Development and Nutritional Evaluation of Novel Plant-Based Meat Analogues from Legume Blends Infused with Zobo (Hibiscus sabdariffa) Calyces
Background: Global concerns over environmental sustainability, health, and food security have spurred growing interest in plant-based meat analogues—products designed to replicate conventional meat in appearance, texture, taste, and nutritional value. While traditional alternatives such as tofu, tempeh, and seitan have long existed, recent innovations are focused on advanced formulations that harness a diverse range of plant protein sources. Aim: This study investigated the nutritional and sensory qualities of meat analogues produced from selected leguminous seeds. Methodology: Four legumes—soybeans, mucuna, African yam beans, and cowpeas were processed and evaluated for plant-based meat analogue production. Cowpea and soybean seeds were wet dehulled and soaked for 24 hours, while African yam beans and mucuna seeds were mechanically dehulled and soaked for 32 hours. Each seed type was blended into a paste using a 90:10 (w/v) Roselle (zobo) calyx infusion to enhance colour. Binder and oil were added during kneading, and the mixture was cooked via extrusion. The formulation included 70% legume protein, 20% binder, and 10% fat. The meat analogues were evaluated alongside a commercial sausage (control) for proximate composition, mineral and vitamin content, amino acid profile, and sensory attributes using standard methods. Results: Proximate values ranged from 3.25–5.30% (moisture), 3.18–3.90% (ash), 0.73–1.22% (crude fibre), 7.29–9.34% (fat), 40.09–42.80% (protein), and 38.70–47.71% (carbohydrates). Mineral contents (mg/100g) included magnesium (0.06–0.39), zinc (0.01–0.02), iron (0.10–2.45), calcium (0.26–0.62), and potassium (1.23–1.48). Vitamins ranged from 5.36–6.63 µg/g (carotenoids), 0.18–0.61 µg/100g (vitamin A), 0.17–0.54 mg/100g (folate), 0.31–1.66 mg/100g (niacin), and 0.67–1.46 mg/100g (riboflavin). The meat analogues were rich in essential amino acids, with sufficient levels to meet daily needs. Although methionine and tryptophan were comparatively lower, the cowpea-based analogue showed the best amino acid balance.  Sensory scores showed no significant differences (P > 0.05) between the analogues and the control in taste, aroma, appearance, mouthfeel, and texture. Overall acceptability ranged from 7.01 to 8.45. Conclusion: These results support the use of legume-based analogues as nutritious and acceptable alternatives to conventional meat products. These findings highlight the viability of developing plant-based meat alternatives using locally available legumes for improved nutrition and food sustainability. 
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1. Introduction
Environmental crises, food, and nutritional insecurities are the global issues that need immediate scientific and policy interventions. Population expansion and industrial advancement increase the toxic pollutants in the environment. The global population is estimated to reach 11.0 billion by 2100. Hence, the current food production must be raised by 60–70% to meet the calorie demand of the galloping populace. Global futuristic food demand can only be achieved by increasing resource utilisation efficiency without compromising agricultural production through the advancement of modern science and technologies (Babu et al., 2022; Koul et al., 2022). Global concerns over environmental sustainability, health, and food security have spurred growing interest in plant-based meat analogues—products designed to replicate conventional meat in appearance, texture, taste, and nutritional value (Kyriakopoulou et al., 2019). While traditional alternatives such as tofu, tempeh, and seitan have long existed, recent innovations are focused on advanced formulations that harness a diverse range of plant protein sources. These developments aim to meet the escalating global protein demand while minimising reliance on animal agriculture.
Plant-based proteins, which have gained popularity globally, are now integrated into diets on a larger scale. The plant protein market has grown remarkably, offering various sources like legumes, grains, nuts, seeds, and algae. The plant protein-based products are designed to mimic animal-based products' taste, texture, and nutrition, appealing to a broader consumer base, including flexitarians (Karabulut et al., 2024;Qin et al., 2022). Legumes present a particularly promising base for plant-based proteins due to their high nutrient density, affordability, and availability. Typically containing nearly twice the protein content of cereals, legumes offer rich amino acid profiles that support balanced nutrition (Udensi et al., 2010). Soybeans and cowpeas are among the most widely recognised legumes, yet several underutilised species, such as African yam bean (Sphenostylis stenocarpa) and Mucuna pruriens, exhibit comparable nutritional profiles and are gaining attention as valuable contributors to food innovation.
