


Effect of Fortification and Processing on Antinutrients and Protein Content and Digestibility of Low- and High-Tannin Sorghum Cultivars



Abstract
This study aimed to examine the effects of wheat and pigeon pea fortification and processing on antinutrient levels, protein content, and in vitro protein digestibility (IVPD) of low-tannin (Tabat) and high-tannin (WadAhmed) sorghum cultivars. The sorghum cultivar WadAhmed exhibits elevated tannin and phytate concentrations and reduced protein content. Pigeon pea exhibited a markedly elevated IVPD value, while wheat demonstrated modest levels of tannins and phytates. The tannin, phytate, and protein contents, as well as the IVPD of the meals, were evaluated before and after processing. The incorporation of wheat and pigeon pea flours reduced antinutrient levels and increased protein content and in vitro protein digestibility (IVPD). Post-fermentation, antinutrient levels were markedly reduced (P ≤ 0.05), coinciding with a considerable increase in IVPD. Cooking the fermented dough of meals showed significantly greater improvement than cooking raw meals. The ratio of ingredients and fermentation diminished the impact of cooking on protein content and IVPD.
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1. Introduction
Sorghum (Sorghum bicolor L. Moench) has drought resistance and ranks as the fifth most significant cereal in output, following rice, wheat, maize, and barley. In Sub-Saharan Africa, it ranks second in terms of cultivation, following maize (Eggen et al., 2019). Notwithstanding this rating, sorghum constitutes less than 3% of worldwide cereal grain production, in contrast to corn, rice, wheat, and barley. Sorghum has recently been recognized as a future crop owing to its superior agronomic performance, particularly its significant tolerance to heat and drought, and its capacity to produce substantial yields on marginal soils (Cardone et al., 2021). This resistance makes sorghum a fundamental food source for hundreds of millions of people in the semi-arid areas of Asia and Africa. Consequently, processing sorghum grains is essential to enhance their nutritional value and optimize their potential as a sustainable, resilient staple (Tanwar et al., 2023).
Sorghum provides carbohydrates, protein, dietary fiber, vitamins, and minerals (USDA, 2018). Sorghum is inherently gluten-free, making it suitable for people with celiac disease and gluten sensitivity (Awika, 2017). Sorghum is a notable source of antioxidants that neutralize reactive oxygen and nitrogen species, thereby helping prevent oxidative illnesses (Abioye et al., 2018). Nonetheless, sorghum contains substantial levels of antinutrients, including tannins, phytates, and oxalates (Tamilselvan and Kushwaha, 2020). These antinutrients might impede the absorption of vital minerals. Tannins can specifically inhibit the digestion of energy and protein, whilst phytates can obstruct the absorption of minerals like zinc and calcium. Various techniques have been used to improve the nutritional quality of cereal grains, including fermentation.
Fermentation, as a method of food preservation, has been used since ancient times. It is cost-effective, supplies essential nutrients, promotes nutrient bioavailability, eliminates unwanted elements such as natural toxins and pathogenic microbes, and improves flavor (Masahid et al., 2021). Furthermore, fermentation breaks down complex chemicals into simpler forms (Masahid et al., 2021). The processes of dehulling, fermentation, and roasting of sorghum grains enhanced nutritional quality, particularly protein levels, while markedly reducing antinutritional factors (Gwekwe et al., 2024). The increase in protein concentration post-fermentation is attributed to the release of nitrogen as microbes metabolize carbohydrates for energy (Province and Sciences 2017). The pre-treatment of sorghum through dehulling, fermentation, and roasting enhanced its protein, moisture, fat, and ash content.
