOAC Method 2002.02 [28] for Resistant starch (Megazyme kit, USA). Results
were expressed as g/100 g on dry weight basis.
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Figure 1. Pictures of the slices of the different breads. (a) BB, bread produced using Bio2 EP; (b) BI,
bread produced using ICARDA EP; (c) BG, bread produced using Grossi EP; (d) BBo, bread produced
using cv. Bologna.

2.5. Determination of Magnesium (Mg), Zinc (Zn), Iron (Fe), Selenium (Se) Content of Flours and
Breads

The analyses of Mg, Zn, Fe and Se were carried out by an external accredited laboratory
of food analysis (UNI CEI EN ISO/IEC 17025:2005 [30], Accredia, Lab. n. 0490), using an
inductively coupled plasma with mass spectrometer (ICP-MS) analytical method [31] (UNI
EN 13805:2014). Results were expressed as mg/100 g for Mg, Zn and Fe and μg/100 g for
Se on a dry weight basis.

2.6. Sample Extraction for Soluble and Insoluble Phenolic Compounds of Flours and Breads

Soluble and insoluble phenolic compounds were extracted from both flours and bread
samples following the protocol proposed by Zaupa and colleagues [32]. The obtained
extracts were dissolved in an opportune solvent and volume, used for the Ultra High-
Performance Liquid Chromatography coupled to tandem mass spectrometry (UHPLC-
MS/MS) analysis and the total phenolic content assay.

2.6.1. Soluble and Insoluble Total Phenolic Content (TPC)

Soluble and insoluble total phenolic content (TPC) of bread samples were analysed
by the Folin–Ciocalteu’s method [33]. A calibration curve using gallic acid as reference
compound (100–1000 mg/Kg) was prepared for quantification. Results were reported as
mg of gallic acid equivalents (GAE) per Kg on dry weight basis.

2.6.2. Soluble and Insoluble Phenolic Acids Profile Using UHPLC-MS/MS

Phenolic acids (PA) profiling of bread samples was extracted according to Zaupa
et al. [32] and analysed using a UHPLC Dionex Ultimate 3000 separation system coupled to
a triple quadrupole mass spectrometer (TSQ Vantage; Thermo Fisher Scientific) following
the protocol reported by Spaggiari and colleagues [34]. For quantification, two different
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calibration sets (0.05–5 and 5–100 mg/mL) were prepared using phenolic acids standard
reference materials. Results were expressed as mg/Kg on dry weight basis.

2.7. Determination of Thiamine, Nicotinic Acid and Nicotinamide, and Folic Acid Content

For the extraction of the thiamine, nicotinic acid, nicotinamide and folic acid, the
method proposed by Leporati et al. [35], was used. Results were expressed as mg/100 g
with the only exception of folic acid (μg/100 g). The extracts were analysed using an Accela
UPLC 1250 equipped with a linear ion trap MS (LTQ XL, Thermo Fisher Scientific Inc.,
San Jose, CA, USA) attached to an electrospray ionization probe (H-ESI-II; Thermo Fisher
Scientific Inc., San Jose, CA, USA). Separation was performed on an Acquity UPLC HSS T3
(2.1 × 100 mm) column (Waters, Milford, MA, USA). The volume injected was 3 μL, and
the oven temperature was set to 40 ◦C. The elution gradient was performed using CH3CN
(0.1% formic acid) as mobile phase A and H2O (0.1% formic acid) as mobile phase B, at a
flow rate of 0.3 mL/min, starting with 99% B and 1% A for 2 min, then eluent B decreased
at 20% and A increased at 80% in 2 min, and maintained for further 2 min. Finally, the
initial conditions were restored (total run time = 13 min). Data processing was performed
using Xcalibur 2.2 software from Thermo Fisher Scientific Inc., (San Jose, CA, USA). The
vitamins analysis was carried out in positive ionization mode, the MS worked with a
capillary temperature set to 275 ◦C, while the source heater temperature was at 200 ◦C. The
sheath gas (nitrogen) flow was 40 unit, while auxiliary and sweep gases (both nitrogen)
were equal to 5 and 0 units, respectively. The spray voltage was 3.5 kV. The S-Lens value
was 115 V. Vitamins were monitored using an MRM (multiple reaction monitoring) scan
mode with the characteristic transitions reported in Table S1.

2.8. Acceptability and Check-All-That-Apply (CATA) Analysis of Formulated Breads

Consumers’ sensory and hedonic perception of breads was assessed with an accept-
ability and CATA test. Breads were produced few hours prior to analysis following the
recipe described above. After baking, the loaves were cooled and cut into half-slices of
1 cm thickness with a well-balanced crumb-to-crust ratio, packed separately in paper bags
and labelled with a random three-digit code; the samples were simultaneously presented
on a plate in randomized order and in blind condition. Water and unsalted crackers were
provided as palate cleansers between samples. The panel consisted of 59 untrained con-
sumers (46% male, 54% female, aged between 18 and 70 years old) who were asked to
answer a CATA questionnaire consisting of 21 sensory characteristics listed in randomized
order across assessors, selecting all the attributes they considered appropriate to describe
the breads as well as their personal ‘ideal’ product. The terms used in the CATA test
were the following: pleasant smell, unpleasant smell, smell of yoghurt, pleasant crust
colour, unpleasant crust colour, golden crust colour, pale crust colour, soft crust, crunchy
crust, pleasant crumb colour, unpleasant crumb colour, soft crumb, hard crumb, pleas-
ant aftertaste, unpleasant aftertaste, salty taste, sweet taste, acid taste, mediocre, good,
excellent bread.

After the CATA test, the consumers judged the acceptability of bread samples by
rating aroma, taste, crust and crumb consistency, crust and crumb colour, appearance and
overall acceptability with a 9-point hedonic scale [1 = dislike extremely, 2 = dislike very
much, 3 = dislike, 4 = dislike slightly, 5 = neither like nor dislike, 6 = like slightly, 7 = like,
8 = like very much and 9 = like extremely].

2.9. Statistical Analysis

All analyses were performed at least in triplicate and reported as mean ± standard
deviation (S.D. of each parameter are reported in Supplementary Information). To verify
significant differences between samples, data obtained from the instrumental analyses
and from the acceptability test were statistically analysed by performing one-way analysis
of variance (ANOVA) followed by Duncan’s post-hoc test at <alpha> = 0.05 using SPSS
Software Version 25.0 (SPSS Inc., USA). Data obtained from the CATA test were organized
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by compiling a contingency table to count how many times each attribute was used to
describe each bread. Cochran’s Q statistic was performed to evaluate significant differences
between products across the attributes. In order to identify relationships between attributes
and samples, a sensory map of the products was obtained by performing a correspondence
analysis (CA), performed with TIBCO Statistica Version 13.3 (TIBCO Software Inc., USA).

3. Results and Discussion

3.1. Milling and Technological Quality of Wheat

Table 1 shows the grain quality parameters of EPs in comparison to the cv. Bologna.

Table 1. Grain quality parameters of EPs and cv. Bologna.

Wheat
Test Weight

(kg/hL)
Thousand Kernel

Weight (g)
Protein Content

(% d.m.)
Alveograph

W (10−4 J)
P

(mm H2O)
L (mm) P/L

Bio2 EP 74 a 44 b 16.82 b 130.5 b 67.5 d 134.0 b 0.5 a

ICARDA EP 78 a 45 b 16.39 b 152.5 c 59.0 c 129.5 b 0.5 a

Grossi EP 77 a 47 c 16.93 b 106.5 a 55.0 b 108.5 a 0.5 a

Bologna 79 a 32 a 13.27 a 288.0 d 48.5 a 98.5 a 0.5 a

Results are reported as mean (n = 3). Protein content is expressed as g/100 g on dry matter (d.m.). Standard
deviation is reported in Table S2. Different letters in the same column indicate significant differences among
samples (<alpha> = 0.05). EP, evolutionary wheat population.

The protein content of all EPs grains (mean value ≈16.7%) was significantly (<alpha> = 0.05)
higher than that of cv. Bologna (≈13%), although no differences were found among
the EPs protein percentages. Protein content of cereal grains is an important parameter
which determines their technological use [36], although protein levels have only partly a
genetical basis and depend mostly on management practices and the environment [37].
The technological use of proteins is related to gluten proteins, i.e., glutenin and gliadin,
located in the endosperm [36]. In general terms, there is a negative relationship between
protein concentration and grain yield [37].

Furthermore, the alveographic parameters W and P/L are crucial for the assessment
of wheat flours strength and extensibility [38]. The baking industry requires high W values
(>180·10−4 J) combined with a balanced P/L index (0.40–0.50). As expected, significant
differences (<alpha> = 0.05) were found between W parameter of EPs and cv. Bologna,
which recorded the highest baking strength (288·10−4 J). Among EPs, ICARDA showed the
highest W value (152.5·10−4 J), followed by BB (130.5·10−4 J) and BG (106.5·10−4 J). Besides,
the P/L ratio showed a mean value ≈ 0.5 with no significant difference among samples
(<alpha> = 0.05). Overall, ICARDA EP showed the most promising quality parameters
among EPs for bread-making. Moreover, Bologna flour’s rheological parameters confirm
its suitability for long-leavening bakery specialties [39].

During milling, to produce the same “Type” of flour (Type 1) according to the Italian
legislation (Presidential Decree 187/2001), as defined by the ash level, middlings had
to be added exclusively for FBo, indicating, for the Bologna variety, a different milling
behaviour and/or an ash distribution particularly concentrated in the aleurone and bran
layers, allowing for very high milling yields (i.e., ER at equal concentration of ashes) as
already noticed by the Italian milling industry. In detail, the different milling behaviour
of EPs compared to FBo can be attributed to a different grain hardness. Cv. Bologna
is known—by industrial millers—to contain a small and hard kernel [39], and to have
outstanding milling behaviour since the aleurone layer (with high ash content) detaches
very well from the endosperm yielding a white flour with low ash content. On the contrary,
from what we have observed in our study, milling of EPs caused portions of the aleurone
layer to be released into the flour, resulting in higher ash levels.
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3.2. Lipid Content and Fatty Acids Profile of Breads

Lipids play an important role on both sensory and technological quality of food
products [40]. The crude fat analysed in bread was the highest for BBo and BG followed by
BI and BB (Table 2).

Table 2. Nutritional and chemical composition of the bread formulated using the wheat evolutionary
population (BB, BI and BG) and bread produced using flour from cv. Bologna wheat (BBo).

BB BI BG BBo

Energetic value (kJ) * 1005.0 1058.1 1041.1 961.6
Energetic value (kcal) * 240.2 252.9 248.8 229.8

Carbohydrates (g/100 g) 48.3 a 49.7 a 47.7 a 46.2 a

Total dietary fibre (g/100 g) 4.55 a 4.22 a 4.64 a 5.18 b

Lipids (g/100 g) 0.83 a 1.0 b 1.20 c 1.22 c

SFA (%) 31.8 a 32.2 a 31.7 a 31.0 a

MUFA (%) 42.9 a 45.2 b 45.2 b 42.7 a

PUFA (%) 25.3 c 22.6 a 23.0 b 26.3 d

Ω-6/Ω-9 0.53 b 0.45 a 0.45 a 0.55 b

Proteins (g/100 g) 12.4 a 11.3 a 12.1 a 11.3 a

Mg (mg/100 g) 24.5 a 22.1 a 24.1 a 31.6 b

Zn (mg/100 g) 0.85 b 0.75 a 0.82 a 0.82 a

Fe (mg/100 g) 1.37 c 0.86 a 1.09 b 1.38 c

Se (μg/100 g) 8.07 a 8.11 a 8.95 b 8.77 b

Thiamine (mg/100 g) 0.24 b 0.18 a 0.20 a 0.43 c

Nicotinic acid (mg/100 g) <LOQ <LOQ <LOQ <LOQ
Folic acid (μg/100 g) <LOQ <LOQ <LOQ <LOQ

Nicotinamide (mg/100 g) 1.77 b 1.75 ab 1.62 a 2.18 c

Results are reported as mean (n = 3). Standard deviation is reported in Table S3. Different superscipts letters a–d

in the same row indicate significant differences among samples (<alpha> = 0.05). <LOQ Folic acid: 5 μg/100 g;
<LOQ Nicotinic acid: 0.01 mg/100 mg, Mg, magnesium; Zn, zinc; Fe, iron; Se, selenium; NAM, nicotinamide; BB,
bread produced using BIO2 EP; BI, bread produced using ICARDA EP; BG, bread produced using Grossi EP; BBo,
bread produced using cv. Bologna. *: Calories (kJ and kcal) were calculated as sum of nutritive components.

Since the amount of extra virgin olive oil used in the recipe was the same, the differ-
ences could be attributed to the lipid content of the wheat grains. Concerning the fatty
acids profile, results are reported as Supplementary Material (see Figure S1). Oleic (C18:1),
linoleic (C18:2), palmitic (C16:0) and linolenic (C18:3) acids were the most abundant in all
breads formulated, in line with previous findings [41]. However, only C18:1 fatty acid was
found significantly different between BI and BG, with the latter showing the highest content.
In fact, the MUFA and PUFA varied among breads (Table 2), resulting in BG and BI with
higher MUFA and BBo with higher PUFA. Endogenous wheat lipids have been studied to
demonstrate their influence in breadmaking and showing their ability to stabilize the gas
bubbles by aligning at gas-liquid interface during dough maturation [42]. In this context,
the differences in both amount and quality of lipid fraction of the EPs, despite its lower
content, might be considered a positive source of variation for producing breads. Moreover,
the n-6/n-3 ratio is an important nutritional parameter, that shall stay below 1 [43]. All
breads herein produced exhibited a healthy lipid index <1.

3.3. Total Dietary Fibre (TDF) and DF Classes of Flours and Breads

Dietary fibres are important components of cereal grains due to their well-documented
beneficial properties [44]. The physiological effects are highly dependent on their physical
and chemical characteristics (i.e., monomer composition, particle size, etc.) [45]. Regarding
the TDF content of the breads herein formulated, no differences were found (Table 2). Over-
all, the breads might use the nutritional claim “source of fibre” (≥3 g TDF/100 g bread, [46]).
Furthermore, a detailed analysis of the different dietary fibre classes of flours (Figure 2A)
indicated a significantly higher HMWIDF content of cv. Bologna (<alpha> = 0.05) in re-
spect to FI and FG. The latter could be ascribable to the middlings supplementation to
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native cv. Bologna flour which increased the final amount of these substances in flour.
Concerning breads (Figure 2B) no differences were found among fibre classes. Moreover,
the insoluble component slightly, although not significantly, increased after processing,
ranging from 0.86 to 2.24 g/100 g in flours and from 1.60 to 2.40 g/100 g in breads. This
could be related to the formation of resistant starch occurred during bread-making process
(Figure 2C) [47,48]. In fact, the starch is subjected to gelatinization and retrogradation
processes inducing physico-chemical modifications of available starch originally present in
the flour. The derived component, resistant starch, is a fraction which results resistant to
the digestion and contribute to increase the overall fibre fraction in breads. Likewise, lipids
and dietary fibres greatly influence the bread dough rheological properties and its textural
quality [49].

Figure 2. Classes of dietary fibres found in flours (A) and breads (B), together with resistant starch
(C) determined in breads. Results are reported as mean ± standard deviation and expressed as
g/100 g dry matter. * Indicates a significant difference <alpha> = 0.05. HMWIDF, high molecular
weight insoluble dietary fibre; HMWSDF, high molecular weight soluble dietary fibre; LMWSDF,
low molecular weight soluble dietary fibre; FB, BIO2 EP Type 1 flour; FI, ICARDA EP Type 1 flour;
FG, Grossi EP Type 1 flour; FBo, cv. Bologna Type 1 flour; BB, bread produced using Bio2 EP; BI,
bread produced using ICARDA EP; BG, bread produced using Grossi EP; BBo, bread produced
using cv. Bologna.

3.4. Selected Micronutrients Content of Flours and Breads

The content of important minerals (Mg, Zn, Fe, and Se) was analysed in flours (Table 3)
and breads (Table 2).

The results obtained were in line with reference reported in various international
databases [50–52]. Overall, the content of Mg, Zn, and Fe diminished after flour transfor-
mation, although Se content increased by around 3 times (as average) in all formulated
breads. This reduction phenomenon could be related to some complexation in kneading
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and cooking phases [53] while the increased Se content was also reported elsewhere [54]
probably due to the microorganism metabolism or the cell lysis itself. B-complex vitamins
are important nutrients, essential for several human physiological functions. The content
of thiamine, nicotinic acid and folic acid, were quantified in flours (Table 3) and then in
breads (Table 2). Thiamine content in flours was higher for FBo and FG, in the range of
values reported by Mihhalevski et al. [55]. While nicotinic acid was never detected in
flours and breads, nicotinamide content increased significantly and among breads BBo
totalized the highest content. The latter could be probably due to the fermentation of
the sourdough processing [56]. Concerning the stability of B-vitamins during processing,
thiamine can resist under the bread-making conditions (pH 4–5, high temperature), similar
to nicotinamide [55]. Folic acid, was only found in FB samples, although after processing
was detected as <LOQ. A high variability is usually found in group-B vitamin content of
wheat grains, possibly due to the difficult analytical procedure and varietal differences [57].