Cover crops are plants cultivated between cash crops for soil conservation. They improve and maintain soil organic matter and soil health, and reduce wind and water erosion. Mucuna pruriens is a promising cover crop, which is gaining importance in West and Central Africa. In the case of a cover crop with large seeds, such as Mucuna pruriens, the seeds may contain a substantial proportion of the fixed N. Seeds may be collected to plant in other fields or for consumption. As with other cultivated annual crops, Mucuna pruriens can be grown in sole stands or intercropped with other crop species (Tchapga et al., 2023). The African yam bean, Sphenostylis stenocarpa Hochst Ex. A. Richmond, Harms, is an indigenous tuberous legume of the humid tropics of Africa. Its edible pulse and tuber hold significant promises for food, nutrition, and health security (Adewale & Nnamani, 2022). Despite their nutritional potential, African yam beans and Mucuna pruriens remain largely untapped in food product development, particularly in the realm of meat analogues. This underutilization persists even as malnutrition continues to pose a severe global challenge, with more than 11% of the population undernourished and 45% of child deaths under age five attributed to malnutrition ( Kinyoki et al., 2020). The availability of these nutrient-rich legumes in many developing regions presents a missed opportunity to address local dietary deficiencies through culturally appropriate, functional food products.
To bridge this gap, this study introduces a novel, nutrient-dense meat analogue formulated from blends of soybeans, cowpeas, African yam beans, and Mucuna pruriens. The formulation is enhanced with zobo (Hibiscus sabdariffa) calyces, which contribute natural colour, antioxidant properties, and flavour complexity. The mixture undergoes extrusion to replicate the fibrous texture characteristic of meat, followed by a comprehensive evaluation of its nutritional profile, microbial safety, and sensory attributes.
Previous studies provide a strong foundation for this approach. Kyriakopoulou et al. (2019) emphasised the importance of mimicking meat-like properties in plant-based products, while Udensi et al. (2010) highlighted the high protein content of legumes. African yam beans, according to Esan and Fasasi (2013), offer 21–29% protein with a favourable amino acid composition. Cowpeas are globally relevant protein sources as noted by the FAO (2021), and Mucuna pruriens, with a protein content ranging from 24–34% (Attaugwu et al., 2022), is increasingly recognised for its applicability in both human and animal nutrition. These findings underscore the viability of developing meat analogues from legume blends, especially when enriched with functional additives like zobo calyces.
This study centres on the formulation and assessment of extruded meat analogues derived from combinations of underutilised legumes—African yam bean, Mucuna pruriens, and cowpea—with soybeans and zobo calyces. It evaluates the nutritional composition, microbial quality, and sensory characteristics of the product. The research contributes to sustainable food system innovation by promoting the use of indigenous crops, supporting protein-energy malnutrition alleviation in resource-constrained regions, reducing dependence on animal protein, and expanding the diversity of plant-based protein options.
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[bookmark: _Toc193709483]2.0 MATERIALS AND METHODS
[bookmark: _Toc193709484]2.1 Material Procurement 
African yam bean, mucuna bean, cowpea, soybeans and hibiscus sabderiffa calyces and other ingredients including umami seasoning, vegetable oil, garlic powder, and black pepper, were obtained from a local market at Anyigba, Kogi State, Nigeria. The chemical reagents utilized in this work were all of analytical grades.
[bookmark: _Toc193709485]2.2 Experimental Design
This study was designed to examine the nutritional, anti-nutritional, microbial properties and sensory attributes of the meat analogue samples. Meat analogues was developed using African yam bean, mucuna bean, cowpea and soybean with roselle calyces infusion to give the desired color and flavour. Four batches of meat analogue was produced as shown in Table 3.1 below. All the batches was formulated thus 70 % cowpea /soybean/African yam bean/mucunna bean protein, 20 % Binder 10 % Fat, Chicken Sausage was serve as control.
[bookmark: _Toc193709486]Table 1: Meat analogue formulations
	Ingredients
	AAA
	BBB
	CCC
	DDD

