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ABSTRACT

While pearl millet is rich in important nutrients with potential health and nutrition benefits, it contains antinutrients that limit
the bioavailability of minerals and the digestibility of starches and proteins; however, fermentation is believed to reduce these
antinutrient levels. The objective of this work was to determine the fermentation kinetics and its implications for changes in the
levels of antinutrients in pearl millet and pearl millet-maize composite dough recipes used to prepare Injera, a traditional fer-
mented flatbread consumed in Ethiopia. Three dough recipes identified through focus group discussion with women from the
Dangeshita sub-district, Dangila District, Ethiopia, were investigated: pure pearl millet dough (P), a 1:1 mixture of pearl millet
and maize (P1M1) and a 1:2 mixture of pearl millet and maize (P1M2) doughs. Significant decreases in pH were observed for
all dough recipes at the later stages of fermentation. This drop in pH was accompanied by a rapid increase in titratable acidity.
Counts of aerobic mesophilic bacteria and molds decreased (with molds reaching zero), while counts of yeasts and lactic acid bac-
teria (LAB) increased at the later stage of fermentation across all dough recipes. A two-step fermentation process characterized
by both lactic acid and alcoholic fermentation was identified, yielding lactic acid and mannitol as primary end products. Phytate
was degraded by 91.3% in pearl millet (P) dough, by 98.2% in P1M1 dough, and by 72.7% in P1M2 dough after 168 h (7 days) fer-
mentation. All fermented dough recipes resulted in reduced levels of raffinose at the later stages of fermentation, with the highest
degradation noted in pearl millet (P) dough (95%) followed by P1M1 dough (87.7%) and P1M2 (80.8%) dough. In conclusion, 7 days
fermentation resulted in significant reductions of phytate and raffinose levels in all dough recipes.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

Injera is a traditional fermented flatbread consumed in
Ethiopia, accounting for approximately 70% of the caloric intake
(Ashagrie 2012). It is prepared from various cereal flours such
as teff, sorghum, wheat, rice, maize, millet, and barley (Mihrete
and Bultosa 2017; Neela and Fanta 2020). Cereals are known to
contain antinutrients which reduce the bioavailability of min-
erals and the digestibility of starch and proteins. On the other
hand, mineral deficiencies, especially of iron, zinc, and calcium,
are highly prevalent among the Ethiopian population, largely
due to the daily consumption of cereal-based foods and limited
consumption of animal-based foods. Studies indicate that a sig-
nificant portion of the Ethiopian population, notably women
and children, experiences inadequate intake of these essential
nutrients, which can lead to serious health consequences, in-
cluding anemia and impaired growth (Belay et al. 2022; Abdu
et al. 2022).

Fermentation of cereals has been shown to reduce antinutrients
due to the activation of enzymes which break down these com-
pounds (Adebo et al. 2022; Osman 2011). On the other hand, the
activation of these enzymes is dependent on fermentation kinet-
ics, which are influenced by the specific raw materials utilized
(Adeyemo and Onilude 2013). Few studies have reported on how
the raw materials used in Injera preparation influence fermen-
tation kinetics and the reduction of antinutrients. For example,
Baye et al. (2013) investigated the effects of teff-white sorghum
(TwS), barley-wheat (BW), and wheat-red sorghum (WrS) flour
blends on fermentation kinetics, finding complete hydrolysis of
phytate in WrS and BW Injera, while TwS Injera showed a 28%
hydrolysis of phytate.

An improved variety of pearl millet called Kola-1 has been
introduced for cultivation in the arid regions of Ethiopia as
a food and nutrition security crop (Berhanu et al. 2020) asso-
ciated with its resilience to harsh environmental conditions
(Satyavathi et al. 2021) and the crop is particularly valued for
its suitability for the preparation of Injera. With its relatively
high protein content (ranging from 9% to 24%) (Ali et al. 2003)
and being rich in minerals such as iron, zinc, calcium, copper,
potassium, manganese, and phosphorous (Yadav et al. 2014;
Gowda et al. 2022), pearl millet possesses a high potential to
provide nutrition security. On the other hand, pearl millet,
like other cereals, contains antinutrients such as phytic acid,
tannin, phenols, and a-galactosides that notably diminish the
bioavailability of nutrients (Rani et al. 2018). Therefore, this
study aimed to investigate the preparation of Injera from pearl

millet dough and pearl millet-maize composite dough recipes
based on practical observations and to determine the fermen-
tation kinetics and its implications in changes in the levels of
antinutrients.

