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Heavy dependence on soybeans for non-ruminant diets is unsustainable in regions 
where poor growing conditions limit production. Across much of the Global South, 
local supply rarely meets demand, forcing costly imports that erode feed profitability. 
Indigenous pulses such as cowpeas, well-adapted to local climates and soils, offer 
a practical alternative or complement to soybean protein. Cowpeas are rich in 
protein and contain unique bioactive compounds with antimicrobial, antioxidant, 
anti-inflammatory, anticancer, and immunostimulatory potential. However, their 
nutritional quality remains inferior to soybeans due to anti-nutritional factors (ANFs) 
and an imbalanced amino acid profile, particularly a deficiency in sulfur-containing 
amino acids like methionine and cysteine. Additionally, like many legumes, cowpeas 
also exhibit relatively low protein digestibility, which further limits their direct use 
in non-ruminant diets. To unlock the potential of cowpeas as a sustainable feed 
ingredient, effective valorization strategies are essential. Techniques such as solid-
state fermentation, sprouting, soaking, roasting, boiling, dehulling, extrusion, hot-air 
drying, and enzymatic treatments have been explored to enhance nutritional value. 
These methods aim to reduce ANFs, improve amino acid balance, and increase 
protein digestibility. This systematic review synthesizes current research on the 
mechanisms and efficacy of cowpea valorization techniques, with a particular focus 
on their capacity to achieve nutritional and functional parity with soybean meal in 
non-ruminant diets. By critically evaluating the impact of these approaches, the 
review provides a foundation for optimizing cowpea utilization in animal feeding 
systems. Such advancements could contribute significantly to climate-resilient, 
economically viable, and nutrition-secure food systems in the Global South.
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1 Introduction

Soybeans have long dominated global legume production, particularly as a protein source 
for animal nutrition, because of their high protein content (44–48%) and well-established 
international supply chains. Well adapted to the major producing regions of South America and 
North America, soybeans are cultivated and traded at a scale that enables them to meet protein 
demands worldwide. In 2023, global soybean output reached 398.2 million tons, with Argentina, 
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Brazil, and the United  States accounting for most production and 
consumption (Volkova and Smolyaninova, 2023). Despite this success, 
soybean cultivation is often poorly aligned with the agro-ecological 
realities of many regions in the Global South. High yields typically 
require substantial inputs of fertilizer, irrigation, and pesticides, which 
limit both environmental sustainability and affordability in resource-
constrained settings. In many low- and middle-income countries, 
domestic production shortfalls also necessitate costly imports, placing 
additional pressure on local food and feed systems (Gbenle et  al., 
2025). These constraints have intensified the search for alternative, 
regionally adapted protein sources.

One promising candidate is cowpea (Vigna unguiculata), an 
indigenous, climate-resilient legume that thrives in marginal 
environments with minimal external inputs. Widely cultivated in 
Africa, Asia, and Latin America, and especially important in 
sub-Saharan Africa, where Nigeria and Niger contribute nearly half 
of global production (Anele et  al., 2010; Maila and Tseke, 2024), 
cowpeas are increasingly viewed as a strategic crop for sustainable 
food and feed security in the Global South. Nutritionally, cowpeas 
contain 17.4–31.7% protein (predominantly globulins), 50–60% 
carbohydrates, about 1% fat, and appreciable dietary fiber, vitamins, 
minerals, and bioactive compounds such as flavonoids, lignins, and 
phenolic acids with antioxidant and anti-inflammatory properties 
(Tzanova et al., 2023; Santos et al., 2020). Their amino-acid profile 
compares favorably with soybeans in lysine, leucine, and arginine, yet 
they remain deficient in the sulfur-containing amino acids 
methionine and cysteine (Lubisi et al., 2023; Kur et al., 2013).