	Protein source (%)
	70 
	70 
	70 
	70 

	Binder (%)
	20 
	20 
	20 
	20 

	Fat (%)
	10 
	10 
	10 
	10 


Keys: AAA = Soybeans meat analogue  BBB = Mucuna meat analogue CCC = African yam beans meat analogue DDD = Cowpea meat analogue EEE = Sausage (control)
[bookmark: _Toc193709487]2.3 Sample preparation and processing
[bookmark: _Toc193709488]2.3.1 Seed and Bean Preparation
Cowpea seeds and soybeans was cleaned to remove any dirt or impurities and soaked separately in water for 24 hours to soften them, while mucuna and African yam bean were dehulled mechanically before soaking for 32 hours. The zobo calyces were boiled in water to extract the color, flavor, and nutrients. The boiled calyces were strained to obtain a concentrated infusion. The soaked seeds were drained and blended separately into a smooth paste. The Zobo calyces infusion and CMC were gradually added to the different pastes while kneading until a homogeneous mixture was obtained. The mixture was subjected to extrusion cooking using an extruder. The meat analogue was allowed to cool for 30 minutes before serving for sensory evaluation. The sample for analysis was stored in airtight containers in the freezer.
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[bookmark: _Toc193709492]Figure 1: Production of Cowpea/ soybean meat analogue
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[bookmark: _Toc193709494]Figure 2: Production of Mucuna / African yam bean meat analogue
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2.4.1 Proximate composition
The proximate composition including moisture, ash, crude fibre, protein, fat and anti-nutrient properties were determined using the standard method of AOAC (2015). The carbohydrate content of the flour sample was calculated by difference (AOAC 2015).  The calculation was given by the equation: Carbohydrate (%) = 100 – (Moisture + Protein + Fat + Ash + Fiber).
[bookmark: _Toc193709504]2.4.2 Mineral composition
The content of calcium, magnesium, potassium, iron, and zinc was determined in duplicate by atomic absorption (AOAC, 2015). 
[bookmark: _Toc193709507] 2.5 Amino acid profile determination
The amino acid composition was determined in duplicate by the AOAC, (2015 method). 
2.6 Sensory evaluation
A twenty-member trained panel, including students and researchers from the Department of Food, Nutrition, and Home Science at Kogi State University, Anyigba, Nigeria, assessed the sensory characteristics. Small pieces of different samples (2 cm×2 cm×2 cm) was prepared, and marked, and a random coding was pre-positioned on the glass containers to be presented to the panelists (Pyrex Charleroi, PA, USA). The pieces of samples were permitted to rest for 30 min at room temperature and then were disseminated among the panelists. Sensory attributes such as appearance, flavor, texture, and overall acceptability were assessed. The samples were judged using a 9-point hedonic scale ranging from extreme dislike (score=1) to extreme like (score=9). 
[bookmark: _Toc193709510]2.7 Statistical analysis
Analysis of Variance (ANOVA) was carried out on the parameters to compare the values obtained for the various meat analogue and Soybean meat analogue (control). This was done by using Statistical Package for Social Sciences (SPSS) Version 17.0 for Windows, SPSS Inc. Illinois, USA). The mean separation was carried out using the Least Significant Difference (LSD). Statistical significance was accepted at a 0.05 level of probability (p ≤ 0.05).
3. RESULTS AND DISCUSSION
3.1 Proximate Composition of Meat Analogues 
The study revealed significant (p<0.05) differences in the proximate composition of meat analogues formulated from different legume sources. Moisture content (dry basis) ranged from 3.25% in the mucuna-based analogue (BBB) to 5.30% in the cowpea-based sample (DDD). These values are quite lower than the findings of Bakhsh et al. (2021), who reported moisture content 51.53% in a plant-based meat analogues relative to beef (59.64%). Lower moisture content, as seen in BBB, supports better shelf stability and reduced microbial growth (Attaugwu et al., 2023).
Ash content varied from 3.18% to 3.59%, with the control sample (EEE – sausage) having the highest value at 3.90%, likely due to added fillers. Though some of the test samples had lower ash values, they values were similar to those reported by Bakhsh et al. (2021) for plant-based meat analogue (3.23%) and significantly higher than the result (0.78-1.68%) reported by Srikanlaya and  Therdthai (2024) for Plant-Based Meat Treated with Hot Air and Microwave Heating  These differences reflect variations in raw materials and processing methods. High ash content indicates better mineral availability (Anyadioha et al., 2022).
Crude fibre content ranged from 0.88% to 1.22%, with the cowpea-based sample (DDD) recording the highest value and sample CCC the lowest. All test samples showed significantly higher fibre content than the control (0.73%) but remained lower than the 6.87% reported by Bakhsh et al. (2021). Although meat naturally lacks fibre, meat analogues developed from plant-based ingredients typically contain 4%–5% fibre, attributed to the presence of plant polysaccharides (Ahirwar et al., 2015). These findings confirm that leguminous seeds enhance fibre content in meat analogues. Dietary fibre is essential for gut health, cholesterol regulation, and blood glucose control (Anyadioha & Attaugwu, 2023).
The protein content of the meat analogue samples ranged from 40.09% to 42.08%, with the highest value observed in the mucuna-based sample (BBB) and the lowest in the cowpea-based sample (DDD). Samples AAA and CCC showed no significant (p>0.05) difference. These values are substantially higher than the 32.0-34.0% reported by Srikanlaya, C., & Therdthai (2024) for soybean-based analogues, likely due to differences in legume species and processing techniques. The enhanced protein in mucuna-based samples suggests the effectiveness of the processing methods used. As protein is essential for tissue repair and growth (Wang et al., 2022), the levels observed exceed the WHO (2016) daily protein intake recommendation of 0.76–0.85 g/kg body weight, indicating the analogues can meet protein needs for both children and adults.
Carbohydrate content ranged from 39.02% to 47.71%, significantly higher than the 1.00% and 7.32% reported by Bakhsh et al. (2021) for plant-based meat analogues. These high carbohydrate levels reflect the starch-rich nature of legumes and provide a valuable energy source. Carbohydrate recommendations vary, with WHO advising a minimum of 400 g/day for individuals aged 10 and above, while the NIH recommends 45–65% of daily calories from carbohydrates, roughly 200–300 g/day for healthy adults (World Health Organization, 2015; National Institutes of Health, 2020).
Overall, the high protein and carbohydrate contents, along with the variations across legume types, highlight the nutritional potential of the meat analogues and their suitability as functional, health-promoting alternatives to conventional meat.
[bookmark: _Toc193709514]Table 2: Proximate composition of meat Analogues
	Parameters
	Moisture (%)
	Ash (%)
	Crude fibre (%)
	Fats (%)
	Protein (%)
	Carbohydrates (%)

	AAA
	4.23b±0.035
	3.59b±0.035
	1.05b±0.007
	8.12b±0.014
	42.08b±0.000
	40.93c±0.000

	BBB
	3.25c±0.350
	3.18c±0.056
	0.95c±0.014
	9.13a±0.018
	42.80a±0.021
	40.69d±0.028

	CCC
	4.44b±0.042
	3.52b±0.028
	0.88d±0.021
	9.34a±0.000
	42.04b±0.049
	39.78e±0.021

	DDD
	5.30a±0.014
	3.48bc±0.254
	1.22a±0.000
	7.29d±0.042
	40.09d±0.028
	42.71a±0.084

	EEE
	4.26b±0.000
	3.90a±.031
	0.73e±0.014
	7.89c ±0.021
	41.66c±0.042
	41.56b±0.141