2 | Materials and Methods
2.1 | Raw Materials

Pearl millet (Kola-1 variety, accession number: ICMV221) was
obtained from Sekota Dryland Agricultural Research Center,
Ethiopia. Maize (BH 660) was obtained from targeted farmers
in Dangila district (Ethiopia) in consultation with development
agency experts operating in the area who are providing agricul-
tural extension services directly to the farmers.

2.2 | Processing of Raw Materials

Both grains (5kg of pearl millet and 5kg of maize) were
cleaned individually to remove any extraneous materials
such as stones, dust particles, husk, undersize, and immature
grains. The cleaned grains were then sun dried and sepa-
rately milled using a laboratory hammer mill (TPS-JXFM110,
China), and sieved to 500 um. Flour samples were stored at
4°C for further analysis.

2.3 | Preparation of Dough

Pearl millet-based Injera dough preparation and fermentation
were conducted at the Food Processing Laboratory, Faculty
of Chemical and Food Engineering, Bahir Dar University,
Ethiopia (Figure 1). The recipes and dough preparation meth-
ods were based on the traditional millet Injera dough prepara-
tion and fermentation methods practiced by women from the
Dangeshita sub-district, Dangila District, Ethiopia, a commu-
nity known for millet and maize production and consumption.
Focus group discussions were conducted with women from
this community, and three Injera preparation recipes were
identified: Injera from pearl millet alone, mixing pearl mil-
let and maize in a one to one ratio (P1M1) and mixing pearl
millet and maize in a one to two ratio (P1M2). For the P1IM1
(1 pearl millet: 1 maize) recipe, maize dough was initially
prepared and fermented for 3 days. Then, an equal amount of
pearl millet was added to the mixture on the third day and left
to ferment until the baking day. For the P1M2 (1 pearl millet:

Pearl millet grain Pearl millet flour

FIGURE1 | Fermented dough preparation from pearl millet flour.

Freeze dried
fermented dough

Fermented dough
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2 maize) recipe, cleaned pearl millet and maize grains were
mixed in a 1:2 ratio and milled together. The composite flour
was then mixed with water (1flour: 1 water) to prepare the
dough and left to ferment for 3 days. On the third day, an equal
amount of composite flour (P1M2) (1 flour: 3 water) was added
and left to ferment until the baking day. Baking the dough into
Injera is usually done after the fourth fermentation day and
can be left until the seventh day, depending on the needs of
the family for Injera. In this study, the doughs from the dif-
ferent recipes were fermented naturally for 168h (7 days) at
room temperature (around 22°C), and dough samples were
collected at 24h intervals and freeze-dried using a Scanvac
Cool Safe 55-9 (Scanvac, Denmark). The dried samples were
finely ground and stored at —20°C in sealed polyethylene
bags for subsequent laboratory analyses. Samples for metab-
olite analysis were transported under refrigerated conditions
to the Rothamsted Research, Harpenden, Hertfordshire AL5
2]Q, UK.

2.4 | Microbiological Analysis

The microbiological profile of pearl millet-based dough during
fermentation was assessed through the enumeration of total aer-
obic plate count (APC), lactic acid bacteria (LAB), total yeast,
and mold at 24 h intervals, following standard methods (da Silva
et al. 2018).

Total aerobic plate counts (APC) were determined as follows:
Aseptic samples of 10g of dough were homogenized in 90mL
of 0.1% peptone water. Under laminar flow conditions, serial di-
lutions were prepared, and 1 mL aliquots were spread onto pre-
solidified plate count agar (PCA; HiMedia M091) plates. After
incubation at 35°C for 48 h, colonies were counted.