The reduction of undesired antinutrients, including alkaloids, tannins, and phytic acid, following sorghum pre-treatment indicates that integrating these processing techniques significantly improves sorghum's nutritional value (Gwekwe et al., 2024). Pigeon pea (Cajanus cajan (L.) Millsp.) is an important grain legume grown and consumed in tropical and semi-arid regions worldwide, including areas of Asia, Africa, Latin America, and the Caribbean (Fuller et al., 2019). Nonetheless, despite their nutritional benefits, the widespread utilization of pigeon peas is limited by elevated concentrations of antinutritional compounds, including phytic acid, oxalate, and tannins. These chemicals can reduce mineral bioavailability, promote kidney stone formation, and diminish nutritional digestibility, especially in complementary foods for infants (Amoah et al., 2023; Das et al., 2022).
A prior study has shown the efficacy of conventional processing techniques in markedly decreasing the concentrations of these antinutritional components in diverse legume grains. In black soybeans, germination, fermentation, and roasting effectively diminished antinutritional components, including phytic acid and tannins (Chauhan et al., 2022). Pigeon pea can be used as a substitute for wheat flour, thereby enhancing the nutritional quality of crackers (Olagunju et al., 2018). The composite biscuits, made from combining pigeon pea and wheat flour, had a low glycemic index, thereby reducing the postprandial glucose peak 30 minutes after consumption in diabetic patients (Gbenga-Fabusiwa et al., 2019). Sorghum-based fermented foods, including kisra, hulu-mur, merica, and nasha, are prevalent in many African nations, such as Sudan, Nigeria, and Tanzania, and serve as primary food sources for indigenous populations (Adebo 2020).
Enhancing these grains can render them more appealing and elevate their acceptance in the food sector. The grains have functional qualities, and the innovative products derived from them are poised to gain market penetration as consumers shift toward healthier food options. Both traditional and contemporary techniques can be employed to mitigate antinutritional effects in tiny grains. Milling, soaking, fermenting, debranning, and autoclaving are procedures used to reduce antinutritional factors in small grains. Employing diverse techniques, individually or in combination, can diminish antinutrient concentrations (Samtiya et al., 2020). This study aims to examine the effects of fortification with pigeon pea and wheat flour, as well as processing, on the antinutrient level and protein content, and digestibility of low- and high-tannin sorghum cultivars.
2. Materials and methods
2.1.  Materials
Two sorghum cultivars, Tabat (low-tannin) and WadAhmed (high-tannin), were acquired from the Agricultural Research Corporation in WadMadani. Commercial Sudanese wheat flour (Debaria, 72% extraction rate) was procured from Seen Flour Mills. Pigeon pea seeds were procured from the local market in Omdurman. Sorghum and pigeon pea seeds, after being cleaned, were ground to pass through a 0.4 mm screen. Certain flours were preserved at 4 °C, while the remainder was utilized to create composite flour.
2.2.  Preparation of Composite Flour Blends
Four distinct meals were prepared using sorghum, wheat, and pigeon pea flours in variable proportions, as illustrated in Table 1. The ingredients of each meal were combined with distilled water (1:2 w/v). Fermentation of the dough commenced with the addition of starters derived from previously fermented doughs of the same type. The dough underwent fermentation for 12 hours. After the incubation period, the fermented flour was spread onto aluminum plates and dehydrated in a hot-air oven at 60 °C for an additional 24 hours. The desiccated samples were subsequently pulverized to pass through a 0.4 mm sieve and preserved at 4 °C. A portion of the fermented dough was used to make kisra bread.