Values are averages of triplicate readings (mean ±standard deviation). Means within a row followed by different superscript letters (s) are significantly differences (p ≤ 0.05).  Keys: AAA = Soybeans meat analogue, BBB = Mucuna meat analogue, CCC = African yam beans meat analogue, DDD = Cowpea meat analogue, EEE = Sausage (control)
4.2 Mineral Composition of Meat Analogue Samples
The mineral contents of the meat analogue samples are presented in Table 3. There were significant differences (p<0.05) across most samples for key minerals including magnesium, iron, calcium, and potassium.
Magnesium content ranged from 0.19 to 0.39 mg/100g, with sample AAA containing the highest amount. All samples had significantly higher magnesium levels than the control (EEE). Although lower than the 23.09–48.11 mg/100g reported by Herlia et al. (2021), the presence of magnesium is still beneficial, as it supports bone health and acts as a cofactor in many enzymatic reactions (Fiorentini et al., 2021).
Zinc content was generally low, ranging from 0.01 to 0.02 mg/100g, with no significant differences (p>0.05) among most samples. These values are notably lower than the 2.09–4.33 mg/100g reported by Manzi et al. (2021) for dairy-based cheese products, possibly due to differences in raw materials and formulation.
Iron levels varied significantly, ranging from 0.10 mg/100g in sample AAA to 2.45 mg/100g in sample DDD. These findings are consistent with Bohrer (2019), who reported iron values of 0.11–2.08 mg/100g in commercial meat analogues. While the levels observed may not meet the recommended daily intake for vulnerable groups such as pregnant women (27 mg/day) and children (5.8 mg/day) as outlined by Dekkers et al. (2018), the iron present still contributes to dietary needs and is essential for hemoglobin synthesis and oxygen transport (Short & Domagalski, 2013).
[bookmark: bbib14]Calcium content ranged from 0.26 mg/100g (BBB) to 0.62 mg/100g (DDD). All values were significantly lower than 7.17 mg/100 g reported for plant- (Ibrahim et al., 2016). Nonetheless, calcium remains crucial for bone and dental health, muscle function, and nerve transmission (Piste et al. 2012). Inadequate calcium intake is linked to disorders such as rickets and osteoporosis (Institute of Medicine 2011).
Potassium levels ranged from 1.23 to 1.48 mg/100g, with the lowest in sample BBB. Although these values are lower than the 23.09–56.99 mg/100g reported by Adejuyitan et al. (2021), Extracellular potassium plays a crucial role in maintaining electrolyte and fluid balance, supporting nerve function, muscle activity, and blood vessel regulation (Bailey et al., 2014; Gumz et al., 2015). It is essential for proper neural signaling and overall cardiovascular stability.  The daily requirement for adults is approximately 4700 mg (USDA, 2010), underscoring the need for complementary sources alongside meat analogues.

Conclusively, while the mineral contents of the formulated meat analogues are lower than those of dairy-based counterparts, they still provide essential nutrients that contribute to a balanced diet. The variations observed reflect the influence of legume type and processing methods, highlighting opportunities for further optimization to improve micronutrient retention.
[bookmark: _Toc193709516]Table 3 Mineral composition of the meat Analogues (mg/100g)
	Parameters
	Magnesium
	Zinc
	Iron
	Calcium
	Potassium