For the enumeration of LAB, the spread plate technique
was employed. A 0.1 mL aliquot of the diluted sample was
spread onto pre-solidified de Man, Rogosa, and Sharpe (MRS)
agar (Oxoid CM0361) plates and incubated anaerobically at
30°C for 48 to 72h. Colony-forming units (CFU) were then
enumerated.

Yeast and mold counts were performed using standard proce-
dures. Serial dilutions of the samples were spread onto potato
dextrose agar (PDA; HiMedia M096) plates using a sterilized
glass rod. To suppress bacterial growth, tartaric acid was added
to the media. The plates were then incubated at 25°C for 5days,
after which yeast and mold colonies were counted as CFU per
gram of sample and expressed as log CFU/g.

2.5 | Fermentation Kinetics
2.5.1 | pH and Total Titratable Acidity

The pH of the various dough samples was determined by im-
mersing a calibrated pH meter (Hanna Instruments pH 210,
pH Meter, Romania) in homogenate dough (AOAC 1995). Total
Titratable Acidity (TTA) of Injera dough samples was deter-
mined following the method described by Sadler (2010). Samples
(10g) were diluted in 100mL of deionized water and titrated

with 0.1 N NaOH to the endpoint at 24 h intervals. TTA was then
expressed as percent lactic acid equivalent.

2.5.2 | Determination of Metabolites by 'H-NMR
Spectroscopy

Thirty milligrams of fermented dough flour samples were ex-
tracted at 50°C using 80:20 D,0:CD,0OD containing 0.05% d4-
trimethylsilyl propionate (TSP; 1mL) as an internal standard
(Shewry et al. 2022). The supernatant was removed after the ex-
tracted sample was centrifuged at 13,000rpm for 5min, and then
the supernatant was heated to 90°C for 2min to halt enzymatic
activities. Cooling and centrifugation again, and the supernatant
(6501L) were transferred to an NMR tube (5mm in size) for anal-
ysis. TH-NMR spectra were acquired under automation at 300°K
using an Avance Neo Spectrometer (Bruker Biospin, Coventry,
UK) operating at 600.0528 MHz, with a cryoplatform and 5mm
triple inverse probe. Spectra were collected using 16 scans of
65,536 data points with a spectral width of 7143 Hz. Water suppres-
sion pulse sequence with a 90° pulse and a relaxation delay of 5s.

Fourier transformation of the spectra was performed using an
exponential window function with a line broadening value of
0.5Hz. Automated phasing and baseline correction procedures
were then implemented. Automated reduction and processing
of 'H-NMR spectra were performed using Analysis of Amix
(MIXtures software Bruker Biospin) to American Standard
Code for Information Interchange (ASCII) files with integrated
regions of 0.01 ppm width. Spectral intensities were scaled to
the d4-TSP region (80.05 to —0.05). Signal intensities for major
metabolites were extracted by comparing spectra to known
standards run under similar conditions. Quantitation relative
to the d4-TSP standard was achieved by normalizing the signal
intensities of the characteristic peaks of each metabolite based
on the number of hydrogens contributing to each peak.

2.5.3 | Phytate Analysis

The phytate content of unfermented and fermented dough sam-
ples was determined using a Megazyme (Megazyme-KPHYT,
Bray, Ireland) kit as per the protocol from the manufacturer
(McKie and McCleary 2016). Fermented dough samples were
subjected to hydrochloric acid digestion. Phytate (IP6), in the
form of myoinositol phosphate, was extracted using phytase and
alkaline phosphatase solutions. Following a modified colorimet-
ric method, phosphorus release was quantified by measuring
absorbance at 655nm relative to a blank. Phytate content was
then expressed as grams of IP6 per 100g of sample.