Table 1. Composite flour formulation.
	Meals
	Ingredients%

	
	Tabat
	WadAhmed
	Wheat
	Pigeon pea

	T0
	100
	
	
	

	T1
	70
	
	20
	10

	T2
	70
	
	15
	15

	T3
	70
	
	10
	20

	W0
	
	100
	
	

	W1
	
	70
	20
	10

	W2
	
	70
	15
	15

	W3
	
	70
	10
	20




2.3.  Kisra Bread Preparation
Kisra bread was prepared, as reported by Mahgoub et al. (1999). Sorghum (Sorghum bicolor) cultivars were processed in a commercial mechanical stone mill. Whole-grain flour was procured and used to make kisra. A thin layer of fermented dough slurry was applied to the hot plate and baked for 20 to 30 seconds. The baked kisra sheets were subsequently removed using a wooden scraper. The meal sheets were stored at 4 °C for subsequent analysis after being oven-dried at 70 °C and ground to pass through a 0.4 mm sieve.
2.4.  Protein Content Determination
The total nitrogen (micro-Kjeldahl) of the samples was determined according to AOAC (2005). Protein was determined by multiplying nitrogen by 6.25.
2.5.  Phytate Content Determination
The AOAC (2005) method was employed to ascertain phytate concentration. Phytate was extracted with 0.5 M HNO3 and then digested with 0.5 mL of perchloric acid. The processed material was diluted to 25 mL with distilled water in a volumetric flask. A 2.5 mL aliquot of each extract was combined with 2.5 mL of nitric acid, and the phytic phosphorus interacted with 2.5 mL of vanadium molybdate to produce a yellow-orange complex. Absorbance was quantified at 460 nm utilizing a UV/Vis Spectrophotometer (PD-UV, Apel, Saitama, Japan). A blank reagent and a 2 mg standard of phytic acid were utilized to ascertain phytate concentration in mg/100 g.
2.6.  Tannin Content Determination 
The tannin concentration was measured utilizing the method outlined by Dykes (2019). A 100 mL conical flask containing 0.2 g of each sample was treated with 10 mL of 1% HCl in methanol (v/v); the mixture was thoroughly mixed and subsequently centrifuged at 2500 rpm for 5 minutes. Subsequently, approximately 5 mL of vanillin-HCl reagent was added to 1 mL of supernatant. Following a 20-minute incubation at 30 °C, the absorbance was quantified at 500 nm using a spectrophotometer (PD-UV, Apel, Saitama, Japan). Tannin content was determined using a standard curve of tannic acid, and results were reported in mg/100 g.
2.7. In vitro Protein Digestibility
According to the Monjula and John (1991) method, 200 mg of each sample was weighed into a 100 mL Erlenmeyer flask containing 35 mL of 0.1 mol/L sodium citrate tribasic dihydrate (pH 2.0) with pepsin (1.5 g/L). The mixture was incubated at 37 °C for 2 hours in a water bath, then centrifuged at 1000xg for 15 minutes; the supernatant was discarded. The residue was washed, dried, and analyzed for nitrogen concentration using the AOAC (2005) standard procedure. In vitro protein digestibility was calculated as the percentage of protein in the supernatant relative to the total protein content of the sample.
2.8.  Statistical Analysis 
An analysis of variance was performed on three data replicates utilizing IBM SPSS Statistics 23.0 software (SPSS Inc., USA). The means and standard deviations of the data are presented. Duncan's multiple-range tests were employed to determine the significance of differences between means. Statistical significance was deemed acceptable at P ≤ 0.05.
3. Results and Discussion
3.1.  Antinutrients, Protein Content, and Digestibility of Ingredients
Figure 1 illustrates the concentrations of tannin and phytate (mg/100 gm) (A), as well as the protein content (%) and in vitro protein digestibility (IVPD, %) (B) of raw sorghum cultivars (Tabat and WadAhmed), wheat, and pigeon pea. Figure 1 illustrates that the WadAhmed cultivar exhibited much greater tannin content (960.47 mg/100 g) compared to Tabat (350.22 mg/100 g), pigeon pea (145.69 mg/100 g), with wheat displaying the lowest value (41.47 mg/100 g). The phytate concentration in sorghum WadAhmed (265.34 mg/100 gm) was markedly greater than that of other types, followed by pigeon pea (259.74 mg/100 gm), Tabat (233.13 mg/100 gm), and wheat flour (44.12 mg/100 gm). The tannin and phytate levels for sorghum Tabat and wheat were similar to those documented by Mustafa et al. (2024), and the results for sorghum WadAhmed aligned with those presented by Mustafa et al. (2025). The phytate value for pigeon pea was lower than that reported by Haji et al. (2024); however, the tannin value exceeded their findings. Iqbal et al. (2022) assert that wheat is a significant source of carbohydrates in many industrialized nations, in addition to providing protein and dietary fiber for human consumption. It also contains minerals, fats, and vitamins, all of which are sources of micronutrients. Moreover, wheat had negligible levels of antinutrients, indicating substantial nutritional value. Concerning the in vitro protein digestibility (IVPD) of the ingredients, pigeon pea had a much superior IVPD value of 65.15%, followed by wheat at 51.68%, Sorghum Tabat at 47.96%, while sorghum WadAhmed displayed the lowest value at 34.49%. The findings indicated that antinutrient levels substantially influenced the in vitro protein digestibility (IVPD) of the constituents, as documented by other authors (Rizvi et al., 2022; Singh et al., 2024; Shan & Tian, 2022). Furthermore, protein concentration and structure significantly influence IVPD; the data indicate that pigeon pea exhibited the highest protein percentage, followed by wheat, Sorghum Tabat, and lastly WadAhmed. The protein content of pigeon pea was similar to that documented by Okechukwu et al. (2024) and Garaniya et al. (2023).