	AAA
	0.39a±0.035
	0.02a±0.000
	0.10e±0.007
	0.57b±0.014
	1.40b±0.007

	BBB
	0.194c±0.350
	0.01ab±0.006
	2.09c±0.014
	0.26e±0.018
	1.23c±0.020

	CCC
	0.25b±0.042
	0.01ab±0.000
	1.96d±0.021
	0.45c±0.028
	1.47a±0.014

	DDD
	0.19c±0.014
	0.01ab±0.254
	2.45a±0.000
	0.62a±0.002
	1.48a±0.007

	EEE
	0.06d±0.000
	0.02a±0.031
	2.24b±0.014
	0.35d ±0.001
	1.40b±0.021


Values are averages of triplicate readings (mean ±standard deviation). Means within a row followed by different superscripts letter(s) are significantly differences (p ≤ 0.05). 
Keys AAA = Soyabeans meat analogue; BBB = Mucuna meat analogue CCC = African yam beans meat analogue; DDD = Cowpea meat analogue EEE = Sausage (control)
4.3 Vitamin Composition of Meat Analogue Samples
The vitamin composition of the formulated meat analogues is presented in 
Table 4.4. Significant variations were observed across samples for most vitamins. Carotenoids ranged from 5.36 to 6.63 µg/g, with sample BBB recording the highest value and EEE the lowest. Although these levels are lower than those reported for yellow maize (total carotenoids (44.34 µg/100 g) (Ukom et al., 2024), they still contribute to provitamin A activity. Carotenoids, as antioxidants and vitamin A precursors, help protect against reactive oxygen species (ROS)-mediated disorders, including cardiovascular and other chronic diseases. (Fiedor & Burda 2014).
Meat analogues, vary in their folate (Vitamin B9) content. Generally, they are not naturally high in folate and may rely on fortification with folic acid to reach comparable levels found in natural meat sources. In this study, Folate (Vitamin B9) ranged from 0.17 to 0.55 mg/100g, with sample AAA containing the highest amount. Despite being low, folate remains essential for DNA synthesis, red blood cell formation, and fetal development (Bohrer, 2019). The moderate folate levels may support general health but may not fully meet demands during pregnancy.
The riboflavin content differed significantly among samples (p < 0.05), with the African yam bean analogue (CCC) having the highest value (1.460 mg/100g), followed by Mucuna (BBB, 1.20 mg/100g). These levels surpass those reported by De Bie et al. (2025), who found 0.03–0.11 mg/100g in soy-based analogues. The control sausage (EEE) had the lowest riboflavin content (0.67 mg/100g), supporting findings by Costa-Catala et al. (2023) that plant-based analogues, especially from legumes, offer better micronutrient profiles than conventional meat. Soybean (AAA) and cowpea (DDD) samples also showed appreciable riboflavin levels (0.75 and 0.83 mg/100g). Riboflavin is essential for energy metabolism and supports skin, vision, and nervous system health; deficiency may cause cheilosis and light sensitivity.
The niacin content varied significantly among the samples (p < 0.05), with the African yam bean analogue (CCC) showing the highest level (1.665 mg/100g), followed by Mucuna (BBB) and cowpea (DDD) analogues at 0.83 and 0.70 mg/100g, respectively. These results underscore the superior B3 content of legume-based analogues, particularly underutilized species like African yam bean. The control sausage (EEE) and soybean analogue (AAA) had the lowest values (0.31 and 0.42 mg/100g), consistent with findings by Costa-Catala et al. (2023), who reported lower niacin levels in animal-based products compared to some plant-based formulations. According to De Bie et al. (2025), most plant-based meat products also show variable but generally modest levels of niacin, highlighting the nutritional potential of selecting specific legumes to enhance vitamin B3 intake in meat alternatives
Vitamin A content differed significantly among samples (p < 0.05), ranging from 0.18 to 0.61 µg/100g. The control sausage (EEE) had the highest value (0.61 µg/100g), followed by the soybean analogue (AAA) at 0.55 µg/100g, while Mucuna (BBB), African yam bean (CCC), and cowpea (DDD) analogues had much lower levels (0.18–0.22 µg/100g). These findings are consistent with Costa-Catala et al. (2023), who observed lower vitamin A content in most plant-based analogues unless fortified. Soybean's relatively higher value may be due to its provitamin A carotenoids, though still below the preformed vitamin A in animal products (De Bie et al., 2025). Despite EEE having the highest content, all samples were far below the recommended dietary allowance of 400–800 µg/100g for vulnerable groups (WHO/FAO (2007), indicating the need for complementary vitamin A sources like vegetables or fortified foods. Given its role in vision, immunity, and cellular function, vitamin A deficiency remains a major concern, especially in low-income regions (Okereke et al., 2022)
Summarily, the vitamin profile of the legume-based meat analogues indicates potential for contributing to dietary micronutrient intake, particularly for B-vitamins. However, the low vitamin A content limits their stand-alone nutritional adequacy for vulnerable groups. Processing methods, ingredient selection, and potential fortification strategies should be considered to enhance their vitamin content and public health impact.
[bookmark: _Toc193709520]Table 4. Vitamins composition of meat analogues 
	Samples
	Carotenoid (µg/g)
	Vitamin A (µg/100g)
	Folic (mg/100g)
	Niacin (mg/100g)
	Riboflavin (mg/100g)