Several factors still limit the wider use of cowpeas in non-ruminant 
diets. Competition with human consumption, limited breeding 
investment, and the presence of antinutritional factors (ANFs), 
including phytic acid, oxalates, tannins, lectins, saponins, and amylase 
and protease inhibitors, impair nutrient bioavailability and reduce 
protein digestibility, ultimately constraining animal growth 
performance (Verni et al., 2019). Protein digestibility, the proportion 
of dietary protein broken down into absorbable amino acids, is 
especially affected by these compounds and by structural features of 
the seed coat (Santos-Sánchez et  al., 2024). Although molecular 
breeding for low-ANF cultivars is possible, it is often costly and may 
compromise yield or nutrient content. To overcome these challenges, 
a variety of valorization techniques, including fermentation, 
germination, soaking, thermal processing, dehulling, and enzymatic 
treatments, have been investigated for their ability to reduce ANFs, 
enhance amino-acid availability, and improve protein digestibility.

This systematic review critically evaluates those techniques and 
the mechanisms by which they enhance the nutritional and functional 
value of cowpeas for non-ruminant feeding. Specifically, it assesses 
how different interventions reduce ANFs, improve amino acid 
profiles, and promote efficient protein utilization. By synthesizing 
current evidence, the review advances the case for cowpeas as a 
sustainable, locally adapted alternative to soybean meal, thereby 
supporting more resilient food systems and improved nutritional 
security across the Global South.

2 Methodology

A systematic literature search was performed in 
ScienceDirect, Google Scholar, Taylor & Francis Online, Scopus, 

and Wiley Online Library. Five keyword combinations guided 
the strategy:

	 i	 amino acids AND antinutritional factors AND functional 
properties AND legumes AND valorization techniques,

	 ii	 the same terms with cowpeas specified,
	 iii	 the core terms plus mechanical treatment AND 

thermal treatment,
	 iv	 the core terms plus sprouting, fermentation, AND enzymatic 

treatment, and
	 v	 valorization AND economic implications AND environmental 

implications AND legumes.

A total of 1,081 records were identified through database searches 
and subjected to a multi-stage PRISMA screening. We included only 
peer-reviewed studies published between 2000 and 2024 that 
examined the effects of valorization techniques, such as fermentation, 
soaking, germination, dehulling, or thermal processing, on the 
nutritional and functional properties of cowpeas or other edible 
legumes. Studies were excluded if they (i) focused on cowpea foliage 
or stover rather than seed, (ii) lacked a clear valorization intervention, 
or (iii) did not report outcomes related to protein content, amino-
acid composition, or key functional properties. After applying these 
criteria, 89 studies met the inclusion requirements and were 
incorporated into this review. The article selection and screening 
process, including inclusion and exclusion steps, is illustrated in 
Figure 1.

Only peer-reviewed articles published between 2000 and 2024 
that examined the effects of valorization techniques, fermentation, 
soaking, germination, dehulling, or thermal processing, on the 
nutritional or functional properties of cowpeas or other edible 
legumes were included. Studies were excluded if they focused on 
foliage or stover, lacked a valorization intervention, or failed to report 
outcomes on protein content, amino-acid composition, or functional 
properties. Eighty-nine studies met these criteria.

3 Comparative nutritional profile of 
cowpeas and soybeans

Soybeans and cowpeas differ markedly in their macronutrient 
profiles (Table  1). Soybeans are a true oilseed legume, supplying 
about 40% crude protein and 20% fat, which together yield a high 
gross energy content of 23 MJ/kg DM. In contrast, cowpeas provide 
only 25% protein and 1–2% fat, resulting in a lower energy density of 
about 18 MJ/kg DM. Cowpeas compensate with a much higher starch 
content (~47% DM vs. <6% in soybeans), making them closer to a 
cereal–legume hybrid in energy contribution. The amino acid balance 
reinforces soybeans’ reputation as a benchmark protein source. 
Essential amino acids, including lysine, leucine, isoleucine, and 
valine, are consistently higher in soybeans. Most importantly, the 
sulfur-containing amino acids methionine and cystine total only 
6.4 g/kg in cowpeas compared with 11.8 g/kg in soybeans, 
underscoring the need for methionine supplementation or targeted 
processing when cowpeas are used in diets of non-ruminants. 
Mineral profiles show a different pattern. Cowpeas provide more than 
double the iron of soybeans (~422 vs. 166 mg/kg DM), an advantage 
in regions where iron deficiency is prevalent. Soybeans, however, are 

https://doi.org/10.3389/fsufs.2025.1657018
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Mashiloane et al.� 10.3389/fsufs.2025.1657018