3.2.  Effect of Formulation and Processing on Antinutrient Content
Figure 2 illustrates the tannin concentration in the composite flour of sorghum cultivars Tabat and WadAhmed, which has been fermented and baked into kisra bread. Figure 2 illustrates that, relative to unformulated sorghum flour, the formulation of raw meal processing significantly (P ≤ 0.05) decreased the tannin level in both cultivars. The findings indicated that combining sorghum flour with wheat and pigeon pea significantly reduced (P ≤ 0.05) the tannin content of the composite raw flour from 350.22 mg/100g to 280.61, 271.24, and 274.46 mg/100g for meals T1, T2, and T3, respectively. Further reduction occurred post-fermentation, with the minimum value recorded for T2 meal at 170 mg/100g, and after cooking the fermented dough into kisra for T3 meal at 110 mg/100g. The treatment of WadAhmed meals resulted in a tannin reduction rate comparable to that of Tabat meals; however, after cooking into kisra, the meal composed of W1, which consists of sorghum (70%), wheat (20%), and pigeon pea (10%), exhibited a significantly lower tannin content (120 mg/100g) post-cooking.
Conventional food processing techniques, including heating and fermentation, significantly improve the nutritional value of staple crops like sorghum, particularly for economically disadvantaged populations. These approaches are readily available and cost-effective, rendering them particularly appropriate for low-resource environments. Eliminating unwanted food components is crucial to improving quality. Various procedures, including soaking, cooking, fermentation, radiation, germination, and chemical treatment, can effectively mitigate antinutritional elements (Popova & Mihaylova, 2019). Cooking is believed to enhance the digestion of macronutrients, soften fibrous structures, and diminish microbial contamination. It also facilitates the thermal decomposition of antinutritional compounds, such as phytates and tannins, thereby enhancing mineral bioavailability (Kumari & Roy, 2023; Savard et al., 2019). Cooking, a ubiquitous domestic activity, causes thermal and structural alterations that influence nutrient content via leaching and degradation (Savard et al., 2019). Fermentation is a proven method of preservation and enhancement that diminishes antinutritional elements and increases the bioavailability of grains, which is crucial in cereal-based diets (Siqueira et al., 2020). Fermentation is considered a transforming process that enhances the nutritional value of food. It enables the amalgamation of various plant-derived proteins and promotes the advancement of more sustainable dietary alternatives (Wairich et al., 2022).
Tannins have antinutritional effects by hindering the digestion of many nutrients and obstructing the body's absorption of beneficial, bioavailable compounds. Antinutrients are beneficial active compounds in food and beverages when consumed in small amounts. Although tannins have antinutrient activity, various categories of antinutrients, including tannins, have demonstrated potential antiviral, antibacterial, and antiparasitic properties (Popova & Mihaylova, 2019). Tannins have antinutritional effects by hindering the digestion of numerous nutrients and obstructing the absorption of beneficial bioavailable compounds (Ertop & Bektaş, 2018). Tannins can attach to and denature proteins. Tannin-protein complexes can inactivate digestive enzymes and diminish protein digestibility by binding to the protein substrate and to ionizable iron. Consistent with our findings, Adeyemo et al. [2016] evaluated the impact of sorghum fermentation on tannin levels and noted a substantial decrease of 72% in tannin content. Boua et al. (2020) reported that condensed tannins declined significantly after cooking.
Figure 3 illustrates the phytate concentration in the composite flour of the sorghum cultivars Tabat and WadAhmed, which has been fermented and cooked into kisra bread. Formulation of raw meals and processing significantly (P ≤ 0.05) decreased phytate concentration in both cultivars compared with the sorghum flour. The results indicated that the formulation of sorghum flour with wheat and pigeon pea significantly reduced (P ≤ 0.05) the phytate content of the composite raw flour of the Tabat cultivar (Figure 3A) from 233.13 mg/100g to 223.96, 208.77, and 219.55 mg/100g for meals T1, T2, and T3, respectively. Further reduction was noted post-fermentation, with the minimum value recorded for meal T1 at 154.9 mg/100g, and after cooking the fermented dough into kisra for meal T1 at 138.3 mg/100g.