	AAA
	5.52b±0.029
	0.55b±0.040
	0.546a±0.034
	0.42c±0.037
	0.75d±0.025

	BBB
	6.63a±0.035
	0.22c±0.042
	0.17c±0.028
	0.83b±0.035
	1.20b±0.007

	CCC
	6.29ab±0.410
	0.18c±0.00
	0.22c±0.028
	1.665a±0.148
	1.460a±0.014

	DDD
	6.33ab±0.466
	0.18c±0.00
	0.22c±0.028
	0.70b±0.021
	0.83c±0.056

	EEE
	5.36c±0.494
	0.61a±0.000
	0.40b±0.036
	0.31c±0.028
	0.67e±0.007


Values are averages of triplicate readings (mean ±standard deviation). Means within a row followed by different superscripts letter(s) are significantly differences (p ≤ 0.05). Keys: AAA = Soybeans meat analogue, BBB = Mucuna meat analogue, CCC = African yam beans meat analogue DDD = Cowpea meat analogue, EEE = Sausage (control)
4.4 Amino Acid Composition of Meat Analogue Samples
The amino acid profile of the formulated meat analogues is presented in Table 5, highlighting their potential in addressing protein malnutrition. Significant differences (p<0.05) were observed in both essential and non-essential amino acid concentrations across the samples. Glutamic acid was the most abundant amino acid, ranging from 12.11 to 12.91 g/100g in cowpea and soybean analogues, respectively, though all were lower than the control sausage (14.29 g/100g). These findings are consistent with earlier reports on processed legume flours (Aremu et al., 2006), and confirm the presence of flavor-enhancing amino acids in the analogues. Among the essential amino acids, leucine ranged from 0.69 to 7.76 g/100g, with cowpea analogue having the least and the control the highest values. All samples exceeded the WHO/FAO (2007) recommended intake of 0.040 g/100g, underscoring their role in muscle protein synthesis and growth hormone regulation. Lysine levels ranged from 4.35 to 5.52 g/100g, following a similar pattern as leucine (Rehman et al. 2023). The high lysine content is significant, as it supports protein synthesis, muscle strength, and immune function (Ishida et al.  2011). Isoleucine content ranged from 3.19 to 4.80 g/100g, with cowpea analogue showing the lowest value. No significant difference was found between African yam bean and mucuna analogues. Isoleucine contributes to hemoglobin production, energy metabolism, and muscle repair. 
Phenylalanine content ranged from 3.65 mg/100 g (DDD) to 5.12 mg/100 g (EEE), with all samples falling below the FAO/WHO/UNU (2007) recommendation of 6.30 mg/100 g. However, these values are within the range (4.22–6.13 mg/100 g) reported by Jarma et al. (2021) for cowpea/soybean-fortified Dabuwa, indicating that the analogues, particularly CCC and EEE, possess appreciable phenylalanine content.
Tryptophan content ranged from 0.64 mg/100 g (DDD) to 1.21 mg/100 g (EEE). All samples except DDD met or exceeded the FAO/WHO/UNU requirement of 1.10 mg/100 g. Compared to Jarma et al. (2021), who reported a wide range of 0.02–2.01 mg/100 g, the present samples fall within acceptable limits. Overall, the sausage control (EEE) had the highest values, while the cowpea-based analogue (DDD) consistently showed the lowest, suggesting the need for amino acid fortification or blending in cowpea-based formulations. Aromatic amino acids such as phenylalanine, and tryptophan can donate protons to electron-deficient radicals. Thus, these amino acids are significant radical scavengers in peptides (Ao and Li, 2013). 
The methionine content of the samples ranged from 0.81 mg/100 g in the mucuna-based analogue (BBB) to 1.22 mg/100 g in the sausage control (EEE), with the soybean analogue (AAA) recording 0.98 mg/100 g. These values are significantly higher than the 0.38 mg/100 g reported by Kang et al. (2017) for soybean flour, likely due to formulation and processing effects that enhanced amino acid concentration. Among the plant-based analogues, the soybean and African yam bean samples (AAA and CCC) had relatively higher methionine levels compared to mucuna and cowpea analogues. However, all samples fell short of the FAO/WHO/UNU (2007) recommended dietary allowance of 2.50 mg/100 g protein, indicating the need for complementary or fortified sources to meet nutritional adequacy. Methionine supports immunity, liver function, and acts as a precursor for sulfur-containing compounds essential to metabolism.
 Threonine content across the samples ranged from 3.12 mg/100 g (DDD) to 3.66 mg/100 g (EEE), with the control sausage (EEE) having the highest value. All values met or exceeded the FAO/WHO/UNU (2007) reference of 3.40 mg/100 g, except DDD (cowpea-based). Compared to Jarma et al. (2021), who reported threonine levels between 2.79 and 4.13 mg/100 g in cowpea/soybean-fortified Dabuwa, the present results fall within a similar range, indicating that the analogues have adequate threonine content.
Histidine content ranged from 2.01 mg/100 g (DDD) to 3.05 mg/100 g (EEE), with all plant-based analogues except the control sausage slightly below the FAO/WHO/UNU (2007) requirement of 2.80 mg/100 g. These values are generally higher than those reported by Jarma1 et al. (2021), who found histidine levels ranging from 1.49 to 2.89 mg/100 g. Overall, the analogues, especially those based on soybeans and African yam beans, showed promising levels of threonine and histidine, though cowpea-based samples were consistently lower and may benefit from further enhancement or complementation.
Overall, the rich essential amino acid content, particularly of leucine, lysine, and threonine, demonstrates the potential of these meat analogues to serve as sustainable protein sources. Although some amino acids like tryptophan and methionine were present in lower concentrations compared to the control, their levels are adequate to meet daily requirements. These findings support the use of legume-based analogues as functional foods to alleviate protein-energy malnutrition, especially in resource-limited settings.
Table 5: essential Amino Acid composition of meat analogues (g/100g)
	Parameters
	AAA
	BBB
	CCC
	DDD
	EEE
	FAO/UN/
WHO

	Leucine*
	7.06b±0.0845
	6.69c±0.014
	6.88c±0.021
	6.11d±0.028
	7.76a±0.042
	1.10

	Lysine*
	4.73bc±0.168
	4.56c±0.070.
	4.77b±0.035
	4.35d±0.000
	5.52a±0.049
	0.035

	Isoleucine*
	3.85b±0.494
	3.46bc±0.056
	3.55bc±0.028
	3.19c±0.028
	4.80a±0.038
	2.80

	Phenylalanine*
	4.25b± 0.06
	3.97bc±0.028
	4.34b±0.000
	3.65c±.014
	5.12a±0.070
	6.30

	Tryptophan*
	0.89b±.0.112
	0.82b±0.007
	0.89b±0.007
	0.64c±0.000
	1.21a±0.007
	1.10

	Histidine* 
	2.41b±0.113
	2.32b±0.021
	2.38b±0.007
	2.01c±0.007
	3.05a±0.014
	2.8

	Valine*
	3.67ab±0.374
	3.77ab±0.494
	3.33b±0.042
	3.61ab±0.028
	4.07a±0.070
	0.016

	Methionine*
	0.98b±0.190
	0.81b±0.09
	0.94b±0.028
	0.84b±0.014
	1.22a±0.007
	2.50

	Threonine*
	3.39bc±0.070
	3.40b±0.020
	3.27c±0.007
	3.12d±0.067
	3.66a±0.056
	3.40


Values are averages of triplicate readings (mean ±standard deviation). Means within a row followed by different superscripts letter(s) are significantly differences (p ≤ 0.05). Keys: AAA = Soybeans meat analogue, BBB = Mucuna meat analogue, CCC = African yam beans meat analogue DDD = Cowpea meat analogue, EEE = Sausage (control)