Frontiers in Sustainable Food Systems 03 frontiersin.org

richer in calcium and phosphorus and slightly higher in zinc and 
potassium. Fatty-acid composition reflects the overall lipid contrast. 
Soybeans are a rich source of polyunsaturated fats, especially linoleic 
(~107 mg/g) and linolenic acids (~14 mg/g), whereas cowpeas 
contain only trace amounts of these essential fatty acids. In summary, 
soybeans offer a concentrated, balanced protein and energy source 
with valuable unsaturated oils, while cowpeas provide lower-cost, 
climate-resilient protein with exceptional iron and starch content but 
require valorization and amino-acid balancing to substitute effectively 
for soybean meal in non-ruminant feed systems.

4 Nutritional limitations in cowpeas

Cowpeas, like most underutilized legumes, contain various ANFs 
that adversely affect feed intake, digestibility, and nutrient 
bioavailability in non-ruminant animals (Silva et al., 2023). These 
include tannins, phytic acid, oxalates, amylase inhibitors, 

chymotrypsin inhibitors, saponins, and oligosaccharides such as 
raffinose, verbascose, and stachyose (Kur et  al., 2013; Gautheron 
et al., 2024; Table 1). These secondary metabolites serve protective 
roles in plants against pests and pathogens (Salim et al., 2023) but are 
detrimental when included in non-ruminant diets. In addition, the 
amino acid profile of cowpeas is inferior to that of soybeans (Lubisi 
et al., 2023). These limitations and their impact on the nutritional 
value of cowpeas are briefly discussed below.

4.1 Phytic acid

Phytic acid is the principal storage form of phosphorus in 
legumes, accounting for 50–85% of their total phosphorus content. It 
is predominantly localized within protein body globoids in the 
cotyledons. Phytic acid strongly chelates essential minerals such as 
iron, zinc, calcium, and magnesium, forming insoluble phytate 
complexes that reduce mineral bioavailability in the gastrointestinal 
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FIGURE 1

Literature search and selection process according to the PRISMA procedure.
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TABLE 1  (Continued)

Chemical component Cowpea Soybean

C20:0 arachidic acid 0.34 0.60

C18:3 linolenic acid 0.39 14.30

C20:1 eicosenoic acid 0.08 03.30

Source: INRAE-CIRAD-AFZ Feed Tables, 2024.

tract (Emkani et al., 2023; Kumar et al., 2021). Additionally, it impairs 
nutrient digestion by binding directly to digestive enzymes or by 
sequestering metal cofactors required for enzymatic activity, thereby 
inhibiting protein and lipid breakdown (Akissoé et al., 2021). As 
shown in Table 2, cowpeas contain approximately 836 mg/100 g of 
phytic acid (Abebe and Alemayehu, 2022), which is lower than the 
1076.2 mg/100 g reported for soybeans. In non-ruminant animals, 
the absence of endogenous phytase to hydrolyze phytate further 
limits the nutritional utilization of legumes such as cowpeas 
(Simion, 2018).

4.2 Tannins

Hydrolysable tannins consist of a central polyol, typically 
D-glucose, esterified with phenolic acids, while condensed tannins 
(proanthocyanidins) are polymers of flavonoids such as catechins, 
gallocatechins, and epicatechins (Singh et  al., 2017; Salim et  al., 
2023). Tannins reduce nutrient utilization by forming complexes with 
proteins, carbohydrates, and digestive enzymes, thereby impairing 
protein and starch digestibility (Khattab and Arntfield, 2009). They 
are broadly classified into hydrolysable and condensed tannins. In 
cowpeas, condensed tannins predominate and are known to reduce 
feed palatability and nutrient absorption by inhibiting key enzymes 
like trypsin and amylase (Rehman and Shah, 2005). As shown in 
Table 1, tannin content is higher in cowpeas (390.93 mg/100 g) than 
in soybeans (225.50 mg/100 g).