2.6 | Statistical Analysis

Triplicate determinations were made for all samples and param-
eters. Data were reported in mean +standard deviation to esti-
mate variation between treatments. Data were analyzed using
the general linear model procedure in SPSS version 26. Analysis
of variance (ANOVA) was used to assess statistical differences
between treatment means. Significant variations (p <0.05) were
further tested using Tukey's post hoc test.
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3 | Results and Discussion

3.1 | Microbial Counts During Dough
Fermentations

3.1.1 | Total Aerobic Plate Count

Changes in total aerobic plate counts among the different sour-
dough recipes are presented in Figure 2a-d. The total aerobic
plate counts in all dough samples increased up to 72h of fer-
mentation, with values ranging from 3.16 to 9.11 log cfu/g. The
increase in aerobic plate counts at the beginning of fermentation
could be attributed to the availability of nutrients and favorable
temperature, which enhance their metabolic activities and sup-
port their growth rates (Niu et al. 2025; Petrovi¢ et al. 2025).
Notably, the total aerobic plate count of the fermented dough rec-
ipes decreased when the fermentation time was extended from
72 to 168 h. This decrease may be attributed to the accumulation
of metabolites and the acidic conditions produced during the fer-
mentation by lactic acid bacteria (Ravyts and De Vuyst 2011).

3.1.2 | Counts of Lactic Acid Bacteria

The counts of lactic acid bacteria (LAB) in all fermented dough
samples were significantly affected by fermentation time
(p<0.05). In all dough recipes, LAB counts increased steadily
until 120h of fermentation, and then started decreasing as fer-
mentation time increased, probably due to limitation of nutrients
such as lack of fermentable sugar and amino acids in the ferment-
ing matrix (Nsogning et al. 2018; Rawat 2015). Similar findings
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were reported by Kitessa et al. (2022) during the fermentation of
Shameta, a traditional Ethiopian cereal-based fermented porridge.

3.1.3 | Total Yeast and Mold Counts

. The growth characteristics of yeasts and molds in the various
dough recipes is presented in Figure 2a-d. Yeast counts increased
steadily until 72h of fermentation across all dough recipes. The
growth was consistent throughout the fermentation period, with
higher counts noted in the later stages. The increase in yeast
counts at the later stages of fermentation might be due to the favor-
able acidic environment created in the fermenting matrix by LAB
(Preetha and Narayanan 2020). In contrast, mold counts increased
until 72h and then declined to zero at the later stages of fermenta-
tion. This decline in mold counts at the later stages of fermentation
might be due to the lower pH and the production of antimicro-
bial compounds by lactic acid bacteria and yeasts (Hamad 2012).
Similar findings were reported during the fermentation of other
African fermented products such as Shameta (Kitessa et al. 2022),
Kenkey (Jespersen et al. 1994) and Ogi (Omemu et al. 2007).

3.2 | Fermentation Kinetics

3.2.1 | Changes in pH and Total Titratable Acidity
Initially, all dough recipes had pH values around 6.6 to 7.0. As
fermentation progressed, all samples showed significant de-

creases in pH (3.91-4.08) at 168 h (Figure 3a). However, there
was no significant difference in the pH values of the dough
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Changes in microbial counts during pearl millet-based dough fermentations. Pearl millet dough (a), 1 pearl millet: 1 maize, PIM1

dough (b); 1 pearl millet: 2 maize, PIM2 dough (c) and maize dough (d). Error bars represent mean + SD.
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recipes at this fermentation time. In general, the decrease in
pH in the various dough samples might result from the growth
and metabolic activity of LAB (production of organic acids)
during the fermentation process (Ogunsakin et al. 2017). The
changes in organic acids such as lactic acid concentrations
during fermentation contribute to the distinctive sour flavor
of Injera, which is influenced by the fermenting medium pH
that regulates the production of lactic acid (Jebessa et al. 2024).
Additionally, it has been shown that during cereal fermenta-
tion, the medium pH is reduced to the level that inhibits the
growth of pathogenic bacteria, and also some metabolites
which has antimicrobial effects synthesized by LAB during the
process (Ojokoh et al. 2015).