Non-Essential Amino Acid Composition of Meat Analogue Samples
The non-essential amino acid profile of the meat analogues, as shown in Table 6, The amino acid profiles and PPER values of the formulated meat analogues show good nutritional potential, with significant differences (p ≤ 0.05) across samples. The sausage control (EEE) consistently had the highest concentrations of all amino acids, including proline (3.46 mg/100 g), arginine (8.09 mg/100 g), tyrosine (4.94 mg/100 g), and cysteine (1.19 mg/100 g), as well as the highest predicted protein efficiency ratio (PPER: 2.53). Among the plant-based analogues, the soybean-based product (AAA) showed generally higher amino acid values and PPER (2.27) than the other plant-based samples, while the cowpea-based analogue (DDD) recorded the lowest values across most parameters, including the lowest PPER (1.91).
Compared to the report by Jarma et al. (2021), who found tryptophan values ranging from 0.02 to 2.01 mg/100 g and phenylalanine levels between 4.22 and 6.13 mg/100 g in cowpea/soybean-fortified Dabuwa, the present tryptophan and phenylalanine values (previously discussed) and the overall amino acid values in this table fall within or close to the reported ranges. For instance, arginine values (6.59–8.09 mg/100 g) and glutamic acid (12.11–14.29 mg/100 g) are comparable or even slightly higher than those typically seen in traditional fortified cereal-based foods, indicating enhanced protein quality.
Overall, the formulated analogues—particularly those based on soybean and African yam bean—demonstrate promising amino acid profiles. However, the cowpea-based analogue (DDD) may require formulation improvement or amino acid fortification to enhance its protein quality and effectiveness as a meat alternative.
Furthermore, their amino acid composition aligns with the FAO/WHO/UNU (2007) ideal protein patterns for different age groups, providing 39% of the recommended intake for infants, 26% for children, and 11% for adults. These findings underscore the potential of meat analogues made from soybean and African yam beans as sustainable solutions for combating protein malnutrition across age groups and dietary needs.
Table 6: Non- essential Amino Acid composition of meat analogues (g/100 g)

	Parameters
	AAA
	BBB
	CCC
	DDD
	EEE
	FAO/UN/
WHO

	Proline
	2.72b±0.272
	2.52b±0.035
	2.71b±0.035
	2.35c±0.042
	3.46a±0.000
	

	Arginine
	7.24b±0.034
	6.94bc±0.007
	7.20b±0.000
	6.59c±0.028
	8.09a±0.028
	

	Tyrosine
	4.41b±0.000
	4.24b±0.190
	4.45b±0.014
	3.79c±0.007
	4.94a±0.08
	

	Cysteine
	1.06ab±0.205
	0.94bc±0.042
	1.08ab±0.014
	0.74c±0.007
	1.19a±0.035
	

	Alanine
	4.02b±0.205
	3.86b±0.014
	3.91b±0.014
	3.45c±0.036
	4.54a±0.049
	

	Glutamic
	12.91b±0.386
	12.57bc±0.09
	12.76b±0.169
	12.11c±0.09
	14.29a±0.091
	

	Glycine
	3.54b±0.094
	3.46bc±0.021
	3.55b±0.007
	3.39c±0.042
	4.30a±0.084
	

	Serine
	3.92b±0.056
	3.73c±0.035
	3.76c±0.035
	3.49d±0.106
	4.45a±0.035
	

	Aspartic
P PER
	10.68b±0.035
2.27
	10.28d±0.028
2.12
	10.54c±0.042
2.19
	10.06e±0.03
1.91
	11.47a±0.021
2.53
	


Values are means of triplicate determinations (mean ±standard deviation). Means within a row followed by superscripts letter(s) are significantly different (p ≤ 0.05). Key: AAA = Soybeans meat analogue BBB = Mucuna meat analogue CCC = African yam beans meat analogue; DDD = Cowpea meat analogue EEE = Sausage (control), PPER = Predicted Protein efficiency ratio 


3.6. Amino Acid Scores of the Meat Analogues
The essential amino acid scores (EAAS) of the meat analogues, based on the FAO/WHO/UN (1991) provisional scoring pattern, are presented in Table 7. The amino acid scoring of the meat analogue samples revealed that the soybean-based analogue (AAA) had the highest essential amino acid concentration (34.29 g/100 g protein) and total amino acid score (7.05), followed by CCC (African yam bean), BBB (Mucuna), and DDD (Cowpea). All samples showed tryptophan and methionine+cysteine as limiting amino acids (AAS < 1.0), while phenylalanine+tyrosine and threonine had scores close to or above 1.0.
Compared to Srikanlaya and Therdthai’s study, which reported improved amino acid scores with increased soy protein isolate (SPI), the current samples had lower scores, especially for lysine, leucine, isoleucine, and sulfur amino acids. This highlights the nutritional advantage of enhancing the protein quality of the analogues may require blending with Soy protein isolate or methionine-rich ingredients
[bookmark: _Toc193709525]The amino acid scoring results indicate that while the legume-based analogues are rich in several essential amino acids, targeted blending or fortification—particularly to improve sulfur amino acid (methionine + cysteine) content—may be necessary to meet full dietary protein requirements. Nonetheless, the cowpea-based analogue demonstrates superior amino acid balance and could serve as a model formulation for enhancing the nutritional profile of plant-based meat substitutes.
Table 7. Amino acid scoring of the meat analogue samples 
	EAA
	PAAESP
g/100g
Protein
		AAA
		BBB
		CCC
		DDD

	
	