4.3 Trypsin inhibitors

Trypsin inhibitors are low-molecular-weight proteins that 
inactivate digestive enzymes such as trypsin, chymotrypsin, and 
elastase, thereby impairing proteolysis and reducing AA absorption 
(Emkani et al., 2023; Salim et al., 2023). The two principal types, 
Kunitz and Bowman–Birk inhibitors, are well-characterized in 
legumes (Pedrosa et  al., 2021). Their antinutritional effects are 
primarily linked to growth suppression due to reduced protein 
digestibility in the gastrointestinal tract (Feng et al., 2007; Khattab 
and Arntfield, 2009). Trypsin inhibitor activity is higher in soybeans 
(46.00 TIU/mg) than in cowpeas (21.39 TIU/mg), indicating a greater 
inhibitory potential in soybeans (Table 2).

4.4 α-galactosides

The raffinose-family oligosaccharides (RFOs) such as raffinose, 
stachyose, and verbascose are prominent in cowpeas and are 
indigestible by monogastrics due to the absence of α-galactosidase 

TABLE 1  Proximate, amino acid, mineral, and fatty acid profiles of whole 
cowpeas and soybeans.

Chemical component Cowpea Soybean

Proximates (% DM)

Ash 4.30 5.70

Crude protein 25.00 40.20

Crude fat 1.40 20.50

Crude fiber 4.70 6.30

Starch 47.00 5.90

Total sugars 4.60 8.40

Gross energy (MJ/kg DM) 18.20 23.30

Amino acids (g/kg DM)

Lysine 16.30 25.00

Threonine 9.50 16.30

Methionine 3.70 5.80

Cystine 2.80 5.90

Tryptophan 2.80 5.10

Isoleucine 10.00 18.70

Valine 11.70 19.40

Leucine 18.60 30.30

Phenylalanine 13.70 20.30

Tyrosine 7.50 14.30

Histidine 8.20 11.00

Arginine 16.80 29.40

Alanine 10.40 17.10

Aspartic acid 26.10 44.80

Glutamic acid 39.50 70.80

Glycine 9.80 17.30

Serine 12.20 21.20

Proline 11.40 20.20

Minerals (g/kg DM unless stated otherwise)

Calcium 1.20 3.30

Sulfur 3.00 3.20

Zinc (mg/kg DM) 38.00 45.00

Iron (mg/kg DM) 422.00 166.00

Phosphorus 3.70 6.20

Potassium 15.00 20.20

Phytate phosphorus 2.70 3.70

Magnesium 2.30 2.60

Sodium 0.12 0.95

Fatty acids (mg/g DM)

C12:0 lauric acid 0.16 0.00

C14: myristic acid 1.29 0.40

C16: palmitic acid 5.96 22.10

C18: stearic acid 1.55 7.50

C18:1 (cis) oleic acid 1.55 45.60

C18:2 (cis) linoleic acid 7.26 107.00

(Continued)
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(Pedrosa et al., 2021). Their fermentation by gut microbiota leads to 
excess gas production and flatulence, reducing the acceptance of 
cowpea-based diets (Ofuya, 2006; Gautheron et al., 2024). As shown 
in Table 2, the concentrations of raffinose, stachyose, and verbascose 
in soybeans are approximately 880, 4000, and 170 mg per 100 g, 
respectively, compared to 119, 388, and 151 mg per 100 g in cowpeas. 
These values indicate that soybeans contain substantially higher levels 
of α-galactosides than cowpeas.

4.5 Saponins

Saponins are glycosidic compounds with a triterpene or 
spirostane aglycone and sugar moieties. They impart a bitter taste, 
reduce palatability, and can irritate the gastrointestinal tract, thereby 
decreasing feed intake (Veer et al., 2021; Kumar et al., 2021). Saponins 
also interfere with nutrient and enzyme activity by forming 
complexes with digestive enzymes and trace elements such as zinc 
(Salim et  al., 2023). In cowpeas, saponin levels average about 
544 mg/100 g (Table 2).