The changes in total titratable acidity (TTA) of the dough samples
are illustrated in Figure 3b. The TTA of all dough recipes exhib-
ited significant increments with fermentation time. The observed
increase in TTA of the sourdough samples might result from the
bacterial production of lactic acid and the degradation of carbohy-
drates into simple sugars and subsequent acidification. Previous
studies have also documented a gradual increase in the overall ti-
tratable acidity during different cereal-based fermentations such
as maize-based fermented food products (Mwizerwa et al. 2018),
sorghum-based gluten-free bread (Almaiman et al. 2021), teff
Injera dough (Tadesse Bonger et al. 2023), and composite flour
dough used for Injera preparation (Anberbir et al. 2023).

—&—P
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--@--P1M2
—ao—M

3.5 T T T T

0 24 48 72 96 120 144 168

Fermentation time (h)

Titratable Acidity

3.2.2 | Changes in Antinutrients

3.2.2.1 | Kinetics of Phytate Degradation. By form-
ing complexes with minerals, proteins, and carbohydrates,
phytate reduces their bioavailability and absorption (Feizol-
lahi et al. 2021). In this study, a similar pattern of degrada-
tion of phytate (IP6) was observed in all dough fermentations
(Figure 4a). There were differences in the phytate content
of the various dough recipes at the beginning of fermen-
tation. Pearl millet dough had the highest phytate content
(1.63g/100 g) followed by P1M1 dough (1.01 g/100g) and P1M2
dough (0.50g/100g). As the amount of maize increased in
the recipes, the phytate content correspondingly decreased,
indicating that much of the phytate content in the recipes is
contributed by pearl millet. In general, although the addition
of new flour to the fermenting dough samples on the third day
of fermentation increased the phytate levels of the dough sam-
ples, phytate content decreased by 91.3% in pearl millet dough,
by 98.2% in P1M1 dough, and by 72.7% in P1M2 dough after
168 h fermentation. Similar trends in the reduction of phy-
tate content were observed in previous studies of pearl millet
fermentation (Eltayeb et al. 2016; Osman 2011). Lactic acid
fermentation is known to degrade phytate in cereals through
the production of the enzyme phytase by lactic acid bacteria
(Endalewetal. 2024; Baye et al. 2013; Osman 2011). Many other
factors also affect the extent and rate of phytate degradation in
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FIGURE3 | Changesin pH (a) and titrable acidity (b) of pearl millet-based sourdough recipes. P (100% pearl millet dough); PIM1 (1 pearl millet:1
maize dough); PIM2 (1 pearl millet:2 maize dough), M (100% maize dough). Error bars represent mean + SD.
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fermented foods, including the endogenous phytase enzyme
activities present in raw materials and processing conditions,
notably pH, which modulates phytase activities from plants
and microbes (Baye et al. 2013; Osman 2011).

3.2.2.2 | Change in «o- Galactooligosaccharides. The
a- galactooligosaccharides, such as raffinose, are known to
cause gastric discomfort primarily due to their resistance to
digestion in the human gastrointestinal tract and fermentation
in the colon, as well as hindering the digestibility of proteins
and bioavailability of minerals (Adebo et al. 2022). Figure 4b
shows the changes in concentrations of raffinose (mmol/100g
dough) during fermentation of the various dough types
throughout the 168 h fermentation time. Initially, all dough rec-
ipes exhibited low raffinose levels, with an increase between
24 and 48h, particularly in P1IM1 and P1M2, following which
raffinose levels decreased across all dough recipes, especially
after 72h, and then stabilized at low values by 144-168h.
The highest raffinose degradation was noticed in pearl millet
dough (95%) followed by P1M1 dough (87.7%) and P1M2 (80.8%)
dough. The observed degradation of raffinose during fermen-
tation of the various pearl millet-based dough recipes agrees
with previous reports of reduction in a-galactosides during
cereal fermentation (Baye et al. 2013; Tou et al. 2007). The deg-
radation of a- galactooligosaccharides such as raffinose during
fermentation is linked to the production of the enzyme a-ga-
lactosidase by lactic acid bacteria (LeBlanc et al. 2004). The
highest degradation of raffinose in pearl millet dough, in com-
parison to the other recipes, might be attributed to the elevated
production of the enzyme induced by the higher concentration
of raffinose recorded at the beginning of fermentation in this
dough relative to the other dough samples (Songré-Ouattara
et al. 2008).