Table 3. Micronutrients content in flours.

FB FI FG FBo

Mg (mg/100 g) * 29.2 a 26.1 a 28.5 a 44.2 b

Zn (mg/100 g) * 1.13 b 0.97 a 1.08 a 1.17 b

Fe (mg/100 g) * 1.80 c 1.02 a 1.29 b 1.85 c

Se (μg/100 g) ** 2.66 a 2.40 a 3.39 b 3.96 b

Thiamine (mg/100 g) * 0.29 b 0.22 a 0.33 bc 0.36 c

Nicotinic acid (mg/100 g) * <LOQ <LOQ <LOQ <LOQ
Nicotinamide (mg/100 g) * 0.43 a <LOQ 0.51 ab 0.56 b

Folic acid (μg/100 g) ** 21.8 b <LOQ a <LOQ a <LOQ a

Results are expressed as mean (n = 3). Standard deviation is reported in Table S4. Different superscripts letters a–c

in the same column indicate significant difference (<alpha> = 0.05). * <LOQ, 0.01 mg/100 g; ** <LOQ, 0.5 μg/100 g.
FB, BIO2 EP Type 1 flour; FI, ICARDA EP Type 1 flour; FG, Grossi EP Type 1 flour; FBo, cv. Bologna Type 1 flour.

3.5. Phenolic Compounds from Flours to Breads

Phenolic compounds in cereals are mainly present as simple phenolic acids, which are
located in the outermost fraction of the seed (i.e., bran). For this reason, they can occur in
soluble and mainly in insoluble form, thus strictly linked to the fibrous material of vegetable
cells [58]. The TPC and PA profile of flours and formulated breads were reported in Table 4.

Concerning flour samples, the soluble component was negligible compared to the
insoluble fraction. Furthermore, ferulic acid was the most abundant among PAs, as previ-
ously reported by other authors [34,58,59]. However, the TPC of bread showed a higher
soluble component compared to the insoluble one. There are several potential explanations
for this, mostly ascribed to the complex chemical reactions and modification involving
metabolic processes and the high temperature during the transformation of flour into
dough and bread. The most interesting phenolic acid transformation is ascribed to the
action of fermentation which is shown to be crucial for the release of phenolic acids from the
matrix, increasing their bioavailability for human digestion [60,61]. However, the thermal
treatment applied during baking could be detrimental, degrading the thermolabile phenolic
or complexing them in Maillard’s reaction-derived compounds lowering their final content
in bread, as occurred in this study. Moreover, the formation of peptides which might
interfere with the Folin–Ciocalteu’s assay and Maillard reaction’s soluble compounds [62]
must be accounted for when interpreting the results of TPC method. In terms of abundance,
both TPC and PA content of BBo were the highest among products, because of the mid-
dlings addition. However, variability in phenolic acid content of different wheat varieties
is well known, with their biosynthesis strongly influenced by environmental stimuli [63].
As with other phenolic compounds, phenolic acids can act as antioxidants. Therefore,
considering this property, a higher content of phenolic compounds might be translated to a
higher protection against oxidation, hence a more stable product from both sensory and
technological viewpoints.
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3.6. Check-All-That-Apply (CATA) Analysis of Breads

Sensory analysis was carried out by including breads produced with cv. Bologna
flour type 00 (without middlings addition, BBo t00 sample) as additional control. These
breads were produced by applying the same processing conditions of other breads. The
newly formulated breads were assessed by 59 consumers using CATA test. This method is
valuable to understand the consumer perception of a specific food product. Therefore, a list
of sensory attributes related to flavour, appearance, taste, texture and smell are evaluated
by untrained panellists, which are allowed to select all the attributes better describing the
product perception.

A preliminary correspondence analysis (CA) on the CATA dataset including BBo t00,
bread produced using cv. Bologna flour type 00 and BBo t1, bread produced using cv.
Bologna flour type 1 was performed (87% of the total variance explained, Figure S2). The
breads prepared with EPs flours and the control sample BBo t1 were grouped in the centre
of the plot, due to the fact that BBo t00 was perceived as a very different sample compared
to the others (Figure S2). Data were confirmed by hedonic sensory evaluation data, which
showed BBo t00 as the least appreciated sample (overall acceptability: 6.15 ± 1.20).

Since the aim of the work was to produce and characterize breads produced under the
same processing conditions, assessing the suitability of EPs for bread-making in comparison
with a commercial variety and from flours belonging to the same commercial type according
to the Italian legislation (Type 1 flours), we repeated the correspondence analysis including
only breads obtained from Type 1 flours. In such a way, the differences between EPs and
the BBo t1 control could be better explained.

After executing a Cochran’s Q analysis of results, a significant difference (<alpha> = 0.05)
in consumer perception for 14 out of 21 attributes among the different samples was found.
In fact, assessors detected significant differences between samples for texture attributes
(soft crust, crunchy crust, soft crumb), colour descriptors (unpleasant crust colour, pleasant
and unpleasant crumb colour), smell (pleasant and unpleasant), taste (salty, acid), aftertaste
(pleasant and unpleasant) and overall judgement (mediocre and excellent bread). Biplot
shown in Figure 3 represents the visual configuration of the breads and their discriminating
attributes in the first two dimensions of the correspondence analysis performed on the
CATA dataset (92.9% of the total variance explained).

It can be observed that the ideal concept of bread for the panellists matched the “ex-
cellent” descriptor (right quadrant), and the breads prepared using EPs flours (BI, BG, BB)
were grouped in the lower quadrants of Figure 3, and all intensely associated with sensory
attributes of great impact for consumers. More in detail, BI was perceived by judges as
having a “pleasant crumb colour”, “crunchy crust”, “soft crumb” and “pleasant smell”,
attributes, which all had significant difference (<alpha> = 0.05) following Cochran’s Q test.
In addition to previous positive sensory attributes, the judges perceived the presence of an
“acid taste” and an “unpleasant aftertaste” for both BG and BB, which are clustered together
and therefore closest to the attribute “mediocre bread”. Quality parameters such as bread
volume, acidic taste and colour are deeply influenced by the sourdough processing due to
enzymatic reactions occurring during fermentation [64]. However, the visual sensory char-
acteristics referred to the crust colour (“unpleasant” and “pale”) did not have a significant
difference. On the other hand, the control sample produced with cv. Bologna was visually
located distant from the EPs-bread samples. According to CATA data, the bread was found
close to “hard crumb”, “unpleasant smell”, “soft crumb” and “unpleasant crumb colour”
descriptors, which could be related to the different flour preparation method affecting the
sensory characteristics of the finished product [40]. Based on the frequency of the attribute
selection, consumers described their ideal bread as having a pleasant crust and crumb colour
(74% and 61%, respectively), pleasant smell (76%), golden crust (78%), crunchy crust (96%),
soft crumb (87%), pleasant aftertaste (69%), salty taste (61%), and being good (31%) and
excellent (63%). When comparing bread samples to the ideal product, no bread directly
corresponded to the ideal one, but BI was the closest to it.
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Figure 3. Correspondence analysis of the bread samples and sensory attributes. BB, bread produced
using Bio2 EP; BI, bread produced using ICARDA EP; BG, bread produced using Grossi EP; BBo,
bread produced using cv. Bologna.

Overall, CATA test provided different sensory profiles descriptive of the bread samples,
thus allowing an evaluation of the similarities and differences between breads produced by
different types of flours.

The average scores obtained from hedonic sensory evaluation for each attribute of
bread samples were reported in Table 5.

Table 5. Sensory scores of breads obtained from acceptability test.

Bread Texture Colour Appearance Aroma Taste Overall Acceptability

Crust Crumb Crust Crumb

BI 6.95 b 7.05 a 6.81 a 6.78 ab 7.05 a 6.51 a 6.69 a 7.02 b

BB 6.71 b 6.92 a 6.78 a 6.97 b 7.00 a 6.46 a 6.42 a 6.73 ab

BG 6.85 b 6.78 a 6.88 a 7.10 b 7.15 a 6.27 a 6.15 a 6.75 ab

BBo 6.08 a 6.41 a 6.83 a 6.39 a 6.59 a 6.24 a 6.08 a 6.36 a

Results are expressed as mean (n = 59). Standard deviation is reported in Table S6. Different superscripts letters
a–c in the same column indicate significant differences among samples (<alpha> = 0.05). BB, bread produced using
BIO2 EP; BI, bread produced using ICARDA EP; BG, bread produced using Grossi EP; BBo, bread produced using
cv Bologna.

One-way ANOVA revealed significant differences (<alpha> = 0.05) between bread
samples for crust texture, crumb colour and overall acceptability. More in detail, the crust
texture of the breads made from EPs received significantly higher scores than the ones from
the modern cv. Bologna (6.95, 6.85, 6.71 for BI, BG and BB, respectively). BG and BB were
the preferred samples in terms of crumb colour (7.10 and 6.97, respectively), while BBo
received the lowest score (6.39). In general, although overall acceptance was higher than
6 for all the breads, BI received the highest score (7.02), BG and BB had an intermediate
score evaluation (6.75 and 6.73, respectively) and BBo resulted the least appreciated sample
(6.36), thus integrating the results obtained with the CATA method.
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4. Conclusions

The use of wheat (Triticum aestivum. L.) evolutionary populations cultivated in
marginal areas under organic farming appeared to provide an environmental-friendly
and market-oriented method to produce bread with an overall good nutritional quality
(source of fibre) and final consumer perception. Moreover, this agricultural practice en-
hances the farmer’s expertise, allowing them to play a fundamental role in agrobiodiversity
preservation. To the best of our knowledge, this is the first study on the overall quality and
sensory attributes of novel breads formulated using wheat EPs cultivated in large scale,
and finally compared to bread produced using a modern bread wheat variety. Although
the technological quality for EP flours, as measured by the processing industry (W, P/L),
seemed unsuitable for bread making, the sourdough baking carried out during the present
study allowed excellent workability of the EPs doughs and good structure of the loaves
with regular alveolation. From a chemical and nutritional perspective, the breads were
comparable, despite middlings requiring addition for FBo to produce the same commer-
cial “Type” of flour (Type 1). Considering consumer perception, which is an important
parameter to accounted for in new product development, the bread produced using EPs
was associated with positive sensory characteristics. Finally, the combination of sensory
and chemical analysis permitted a better description of the utilization of wheat EPs for
breadmaking. Results herein presented are valuable to pave the way for further studies
dedicated to the formulation of new foodstuffs exploiting the EP potential in a strong
collaboration with farmers.

5. Study Limitations and Future Perspectives

The quality of wheat is dependent on genotype but also on climatic conditions [32].
Since this study is based on one source (one year of wheat production), the outcomes of the
research should be confirmed by analysing flours obtained from more sowing seasons. This
is even more true in recent years where climate change is showing its effects. EPs have been
shown to guarantee a stable production in a climate change scenario [7] and it would be
interesting to evaluate whether they can also guarantee a stable grain technological quality.

Future perspectives should include the characterization of breads from a physicochem-
ical and technological point of view.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods11040495/s1, Figure S1: Fatty acids (FAs) profile of the different
breads. Results are reported as cumulative percentage (%) of FAs. BB, bread produced using BIO2 EP;
BI, bread produced using ICARDA EP; BG, bread produced using Grossi EP; BBo, bread produced
using cv. Bologna; Figure S2: Correspondence analysis of the bread samples and sensory attributes
including a Bologna type 00 control bread. BB, bread produced using Bio2 EP; BI, bread produced
using ICARDA EP; BG, bread produced using Grossi EP; BBo t00, bread produced using cv. Bologna
flour type 00; BBo t1, bread produced using cv. Bologna flour type 1. Table S1: Mass spectrometry
characteristics of nicotinamide, nicotinic acid, thiamine, and folic acid. Table S2: Standard deviation
(n = 3) of the grain quality parameters of EPs and cv. Bologna. Table S3: Standard deviation (n = 3)
of the nutritional and chemical composition of the bread formulated using the wheat evolutionary
population (BB, BI and BG) and bread produced using flour from cv. Bologna wheat (BBo). Table S4:
Standard deviation (n = 3) of the micronutrients content in flours. Table S5: Standard deviation (n = 3)
of the total phenolic content (TPC) and phenolic acid (PA) profile in their free (soluble) and bound
(insoluble) forms. Table S6: Standard deviation (n = 59) of the sensory scores of breads obtained from
acceptability test.
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Abstract: Meeting the United Nation’s sustainable development goals for zero hunger becomes
increasingly challenging with respect to climate change and political and economic challenges.
An effective strategy to alleviate hunger and its severe implications is to produce affordable, nutrient-
dense, and sustainable food products. Ancient grains were long-forgotten due to the dominance of
modern grains, but recently, they have been rediscovered as highly nutritious, healthy and resilient
grains for solving the nutrition demand and food supply chain problems. This review article aims
to critically examine the progress in this emerging field and discusses the potential roles of ancient
grains in the fight against hunger. We provide a comparative analysis of different ancient grains
with their modern varieties in terms of their physicochemical properties, nutritional profiles, health
benefits and sustainability. A future perspective is then introduced to highlight the existing challenges
of using ancient grains to help eradicate world hunger. This review is expected to guide decision-
makers across different disciplines, such as food, nutrition and agronomy, and policymakers in taking
sustainable actions against malnutrition and hunger.

Keywords: sustainable grains; combating hunger; malnutrition; ancient cereals

1. Introduction

Hunger is a major problem in developing countries, and it is mostly related to
food shortages/famine caused by various factors, including environmental stresses, geo–
economic and political issues. However, in developed countries where food is abundant,
hidden hunger or malnutrition caused by an imbalanced intake of nutrients is often ob-
served. Despite the fact that one of the Sustainable Development Goals (SDG, Goal 2) of
the UN is to eradicate hunger by 2030, the incidences of hunger and food insecurity are
increasing. Recent reports by the UN show that the number of people affected by hunger
has increased rapidly over the last five years and has reached about 828 million people
in 2021, with a prediction that it will affect 670 million people in 2030. In 2021, nearly
2.3 billion people (mostly women and children) were severely or moderately food insecure,
and about 3.1 billion people could not afford a healthy diet [1]. With the increasing incidents
of climate shocks, geopolitical issues and disruption of the food supply chain, achieving
the UN goal of zero hunger has become more critical and also more challenging [2].

Among different food sources, cereals have great roles in tackling hunger since they
are the main staple food around the world and have the greatest shares in providing energy
and other vital nutrients for humans [3]. Thus, one of the strategies to achieve zero hunger
is to maintain the genetic diversity of the grains and produce nutrient-dense grains with
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improved health benefits that are highly resistant to environmental stresses and diseases
and also can be readily processed into quality foods (Goal 2: Zero Hunger—United Nations
Sustainable Development).

In terms of genetic background, cereals are dived into “modern” and “ancient” cereals.
Unlike modern grains, ancient grains are under-utilised crops that have not been selected
by breeding programs [4]. Until now, many aspects of ancient grains have been discovered,
including their nutrient and health benefits, physicochemical properties, food applications
and their contribution to food sustainability and diversity [5–8]. Thus, it is critical to find
more applications for ancient cereals, especially to address global food challenges.

The main aim of this review article is to discuss the opportunities and challenges of
ancient cereals as versatile crops to address the UN SDG of zero hunger as well as the global
issue of malnutrition. This review paper has collected previous knowledge published on
all types of ancient cereals in terms of physicochemical properties, nutritional profile and
food industry applications.

This collective information can be of interest to researchers, grain breeders, producers,
food manufacturers, climate advocates and policymakers to obtain a better understanding
of how ancient grains can diversify our foods, especially as a solution for global hunger. It
can also assist the food industry in making informed decisions and include more ancient
grains in food products to produce healthier and more sustainable foods.

2. Ancient Cereals

Ancient cereals are those species of grains that have not been subjected to any selec-
tion or breeding by humans and have maintained specific genetic properties from their
wild ancestors, such as ear height, low harvest index, brittle rachis and brittle individual
variation [4]. Ancient grains include varieties of wheat (Spelt, Khorasan wheat or Kamut,
Einkorn and Emmer); green wheat, barley; wild rice, oats; sorghum; millets, and pseudo-
cereals of teff, amaranth; buckwheat and quinoa. In some references, freekeh and bulgur
have been considered ancient grains even though they are made from ordinary wheat [5].

Many ancient grains are ancestors of modern grains. For example, the crossing between
a diploid species of chamois (Aegilops tauschii Coss.) and Emmer (ancient wheat) resulted in
Spelt, which was mutated over several generations to convert into common wheat [6].

At the dawn of civilisation, ancient cereals used to provide a vital food source in the
human diet. However, over the centuries, the selection of domesticated species with higher
production yields and improved techno-functional properties has led to a dramatic decline
in the production of other grains and the dominance of only a few grains—known as leading
cereals—including wheat, rice, corn and barley [7]. This has generated significant food
security concerns, especially with increasing the adverse impacts of climate change and
supply chain disruptions due to the global pandemic and geopolitical and socioeconomic
issues [8]. However, in recent years, ancient grains are regaining worldwide attention for
a variety of reasons. The production of ancient grains is regarded as being environmentally
friendly, generating low carbon footprints as they require less irrigation, pesticides and
fertilisers compared to many normal grains. Ancient grains are also suitable for climate-
smart agriculture since they can tolerate harsh growing conditions [9]. In addition, ancient
grains are recognised as rich sources of nutrients and bioactive compounds with numerous
health benefits [4]. Therefore, they are a key player in developing sustainable food systems
and are well-positioned to tackle food insecurity caused by the ongoing climate change.