4.6 α-amylase inhibitors

Proteinaceous α-amylase inhibitors in cowpeas block starch 
digestion by inhibiting mammalian amylases, though they are 
ineffective against microbial amylases (Salim et al., 2023). This disrupts 
energy metabolism by reducing starch utilization, potentially impairing 
animal growth and performance (Shi et al., 2017; Veer et al., 2021). The 
α-amylase inhibitory activity of cowpeas and soybeans was reported as 
1.4–89.5 and 899.30 AIU/kg, respectively. This clearly shows that 
soybeans have a higher α-amylase inhibitory activity compared to 
cowpeas (Table  2). Interestingly, the comparatively low α-amylase 
inhibitor activity in cowpeas may be  advantageous for human 
consumption, as it reduces the risk of excessive inhibition of starch 
digestion and associated gastrointestinal discomfort.

4.7 Lectins

Lectins (phytohemagglutinins) are carbohydrate-binding 
glycoproteins that disrupt intestinal integrity by adhering to epithelial 
cells, thereby facilitating the translocation of pathogens across the gut 
barrier (Salim et  al., 2023). They also impair nutrient utilization by 
forming complexes with divalent cations such as calcium and iron, which 
can inhibit enzymatic activity and reduce protein digestibility (Kumar 
et al., 2021; Veer et al., 2021). As shown in Table 2, hemagglutinin activity 
ranges from 40 to 640 HU/g in cowpeas and is approximately 692.8 
HU/g in soybeans, indicating that both legumes contain appreciable 
levels of lectins, with soybeans exhibiting slightly higher activity.

4.8 Amino acid deficiencies

Despite their high protein content, cowpeas are deficient in 
sulfur-containing essential amino acids (EAAs), particularly 
methionine and cysteine (Menssen et al., 2017; Lubisi et al., 2023). 

While cowpeas are rich in lysine, leucine, arginine, and tryptophan, 
the absence of sufficient methionine and cysteine restricts their use 
in non-ruminant diets. Methionine plays critical roles in protein 
synthesis, lipid metabolism, and the regulation of antioxidant 
enzymes (e.g., methionine sulfoxide reductase; Martínez et al., 2017). 
It is also a precursor for compounds such as cysteine, creatine, and 
carnitine. Cysteine is central to protein structure, redox regulation 
via glutathione, and cellular signaling pathways (Muthuraman et al., 
2021). Deficiencies in these AAs can impair growth, immune 
function, and physiological processes in monogastrics.

Overall, the cumulative effect of ANFs and amino acid imbalance 
in cowpeas limits their direct inclusion in non-ruminant diets. While 
ANFs disrupt gut integrity, hinder enzyme activity, and reduce 
nutrient digestibility, resulting in endogenous nutrient losses (Lubisi 
et al., 2023), a deficiency of sulfur-containing amino acids further 
impairs growth and physiological performance in non-ruminant 
animals. Therefore, effective valorization strategies are essential to 
enhance cowpea protein quality and mitigate antinutritional effects. 
Techniques such as solid-state fermentation (SSF), sprouting, 
soaking, roasting, boiling, dehulling, extrusion, drying, and 
enzymatic treatment have demonstrated efficacy in reducing ANFs 
and improving amino acid profiles in legume grains (Dueñas et al., 
2016; Emkani et  al., 2023). These valorization techniques hold 
promise for improving the nutritional and functional parity of 
cowpeas relative to soybean meal and are discussed next.

5 Valorization techniques for cowpeas

Building on the nutritional limitations outlined above, this 
section reviews the principal valorization techniques that can 
enhance the protein quality and functional properties of cowpeas. 
These methods, including fermentation, sprouting, thermal and 
mechanical processing, and enzymatic treatments, are evaluated for 
their capacity to reduce antinutritional factors, improve amino acid 
balance, and increase protein digestibility.