The treatment of WadAhmed meals (Figure 3B) yielded a phytate reduction rate comparable to that of Tabat meals; however, after cooking into kisra, the meal formulated with W2, a composite of sorghum (70%), wheat (15%), and pigeon pea (15%), exhibited significantly lower tannin content (116.94 mg/100g). It has been reported that, in monocots such as maize, sorghum, and millet, phytate is located in the bran or aleurone layer [Samtiya et al., 2020] and must be removed or substantially reduced to enhance mineral and protein absorption from these foods. Fermentation creates an ideal pH for endogenous phytase activity in cereals, facilitating the degradation of phytic acid and enhancing mineral bioavailability [Nkhata et al., 2018]. Fermentation is said to enhance the protein content in chickpeas by 13% and reduce the phytic acid level by 45% [Valdez-González, et al. 2018]. Adeyemo et al. [2016] evaluated the impact of sorghum fermentation on phytate levels and noted a substantial decrease of 60% in phytate content. A comparable trend in phytate reduction was observed in a study in which maize was spontaneously fermented for 4 days at 30°C, resulting in a 61.5% decrease in phytate levels (Nsabimana et al., 2024). Nagessa et al. (2023) reported that roasting black small common beans markedly reduced phytate levels. Atuna et al. (2022) indicated that boiling slightly reduced phytic acid levels in cereal flours compared with fermentation and malting, since elevated temperatures are expected to inactivate phytase.
3.3.  Effect of Formulation and Processing on Protein Content and Digestibility of Sorghum-based Kisra
Figure 4 illustrates the protein content of the sorghum cultivars Tabat (A) and WadAhmed (B) in composite flour that has been fermented and cooked into kisra bread. The protein concentration of the raw flour from the Tabat cultivar (Fig. 4A) was 11.42%. The incorporation of wheat and pigeon pea flour in varying proportions into the flour markedly (p ≤ 0.05) increased the protein content of the meals to 14.22%, 15.02%, and 15.82% for meals T1, T2, and T3, respectively. Fermenting raw flour markedly increased the protein content to 15.03% (p < 0.05), but heating the fermented dough reduced it to 13.30%, which remains significantly higher than that of the raw flour. Fermentation of the meals increased protein content, with the highest value recorded for meal T3 (17.51%). Nonetheless, boiling the fermented dough reduced the protein level, which remains substantially higher than that of raw meal flour. The protein concentration of the raw flour from the WadAhmed cultivar (Fig. 4B) was determined to be 10.41%. The treatment of the meals yielded protein content comparable to that of Tabat meals.
The findings suggest that higher-nutrient additives may contribute to increases in protein content pre- and post-processing. Moreover, as noted by Adebo et al. [2022], fermentation substantially enhanced protein content by facilitating the synthesis and solubilization of metabolic intermediates by microorganisms. Following fermentation, the protein concentration increases while the fiber content decreases, consistent with the findings of Makkawi et al. [2019], who investigated the quality of cooked and fermented sorghum flour using baobab fruit pulp as a starter. Elevated protein levels during fermentation are ascribed to various biochemical and microbiological mechanisms. Microorganisms, including bacteria and yeast, metabolize carbohydrates and other nutrients in the substrate, as well as nitrogen sources (amino acids and peptides), to synthesize their own proteins, thereby increasing bacterial biomass (Ismail et al., 2024). Proteolytic activity has been documented during fermentation, as this process entails the action of several enzymes, including proteases generated by both the microbe and the cereal. Proteolytic enzymes break down complex proteins into smaller peptides and free amino acids, potentially increasing protein content (Singh et al., 2015). Certain proteolytic enzymes can degrade the aleurone cell wall, thereby enabling the release of proteins confined within the grain bran. Consequently, the produced proteolytic enzymes enhance protein digestibility, and alterations in the amino acid profile yield beneficial effects, ultimately augmenting the overall nutritional quality of cereals. The increase in protein content is presumably due to the decrease in carbohydrates and fats during fermentation, resulting in a relative increase in protein in the dry matter (Nkhata et al., 2018). Cooking inconsistently affected protein levels, perhaps due to reduced moisture, resulting in an elevated protein concentration. At elevated temperatures, the protein concentration is expected to decrease due to the inactivation of enzymes that facilitate protein synthesis (Liu et al., 2019).
Figure 5 illustrates the in vitro protein digestibility (IVPD) of the sorghum cultivars Tabat (A) and WadAhmed (B) in composite flour that has been fermented and cooked as kisra bread. The IVPD of raw flour from the Tabat cultivar was 47.96%. The incorporation of wheat and pigeon pea flour in varying proportions to the flour markedly (p ≤ 0.05) enhanced the IVPD of the meals to 49.55%, 48.14%, and 51.73%, respectively, for meals T1, T2, and T3. Fermenting raw flour markedly increased the protein content to 51.73% (p < 0.05), but cooking the fermented dough reduced the IVPD to 57.12%, which remains significantly higher than that of raw wheat. Fermenting the meals resulted in an additional increase in IVPD, with the highest value recorded for meal T3 (67.59%). Nonetheless, boiling the dough-fermented meals reduced IVPD, but it remains considerably higher than that of raw meal flour. The IVPD of uncooked flour from the WadAhmed cultivar was 34.49%. The treatment of the meals yielded protein content findings comparable to those of Tabat meals.