3. Ancient Grains vs. Modern Grains

The comparison between ancient and modern grains, especially in terms of com-
position and nutritional value, is still controversial and needs further accurate research.
This is mostly because of the lack of comprehensive studies, as the full impacts of plant
genetics (g), environmental factors € and their interactions (g × e) on the physicochemical
properties of the grains have not been fully considered and determined in many studies,
which hinders the accuracy of the findings [10]. However, from some previous studies
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that factored in the variables affecting the physicochemical properties of the grains, it is
obvious that ancient grains have lower yields than modern grains, which is one of their
main limitations. Nevertheless, increasing the yield of the modern grains diminishes their
protein contents and other valuable nutrients that can negatively affect the health benefits
and technological properties of the grains, such as quality of bread making [6]. Ancient
grains are more tolerant to biotic and abiotic stresses [8] and often contain more protein,
dietary fibre, bioactive compounds and antioxidant activity and show improved health
benefits (see Tables 1 and 2).

Table 1. Chemical composition of ancient grains (%, dry basis).

Ancient Grains Carbohydrate Starch Dietary Fibre Protein Lipid Ash References

Spelt wheat 68–72 52–65 10.7–13.9 14.6–15.7 1.7–1.9 1.7–1.9 [6,7]

Emmer wheat 63.5–68.5 52–65 7.2–12.0 14–16 1.8–2.8 2.1–2.3 [6]

Einkorn wheat 60–64 58–68 9.3–12.8 13.5–15.4 2.0–2.8 2.6–2.2 [6]

Barley 64–75% 59.1–61.6 12.8–17.2 11.7–13.6 1.4–3.9 1.5–4.5 [11]

Oat 75–80 54.9–63.6 8.5–13 10.0–15.0 3.0–8.0 1.7–1.9 [12]

Millet 65–80.6 62–70 1.52–4.65 6.2–14.5 1.2–8.2 0.73–3.3 [13]

Wild rice 71–84 56–79 1.15–1.93 10–15.5 0.7–1.23 1.1–2.0 [14]

Green wheat 73–80 45–68 12.0–19.0 11.0–15.0 1.32–2.7 0.8–2.0 [15]

Sorghum 57–83 55–79 1.0–7.4 7–15 2–3 0.68–4.2 [16,17]

Amaranth 63.8–65.2% 65–75% 6.7–11.4% 12.5–13.5% 5.7–7.2% 1.5–2.8% [18,19]

Quinoa 65 58.1–64.2 16.5 12.8 3.9 2.4 [20]

Teff 67 - 12.1 13 5 2.2 [21]

Chia 3.4 - 21.1–33.3- 18.9 31.2 2.9 [22]

Buckwheat 65 54.5–57.4 13.8 15.1 2.9 1.9 [19,23]

Table 2. Major micronutrients, antioxidants and health benefits of the ancient grains.

Ancient
Grains

Vitamins Minerals Main Antioxidants Health Benefits Ref.

Spelt Vit. B1: 0.14–0.17 mg/100 g
Zn: 47 mg/kg
Fe: 50 mg/kg

P: 4.7 g/kg
Ferulic acids: 223–502 μg/g Modulating postprandial

glycemia and insulin level [10]

Emmer Vit. B1: 0.42 mg/100 g
Zn: 54 mg/kg
Fe: 49 mg/kg

P: 5.1 g/kg
Ferulic acids: 323–711 μg/g Reducing total cholesterol, LDL

cholesterol and blood glucose [24]

Einkorn Vit. B2: 0.45 mg/100 g

Zn: 36–84 mg/kg
Fe: 32–85 mg/ kg
Mn: 26–92 g/kg

P: 5.2 g/kg
Cu: 4.1–10 mg/kg

Ferulic acids: 207–442 μg/g

Enhancing blood carotenoid
level, antioxidant activities that
reduce cardiovascular disease

and hypoallergenic effects

[6,25]

Barley
Vit. B1: 0.35 mg/100 g; Vit.

B2: 0.091 mg/100 g
Vit. E: 0.85–3.15 mg/100 g

Zn: 6–245 mg/kg
Fe: 26–334 mg/kg

P: 3320–5020 mg/kg
Ferulic acid: 4.5–102 mg/100 g

Reducing blood cholesterol levels
and increasing insulin response

in diabetics, lowering blood
glucose levels, weight control,

gut regulation, preventing colon
cancer

[26]

Oats Vit. B1: 50 mg/kg; Vit. B2:
1.4 mg/kg

Zn: 39 mg/kg
Fe: 38 mg/kg

P: 3.7 g/kg
Ferulic acids: 24–40.8 μg/100 g

Reducing the serum cholesterol,
excellent antioxidant and

anti-inflammatory activities,
improving gut health and

reducing risks of cardiovascular
diseases

[27]
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Table 2. Cont.

Ancient
Grains

Vitamins Minerals Main Antioxidants Health Benefits Ref.

Millet

Vit. C: 0.04 mg/100 g
Vit. A: 0.015 mg/100 g

Vit. B1: 0.15–0.52 mg/100 g
Vit. B2: 0.09–0.28 mg/100 g

Vit. B3: 1.1–4.5 mg/100 g

Ca: 23–350 mg/100 g
Fe: 1.18–53.39 mg/100 g

P: 255–509 mg/100 g
Zn: 0.73–4.2 mg/100 g
Mg: 78–201 mg/100 g

TPC: 36–445 mg/100 g
TFC: 51–202 mg/100 g

Ferulic acid: 3.3–36.6 mg/100 g

Antioxidative and
antiproliferative activities;

therapeutic intervention in type 2
diabetes; alleviation of

cardiovascular diseases, liver
injury and cancer; lowering

blood pressure.

[28]

Wild rice
Vit. B1: 0.30–0.63 mg/100 g
Vit. B2: 0.07–0.2 mg/100 g

Vit. E: 0.2–4.8 mg/100 g

Ca: 21–24 mg/100 g
Fe: 1.60–3.17 mg/100 g
Mg: 106–120 mg/100 g

Mn: 0.93–1.45 mg/100 g
P: 236–384 mg/100 g
K: 145–244 mg/100 g

Na: 1.34–5.86 mg/100 g
Zn: 1.25–2.83 mg/100 g

TPC: 16.98–58.8 mg/100 g
Ferulic acid: 24.1–35.5 mg/100 g
Sinapic acid: 5.5–9.6 mg/100 g
p-coumaric acid: 1.1–4.3 mg/

100 g

Alleviation of insulin resistance
and lipotoxicity; atherosclerosis
prevention; anti-inflammatory,

anti-hypertensive and
immunomodulatory effects;
antiobesity; antianaphylactic

actions; prevention and treatment
of cardiovascular disease;
cholesterol-lowering and
anti-atherogenic effects

[14,29]

Green
wheat

Vit. B: 1.80 mg/100 g
Vit. B2: 0.19 mg/100 g
Vit. B3: 1.30 mg/100 g
Vit. C: 4.5 mg/100 g

Vit. E: 0.2–0.6 mg/100 g

Na: 4–12.5 mg/100 g
Ca: 32–63 mg/100 g
K: 369–451 mg/100 g

Mg: 160–202 mg/100 g
P:412 mg/100 g

Cu: 0.49 mg/100 g

Ferulic acid: 1444 mg/100 g

Preventive and treatment effects
on chronic degenerative diseases

caused by oxidative stress;
reducing the risk factors for

obesity, diabetes, cardiovascular
diseases and

cancer; antianemia effects

[14,29,30]

Sorghum

Vit E: 1.95 mg/100 g
α-tochopherol: 0.122–0.525

mg/100 g Vit A (β-carotene):
0.054–0.134 mg/100 g

Thiamine: 0.08 mg/100 g
Riboflavin: 0.21 mg/100 g
Pyridoxine: 0.17 mg/100 g

Ca: 665.6 mg/100 g
Fe: 168.8 mg/100 g
K: 26,940 mg/100 g
Mn: 141.2 mg/100 g
Na: 292.5 mg/100 g
P: 32,727 mg/100 g
Zn: 432.8 mg/100 g

Mg: 12,010 mg/100 g

TPC: 109–1040 mg/100 g TFC:
11–61 mg/100 g Ferulic acid:

2.40–86.8 mg/100 g
caffeic acid: 1.43–8.17 mg/100 g

p-coumaric acid: 0.68–8.17
mg/100 g

Reducing the risk of
cardiovascular disease, cancer,
diabetes, dyslipidaemia and
coeliac disease; antiallergic

properties

[16,31–40]

Amaranth
Vit. B3: 64.4 mg/100 g
Vit. E: 1.54 mg/100 g
Vit. C: 64.4 mg/100 g

Fe: 7.61 mg/100 g
Zn: 287 mg/100 g
Mg: 248 mg/100 g
Mn: 3.3 mg/100 g
P: 508 mg/100 g

Cal: 159 mg/100 g

Protocatechuic
p-Hydroxybenzoic

p-coumaric
Ferulic acid

Anti-radical
Antioxidant

Anti-inflammatory
Anti-diabetic
Anti-cancer

Improving gut health

[23,41]

Quinoa

Vit. B3: 0.01–8 mg/100 g
Vit. E: 24.7 mg/100 g

Vit. C: 4–49.3 mg/100 g
Folate: 0.2 mg/100 g

Fe: 5.5 mg/100 g
Zn: 1.8 mg/100 g

Mg: 206 mg/100 g
Cal: 32.9 mg/100 g

Gallic acid
Caffeic acid
Ferulic acid
p-coumaric

p-Hydroxybenzoic acid
Vanillic acid

Antioxidant activity
Anti-obesity

Antimicrobial
Skin protection

Anti-inflammatory
Anti-diabetic

Preventing cardiovascular
disease and childhood

malnutrition
Improving gut health

[23,41]

Teff

Vit. B1: 0.3 mg/100 g
Vit. B3: 3.3 mg/100 g
Vit. E: 0.08 mg/100 g
Vit. C: 88 mg/100 g

Fe: 7.63 mg/100 g
Zn: 3.63 mg/100 g
Mg: 184 mg/100 g
P: 427 mg/100 g
K: 427 mg/100 g

Cal: 180 mg/100 g

Catechin
Ferulic acid

Rosmarinic acid
p-coumaric acid

Anti-radical
Antioxidant

Anti-inflammatory
[42]

Chia

Vit. B2: 0.17 mg/100 g
Vit. B3: 8.83 mg/100 g
Vit. B1: 0.62 mg/100 g

Vit. E: 8.1 mg/100 g
Vit. C: 1.6 mg/100 g

Ca: 455 mg/100 g
P: 585 mg/100 g
K: 585 mg/100 g

MG: 340 mg/100 g
Fe: 8.54 mg/100 g
Zn: 3.7 mg/100 g

Caffeic acid
Chlorogenic acid

Quercetin
Kaempferol

Anti-hypertensive
Antioxidant activity
Anticholesterolemic

Anthropometrics
Hypoglycemic

[22,43]

Buckwheat Vit. B3: 2.1–18 mg/100 g
Vit. E: 9.5–16.4 mg/100 g

Fe: 4.7 mg/100 g
Zn: 1.0 mg/100 g

Mg: 203 mg/100 g
Ca: 60.9 mg/100 g

Rutin
Ferulic acid
caffeic acid
gallic acid

p-Coumaric

Anti-inflammatory
Anti-hypertensive

Antioxidant activity
Anti-obesity

Antidiabetic activity
Anti-cancer

Improving gut health

[41,44]

Comparing ancient wheat and modern wheat for their potential to elicit coeliac disease
has found similar immunoreactivity of both cultivars and, hence, the breeding of modern
wheat is not responsible for the prevalence of coeliac disease [45,46].
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Preliminary in vivo and in vitro studies indicated that the consumption of different
ancient grains could be better tolerated by non-coeliac wheat-sensitive individuals and
those who suffer from irritable bowel syndrome. However, children aged 3–13 years
old with wheat sensitivity seem to show similar reactions to both ancient and modern
wheat cultivars.

A few individuals only sensitised to alpha-amylase/trypsin inhibitor showed no
reaction to Einkorn since the corresponding gene is missing in this grain [47]. For wheat
grains, it has been reported that the starch digestibility of bread made with ancient wheat
and modern wheat is not related to the release year of the cultivar and indicated it is
doubtful that the wheat breeding program has affected starch digestibility [48].

Ancient wheat and barley are considered gluten-containing grains and are unsafe
for coeliac patients. Although ancient wheat has higher gluten than modern wheat, their
gliadins are in the form of more digestible and less toxic but still unsafe for coeliac pa-
tients [18,49].

4. Physicochemical, Nutritional Profile and Health Benefits of the Ancient Grains

4.1. Wheat

Archaeological evidence shows that wheat most likely appeared first in Lebanon,
Syria, Turkey, Egypt and Ethiopia. The domestication of wheat is likely to have begun
around 10,000 years ago in the Fertile Crescent, and since then, wheat has been regarded
as the most cultivated crop in the world [25]. The most common ancient wheat species
include Einkorn (Triticum monococcum), Emmer (Triticum dicoccum), Khorasan (Triticum
turgidum ssp. turanicum) and Spelt (Triticum spelta). Wheat grains have lengths mainly
between 5 and 9 mm and shapes that may vary from spherical to flattened. The 1000-kernel
weight of Spelt is ~44 g, which is much higher than that of Einkorn (~28 g) [50]. As shown
in Table 1, Einkorn and Emmer wheat are typically composed of 53–72% carbohydrates
(mainly starch), 12.5–12.7% protein, 10.6–12.5% dietary fibre, 2.1% lipids and 1–3% minerals.
The main interest in the worldwide adaptation of ancient wheat species could be related to
their high protein contents and production yield and their high tolerance to many biotic and
abiotic stresses. The high-yielding modern wheat produced by breeding programs often
have lower protein content than ancient grains. Higher protein contents (~18%) in Einkorn
wheat than other cultivars of Emmer (~15%) and Spelt (~13%) have been reported [6].
Ancient wheat species contain slightly lower carbohydrate contents than modern wheat.
Within the ancient wheat group, Spelt and Einkorn have the lowest carbohydrate contents
(~67–69%). The starch content of ancient wheat species is often lower than modern cultivars,
and its composition varies greatly from modern wheat. For instance, Einkorn has lower
resistant starch content (25.6 g/kg) than modern wheat (30–88 g/kg), whereas Spelt, Emmer
and Einkorn contain 30–32% rapidly digestible starch, 26–59% slowly digestible starch
and 2.3–2.4% resistant starch [51]. Einkorn showed a higher content of lipids compared to
common wheat. Modern wheat varieties may have a rich content of mineral and dietary
fibre compared to Einkorn and Emmer wheat. Ancient wheat species also contain fewer
anti-nutrients than common wheat. The phytic acid contents of the Einkorn and Emmer
wheat were between 1594 and 1863 mg/100 g [52].

A comparison between old and modern wheat cultivars showed higher health-relevant
benefits of old cultivars. It has been indicated that the consumption of bakery products
made with Khorasan wheat can enhance the immune functions in patients with severe
symptoms and sleep disorders [6].

4.2. Green Wheat (Freekeh)

Premature green wheat, or freekeh, is an ancient whole grain with a history spanning
thousands of years. Green wheat is produced from wheat harvested early, at the end of
the milky stage, when culms and spikes are green. Grain shape, plumpness and greenness
determine the quality of freekeh. Green wheat has a high initial moisture content that
varies from 40–45% (wet basis), but during the drying process, it loses about 40% of its
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weight [30,53,54]. Depending on moisture content, kernel length, width and thickness
differ from 6.24 to 6.66 mm, 3.65 to 4.22 mm and 3.43 to 3.85 mm, respectively. In addition,
the mass of 1000 seeds varies from 15 to 51 g at different maturation stages [55]. To produce
green wheat, often, immature durum wheat (Triticum durum) and, sometimes, immature
bread wheat (Triticum aeisvum) are used. The Zenit and Diyarbakır spp. durum wheat is
favoured for this purpose [30,56].

Green wheat is used as a raw material in the production of many foods and healthy
drinks. Roasted green wheat, which is commonly known as freekah (also known as frekeh
or frikah), has been a popular staple food in Middle Eastern, North African, and Chinese
cuisines for centuries. Roasting improves the flavour of the grains; however, it causes huge
losses to their nutritional quality [30].

Green wheat contains 73–80% carbohydrates, 11–15% protein and 12–19% dietary fibre
(Table 1). The starch content of green wheat is 45% and 68%, and its resistant starch content
is about 8.0 to 10%. Due to its higher resistant starch and dietary fibre content and lower GI
(52–54) compared to wheat, green wheat is more suitable for people with diabetes and for
weight control.

Green wheat has a significantly greater proportion of essential amino acids, particu-
larly lysine, methionine and threonine, and has better protein digestibility than normal
wheat. Its total fatty-acid content varies from 1.32 to 2.7%, which is higher than that of
yellow wheat. Palmitic acid is the dominant saturated fatty acid, and linoleic acid is the
dominant unsaturated fatty acid [56].