5.1 Fermentation

Fermentation uses selected microorganisms to break down 
complex compounds, improving nutrient availability, reducing ANFs, 
and enhancing the functional properties of legumes. It also extends 
shelf life and improves sensory quality, making it a promising 
valorization strategy for underutilized crops such as cowpeas 
(Emkani et al., 2023). Although cowpea-specific data remain limited, 
extensive evidence from lentils, marama beans, soybeans, and other 
pulses (Table  3) provides a strong rationale for its application. 
Fermentation relies on GRAS-certified lactic acid bacteria (LAB), 
yeasts, and fungi (e.g., Lactobacillus, Rhizopus, Aspergillus, Pleurotus). 
These microbes secrete enzymes, cellulases, amylases, tannases, and 
proteases that hydrolyze macronutrients and phytochemicals, thereby 
lowering phytate and tannin levels, improving mineral bioavailability, 
and increasing free amino acids and bioactive peptides (Verni et al., 
2019; Asensio-Grau et al., 2020). Fermentation is typically carried out 
as solid-state (SSF), submerged (SmF), or anaerobic (AF) processes, 
each offering distinct advantages.
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5.1.1 Solid-state fermentation
In SSF, fungi grow on moist solids with limited free water, 

producing enzymes that degrade ANFs and convert carbohydrates to 
microbial protein. Across legumes, SSF raises protein content (up to 
~20% in lentils and ~9% in soybeans) and enriches sulfur amino 
acids such as methionine and cysteine (Asensio-Grau et al., 2020; 
Thakur et al., 2022; Gautheron et al., 2024). It also improves mineral 
bioavailability (e.g., iron and zinc) and functional traits such as water-
holding capacity (WHC) and oil-absorption capacity (OAC). Fungal 
strains such as Aspergillus oryzae, A. sojae, Rhizopus oligosporus, and 
Pleurotus ostreatus, effective in related pulses, are likely strong 
candidates for cowpea SSF.

5.1.2 Submerged fermentation
SmF provides a controlled aqueous environment for LAB and 

fungi. It consistently reduces phytates (50–70%), tannins (~80%), and 
oxalates (~60%), while improving protein solubility, emulsification, 
and WHC/OAC (Benjamin et al., 2021; Batbayar et al., 2023). Protein 
gains of 20–30% have been reported in pea and other pulses (Emkani 

et al., 2021). Careful timing is essential, as prolonged fermentation 
can lead to nutrient losses.

5.1.3 Anaerobic fermentation
Anaerobic fermentation, driven primarily by LAB under oxygen-

limited conditions, enhances essential amino acids, including 
methionine and tryptophan, lowers pH, and inhibits spoilage 
organisms (Verni et  al., 2019; Arshad et  al., 2023). It effectively 
degrades raffinose-family oligosaccharides and other ANFs while 
improving mineral bioavailability and protein digestibility. Genotype-
specific responses highlight the need to tailor AF conditions for 
cowpea varieties.

5.1.4 Implications for cowpea valorization
Each method offers unique benefits for cowpea processing. Solid-

state fermentation provides the most robust antinutrient reduction 
and protein enrichment, ideal for high-protein feed. Anaerobic 
fermentation is especially promising for boosting sulfur-containing 
amino acids, directly addressing cowpea’s key nutritional limitation. 

TABLE 2  Antinutritional factors common in indigenous legume food crops and their mechanisms of action.

Antinutritional 
factor

Mechanism of action Typical levels in legume 
grains on a dry matter 
basis

References

Trypsin inhibitors Inhibit protein digestive enzymes (i.e., trypsin and chymotrypsin), thus 

reducing bioavailability and absorption of AAs and selected minerals (i.e., 

calcium, iron, etc.) in non-ruminants.

Cowpeas: 21.39–27.6 TIU/mg

Lupins: 2 TIU/mg

Soybeans: 46 TIU/mg

Gonçalves et al. (2016); 

Nagessa et al. (2023); 

Trugo et al. (2000);

Phytic acid Binds and reduces bioavailability of minerals (i.e., phosphorus, iron, zinc, 

etc.) owing to the formation of mineral chelates. Also affects the techno-

functional properties of protein isolates, such as emulsification, solubility, 

and gelation.