3.2.3 | Changes in Monosaccharide
and Disaccharide Levels

At the beginning, maltose was the dominant sugar in P1M1,
P1M2, and Maize dough samples with values of 4.33, 5.57, and
4.33mM/100g respectively (Figure 5a,b). As fermentation pro-
gressed, glucose became the main fermentable sugar in P and
P1M2 dough samples followed by maltose. On the other hand,
maltose continued to be the main fermentable sugar in P1M1
dough followed by glucose. Much of the maltose content at the
initial stage of fermentation in P1IM1 dough seems to be con-
tributed by maize flour which corresponds to the preparation
of this dough by the local community. Maize flour is fermented
for the first 2days and an equal proportion of pearl millet flour
is added to the fermented maize dough on the third fermentation
day. In general, a rapid increase in maltose concentration was re-
corded for all dough samples during the first 24h fermentation
after which it decreased to reach a final value of 0.41, 1.06, 2.35,
and 8.08mM/100g for P, PIM1, P1M2, and M dough samples
respectively. Similarly, during the first 48h of fermentation, the
glucose contents of the dough samples increased from an initial
range of 0.63-2.01mM/100g to a peak of 28.4-57.4mM/100g.
Subsequently, the glucose content decreased to a final range of
0.94-1.76 mM/100g.

The increase in soluble sugars during the early fermentation
period of the dough samples could be due to the digestion of
starch by a- and -amylases present in the flours and produced
by the microbes, while the decreases in these sugars during the
later stage of fermentation may result from the utilization of
the sugars by microbes (Almaiman et al. 2021; Baye et al. 2013;
Osman 2011; Tou et al. 2007). The concentrations of sucrose,
fructose, galactose, arabinose, and trehalose were relatively low
in all dough recipes and decreased to only trace amounts during
the first 72 h of fermentation.

3.2.4 | Changesin Organic Acids and Alcohol

Figure 6 depicts changes in the levels of organic acids and al-
cohol during pearl millet and pearl millet-maize composite
dough fermentations. The fermentation of all the dough rec-
ipes can be characterized as a two-step fermentation, which
agrees with other studies (Baye et al. 2013; Lee et al. 2021). In
the initial phase, occurring within the first 48h, heterolactic
lactic acid bacteria (LAB) actively metabolized available car-
bohydrates, leading to the production of lactic acid, mannitol,
and small quantities of ethanol. This phase was marked by
a rapid increase in lactic acid concentrations alongside tran-
sient mannitol accumulation, indicating that LAB utilized
sugars, including fructose, as fermentation substrates (Baye
et al. 2013; Lee et al. 2021). Following this initial phase, fer-
mentation dynamics shifted towards predominately homolac-
tic fermentation, where LAB primarily converted glucose into
lactic acid. This transition was characterized by a steady rise
in lactic acid levels, while mannitol concentrations declined,
reflecting a change in microbial metabolism and substrate
utilization (Tou et al. 2007; Petrova and Petrov 2020). Such
findings underscore the complex interactions among microbial
populations and their metabolic pathways during the fermen-
tation of cereals, highlighting the significant role of fermenta-
tion conditions and substrate composition in influencing the
fermentation process (Bhatt et al. 2013). Ethanol, acetate, and
citrate were present in very low concentrations. In general, the
increased production of lactic acid during dough fermentation
is expected to generate antimicrobial compounds that inhibit
pathogenic microbes, improve food digestibility by reducing
high-chain carbohydrates, and enhance the bioavailability
of essential micronutrients such as iron, zinc, and calcium
(Petrova and Petrov 2020).

4 | Conclusion

Pearl millet and pearl millet-maize composite dough recipes
showed distinct fermentation patterns, significantly impacting
their final composition. As fermentation time increased, a no-
table decrease in pH and substantial increases in total titratable
acidity (TTA) were observed across the dough samples. These
changes correlated with significant reductions in phytate and
raffinose levels in all dough recipes. However, further study
is required to assess the bioaccessibility and/or bioavailability
of minerals and other nutrients in Injera prepared from these
dough recipes.
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