The total mineral content in green wheat is higher than that in mature yellow wheat.
Green wheat is a rich source of bioactive compounds. The total phenolic content, flavonoid
content and antioxidant properties of green wheat are about twice that of wheat. Neverthe-
less, green wheat contains antinutrient compounds, such as phytate (660–700 mg/100 g),
which is formed during the maturation of the seeds [30,56]. The freekeh grains harvested
at earlier stages have the lowest phytic acid and phytate contents, which are nutrition-
ally quite desirable [55]. The food applications of freekeh are limited to some traditional
and homemade foods; however, due to increased knowledge about the nutritional and
health benefits of green wheat, an increase in the global consumption of green wheat is
expected. A few studies have shown the applications of green wheat in the formulation
of healthy foods. For example, it has been found that the inclusion of green-wheat flour
in the preparation of noodles can enhance the quality of the noodles and reduce their
predicted GI [30].

4.3. Barley

Barley is a highly nutritious and adaptable ancient grain crop with growing cultivation
all over the world. It is globally cultivated as the fourth most popular cereal in terms of
production after wheat, rice and corn. Barley may have originated in Southeast Asia,
including China, Tibet and Nepal [57]. There is limited information on the domestication of
barley grains. A study reported the genome sequences of ancient barley grains excavated
at Yoram Cave in the Judean Desert in Israel [58]. This report suggested that barley grains
cultivated in the present day closely resemble those of old cultivars, although there is
evidence for gene flow between the two populations. Barley grains are generally larger
than wheat, with a 1000-kernel weight of about 40–45 g, and appear with a bright, light-
yellow colour. Typical barley cultivars have distinct two-layered cells with adherent hulls
departed at harvest maturity. However, hull-less varieties of barley have a low prevalence
but are cultivated from certain seeds [59]. Today, more than 70% of barley grains are used
for animal feed, about 20% are used for malting and brewing industries, and only a very
small fraction is directly used in the human diet [57].

The chemical composition and nutritional profile of barley are given in Tables 1 and 2,
respectively. Generally, barley contains protein (10–17%), carbohydrates (~65–68%), lipids
(2–4%), dietary fibres (18–22%), β-glucan (4–9%), minerals (1.5–2.5%) and vitamins (~2%).
It contains ~14–20% rapidly digestible starch, ~20–25% slowly digestible starch and about
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2.2% resistant starch that would help regulate the rate of glucose release in barley-containing
foods in the human body. Barley kernel contains several bioactive compounds, including
β-glucans, lignans, phytosterols and polyphenols. The relatively high β-glucan content
present in barley helps to lower serum cholesterol levels and control blood glucose and
insulin resistance. Barley is also a good potential source of a range of vitamins, including B1
(0.35 mg/100 g), B2 (0.091 mg/100 g) and E (0.85–3.15 mg/100 g). More recently, research
has focused on the nutritional profiles of germinated barley grains as a food ingredient that
could be rich in antioxidant compounds useful in functional food applications [60].

4.4. Barley

Barley is a highly nutritious and adaptable ancient grain crop with growing cultivation
all over the world. It is globally cultivated as the fourth most popular cereal in terms of
production after wheat, rice, and corn. Barley may have been originated from South-Eastern
Asia including China, Tibet and Nepal [55]. There is limited information on domestication
of barley grains. A study reported the genome sequences of ancient barley grains excavated
at Yoram Cave in the Judean Desert in Israel [56]. This report suggested that barley grains
cultivated in present-day closely resemble those of old cultivars, although there is evidence
for gene flow between the two populations. Barley grains are generally larger than wheat
with a 1000 kernel weight of about 40–45 g and appear with a bright, light-yellow colour.
Typical barley cultivars have distinct two-layered cell with adherent hulls departed at
harvest maturity. However, hull-less varieties of barley have a low prevalence but are
cultivated from certain seeds [57]. Today, more than 70% of barley grains are used for
animal feed; about 20% are used for malting and brewing industries; and only a very small
fraction is directly used in human diet [55].

The chemical composition and nutritional profile of barley are given in Tables 1 and 2,
respectively. Generally, barley contains protein (10–17%), carbohydrates (~65–68%), lipids
(2–4%), dietary fibres (18–22%), β-glucan (4–9%), minerals (1.5–2.5%), and vitamins (~2%).
It contains ~14–20% rapidly digestible starch, ~20–25% slowly digestible starch and about
2.2% resistant starch that would help regulate rate of glucose release barley containing foods
in human body. Barley kernel contains several bioactive compounds including β-glucans,
lignans, phytosterols and polyphenols. The relatively high β-glucan content present in
barley, helps to lower serum cholesterol levels, control blood glucose and insulin resistance.
Barley is also a good potential source for a range of vitamins including B1 (0.35 mg/100 g),
B2 (0.091 mg/100 g), and E (0.85–3.15 mg/100 g). More recently research has focussed on
the nutritional profiles of germinated barley grains as a food ingredient which could be
rich in antioxidant compounds useful in functional food applications [58].

4.5. Oats

Oat (Avena L., Poaceae family) is a valuable cereal crop in many countries with a primary
usage for animal feed, but due to its health benefits, its food applications are growing
rapidly. However, the world production of oat for human food is still lower than other
grains due to the lower yield and high cost of production and transport (due to the low
density of oat grains) [30]. Oats have a 1000-kernel weight of about 34–35 g and have been
grown from ancient times in many parts of the world, particularly in Northern and Eastern
Europe [61].

As shown in Table 1, oats contain carbohydrates (75–80%), protein (10–15%), lipids
(3–8%) and β-glucan (4%). In contrast to other cereals, a distinguished feature of oat grains
is their high protein content and distinct and balanced amino acid composition. The amino
acid composition of oat grains is superior to that of other cereals because its major storage
protein is globulin, with higher concentrations of essential amino acids such as lysine than
other cereals [62]. Oats are rich in carbohydrates, including ~60% starch with about 15%
rapidly digestible starch, 8–9% slowly digestible starch and 76% resistant starch [63].

As shown in Table 2, oat is a highly nutritious crop and a rich source of soluble
dietary fibre (β-glucan), functional and bioactive compounds, fatty acids (e.g., linoleic and
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oleic acids) and minerals, especially calcium, iron and zinc. These bioactive ingredients
have been shown to enhance the antioxidant content of foods such as crackers or biscuits
compared to wheat flour, thus indicating a potential use of oat flour as a nutritional
enhancer for the food industry. The main nutritional implications and health benefits of
oats in human diets are attributed to the presence of a significant amount of β-glucan that
reduces blood cholesterol and glucose [63]. Phytic acids (270–290 mg/100 g) and tannins
(38–46 mg/100 g) are the main antinutrients in oat [27].

4.6. Sorghum

Sorghum is a drought-tolerant cereal belonging to the Poaceae grass family and origi-
nating in the northeast quadrant of Africa. It is the world’s fifth most important cereal after
wheat, rice, maize and barley, with over 58.7 million tons of total production in 2020. The
United States is the most significant producer of this crop, followed by Nigeria, Ethiopia,
India, Mexico and China [31,32]. Sorghum is a very genetically diverse crop, with over
24 diverse species identified to date. Notable among these is S. bicolor, known for its food
use and considered one of the most important species in modern commercial breeding
programs. S. bicolor originated from its wild progenitor Sorghum bicolor L. Moench subsp.
Verticilliflorum. Sorghum bicolor (L.) Moench is categorised into five major races: bicolor (the
primitive type), guinea, caudatum, kafir and durra with various physical and biochemical
properties [27]. Sorghum varieties have been classified based on different characteristics.
However, based on the end-use applications, sorghum is classified into five groups, includ-
ing sweet sorghum (syrup and biofuel), grain (biofuel, human food and animal feed), fibre,
forage/fodder (animal feed) and broomcorn (broom-making) [32].

Sorghum has small seeds with pigmented pericarp, and the most commercially avail-
able varieties are black, white and red [16,33]. White sorghum is used for food products,
while red sorghum is utilised primarily in the alcohol distillation industry [34]. Sorghum
grains are ovoid with one end more pointed; the grain diameter ranges between 4 and
8 mm, and the mean weight of 1000 grains varies from 20 to 60 g. As shown in Table 1,
starch is the main component of sorghum (about 70%); however, sorghum grains show the
highest content of resistant starch (4–21%) and lowest starch digestibility (~19–37% rapidly
digestible starch) and glycemic index among cereal crops [35].

The major protein fractions in sorghum are prolamins (kafirins), followed by glutelins;
however, it has a low content of essential amino acids such as lysine, methionine and
isoleucine [36].

The lipid in sorghum grains is made up of saturated fats and a high concentration
of unsaturated fatty acids. Sorghum, especially red sorghum, is a rich source of various
phytochemicals, mainly phenolic acid (mostly ferulic acid), flavonoids and tannins, with
substantial health-promoting effects (Table 2).

Sorghum grains, especially pigmented grains, have limited applications as human
foods due to the presence of condensed tannins contributing to bitter taste, phytates,
cyanogenic glycosides and trypsin inhibitors, which are considered the major antinutri-
tional factors. However, varying food-processing methods such as sprouting, cooking,
fermentation, steaming and flaking can reduce the antioxidants in sorghum [36]. In ad-
dition, low-tannin sorghum varieties have been identified and bred that have been used
as an alternative for corn to feed animals [37]. It is also possible to reduce the tannin
content of sorghum using food-processing methods such as milling followed by soaking in
0.3% Na2CO3 solution for 8 h [38]. Novel applications of sorghum include the production
of plant-based protein, healthy foods and gluten-free products, and ethanol and biofuel
production has emerged [39]. The digestibility of sorghum starch has been shown to
vary dependent upon variety and may therefore be a useful flour-based ingredient for the
optimisation of the glycaemic index of starch-based foods [40].
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4.7. Millet

Millets are small-seeded species of cereal crops belonging to the family Poaceae, which
originated in the arid and semi-arid regions of Asia and Africa. It has a short growing
season and is resistant to pests and diseases. Millet has five genera: Panicum, Setaria,
Echinochloa, Pennisetum and Paspalum [57]. The most important cultivated varieties of
millets are foxtail millet (Setaria italica), pearl millet (Pennisetum glaucum), proso millet
(Panicum miliaceum), barnyard millet (Echinochola crusgalli), finger millet (Eleusine coracana),
brown top millet (Panicum ramosum), kodo millet (Paspalum scrobiculatum) and teff millet
(Eragrostis tef ). Millet is the sixth most high-yielding grain in the world, with a total annual
production of 30.4 million tons, but is still considered an underutilised grain [31,57]. Millet
seeds have small and round shapes with different colours. The seed size varies between 3
and 4 mm, the 1000-kernel weight of millet varieties is about 2.5–3.0 g and the bulk density
and true density are about 0.67–0.55 gmL−1 and 1.36–1.79 gmL−1, respectively [57,64]. As
shown in Table 1, the main constituent of millet is its starch (62 to 70%), and some reports
indicated that millet contains about 4–5% resistant starch, 6–7% slowly digestible starch
and ~10–11% rapidly digestible starch (RDS) [65]. The second major component of millet is
protein. The amino acid profile of pearl millet is better than that of sorghum and maize,
and is comparable to that of wheat, barley and rice, and lysine is the first limited amino
acid in millet cultivars [66]. Among millets, finger millet is relatively better balanced in
essential amino acids because it contains more lysine, threonine and valine. The crude fat
content in finger millet has been reported in the range of 1.54 to 3.77%. Linolenic acid and
oleic acid are the two dominant fatty acids in the millet varieties [67].

Among millets, finger millet is the richest source of calcium and iron, with levels
higher than those of sorghum, barley, maize and wheat. Millet grains are rich in several
phytochemicals, particularly phenolic compounds. Finger millet has been shown to have
the highest phenolic content and antioxidant activities compared to proso and foxtail
millets [67]. Millets also have antinutrients, such as phytic acid (296–620 mg/100 g),
tannins (31–343 mg/100 g) and trypsin inhibitors, which may reduce the bioavailability of
minerals [28]. Millets are often subjected to different processing methods such as dehulling,
decortication, soaking, germination, malting, milling, cooking, roasting, popping, radiation
and fermentation to improve the nutritional and sensory properties of millets for developing
new food (Xiu et al., 2022). Millet has some food applications, including the production of
gluten-free foods, bakery products and porridge [28,68].

4.8. Wild Rice

Wild rice, known as a health-promoting grain, is the seed of an aquatic plant belonging
to the genus Zizania, family Poaceae [29]. Wild rice (Zizania spp.) originated from North
America over 10,000 years ago and then dispersed into East Asia and other parts of the
world [69]. It consists of four species: Zizania palustris L., Zizania aquatica L., Zizania texana
H. and Zizania latifolia G [14].

The seeds of wild rice have long and narrow cylindrical shapes approximately 4.7
to 9.2 mm long and 1.6–2.8 mm wide. The grain colour of these wild rice varies from
light red–brown to dark brown with a 1000-kernel weight of 23–37 g [69]. As shown in
Tables 1 and 2, wild rice is rich in minerals, vitamins, starch, dietary fibre, protein and
antioxidant phytochemicals, and is low in fat. Wild rice contains about 56–79% starch as
the main constituent. Wild rice starch has shorter chains of amylose and longer chains of
amylopectin, which causes a slower in vitro digestion rate compared to that of domesticated
rice. It contains about 60% rapidly digestible starch, ~4% slowly digestible starch and ~5%
resistant starch [14,29]. The resistant starch content of the wild rice is about 10.8%, which is
significantly higher than white rice (~1.4%) and red rice (~0.95%). It also contains about
6.8% dietary fibre content, which is considerably higher than that of red rice (~2.6%) and
white rice (~0.42%) [70].

Protein (10–15.5%) is the second main constituent of wild rice, which is much higher in
content and efficiency ratio than that in white rice (~10%) and red rice (~11%). The essential
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amino-acid profile of wild rice is generally better and more balanced than that of other
grains. Threonine and lysine are the limiting amino acids in all varieties of wild rice [14,69].

As a whole grain, wild rice is a rich source of phenolic compounds and flavonoids, and
this level of antioxidant phenolic compounds is 10–15 times higher than that of white rice.
Ferulic acid is the predominant phenolic acid, followed by sinapic acid and p-coumaric acid.
Other phytochemical constituents of wild rice are flavonoid glycosides and flavan-3-ols.
In addition to phenolic compounds, anthocyanins and carotenoids such as lutein were
found in wild rice, thus providing a more complete profile of the antioxidants in wild
rice [14,69,70]. Traditionally, wild rice has been exploited to treat a variety of ailments in
Chinese medicinal practice [29]. Several health benefits of wild rice are listed in Table 2.

4.9. Amaranth

Amaranth (Amaranthus spp.), a pseudocereal and a member of the Amaranthaceae
family, is a less explored species with an excellent nutritional profile for human consump-
tion. Amaranth has a diverse range of 60 species but has three common species (Amaranth
hypochodriacus, Amaranth cruentus and Amaranth caudatus) domesticated for their seeds [71].
China is the largest producer of amaranth in the world, followed by the United States,
Canada and Argentina. Owing to its high nutritional quality, such as balanced content of
essential amino acids and unsaturated fatty acids, as well as being gluten-free, amaranth is
gaining importance among consumers, food producers and the scientific community [72].
Amaranth protein contains a high amount of lysine, which is a limited amino acid in almost
all cereals and other pseudocereal grains [73]. Its protein is also abundant in cysteine and
methionine, two essential amino acids that contain sulphur. The Amaranthus species is
recognised as a source of important vitamins, such as vitamin C, carotene, folate and B6,
among cereals and vegetables (see Table 2). Aside from its nutritional value, amaranth
grain includes several bioactive compounds with potential health benefits. The total pheno-
lic content in amaranth grains ranges from 21.2 to 57.0 mg gallic acid/100 g dry weight,
mainly containing ferulic acid followed by quercetin and isorhamnetin. Phytate (0.09%)
and saponins (4.96 mg/100 g) are the main antinutrients in amaranth [23,74].

4.10. Quinoa

Quinoa (Chenopodium quinoa Willd.) is a pseudocereal commonly known as the “golden
grain” and has long been considered a source of nourishment and sustenance for Andean
indigenous societies. Quinoa grain is mainly cultivated in the South American Andes
region; however, over the past decades, it has been introduced in North America, Europe,
Africa and Australia. Quinoa production has continuously expanded over the last few
decades, and by 2013, the international year of quinoa, quinoa production and consumption
had increased dramatically [23,74].

Quinoa flour is used to make a variety of toasted and baked goods, including bread,
cookies, biscuits, noodles, pasta and pancakes. In addition, quinoa grains can be fer-
mented to produce alcoholic beverages such as beer owing to its high starch level. Owing
to its high nutritional quality and adaptability, quinoa is traditionally used in livestock
feeding. Quinoa grains contain no gluten. Additionally, it has a high amount of nutri-
ent ingredients such as proteins, dietary fibres, vitamins, fatty acids and minerals (see
Tables 1 and 2 for chemical composition and nutritional profile). The protein content of
quinoa grains varied from 12.8 to 16.7%, which is higher than those of corn, rice and
barley. The two main storage proteins in quinoa grain are albumins (35%) and globulins
(37%). Quinoa proteins are recognised as high-quality proteins due to their great amount
and well-balanced composition of essential amino acids. Quinoa protein contains a high
concentration of lysine (2.4–7.8 g/100 g protein), methionine (0.3–9.1 g/100 g protein) and
threonine (2.1–8.9 g/100 g protein), which are the limiting amino acids in ancient cereals
such as maize and wheat [23,74,75].