	EAAC
	AAS
	EAAC
	AAS
	EAAC
	AAS
	EAAC
	AAS

	Isoleucine
	4.80
	3,85
	0.80
	3.46
	0.72
	3.55
	0.77
	3.19
	0.67

	Leusine
	7.76
	7.06
	0.91
	6.69
	0.86
	6.88
	0.89
	6.11
	0.79

	Lysine
	5.52
	4.73
	0.86
	4.56
	0.83
	4.77
	0.84
	4.35
	0.79

	Met+cy
	2.41
	2.04
	0.85
	1.65
	0.68
	2.02
	0.83
	1.58
	0.66

	TAAS
	
	
	
	
	
	
	
	
	

	Phe+Tyr
	8.06
	8.66
	1.07
	8.21
	1.02
	8.79
	1.09
	7.44
	0.92

	Throeinine
	3.66
	3.39
	0.93
	3.40
	0.93
	3.27
	0.89
	3.12
	0.85

	Trytophan
	1.21
	0.89
	0,73
	.82
	0.68
	0.89
	0.74
	0.64
	0.53

	Valine
	4.07
	3.67
	0.90
	3.77
	0.93
	3.33
	0.82
	3.61
	0.89

	Total
	37.49
	34.29
	7.05
	32.56
	6.65
	33.5
	6.87
	30.04
	6.1


Key: AAA = Soyabeans meat analogue BBB = Mucuna meat analogue CCC = African yam beans meat analogue; DDD = Cowpea meat analogue EEE = Sausage (control), EAA – Essential amino acid, PAAESP – Provisional amino acid (egg) scoring pattern, EAAC – Essential amino acid concentration, AAS – Amino acid scores, TAAS-Total acidic amino acids 
3.7 Sensory Evaluation of Meat Analogue Samples
The mean sensory scores of the meat analogue samples are presented in Table 8.Parameters assessed include taste, appearance, aroma, mouth-feel, texture, and overall acceptability. The scores ranged on a 9-point hedonic scale, with the control sample (EEE – sausage) consistently rated highest across all attributes. The sensory evaluation results of the meat analogue samples (AAA, BBB, CCC, DDD) showed no significant differences (p > 0.05) in individual sensory parameters such as taste, appearance, aroma, mouthfeel, and texture. However, slight variations in mean scores were observed. Cowpea-based analogue (DDD) had the highest texture score (7.85) and overall acceptability (7.49), indicating good consumer approval. Mucuna (BBB) also performed well across attributes, especially in taste (7.75) and texture (7.40). African yam bean (CCC) scored the lowest in overall acceptability (7.01), despite having competitive ratings in other parameters.
When compared to the control sausage (EEE) which received higher scores across all sensory attributes—particularly overall acceptability (8.45)—the plant-based analogues in this study were rated lower, though still within an acceptable range (scores above 7). This suggests that while the analogues were generally well-received, they did not match the sensory appeal of traditional meat products reported by from Pöri et al. (2023). Enhancements in flavor development, possibly through fermentation or ingredient optimization (as done by Pöri et al. (2023). using fermented sunflower protein), could improve the sensory quality and consumer acceptance of plant-based alternatives.
Generally, the results suggest that meat analogues from mucuna, soybean, and particularly cowpea seeds exhibit sensory qualities comparable to conventional sausage, especially in taste, aroma, and texture. Cowpea analogue (DDD) stood out as the most promising among the plant-based samples, likely due to its favorable protein structure and mouth-feel. These findings support the feasibility of legume-based analogues in providing acceptable sensory alternatives to meat, contributing to dietary diversification and plant-based food innovation.


Table 7: Mean sensory score for meat analogue samples
	Parameters/Samples
	Taste 
	Appearance 
	Aroma 
	Mouthfeel
	Texture
	Overall acceptability

	AAA
	7.45a±0.353
	7.45a±0.494
	7.30a±0.424
	6.909a±0.707
	6.75a±0.494
	7.17ab±0.494

	BBB
	7.75a±0.636
	7.20a±0.707
	7.45a±0.212
	7.10a±0.585
	7.40a±0.424
	7.38ab±0.509

	CCC
	7.60a±0.424
	7.15a±0.778
	7.20a±0.424
	7.150a±0.202
	7.30a±0.565
	7.01b±0.084

	DDD
	7.50a±0.565
	7.50a±0.848
	7.35a±0.070
	7.65a±0.494
	7.85a±0.070
	7.49ab±0.692

	EEE
	8.20a±0.313
	8.20a±0.282
	8.15a±0.777
	7.90a±0.283
	7.50a±0.707
	8.45a±0.645


Values are averages of triplicate readings (mean ±standard deviation). Means within a row followed by different superscripts letter(s) are significantly differences (p ≤ 0.05). Keys: AAA = Soybeans meat analogue; BBB = Mucuna meat analogue; CCC = African yam beans meat analogue. DDD = Cowpea meat analogue; EEE = Sausage (control4. Conclusion
This study demonstrates the potential of legume-based meat analogues as nutritious and sensory-acceptable alternatives to conventional meat products. The formulations, particularly those based on cowpea, provided high protein content, essential amino acids, and beneficial vitamins and minerals. The use of Roselle calyx infusion not only enhanced color but also contributed antioxidant compounds such as phenols and flavonoids. Sensory evaluation revealed no significant difference between the analogues and commercial sausage in key quality attributes, indicating strong consumer acceptability. These findings highlight the viability of developing plant-based meat alternatives using locally available legumes for improved nutrition and food sustainability.
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