The results indicated a fast rise in IVPD, which corresponded with a notable (P ≤ 0.05) reduction in antinutrients. Furthermore, fermentation of the meals resulted in a significant (P ≤ 0.05) reduction in antinutrients and an enhancement in in vitro protein digestibility (IVPD). Olagunju et al. (2018) reported that fermentation significantly reduced trypsin inhibitor activity, tannin concentration, and phytic acid, thereby enhancing protein bioavailability. The phytase activity generated during fermentation may account for this decline. Makawi et al. (2019) indicated that the enzyme tannase, produced by microorganisms during fermentation, may contribute to the reduction of tannin levels in cooked dishes. Mustafa et al. (2024) assert that processing sorghum-based meals with varying proportions of wheat and pumpkin flour enhances protein digestibility post-fermentation; however, subsequent cooking of the fermented dough reduces it, although it remains higher than that of the uncooked meal. They attributed the rise in IVPD to reduced antinutrient levels and increased protein degradation.
4. Conclusion
The results show that combining sorghum flour with wheat and pigeon pea flours decreased phytate and tannin levels while increasing in vitro digestibility. Following fermentation, antinutrient levels were further reduced, and IVPD improved. Cooking had an adverse effect on IVPD, whereas dough fermentation mitigated this effect. These findings emphasize the significance of traditional fermentation processes as a promising way to improve nutrient uptake from grains and support better dietary outcomes.
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Fig. 1. Tannin and phytate content (mg/100 gm) (A) and protein content (%) and in vitro protein digestibility (IVPD, %) (B) of raw sorghum cultivars (Tabat and WadAhmed), wheat, and pigeon pea. Values are means of three samples. The error bar indicates standard deviation. Small letters denote a significant difference (P ≤ 0.05) between cultivar parameters.
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Fig. 2. Tannin content (mg/100 gm) of sorghum cultivars Tabat (A) and WadAhmed (B) composite flour fermented and cooked as kisra bread. T0 and W0, Tabat or WadAhmed flour; T1 and W1, Tabat or WadAhmed flour supplemented with 20% wheat and 10% pigeon pea seed flour; T2 and W2, Tabat or WadAhmed flour supplemented with 15% wheat and 15% pigeon pea seed flour; T3 and W3, Tabat or WadAhmed flour supplemented with 10% wheat and 20% pigeon pea seed flour. Values are means of three samples. The error bar indicates standard deviation. Small letters denote a significant difference (P ≤ 0.05) between treatments.
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Fig. 3. Phytate content (mg/100g) of sorghum cultivars Tabat (A) and WadAhmed (B) composite flour fermented and cooked as kisra bread. T0 and W0, Tabat or WadAhmed flour; T1 and W1, Tabat or WadAhmed flour supplemented with 20% wheat and 10% pigeon pea seed flour; T2 and W2, Tabat or WadAhmed flour supplemented with 15% wheat and 15% pigeon pea seed flour; T3 and W3, Tabat or WadAhmed flour supplemented with 10% wheat and 20% pigeon pea seed flour. Values are means of three samples. The error bar indicates standard deviation. Small letters denote a significant difference (P ≤ 0.05) between treatments.
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Fig. 4. Protein content (%) of sorghum cultivars Tabat (A) and WadAhmed (B) composite flour fermented and cooked as kisra bread. T0 and W0, Tabat or WadAhmed flour; T1 and W1, Tabat or WadAhmed flour supplemented with 20% wheat and 10% pigeon pea seed flour; T2 and W2, Tabat or WadAhmed flour supplemented with 15% wheat and 15% pigeon pea seed flour; T3 and W3, Tabat or WadAhmed flour supplemented with 10% wheat and 20% pigeon pea seed flour. Values are means of three samples. The error bar indicates standard deviation. Small letters denote a significant difference (P ≤ 0.05) between treatments.
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Fig. 5. In vitro protein digestibility (IVPD, %) of sorghum cultivars Tabat (A) and WadAhmed (B) composite flour fermented and cooked as kisra bread. T0 and W0, Tabat or WadAhmed flour; T1 and W1, Tabat or WadAhmed flour supplemented with 20% wheat and 10% pigeon pea seed flour; T2 and W2, Tabat or WadAhmed flour supplemented with 15% wheat and 15% pigeon pea seed flour; T3 and W3, Tabat or WadAhmed flour supplemented with 10% wheat and 20% pigeon pea seed flour. Values are means of three samples. The error bar indicates standard deviation. Small letters denote a significant difference (P ≤ 0.05) between treatments.
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