Similar to other grains, starch is the most important carbohydrate component (32–69%
of total carbohydrates). Its total dietary fibre content (7.0–16.5%) is comparable to modern
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cereals such as wheat. In addition to having a high protein content and good bioavailability,
quinoa also has an intriguing lipid content (3.9–7.4%) that is higher than that of wheat and
rice, making it a viable oil seed alternative source. The vitamin content, such as for vitamin
C, E and folic acid, are greater than those of most other grains, and there is great potential
to use quinoa as a functional food ingredient in mainstay food-processing applications.
Quinoa has several health benefits in high-risk groups such as children and the elderly,
as well as having prebiotic and probiotic effects [41]. However, it also contains phytate,
saponin, tannins and protease inhibitor as the main antinutrients [18].

4.11. Teff

Teff (Eragrostis tef ) is a nutritious, gluten-free pseudocereal grain that is native to
Ethiopia and Eritrea. It is a staple food in these countries and is often used to make
traditional dishes such as injera (a sour fermented pancake-like flat bread). Teff is a rich
source of protein (12–15%) and fibre (6–8%) [21]. Teff contains a high level of lysine, which
is an essential amino acid that is important for growth and tissue repair. Teff is a good
source of minerals, including iron and calcium, which are beneficial for individuals with
anaemia or osteoporosis. Teff is also a good source of resistant starch, which can help
improve digestion and blood sugar control [18,21].

Teff also contains a variety of phytochemicals and antioxidants, including phenolic
acids and flavonoids, which have been shown to have anti-inflammatory and anti-cancer
properties and can reduce the risk of chronic diseases [42].

Phytic acid, tannins and protease inhibitors are the main antinutritional factors in
teff [21]. To minimise the negative effects of these compounds, traditional methods of
processing, such as fermentation, soaking and germination, can be used to reduce the levels
of anti-nutritional compounds in teff. Teff can be ground into flour and used to make
a variety of baked goods, including bread, pancakes and cakes. It can also be cooked and
eaten as a porridge or added to salads and stews. Phytate, tannins, oxalates and saponins
are the main antinutrients in teff [21,76].

4.12. Chia

Chia (Salvia hispanica) is a pseudocereal native to Mexico and Central America. It is
a member of the mint family (Lamiaceae) and is closely related to other species such as sage
and oregano. The chia seeds are small and oval in shape, measuring about 1–2 mm in
diameter. They are black, brown or white in colour and have a glossy surface. The chia
plant is drought-tolerant, making it suitable for dryland farming [43,77,78]. Chia seeds are
an excellent source of dietary fibre (~34%), lipids (~33%) and protein (~18%). The protein
content in chia seeds is composed of essential amino acids, such as lysine and arginine, and
non-essential amino acids, such as alanine and aspartic acid. The chia seed lipid is rich in
polyunsaturated acids with beneficial health impacts and, recently, has been extracted and
characterised for food applications. Chia seeds are great sources of bioactive compounds
such as omega-3 fatty acids (60–64%) and are a good source of minerals. Phytate and
trypsin inhibitors are the major antinutrients in chia seeds [22,43,77,78].

4.13. Buckwheat

Buckwheat (Fagopyrum esculentum) is a pseudocereal that belongs to the family Polyg-
onaceae. It is small and dark-coloured, typically brown or black, and is often used as
a grain-like food source. Buckwheat is a hardy plant that can grow in a variety of soil types
and climates, it is tolerant to frost and can be grown as a cover crop or as a green manure
crop [44,74]. The seed of the buckwheat plant is a good source of carbohydrates (~65%),
mainly in the form of complex carbohydrates, such as starch and dietary fibre. Additionally,
it has a significant amount of protein (14–16%) of high quality, as it includes all essential
amino acids, including lysine and arginine, which are often not present in other plant-based
protein sources. Buckwheat is also rich in vitamins, such as B and E, and minerals (see
Table 2). Some studies have revealed that the buckwheat seed contains a small amount
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of phytate, trypsin inhibitors and lectins, which can reduce the digestibility of proteins
and cause allergic reactions in some individuals. The high levels of flavonoids present in
buckwheat, particularly rutin, have been found to have antioxidant and anti-inflammatory
properties, and they also have prebiotic and probiotic benefits [74].

5. Current Food Applications of Ancient Grains

Figure 1 provides a summary of some traditional and emerging food-processing tech-
niques of ancient grains. Traditionally, ancient grains have been processed using minimal
food-processing techniques to convert them into edible forms with improved organoleptic
properties, such as homemade bakery products, porridge, soups, fermented products and
ready-to-eat seasoned grains. The common processing methods used for this purpose
are de-braning, soaking, roasting, milling, steaming, sprouting, popping and flaking to
produce ready-to-eat salted grains and fermented products [22,27,79]. However, with
increasing knowledge about the nutritional quality and health benefits of ancient grains,
they have been in the spotlight in the production of emerging foods, such as healthy foods,
plant proteins, high-fibre foods, low GI foods and allergy-free products, using modern
food-processing techniques and often marketed at premium prices. Examples of these
modern techniques are extrusion, microwave, ohmic heating, ultrasound, 3D printing and
high-pressure processing [11,12,44]. Sprouting/germination and high-pressure processing
have been used to reduce the antinutrients and improve the organoleptic properties of the
ancient grains, and high-pressure processed ancient grains with reduced antinutrients and
improved organoleptic properties have been successfully produced and used in the produc-
tion of various foods such as pasta and bread [13,15,80]. There is also a growing interest
in isolating different functional components from ancient grains, such as starch, protein,
bran and fibre, oil and bioactive compounds, which can then be used in the production of
healthy foods, nutraceuticals and pharmaceuticals [17,19,20,38].

Figure 1. Traditional and emerging processing techniques to convert ancient grains into various products.
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6. How Can Ancient Grains Prevent Hunger and Malnutrition?

Ancient grains can have a great contribution in mitigating food hunger and malnutri-
tion for several reasons, as discussed below (summarised in Figure 2).

Figure 2. A spectrum of ancient grains illustrating the prospects of ancient grains to fight world
hunger and malnutrition.

6.1. Ancient Grains as Highly Resilient Crops

Drought, extreme temperatures, water shortage, nutrient-poor soils and uncontrolled
plant diseases and pests are the main factors threatening modern grains, causing food
shortages and famine, especially in developing countries with a high prevalence of hunger.
Unlike modern cereals, ancient grains have a diverse genetic ability to withstand many
biotic and abiotic stresses [8]. This feature is highly valuable in supporting food security
and establishing resilient agriculture in a wide range of climates [8].

6.2. Ancient Grains as Nutrient-Dense and Health-Promoting Foods

Ancient grains are natural and economical sources of nutrients and bioactive com-
pounds that can provide a sufficient amount of carbohydrates, high-quality proteins, es-
sential amino acids, dietary fibres, minerals, vitamins and bioactive compounds to supply
energy and nutrients for healthy body functions and to combat hunger and malnutri-
tion [11,25]. Many ancient grains such as sorghum, amaranth and chia seeds are rich
sources of protein and lysine which is the lacking amino acid in modern grains. Thus,
they can be an excellent source of plant-based protein, which is in high demand, especially
in developing countries, due to the high cost of animal products that results in protein
deficiency. Ancient grains are also great sources of vitamins (vitamins B1, B3, B6, folate and
vitamin E) and minerals, especially Fe, Zn and Ca, and can be used to address minerals
and vitamin deficiency caused by hunger and malnutrition. However, due to the presence
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of some antinutrients, developing pre-treatment technologies are required to increase the
digestibility of proteins and the bioavailability of the minerals and vitamins [11,18].

Some tested ancient grains such as oat, teff, and sorghum naturally contain high
levels of resistant starch with low digestible starch and hence are considered low GI foods.
Resistant starch, which is not digestible in the body, acts as a dietary fibre with numerous
health benefits, including appetite reduction and reducing the risk of obesity, improving
postprandial glucose and insulin responses and also acting as a prebiotic compound for
improving gut microbiome in the human body [18].

Ancient grains have shown positive effects to address many health issues related to
malnutrition and hunger, such as cardiovascular diseases, diabetes type 2, cancer, weight
control, IBS (irritable bowel syndrome) and digestion. It has also been reported that the
consumption of ancient grains could improve both gastrointestinal symptoms (e.g., IBS)
and inflammatory profiles in different groups [12,49,81].

6.3. Ancient Grains to Diversify Food Sources

Unprecedented environmental, climate and political problems threaten food security
by disrupting the food supply chain hence supply and production diversification is of great
importance. It is also well known that a diverse diet (i.e., consisting of a larger number
of food sources, e.g., a number of cereals and pseudocereals) can provide a wide range
of nutrients required for human health and hence planning a diverse diet is an important
strategic approach for tackling hunger and malnutrition. Currently, only a few modern
grains, including wheat, rice and corn, are the major grain contributors (sources) to human
nutrition. However, a food system based on only modern grains is not sustainable due
to their high susceptibility to biotic and abiotic stresses. In addition, the selection of high-
yielding cultivars reduces their nutritional quality. The inclusion of ancient cereals in our
diet can therefore diversify food sources, support food security and enrich the nutritional
quality of the foods [5].

6.4. Ancient Grains for Special Diet Foods

People who require a special diet, such as those suffering from a digestive disorder,
metabolic syndrome, food allergy and intolerance, are more at risk of malnutrition. Most
ancient grains can be used as healthy and highly nutritious gluten-free alternatives to
modern grains such as wheat, rice and corn [18,34]. Ancient grains cause fewer allergic
reactions and are also more tolerable than normal grains for FODMAP diet foods [49].

Some ancient grains are rich sources of resistant and slowly digestible starch, which
can be used for the production of low GI and low-calorie foods suitable for weight control
and diabetes [13,15]. They can be used as a source of plant protein required in meat-free
diets and also in countries where access to other protein sources is limited. Some ancient
cereals have been added to produce low-fat foods. For instance, the hydrophilic properties
of chia seeds enable them to be substituted for eggs and fat in food recipes [22].

6.5. Ancient Grains to Support Small-Scale Farmers

Economic crisis and poverty are directly related to food shortage and hunger. Small-
scale farmers are highly vulnerable to job insecurity due to the high cost of modern
agriculture. Growing ancient grains in developing countries can create jobs for small-scale
farmers and support their income which facilitates access to better nutrition with minimal
inputs such as water, land and fertiliser. This can also increase access to locally grown,
highly nutritious and affordable food sources and reduce the need for importing grains
from other countries [8].

7. Major Shortcomings of the Ancient Grains in to Fight against Hunger

Despite many advantages and health benefits of ancient grains, they have remained
under-utilised due to their limitations, including low production yields and hence reduced
availability compared to modern grains; lack of knowledge and technology of pre- and
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post-harvest processing; the presence of some anti-nutritional factors such as phytic acids,
tannins and lectins (some causing bitter taste); and limited knowledge on their food
processing, consumer perceptions, sensory studies and marketing. Since ancient grains
have been neglected for many years, limited knowledge is available about their germplasms,
different varieties, production, functionality and value-addition [5,18].

8. Concluding Remarks

For fighting hunger, relying only on high-yielding modern grains is highly unreliable
and can lead to catastrophic outcomes because the existing major crops are highly prone to
adverse climate changes and low-input environments and are not nutritionally balanced.
Despite having low yields, ancient grains have excellent nutritional profiles and health
benefits and are highly resistant to various biotic and abiotic stresses. Thus, growing
a balanced combination of both modern and ancient grains is required to obtain more sus-
tainable, diversified and nutritious foods to tackle hunger and malnutrition. Nevertheless,
ancient grains are still highly under-utilised, and further research is necessary to turn these
valuable grains into a real opportunity to tackle global hunger.

A research priority is to improve the production yields of ancient grains to increase
their mass production and economic return, e.g., by selecting and breeding different
cultivars and their best production performance conditions. It is also necessary to find
feasible, industry-friendly and environmentally safe strategies to eliminate antinutrients,
which have negative effects on the nutritional quality, health benefits and sensory properties
of ancient grains.

With the fast-pacing food industry, there is an urgent need to use novel technologies to
create functional food ingredients that replace existing ingredients in small- and large-scale
food production settings. Moreover, underpinning the effects of modern food-processing
techniques on the physicochemical, quality, nutritional properties, stability and sensory
attributes of ancient grains is of prime importance.

Further research is required to develop new, affordable and healthy foods from ancient
grains for special diet requirements.

It is also necessary to identify ancient grains that are naturally low in allergens and
antinutrients, such as phytate and tannins, to improve the bioavailability of the nutrients.
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farinograph properties of common and ancient wheat grains. Eur. Food Res. Technol. 2021, 247, 1525–1538. [CrossRef]

6. Bordoni, A.; Danesi, F.; Di Nunzio, M.; Taccari, A.; Valli, V. Ancient wheat and health: A legend or the reality? A review on
KAMUT khorasan wheat. Int. J. Food Sci. Nutr. 2017, 68, 278–286. [CrossRef]

150



Foods 2023, 12, 2213

7. Cheng, A. Review: Shaping a sustainable food future by rediscovering long-forgotten ancient grains. Plant Sci. 2018, 269, 136–142.
[CrossRef]

8. Sharma, S.; Sahni, P. Germination behaviour, techno-functional characteristics, antinutrients, antioxidant activity and mineral
profile of lucerne as influenced by germination regimes. J. Food Meas. Charact. 2021, 15, 1796–1809. [CrossRef]

9. Shewry, P.R. Do ancient types of wheat have health benefits compared with modern bread wheat? J. Cereal Sci. 2018, 79, 469–476.
[CrossRef]

10. Dieterich, W.; Schuster, C.; Gundel, P.; Scherf, K.A.; Pronin, D.; Geisslitz, S.; Börner, A.; Neurath, M.F.; Zopf, Y. Proteins from
modern and ancient wheat cultivars: Impact on immune cells of healthy individuals and patients with NCGS. Nutrients 2022,
14, 4257. [CrossRef]

11. Pronin, D.; Börner, A.; Scherf, K.A. Old and modern wheat (Triticum aestivum L.) cultivars and their potential to elicit celiac
disease. Food Chem. 2021, 339, 127952. [CrossRef]

12. Sievers, S.; Rohrbach, A.; Beyer, K. Wheat-induced food allergy in childhood: Ancient grains seem no way out. Eur. J. Nutr. 2020,
59, 2693–2707. [CrossRef] [PubMed]

13. Simsek, S.; Budak, B.; Schwebach, C.S.; Ovando-Martínez, M. Starch digestibility properties of bread from hard red spring wheat
cultivars released in the last 100 years. Cereal Chem. 2020, 97, 138–148. [CrossRef]

14. Martínez-Villaluenga, C.; Peñas, E.; Hernández-Ledesma, B. Pseudocereal grains: Nutritional value, health benefits and current
applications for the development of gluten-free foods. Food Chem. Toxicol. 2020, 137, 111178. [CrossRef] [PubMed]

15. Seidita, A.; Mansueto, P.; Giuliano, A.; Chiavetta, M.; Mandreucci, F.; Soresi, M.; Pistone, M.; Compagnoni, S.; Castellucci, D.;
Bisso, G.; et al. Potential tolerability of ancient grains in non-celiac wheat sensitivity patients: A preliminary evaluation. Front.
Med. 2022, 9, 995019. [CrossRef] [PubMed]

16. Arzani, A.; Ashraf, M. Cultivated ancient wheats (Triticum spp.): A potential source of health-beneficial food products. Compr.
Rev. Food Sci. Food Saf. 2017, 16, 477–488. [CrossRef] [PubMed]

17. Kulathunga, J.; Reuhs, B.L.; Simsek, S. A review: Novel trends in hulled wheat processing for value addition. Trends Food Sci.
Technol. 2020, 106, 232–241. [CrossRef]

18. Shewry, P.R.; Hey, S. Do “ancient” wheat species differ from modern bread wheat in their contents of bioactive components?
J. Cereal Sci. 2015, 65, 236–243. [CrossRef]

19. Kulathunga, J.; Simsek, S. Dietary fiber variation in ancient and modern wheat species: Einkorn, emmer, spelt and hard red
spring wheat. J. Cereal Sci. 2022, 104, 103420. [CrossRef]

20. Al-Mahasneh, M.A.; Rababah, T.M.; Bani-Amer, M.M.; Al-Omari, N.M.; Mahasneh, M.K. Fuzzy and conventional modeling of
open sun drying kinetics for roasted green wheat. Int. J. Food Prop. 2013, 16, 70–80. [CrossRef]

21. Al-Mahasneh, M.; Amer, M.B.; Rababah, T. Modelling moisture sorption isotherms in roasted green wheat using least square
regression and neural-fuzzy techniques. Food Bioprod. Process. 2012, 90, 165–170. [CrossRef]

22. Zhang, K.; Zhao, D.; Song, J.; Guo, D.; Xiao, Y.; Shen, R. Effects of green wheat flour on textural properties, digestive and flavor
characteristics of the noodles. J. Food Process. Preserv. 2021, 45, e15199. [CrossRef]

23. Özboy, Ö.; Özkaya, B.; Özkaya, H.; Köksel, H. Effects of wheat maturation stage and cooking method on dietary fiber and phytic
acid contents of firik, a wheat-based local food. Food/Nahr. 2001, 45, 347–349. [CrossRef]

24. Zhang, K.; Zhang, Y.; Xu, N.; Yang, X.; Zhang, G.; Zhang, Y.; Liu, Q. Study of the protein, antioxidant activity, and starch during
in vitro simulated digestion of green wheat and wheat cooked flours. Int. J. Food Prop. 2020, 23, 722–735. [CrossRef]

25. Delcour, J.A.; Hoseney, C.P. Principles of Cereal Science and Technology, 3rd ed.; AACC International: Eagan, MN, USA, 2010.
26. Smith, O.; Clapham, A.; Rose, P.; Liu, Y.; Wang, J.; Allaby, R.G. A complete ancient RNA genome: Identification, reconstruction

and evolutionary history of archaeological Barley Stripe Mosaic Virus. Sci. Rep. 2014, 4, 4003. [CrossRef] [PubMed]
27. Taketa, S.; Amano, S.; Tsujino, Y.; Sato, T.; Saisho, D.; Kakeda, K.; Nomura, M.; Suzuki, T.; Matsumoto, T.; Sato, K.; et al. Barley

grain with adhering hulls is controlled by an ERF family transcription factor gene regulating a lipid biosynthesis pathway. Proc.
Natl. Acad. Sci. USA 2008, 105, 4062–4067. [CrossRef]

28. Ge, X.; Jing, L.; Su, C.; Zhang, B.; Zhang, Q.; Li, W. The profile, content and antioxidant activity of anthocyanin in germinated
naked barley grains with infrared and hot air drying. Int. J. Food Sci. Technol. 2021, 56, 3834–3844. [CrossRef]

29. Kaukovirta-Norja, A.; Lehtinen, P. Traditional and Modern Oat-Based Foods. In Technology of Functional Cereal Products; Elsevier:
Amsterdam, The Netherlands, 2008; pp. 215–232.

30. Sangwan, S.; Singh, R.; Tomar, S.K. Nutritional and functional properties of oats: An update. J. Innov. Biol. 2014, 1, 3–14.
31. Ferguson, J.J.; Stojanovski, E.; MacDonald-Wicks, L.; Garg, M.L. High molecular weight oat β-glucan enhances lipid-lowering

effects of phytosterols. A randomised controlled trial. Clin. Nutr. 2020, 39, 80–89. [CrossRef]
32. Bhardwaj, R.D.; Kapoor, R.; Grewal, S.K. Biochemical characterization of oat (Avena sativa L.) genotypes with high nutritional

potential. LWT Food Sci. Technol. 2019, 110, 32–39.
33. FAOSTAT. Available online: https://www.fao.org/faostat/en/#home (accessed on 29 May 2023).
34. Khoddami, A.; Messina, V.; Vadabalija Venkata, K.; Farahnaky, A.; Blanchard, C.L.; Roberts, T.H. Sorghum in foods: Functionality

and potential in innovative products. Crit. Rev. Food Sci. Nutr. 2023, 63, 1170–1186. [CrossRef]
35. Rad, S.V.; Valadabadi, S.A.R.; Pouryousef, M.; Saifzadeh, S.; Zakrin, H.R.; Mastinu, A. Quantitative and qualitative evaluation of

Sorghum bicolor L. under intercropping with legumes and different weed control methods. Horticulturae 2020, 6, 78. [CrossRef]

151



Foods 2023, 12, 2213

36. Rao, S.; Santhakumar, A.B.; Chinkwo, K.A.; Wu, G.; Johnson, S.K.; Blanchard, C.L. Characterization of phenolic compounds and
antioxidant activity in sorghum grains. J. Cereal Sci. 2018, 84, 103–111. [CrossRef]

37. Punia, H.; Tokas, J.; Malik, A.; Sangwan, S. Characterization of phenolic compounds and antioxidant activity in sorghum [Sorghum
bicolor (L.) Moench] grains. Cereal Res. Commun. 2021, 49, 343–353. [CrossRef]

38. Palacios, C.E.; Nagai, A.; Torres, P.; Rodrigues, J.A.; Salatino, A. Contents of tannins of cultivars of sorghum cultivated in Brazil,
as determined by four quantification methods. Food Chem. 2021, 337, 127970. [CrossRef]

39. Mohapatra, D.; Patel, A.S.; Kar, A.; Deshpande, S.S.; Tripathi, M.K. Effect of different processing conditions on proximate
composition, anti-oxidants, anti-nutrients and amino acid profile of grain sorghum. Food Chem. 2019, 271, 129–135. [CrossRef]

40. Pan, L.; An, D.; Zhu, W. Low-tannin sorghum grain could be used as an alternative to corn in diet for nursery pigs. J. Anim.
Physiol. Anim. Nutr. 2021, 105, 890–897. [CrossRef]

41. Haliza, W.; Widowati, S. The characteristic of different formula of low tannin sorghum instant porridge. IOP Conf. Ser. Earth
Environ. Sci. 2021, 653, 012124. [CrossRef]

42. Palavecino, P.M.; Curti, M.I.; Bustos, M.C.; Penci, M.C.; Ribotta, P.D. Sorghum pasta and noodles: Technological and nutritional
aspects. Plant Foods Hum. Nutr. 2020, 75, 326–336. [CrossRef]

43. Gao, F.; Li, X.; Li, X.; Liu, Z.; Zou, X.; Wang, L.; Zhang, H. Physicochemical properties and correlation analysis of retrograded
starch from different varieties of sorghum. Int. J. Food Sci. Technol. 2022, 57, 6678–6689. [CrossRef]

44. Li, W.; Wen, L.; Chen, Z.; Zhang, Z.; Pang, X.; Deng, Z.; Liu, T.; Guo, Y. Study on metabolic variation in whole grains of four
proso millet varieties reveals metabolites important for antioxidant properties and quality traits. Food Chem. 2021, 357, 129791.
[CrossRef]

45. Suma, P.F.; Urooj, A. Isolation and characterization of starch from pearl millet (Pennisetum typhoidium) flours. Int. J. Food Prop.
2015, 18, 2675–2687. [CrossRef]

46. Gull, A.; Prasad, K.; Kumar, P. Physico-chemical, functional and antioxidant properties of millet flours. J. Agric. Eng. Food Technol.
2015, 2, 73–75.

47. Slama, A.; Cherif, A.; Sakouhi, F.; Boukhchina, S.; Radhouane, L. Fatty acids, phytochemical composition and antioxidant
potential of pearl millet oil. J. Consum. Prot. Food Saf. 2020, 15, 145–151. [CrossRef]

48. Chauhan, E.; Sarita, S. Effects of processing (germination and popping) on the nutritional and anti-nutritional properties of finger
millet (Eleusine Coracana). Curr. Res. Nutr. Food Sci. J. 2018, 6, 566–572. [CrossRef]

49. Dey, S.; Saxena, A.; Kumar, Y.; Maity, T.; Tarafdar, A. Understanding the antinutritional factors and bioactive compounds of kodo
millet (Paspalum scrobiculatum) and little millet (Panicum sumatrense). J. Food Qual. 2022, 2022, 1578448. [CrossRef]

50. Chu, M.-J.; Liu, X.-M.; Yan, N.; Wang, F.-Z.; Du, Y.-M.; Zhang, Z.-F. Partial purification, identification, and quantitation of
antioxidants from wild rice (Zizania latifolia). Molecules 2018, 23, 2782. [CrossRef]

51. Qiu, Y.; Liu, Q.; Beta, T. Antioxidant activity of commercial wild rice and identification of flavonoid compounds in active fractions.
J. Agric. Food Chem. 2009, 57, 7543–7551. [CrossRef]

52. Melini, V.; Acquistucci, R. Health-promoting compounds in pigmented Thai and wild rice. Foods 2017, 6, 9. [CrossRef]
53. Hou, X.-D.; Yan, N.; Du, Y.-M.; Liang, H.; Zhang, Z.-F.; Yuan, X.-L. Consumption of wild rice (zizania latifolia) prevents metabolic

associated fatty liver disease through the modulation of the gut microbiota in mice model. Int. J. Mol. Sci. 2020, 21, 5375.
[CrossRef]

54. Mir, N.A.; Riar, C.S.; Singh, S. Nutritional constituents of pseudo cereals and their potential use in food systems: A review. Trends
Food Sci. Technol. 2018, 75, 170–180. [CrossRef]

55. Coelho, L.M.; Silva, P.M.; Martins, J.T.; Pinheiro, A.C.; Vicente, A.A. Emerging opportunities in exploring the nutri-
tional/functional value of amaranth. Food Funct. 2018, 9, 5499–5512. [CrossRef] [PubMed]

56. Aderibigbe, O.R.; Ezekiel, O.O.; Owolade, S.O.; Korese, J.K.; Sturm, B.; Hensel, O. Exploring the potentials of underutilized grain
amaranth (Amaranthus spp.) along the value chain for food and nutrition security: A review. Crit. Rev. Food Sci. Nutr. 2022, 62,
656–669. [CrossRef] [PubMed]

57. Alvarez-Jubete, L.; Wijngaard, H.; Arendt, E.K.; Gallagher, E. Polyphenol composition and in vitro antioxidant activity of
amaranth, quinoa buckwheat and wheat as affected by sprouting and baking. Food Chem. 2010, 119, 770–778. [CrossRef]

58. Graziano, S.; Agrimonti, C.; Marmiroli, N.; Gullì, M. Utilisation and limitations of pseudocereals (quinoa, amaranth, and
buckwheat) in food production: A review. Trends Food Sci. Technol. 2022, 125, 154–165. [CrossRef]

59. Filho, A.M.M.; Pirozi, M.R.; Borges, J.T.D.S.; Pinheiro Sant’Ana, H.M.; Chaves, J.B.P.; Coimbra, J.S.D.R. Quinoa: Nutritional,
functional, and antinutritional aspects. Crit. Rev. Food Sci. Nutr. 2017, 57, 1618–1630. [CrossRef]

60. Ugural, A.; Akyol, A. Can pseudocereals modulate microbiota by functioning as probiotics or prebiotics? Crit. Rev. Food Sci. Nutr.
2022, 62, 1725–1739. [CrossRef]

61. Satheesh, N.; Fanta, S.W. Review on structural, nutritional and anti-nutritional composition of teff (Eragrostis tef ) in comparison
with quinoa (Chenopodium quinoa Willd.). Cogent Food Agric. 2018, 4, 1546942. [CrossRef]

62. Barretto, R.; Buenavista, R.M.; Rivera, J.L.; Wang, S.; Prasad, P.V.V.; Siliveru, K. Teff (Eragrostis tef ) processing, utilization and
future opportunities: A review. Int. J. Food Sci. Technol. 2021, 56, 3125–3137. [CrossRef]

63. Gebremariam, M.M.; Zarnkow, M.; Becker, T. Teff (Eragrostis tef ) as a raw material for malting, brewing and manufacturing of
gluten-free foods and beverages: A review. J. Food Sci. Technol. 2014, 51, 2881–2895. [CrossRef]

152



Foods 2023, 12, 2213

64. Ferreira, D.M.; Nunes, M.A.; Santo, L.E.; Machado, S.; Costa, A.S.G.; Alvarez-Orti, M.; Pardo, J.E.; Oliveira, M.; Alves, R.C.
Characterization of chia seeds, cold-pressed oil, and defatted cake: An ancient grain for modern food production. Molecules 2023,
28, 723. [CrossRef]

65. Gómez-Velázquez, H.D.J.; Aparicio-Fernández, X.; Mora, O.; González Davalos, M.L.; de los Ríos, E.A.; Reynoso-Camacho, R.
Chia seeds and chemical-elicited sprouts supplementation ameliorates insulin resistance, dyslipidemia, and hepatic steatosis in
obese rats. J. Food Biochem. 2022, 46, e14136. [CrossRef] [PubMed]

66. Salgado, V.d.S.C.N.; Zago, L.; Antunes, A.E.C.; Miyahira, R.F. Chia (Salvia hispanica L.) seed germination: A brief review. Plant
Foods Hum. Nutr. 2022, 77, 485–494. [CrossRef] [PubMed]
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Abstract: Globally, billions of people are experiencing food insecurity and malnutrition. The United
Nations has set a global target to end hunger by 2030, but we are far from reaching it. Over the decade,
climate change, population growth and economic slowdown have impacted food security. Many
countries are facing the challenge of both undernutrition and over nutrition. Thus, there is a need to
transform the food system to achieve food and nutrition security. One of the ways to reach closer
to our goal is to provide an affordable healthy and nutritious diet to all. Millets, the nutri-cereals,
have the potential to play a crucial role in the fight against food insecurity and malnutrition. Nutri-
cereals are an abundant source of essential macro- and micronutrients, carbohydrates, protein, dietary
fiber, lipids, and phytochemicals. The nutrient content and digestibility of millets are significantly
influenced by the processing techniques. This review article highlights the nutritional characteristics
and processing of Indian millets, viz. foxtail, kodo, proso, little, and pearl millets. It also envisages
the effect of traditional and modern processing techniques on millet’s nutritional properties. An
extensive literature review was conducted using the research and review articles related to processing
techniques of millets such as fermentation, germination, dehulling, extrusion, cooking, puffing,
popping, malting, milling, etc. Germination and fermentation showed a positive improvement
in the overall nutritional characteristics of millets, whereas excessive dehulling, polishing, and
milling resulted in reduction of the dietary fiber and micronutrients. Understanding the changes
happening in the nutrient value of millets due to processing can help the food industry, researchers,
and consumers select a suitable processing technique to optimize the nutrient value, increase the
bioavailability of nutrients, and help combat food and nutrition security.

Keywords: millets; processing; nutrients; dietary fiber; pearl; foxtail

1. Introduction

Millets are termed as “yesterday’s coarse grains and today’s nutri-cereals.” Millets are
considered to be “future crops” as they are resistant to most of the pests and diseases and
adapt well to the harsh environment of the arid and semi-arid regions of Asia and Africa [1].
Millets are small-seeded grains, the most common and important for food being sorghum
(Sorghum bicolor L.), pearl millet (Pennisetum glaucum), finger millet (Eleusine carocana),
teff (Eragrostis tef ), proso millet (Panicum miliaceum), kodo millet (Paspalum scrobiculatum),
foxtail millet (Setaria italica), little millet (Panicum sumatrense) and fonio (Digitaris exilis) [1].
After decades of negligence, nutri-cereals are making a strong comeback in the Indian
cereal’s production segment. India dominates the global production of millets with a total
share of about 40.62% and an estimated production of about 10.91 million tonnes during
2018–2019 [2]. Although India ranks first in nutri-rich millet production and second in rice
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and pulses across the globe, it also—unfortunately—ranks second in child malnutrition
incidences. India is home to more than one-third of the world’s malnourished children [3].
By contrast, the country has also become a hub for diabetic and overweight populace,
putting the country under a double burden of malnutrition [4]. The majority of millets are
three to five times more nutritious than most cereals (rice, Oryza sativa; wheat, Triticum
aestivum; maize, Zea mays) in terms of vitamins, fiber, proteins, and minerals (calcium
and iron) and are gluten-free; hence, they are known as “superfoods” [2]. The nutri-rich
millets are the viable solution to reduce the rising incidences of malnutrition and metabolic
disorders and can enhance the nutrition and food security of the country.

Millets are a highly nutritious crop and contain considerable amounts of vitamins
and minerals. Millets are a good source of energy, dietary fiber, slowly digestible starch,
and resistant starch, and thus provide sustained release of glucose and thereby satiety [5,6].
Compared to cereals, millets are a good source of protein- and sulphur-containing amino
acids (methionine and cysteine) and have a better fatty acid profile [5,7]. However, mil-
lets contain a limited amount of lysine and tryptophan, which varies with the cultivar.
Millets are rich in vitamin E and vitamin B and in minerals such as calcium, phosphorus,
magnesium, manganese, potassium, and iron [1,8]. The abundant nutrients of millets
provide multiple benefits such as reducing the incidence of cancer [9,10], obesity and
diabetes [11], cardiovascular diseases [12,13], gastrointestinal problems [14], migraine, and
asthma [1,15]. Consumption of millets helps manage hyperglycemia due to their lente
carbohydrate and high dietary fiber content, thus making millets a perfect food for the
diabetic populace [3,15]. Therefore, millets play an important role in the modern diet as
a potential source of essential nutrients, especially in underdeveloped and developing
countries [16]. Although millets have a diversified and high food value, their consumption,
especially by the Indian populace, has not reached a significant level due to various factors,
depicted in Figure 1. Recently, these grains have been slowly fueling the start-up revolution
to improve nutri-rich food availability and create employment.

Figure 1. Millets: health benefits, production, and challenges in India. Data taken from various
issues [17].

Millets are usually processed before consumption to remove the inedible portions,
extend the shelf life, and improve nutritional and sensory properties. Primary processing
techniques such as dehulling, soaking, germination, roasting, drying, polishing and milling
(size reduction) are followed to make millets fit for consumption. At the same time, modern
or secondary processing methods such as fermenting, parboiling, cooking, puffing, popping,
malting, baking, flaking, extrusion, etc., are used to develop millet-based value-added
processed food products [8]. Although these processing techniques aim to enhance the
digestibility and nutrient bioavailability, a significant amount of nutrients are lost during
subsequent processing [18]. This review article aims to provide an overview of the effect of
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processing techniques on the nutritional properties of important Indian millets, viz. pearl
millet, proso millet, kodo millet, foxtail millet, and little millet.

2. Methodology

Review was conducted based on the methodology reported earlier with slight mod-
ification [19]. The current topic was selected based on a literature survey to identify the
gap between the available literature resources pertaining to the effect of processing treat-
ment on specific nutrient components of millet with respect to the Indian scenario. The
objective of the review was to evaluate the millet processing treatments in order to identify
the appropriate processing treatment for maximum retention of nutrients. The review
includes peer-reviewed research articles published in the English language after the year
2016. The articles exclusive to dehulling, fermenting, germination, parboiling, cooking,
puffing, popping, malting, and extrusion millet processing were included. The literature
review was carried out using databases such as PubMed and Google Scholar as search en-
gines. The common search terms used were millets processing, millet nutrition, dehulling,
nutri-cereals processing, value addition to millets, fermenting, germination, parboiling,
cooking, puffing, popping, malting, extrusion of millets, etc.

3. Nutritional Characteristic of Selected Indian Millets

3.1. Nutritional Profile of Millets

The nutritional content of food is an important factor in the maintenance of a human
body’s metabolism and wellness. The nutritional content is critical for developing and
maximizing the human genetic potential. Millet’s nutrition is comparable to major staple
cereals (rice, wheat, and maize), since they are an abundant source of carbohydrates, pro-
tein, dietary fiber, micronutrients, vitamins and phytochemicals. Millets provide energy
ranging from 320–370 kcal per 100 g of consumption (Table 1). Millets have a larger pro-
portion of non-starchy polysaccharides and dietary fiber compared to staple cereals and
comprise 65–75% carbohydrates. Millets with high dietary fiber provide multiple health
benefits such as improving gastrointestinal health, blood lipid profile, and blood glucose
clearance. Millets with minimal gluten and low glycemic index are healthy options for
celiac disorder and diabetes [20]. Millets are also rich in health-promoting phytochemicals
such as phytosterols, polyphenols, phytocyanins, lignins, and phyto-oestrogens. These
phytochemicals act as antioxidants, immunological modulators, and detoxifying agents,
preventing age-related degenerative illnesses such as cardiovascular diseases, type-2 dia-
betes, and cancer [1]. A study [21] reported that millets contain about 50 different phenolic
groups and their derivatives with potent antioxidant capacity, such as flavones, flavanols,
flavononols, and ferulic acid. A significant amount of phenolic components, which are
important antioxidants in millets, are found in bounded form in proso and finger millet and
in free form in pearl millet [22]. Another study [23] reported that proso millet comprises
various phytochemicals such as syringic acid, chlorogenic acid, ferulic acid, caffeic acid,
and p-coumaric. It has also been reported that almost 65% of the phenolics are present
in the bound fraction. The presence of these phytochemicals and important antioxidants
indicates the potential benefits of millets to human health. A detailed summary of the
nutritional profile of selected Indian millets is discussed below and highlighted in Table 1.

• Proso millet has a higher nutritional value when compared with staple cereals as it
contains a higher concentration of minerals and dietary fiber (Table 1). Proso millet is
a rich source of vitamins and minerals such as iron (Fe), calcium (Ca), potassium (K),
phosphorus (P), zinc (Zn), magnesium (Mg), vitamin B-complex, niacin, and folic acid.
Proso millet contains essential amino acids in significantly higher quantities, except
for lysine, the limiting amino acid. However, proso millet has an almost 51% higher
essential amino acid index than wheat [24]. Moreover, the products prepared from
proso millet exhibit a lower glycemic response than staple cereal-based products. A
review reported that products prepared from proso millet show a significantly lower
glycemic index (GI) compared to wheat- and maize-based products [25].
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• Pearl millet shows an energy value comparable to the staple cereals. Pearl millet
contains a lesser amount of carbohydrates than the staple cereals, and it mainly
contains high amylose starch (20–22%), and the insoluble dietary fiber fraction helps in
exhibiting a lower glycemic response. Pearl millet protein is gluten-free and contains
a higher prolamin fraction, making it suitable for people with gluten sensitivity.
The amino acid score in pearl millet is good; however, it is poor source of lysine,
threonine, tryptophan, and other sulphur-containing amino acids [23,26]. Pearl millet
is high in omega-3 fatty acids and also important nutritional fatty acids such as alpha-
linolenic acid, eicosapentaenoic acid, and docosahexaenoic acid. It also contains
other micronutrients such as Fe, Zn, copper (Cu), K, Mg, P, manganese (Mn), and
B-vitamins [23].

• Kodo millet provides an energy value similar to the other millets and staple cereals.
However, with the exception of finger millet, the protein content of kodo millet is
lower than that of other selected millets and it provides gluten-free protein (Table 1).
Kodo millets contains high amounts of vitamins and minerals, especially B-complex
vitamins, B6, niacin and folic acid, Fe, Ca, Mg, K, and Zn. Kodo millet is very easy to
digest and thus can be beneficial for infant and geriatric product formulation.

• Foxtail millet has a greater nutritional value compared to major cereals such as wheat
and rice due to its copious dietary fiber content, resistant starch, vitamins, minerals,
and essential amino acids, except for lysine and methionine, but it is richer than most
cereals. Among the selected millets, foxtail millet contains the highest protein (Table 1).
Foxtail millet also contains a high amount of stearic and linoleic acids, which helps in
maintaining a good lipid profile.

• Finger millet has the highest carbohydrate content among the selected millets. How-
ever, carbohydrates consist primarily of slowly digestible starch, dietary fiber, and
resistant starch and thus offer a low glycemic index compared to most common cereals
such as rice and wheat [27]. Finger millet contains around 7% protein (Table 1), which
is less than that of other millets, but it has a good amino acid score and contains more
threonine, lysine, and valine than other millets. Subsequently, micronutrients such as
Ca, Fe, Mg, K, and Zn, as well as B-vitamins, especially niacin, B6, and folic acid, are
abundantly available.

• The nutritional value of little millet is comparable to other cereal and millet crops.
It contains around 8.7% protein and balanced amino acids, and it is a rich source of
sulphur-containing amino acids (cysteine and methionine) and lysine, which is lacking
in most cereals [28]. It is generally considered to induce a lower glycemic response
due to the presence of abundant dietary fiber, resistant starch, and slowly digestible
starch [29]. It is also a good source of micronutrients such as Fe, P, and niacin. Recently,
many value-added products have been prepared using little millet to capitalize on the
health benefits of little millet.

Table 1. Nutritional profile of millets in comparison with cereals (per 100 g).

Grains
Energy
(kcal)

Protein
(g)

Carbohydrate
(g)

Starch
(g)

Fat(g)
Dietary Fiber

(g)
Minerals

(g)
Ca

(mg)
P

(mg)

Sorghum 334 10.4 67.6 59 1.9 10.2 1.6 27 222

Pearl millet 363 11.6 61.7 55 5 11.4 2.3 27 296

Finger millet 320 7.3 66.8 62 1.3 11.1 2.7 364 283

Proso millet 341 12.5 70.0 - 1.1 - 1.9 14 206

Foxtail millet 331 12.3 60.0 - 4.3 - 3.3 31 290

Kodo millet 353 8.3 66.1 64 1.4 6.3 2.6 15 188

Little millet 329 8.7 65.5 56 5.3 6.3 1.7 17 220
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Table 1. Cont.

Grains
Energy
(kcal)

Protein
(g)

Carbohydrate
(g)

Starch
(g)

Fat(g)
Dietary Fiber

(g)
Minerals

(g)
Ca

(mg)
P

(mg)

Barnyard millet 307 11.6 65.5 - 5.8 - 4.7 14 121

Maize 334 11.5 64.7 59 3.6 12.2 1.5 8.9 348

Wheat 321 11.8 64.7 56 1.5 11.2 1.5 39 306

Rice 353 6.8 74.8 71 0.5 4.4 0.6 10 160

Source: Indian Food Composition Tables and nutritive value of Indian foods [30,31].

3.2. Antinutrient Profile of Millets

Antinutrients are phytochemical compounds that plants produce naturally for their
defense. These antinutritional factors hinder nutrient absorption, leading to reduced nutri-
ent bioavailability and utilization [32]. When consumed uncooked, products containing
antinutrients and chemical compounds may be detrimental or even pose health issues in
humans, such as micronutrient malnutrition, nutritional deficiency, and bloating. Plant-
based foods mainly contain antinutrients such as tannins, phytates, oxalates, trypsin, and
chymotrypsin inhibitors [33]. One of the disadvantages of millets is a higher concentration
of antinutritional factors compared to wheat and rice. Finger millet contains polyphenols,
tannins (0.61%), phytates (0.48%), trypsin inhibitors, and oxalates, which may interfere with
the bioavailability of micronutrients and protein digestibility. The goitrogenic compounds
in pearl millet are derivatives of phenolic flavonoids, such as C-glycosyl flavones, and their
metabolites are responsible for the development of off-odors in the flour during storage [34].
Antinutritional factors due to metal chelation and enzyme inhibition capacity decrease
nutrients bioavailability, mainly of minerals and proteins. However, in recent years, antinu-
tritional factors such as polyphenolic compounds have been reported as nutraceuticals for
their contribution to antioxidant properties [1]. Most secondary metabolites that function
as antinutrients may cause extremely detrimental biological reactions, while others are
actively used in nutrition and pharmacologically active drugs. The need of eliminating
antinutrients is fulfilled by pretreatment or processing techniques of food grains, such as
debranning, soaking, germination, fermentation, and autoclaving. These methods add
value to food by enhancing the bioavailability of a few cations such as Ca, Fe, and Zn and
also the proteins absorption [8].

4. Mechanical Processing for Millets

Because global food security is at risk, effective utilization of available millet crops
to develop an affordable, palatable, and nutrient-rich product is the need of the hour.
Millet grains must be processed to remove inedible portions and convert them into cooked
and edible form. Therefore, processing is a crucial task, as it increases the bioavailabil-
ity of nutrients and organoleptic properties and decreases antinutrients [1]. Processing
involves multiple techniques such as dehusking/decortication, milling, soaking, germi-
nation, fermentation, malting, cooking, and roasting. These operations cause changes in
physicochemical attributes that alter the nutrition, function, and physical characteristics
of food [15]. Processing may be of two types, namely, primary and secondary processing.
Processes such as cleaning, washing (soaking/germination), dehulling, milling (into flour
and semolina), and refining to remove the undesired seed coat and antinutritional factors
are termed as primary processing, while secondary processing involves converting pri-
mary processed raw materials into “ready-to-cook” (RTC) or “ready-to-eat” (RTE) products
by flaking, popping, extrusion, and baking [1]. The traditional processing technologies
include debranning, milling, roasting, soaking, steaming germination, popping, flaking,
ready-to-eat salted grains, and fermented products [35,36]. These processing techniques
aim to convert grains into edible forms, with an extended shelf life, improved texture,
specific flavor, taste, as well as improved nutritional quality and digestibility [37]. Millet
consumption and utilization can be increased by processing them into various by-products,
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which also reduces the phytate and tannin levels, increases the minerals and amino acids
bioavailability, and improves starch and protein digestibility [38]. Processing imparts
specific morphological, anatomical, or modulated changes in these bioactive compounds
present in whole grains. The processing methods may have positive as well as negative
impacts on the nutrient and antinutrient profile. Various research studies on millet process-
ing have shown positive results on the effective usage of millets in a variety of traditional
and convenience health foods. Significant levels of phytates, tannins, phenols, and trypsin
inhibitors decrease nutrient bioavailability and quality, limiting maximum utilization of
nutritional potential in millets [1]. Certain millets contain higher concentrations of unsatu-
rated fatty acids; hence rancidity and off-flavors occur in millet flour during storage due
to lipolysis followed by oxidation of “de-esterified fatty acids” [32]. Thus, understanding
the influence of processing on nutritional properties is extremely important for effective
utilization of millets. It also assists in choosing an appropriate processing technique for
millets to maximize nutrient availability, improve palatability, and increase shelf life. The
changes in nutritional composition and digestibility with respect to different mechanical
processing methods are discussed (Table 2) and summarized (Figure 2).

Figure 2. Inference on nutritional properties changes during different processing methods.
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5. Effect of Processing on Nutritional Properties of Millets

5.1. Proteins

Millets are a rich source of proteins and are widely consumed by vegans. They are
regarded as an excellent plant protein with negligible amounts of saturated fats compared to
animal proteins. The presence of antinutrients inhibits protein digestibility; hence, reducing
the antinutrients level is important. Simple techniques such as dehulling, milling, soaking,
and heating decrease the antinutrient levels and increase the in vitro protein digestibility.
The impact of various processing methods on the protein digestibility of foxtail millets has
been studied [20]. The alkaline cooking, fermentation, germination (40 h at 25 ◦C), and
popping of foxtail millet resulted in improved protein quality. In another study, pan-frying
showed increased protein content in proso millet by 9.5% [18]. The puffing or popping of
kodo millet increased the protein concentration from 7.92 to 8.12% [53]. The separation of
starch granules from the protein matrix during thermal treatment, as well as the destruction
of antinutritional components such as trypsin inhibitors and phytate acid, resulted in
enhanced protein digestibility as a result of heat treatment or high pressure.

Protein digestibility in cereals, millets, and legumes has been shown to improve
throughout the germination and fermentation processes. The germination of foxtail millet
resulted in an increment in the protein concentration due to the synthesis of new amino
acids [39]. Similar results for the increase of protein during germination of two cultivars
of pearl millet, namely Gadarif (11.4% to 13.2%) and Gazeera (14.4% to 16.3%) were
observed [54]. A study [55] showed that following germination, the protein concentration
of pearl millet increased from 14% to 26%, whereas another study [43] reported the increased
protein in proso millet after sprouting for 96 h. A research study on the impact of fermenting
pearl millet flour with pure cultures revealed enhanced protein efficiency ratios, true and
apparent protein digestibility, and utilizable protein values [55]. In another study, the
combined effect of germination, fermentation (12 h and 24 h, respectively) and dry heating
of pearl millets resulted in improved “in vitro protein digestibility” (IVPD), indicating that
fermentation enhances protein digestibility [54]. The natural fermentation of pearl millet
may significantly enhance the protein content [47]. During fermentation, antinutritional
factors such as phytate gets degraded and the insoluble protein get converted to soluble
protein due to the synthesis of proteolytic enzymes by microflora [56]. The simple technique
of soaking pearl millet for 24 h resulted in increased protein due to the mobilization of
stored nitrogen [46]. Similarly the malting of pearl millet (24 h soaking, followed by
18 h germination) significantly enhanced the protein [43]. These reports suggest that the
soaking, malting germination, and fermentation processes lead to an increment in the
total protein and improved protein digestibility, and thus can be used as an effective
processing treatment in the development of protein-rich foods. Because these processes
do not necessitate sophisticated equipment, they can be employed at the domestic level
as well, assisting in the fight against protein–energy malnutrition, which is primarily a
concern in underdeveloped nations.

Decortication removes about 12% to 30% of the outer husk, bran, and germ portion of
grains, limiting the significant loss of proteins and amino acids such as histidine, lysine, and
arginine. According to a study [49], dehulling of pearl millet up to 17.5% had a significant
impact on the nutritional contents, increasing protein and digestibility. However, dehulling
beyond this point, a substantial decrease in protein occurred. In another study [57] on the
milling of pearl millet, bran-rich milled grains showed the highest percentage of IVPD.
Similar improvements in millet’s IVPD were reported by other authors [53]. Since most
of the polyphenolic compounds and antinutrients which precipitate proteins and reduce
protein digestibility are present in the hull of millets, the decortication process substantially
eliminates them and result in improved protein digestibility.

5.2. Carbohydrates

Carbohydrates of the millets range around 60–75%, with foxtail millet containing the
minimum carbohydrate and little millet containing the maximum carbohydrate (Table 1).
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Starch is the principal carbohydrate of the millets like other cereals. The amount of available
carbohydrates in food grains is affected by various domestic processing and cooking
methods such as soaking, sprouting, pressure cooking, autoclaving, and so on [1]. The
carbohydrate content of foxtail millet increased significantly, by 1.29% [58]. By contrast, the
carbohydrates of pearl millet flour increased non-significantly during the first 24 and 48 h
of germination but decreased significantly after 72 h [45]. The increase in carbohydrates
during the germination of foxtail millet is associated with the decrease in moisture, ash,
crude protein, and fat, because the carbohydrate levels depend on these attributes of the
grains [58]. The effect of fermentation and germination on the carbohydrates of pearl
millet revealed that germination greatly increases the total soluble sugar concentration,
as well as the reducing and non-reducing sugar concentration. When homogenized and
autoclaved, the germinated slurry substantially increased the soluble sugars and decreased
starch [49,59]. The main reason for reduced starch could be due to the starch hydrolysis
during the germination and autoclaving process, resulting in a higher concentration of
soluble sugars. In a similar study, fermented pearl millet grains also showed lower levels
of starch and higher levels of soluble carbohydrates than native pearl millet grain [60].
Another study revealed a significant rise in the total amount of sugars in proso millet during
germination, which could be attributed to starch breakdown [61]. These results indicate
that the germination and fermentation processes improve the carbohydrate digestibility by
breaking down the complex starch into simple soluble sugars. This shows the importance
of germination and fermentation in the development of energy-dense, easily digestible
food products such as infant formula. A study [62] reported the effect of decortication and
hydrothermal processing on finger millet. They observed that decortication significantly
increased the total carbohydrates by around 16%. The reduction in carbohydrates due
to decortication is apparent due to the removal of the seed coat. However, no change in
total carbohydrates due to hydrothermal treatment was reported, but a slight change in
amylose fraction was noted. Furthermore, due to leaching during steeping and the Maillard
process during steaming, the sugar concentration reduced from 1.085 to 0.71 g/100 g after
hydrothermal processing. These results indicate that carbohydrates behave differently with
different processing techniques. An extensive study [32] on the starch digestibility of pearl
and proso millet revealed that parboiling significantly reduced the total starch by 5–10%
due to starch leaching out during soaking and boiling process. They also observed that
parboiled proso and pearl millet had a reduced readily digestible starch fraction (18.2–19.1%
to 17.4–18.3%) and thus a lower glycemic index by 1.6–3.9%. These results suggest that
parboiling can significantly reduce starch digestibility and therefore can be utilized to
formulate products for metabolic diseases such as diabetics and obesity.

5.3. Dietary Fiber

The millet bran fraction is a major and abundant source of dietary fiber, which is
characterized as complex polysaccharides that are not readily available. Therefore, removal
of the bran fraction during decortication/dehulling results in substantial reduction in fiber
component. It was reported that dehulling of about 12% to 30% to remove the kernel is
suitable for millet grains as it does not result in significant loss of fiber. However, dehulling
of grains beyond 30% results in the substantial loss of dietary fiber [37]. Since most of
the millets are consumed in their decorticated form, it is very important to control the
extent of dehulling so as to maximize the fiber content. A study [20] on the impact of
milling on the fiber components of foxtail millet revealed that the insoluble dietary fiber
content of lignin, cellulose, and hemicellulose in the milled fraction was lower than that
of whole millet flour, while in foxtail millets the fiber content increases significantly with
increasing germination time [39]. This is perhaps due to a change in the structure of
the seeds’ cell wall polysaccharides, which may affect the tissue histology and disrupt
protein carbohydrate interactions. In addition, the results of cell wall biosynthesis leads
to increased production of dietary fiber. A study of solid-state fermentation (SSF) on
pearl millet with Rhizopus oligosporus and Yarrowia lipolytica [63] increased the soluble
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dietary fiber by 176%. Another study revealed that, fermenting the dietary fiber from
foxtail millet bran with Bacillus natto enhanced the soluble dietary fiber (DF) content by
10.9% and increased the ratio of soluble DF to insoluble DF by 16.8% [64]. Following
fermentation, cellulose and hemicellulose breakdown resulted in more porous structure
polysaccharides, which explains the changes in DF. Similarly, malting pearl millet for
24 h boosted the fiber level from 0.77% to 0.87% [44]. A study [65] on maize and finger
millet-based extruded product showed that the non-starchy polysaccharides reduced from
2.5 g/100 g for raw blend to 1.5 g/100 g for unfermented-extruded blend. The values were
further reduced to 0.9 for fermented blends and 1.4 g/100 g for blends treated with lactic or
citric acid (different molarities) prior to extrusion. It was also observed that high extrusion
temperatures and severe mechanical shear disrupt glycosidic networks and weak bonds
between polysaccharide chains of dietary fiber polysaccharides, resulting in a reduction
in total NSP. Similarly, the thermal processing of biscuits prepared from pearl millet flour
resulted in a change in crude fiber content from 1.26% to 1.75% [63]. Roasting of pearl millet
grains at different times and temperatures reduced crude fiber content. Other thermal
processes such as puffing and popping on millets resulted a decline in crude fiber by
1.71% and from 18.9 to 15.8 g/100 g, respectively [66]. This could be mainly attributed to
the fact that the outer grain layer has the majority of the fiber that is exposed to thermal
degradation. To summarize, the reports suggest that dehulling and milling (debranning)
operations reduce dietary fiber, while high temperature extrusion processes lead to thermal
degradation of dietary fiber. Dietary fiber, particularly that accumulated in the outer bran
layer, plays a vital role in reducing type 2 diabetes and constipation. For a healthy millet
diet, it is important to discourage millers from polishing millets and to advise consumers
to prefer whole millets (unpolished) and their by-products.

5.4. Minerals

Millets are an abundant source of minerals such as K, Mg, Fe, Ca, and Zn, along with
vitamins that are mainly accumulated in the aleurone, germ, and pericarp [1]. Soaking
millet grains prior to cooking helps to reduce antinutrients while also improving mineral
bioavailability. Millet grains soaked in water were shown to have reduced Zn and Fe
content, which might be attributed to minerals leaching into the soaking water [67]. Soak-
ing millet grains boosts the “in vitro solubility” of minerals such as Fe and Zn by 2–23%.
Soaking the millet grains in hot water (45 to 65 ◦C) with a pH of 5–6 resulted in a significant
increase in bioavailability and a decrease in phytic acid [68]. The mineral content in pearl
millet flour was affected by germination and fermentation [49]. Germination of foxtail
millet improved and modified the nutrient profile by increasing the mineral compounds
availability [20,49]. Germination increased the availability of minerals by the catabolism
process of antinutrients such as saponins and polyphenols, which inhibit the mineral
bioavailability [39]. A similar increase in the mineral concentration in germinated foxtail
millet was reported [69]. Germination also activate phytase-specific phosphatases enzyme
called phytases, which hydrolyze phytate into inositol and orthophosphate and release min-
erals. Therefore, increased levels of minerals such as Mg (101.16 to 107.16 mg/kg), sodium
(Na) (63.34 to 69.45 mg/kg), Ca (17.43 to 25.62 mg/kg), and Fe (16.01 to 54.23 mg/kg) were
reported for foxtail millet [39]. The mineral content of kodo millet increased from 232.82 to
251.73 mg/100 g after 36 h of germination at 38.75 ◦C [41]. According to [70], fermentation
improved the availability of Ca by 20%, Fe by 27%, and P and Zn by 26%. Bleaching pearl
millet for 90 s increased Fe availability from 2.19 to 3.29 mg/100 g in vitro [49].

The decorticated millet grains decreased the total mineral content: Ca by 40%, Fe
by 50%, and Zn by 12%; however, it increased the bio-accessibility of the minerals Ca
(15 g/100 g), Fe (26 g/100 g), and Zn (24 g/100 g) [53]. The decortication process reduces the
antinutrients, which inhibit mineral bioavailability by creating complexes. The antinutrient
level reduction leads to an improvement in the bioavailability of minerals [53]. Another
study discovered that the whole grain flour of foxtail millet after milling was mineral-rich,
while the polished grain flour showed reduced mineral content but with a higher protein
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content [20]. Semi-polished pearl millet has been shown to significantly reduce ash content
(1.5% to 1.3%), which represents the noncombustible portion of minerals. The decrease
in the ash content was associated with removal of bran. Minerals such as Ca and P, along
with antinutrients, are accumulated in the bran fraction of pearl millet [70]. However, semi-
refining reduces the phytate content, which results in improved in vitro bio-accessibility of
Fe and Ca. Milling and sieving of finger millet caused a reduction in some minerals such as
Fe (6.52 to 3.29 mg), Zn (2.50 to 1.98 mg), and Ca (404.3 to 294.8 mg) [71].

The total Fe content of roasted pearl millet grains increased by 274 percent, which was
due to leaching from the roasting iron-pan into millet samples during the high-temperature
roasting process [72]. Similar studies on finger millet roasting increased the minerals such
as Ca (337.31 to 341.24 mg/100 g) and Fe (3.45 to 3.91 mg/100 g) [73]. Foxtail millets
processed through solid-state fermentation (SSF) were rich in important minerals and
amino acids [63]. The mineral content was enhanced when fermented foxtail millet flour
was incorporated with a single strain of L. acidophilus [20]. Studies also indicate that pure
culture fermented products increase the bioavailability of minerals [53].

The dark gray color of pearl millet grains restricts their usage in food preparation.
This drawback can be overcome by treating millet grains with organic acids (fumaric, acetic,
and tartaric acid) or natural acidic materials (tamarind). Various researchers have studied
the effect of acid treatment. A study on acid treatment, which includes soaking the grains
in 0.2 N HCl solution for 24 h, subsequent washing, blanching (98 ◦C for 30 s), and sun-
drying (2 days), significantly improved the P, Ca, and Fe extractability [74]. This increase
in HCl extractability was accompanied by an increase in mineral bioavailability. When
compared to native grains, pearl millet treated with acid for 18 h significantly improved
the in vitro Fe bio-accessibility. The Fe concentration decreased because of the leach-
ing of minerals naturally accumulated in the pericarp portion during processing [49,53].
The millet-based composite flour incorporated with skimmed-milk powder and vegeta-
bles showed a substantial increase in Zn (2.1–4.2 mg/100 g), Ca (143.6–667.8 mg/100 g)
and Cu (0.5–0.9 mg/100 g), but no significant changes in Fe (3.4–3.6 mg/100 g) and Mg
(4.3–4.4 mg/100 g) [75]. The report suggests that the majority of minerals are accumulated
in the germ and bran layer which will be lost during dehulling and sieving operations.
However, the process of germination and fermentation was found to increase the mineral
content to some extent which could be exploited to develop value-added products.

5.5. Vitamins

Millets when polished/debranned contain a lower nutritional value since the bran
and germ components of refined millet flour are eliminated, resulting in a loss of vitamins.
Millets are considered superior to wheat, sorghum, and maize in terms of vitamin content
and other nutrients that include fats, proteins, and minerals (Table 1). Vitamins along with
minerals are naturally accumulated in the aleurone, germ, and pericarp.

Millet grains are high in vitamins such as riboflavin, thiamine, niacin, and folic
acid [76]. It has been noted that the germination and fermentation processes in pearl
millet affect the vitamin content of the grains. Improved vitamin levels (thiamin) after
the fermentation process were reported [49]. Little millet decortication resulted in a 67%
reduction in vitamin E [77]. The milling affects the bran portion of the millet grains, which
reduces vitamins that are mainly accumulated in the outer bran layer of grains. Milling
pearl millet grains resulted in a considerable decrease in vitamin B and a modest reduction
in vitamin E, but milling and sieving of finger millet flour tends to decrease vitamins such as
thiamine (0.552 to 0.342 mg/100 g) and riboflavin (0.243 to 0.196 mg/100 g) [71]. The germi-
nation of finger millet showed increased vitamin C content, from 0.04 to 0.06 mg/100 g [66].
Similarly, increased levels of vitamins (thiamine, niacin) after germination and probiotic
fermentation were reported [49,55]. The elevation of some vitamins levels, especially thi-
amine, niacin, and riboflavin, was observed during finger millet fermentation [78]. Biscuits
prepared by replacing refined wheat flour with 45% of foxtail millet flour resulted in an
increased value of vitamin content such as niacin (1.41%) and thiamin (0.1836%), except
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riboflavin (0.09%) [79]. The nutritional and storage characteristics of nutritious millet food
of the West African region were studied. It was found that vitamin B2 concentration was
likely reduced by 31.4%, 34.3%, and 45.7% after the processing of grain to a meal, flour,
and fura, respectively [55]. The studies on milling or dehulling suggest that the vitamins
are lost during these processing operations as the majority of vitamins are accumulated
in the outer layer of millets. The availability of important vitamins can be improved by
germinating the millets and developing by-products from germinated millets.

5.6. Fats

Fats are necessary for calorie supply, brain development, and the absorption and
transport of vitamins A, D, E, and K in the body. The germination time has an impact on
fat content. For instance, the raw and optimized flour of germinated foxtail millet had 4.4%
and 3.6% fat, respectively which was substantially lower than the non-germinated sample.
This is due to the fact that the fat is used as an energy source throughout the germination
process, which leads to the reduction after germination [39]. A study to investigate the
effect of high-pressure soaking on the nutritional characteristics of foxtail millet revealed
that the fat content is reduced by 27.98% [40]. This was attributable to the enzymatic
activity that creates free and soluble nutrients throughout the germinated phase in foxtail
millets. Similarly, another study reported that malting of pearl millet for 24 h resulted in a
reduction in fat by 6.34 to 5.55% [44]. During germination the increased enzyme and fat
consumption as an energy source might explain the reduction in fat content. According to
a study on the influence of different cooking techniques on the characteristic changes of
foxtail millet [18], the fat content was highest in the roasted sample (3.2 g), followed by the
raw (2.9 g), pressure cooked (2.8 g), germinated (2.6 g), and boiled sample (1.9 g). The effect
of pearl millet fermentation on crude fat, reduced its value from 2.25 to 1.70% [63]. Another
study on fermentation of pearl millet reported an increase in crude fat content from 1.83
to 3.71% [37,49]. Germination of foxtail millet was found to reduce the fat content, which
is related to lipid hydrolysis and fatty acid oxidation that occurs during germination [55].
The foxtail millet grains were germinated at 30 ◦C and little millet at 35 ◦C for 24 h after
overnight steeping, then tray dried at 60 ◦C for 6 h and milled for further analysis. The
fat content reduced by 17.84% in foxtail millet and increased in little millet by 25.95% [58].
This was due to the changes in energy values since the fat content includes approximately
double the energy values of protein and carbohydrate.

Thermal processing of biscuits made from pearl millet flour resulted in a percentage
change in crude fat content from 2.25 to 18.77% [63]. Another study focused on thermal
processing such as pan cooking and microwave heating on proso millet results showed
a decreased level of fat content from 3.24 to 2.3 g/100 g (pan cooking) and from 3.24 to
3.05 g/100 g (microwave cooking), while for little millet, fat content decreased from 1.91
to 1.56 g/100 g (pan cooking) and from 1.91 to 1.79 g/100 g (microwave cooking) [52].
Similarly, roasting decreased the crude fat content by 0.71%, puffing and popping decreased
fat content by 0.06% and 1.3–0.63 g/100 g, respectively [66]. The study on the popping
of foxtail millet reported having lower value of crude fat content than raw millet [55].
Bleaching of pearl millet for 90 s resulted in a greater drop in free fatty acids level from
44.56 to 20.59 mg/100 g [49].

The use of roller mills for the production of low-fat pearl millet grits was investigated,
and it was observed that decortication, tempering, and milling using finer corrugated rollers
offered an average output of 61% grits (from whole grains) and 1.2% fat content [49]. By
contrast, another study stated that decortication of pearl millet had no significant changes
in fat content. It was also observed that when moisture content and milling time increase,
the fat, ash, and fiber content reduces [55]. Development of composite millet flour had
a higher rate of oil and water absorption capacity than that of millet flour [75]. The oil
absorption capacity (OAC) and water absorption capacity (WAC) of the composite flour of
different millets increased from 59.2% to 77.9% and from 117% to 225%, respectively. The
OAC refers to flour protein’s capacity to physically bind fat through capillary attraction,
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which is essential since fats function as flavor retainers and improve the mouthfeel of
foods. The studies provide sufficient evidence on degradation or denaturation of fat at high
temperature processing (cooking and popping) as well as reduction in fat content during
milling, malting and fermentation processes. The simple processing techniques such as
soaking, germination and malting could be the ideal option for manufacturers to develop
low-fat food products from millets. The high temperature processing would damage the
fat quality and might reduce the taste and flavor of the processed foods.

6. Conclusions

Millets have an energy value similar to staple cereals. Additionally, they provide
more significant health benefits due to their high fiber, minerals, vitamins, macro- and
micronutrients, and phytochemicals and can help combat chronic disorders. Making millets
part of a regular diet can provide an affordable, complete, and healthy meal. It was ob-
served that during germination and fermentation of millets, the dietary fiber, mineral, and
vitamin content of most millets improved. Simple processing techniques such as soaking,
germination/malting, and fermentation can help tackle the problem of protein–energy
malnutrition by improving protein digestibility and the bioavailability of the minerals.
However, it was observed that decortication, dehulling, milling, extrusion resulted in a
reduction of total proteins, total dietary fiber, and micronutrients. Thus, care should be
taken during the decortication of millets, as excessive dehulling can result in lower fiber
content and loss of micronutrients due to the loss of nutrient-rich bran and germ portion.

Looking into the variability of the impact of processing on the nutritional character-
istics of millets, there is still a need to focus on optimizing the processing techniques for
minor millets to make them more acceptable without compromising the health benefits.
Moreover, to combat food insecurity and malnutrition, awareness needs to be created at
both commercial and household levels regarding the impact of processing methods on the
nutritional properties of millets and the health benefits of millets.
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