Cowpeas: 836 mg/100 g

Faba beans: 1050.6 mg/100 g

Chickpeas: 719.2 mg/100 g

Soybeans: 1076.2 mg/100 g

Nagessa et al. (2023); 

Mehanni et al. (2021)

Tannins Binds and inhibits dietary protein and digestive enzymes. Negatively 

affects the bioavailability and absorption of selected vitamins and minerals 

(i.e., iron). They also lead to off-flavors, astringent and bitter taste.

Chickpeas: 488.12 mg/100 g

Cowpeas: 390.93 mg/100 g

Soybeans: 225.50 mg/100 g

Faba beans: 684.5 mg/100 g

Mehanni et al. (2021)

Saponins Disrupt membrane integrity, impairing intestinal absorptive capacity. 

Inhibit proteolytic enzymes (e.g., trypsin, chymotrypsin) and lipases. 

Reduces bioavailability and absorption of food components such as 

proteins, minerals, and lipids. Bitter, astringent taste that results in reduced 

feed intake.

Black beans: 42.28 mg/100 g

Adzuki beans: 1082 mg/100 g

Cowpeas: 544 mg/ 100 g

Soybeans: 0.60–6.20 g/100 g

Peas: 100–250 mg/100 g

Lupins: 5.67–46.95 mg/100 g

Emkani et al. (2023); 

Singh et al. (2017); Boeck 

et al. (2021)

Lectins Bind to specific carbohydrates and divalent cations, resulting in impaired 

intestinal integrity and compromised enzymatic activity and protein 

digestibility.

Cowpeas: 40–640 HU/g

Soybeans: 692.8 HU/g

Kumar et al., 2021; Rizzi 

et al. (2003)

Oligosaccharides 

(raffinose, stachyose, 

and verbascose)

Excess gas production and bloating, gut discomfort, resulting in reduced 

feed intake. Increase gut viscosity, which impairs nutrient absorption. 

Reduce nutrient utilization and overall animal performance

Soybeans: Raffinose (880 mg/ 100 g), 

Stachyose (4000 mg/ 100 g), and 

Verbascose (170 mg/ 100 g).

White lupins: Raffinose (950 mg/ 

100 g), Stachyose (4850 mg/ 100 g), 

and Verbascose (2680 mg/ 100 g)

Cowpeas: Raffinose (119 mg/ 100 g),

Stachyose (388 mg/ 100 g), and

Verbascose (151 mg/ 100 g)

Gautheron et al. (2024) 

Onyenekwe and Njoku 

(2000)

α-amylase inhibitors Block starch digestion by inhibiting mammalian amylases Cowpeas: 1.4–89.5 AIU/kg

Soybeans: 899.30 AIU/kg

Kumar et al., 2021
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Submerged fermentation excels when improved solubility and 
emulsifying properties are desired for food or protein-isolate 
applications. Method selection should match the intended end use, 
and combined or sequential approaches (e.g., sprouting followed by 
SSF) may yield synergistic gains. Although cowpea-specific studies 
are scarce, the strong parallels with other pulses indicate that 
optimized fermentation can significantly narrow the nutritional gap 
with soybean meal.

5.2 Sprouting treatments

Sprouting, also referred to as germination, is a cost-effective and 
biologically driven valorization strategy that involves the activation 
of the embryonic axis in viable seeds under controlled environmental 
conditions, typically involving optimal moisture, temperature, and 
aeration (Sibian et  al., 2017). This process is initiated through 
imbibition, whereby the seed absorbs water, triggering enzymatic and 
metabolic changes that culminate in visible morphological changes 
such as radicle protrusion and the loosening or rupture of the seed 
coat. When applied to legume grains intended for food or feed, these 
biochemical transformations can enhance nutritional quality, 
improve digestibility and functional properties, and concurrently 
reduce ANFs (Atudorei et  al., 2021) as shown in Table  4. While 
relatively underexplored in cowpeas, available evidence from cowpeas 
and related legumes demonstrates consistent improvements across 
multiple quality indicators.

Sprouting is widely reported to increase crude protein, EAAs, 
and vitamin content. In cowpeas, Lubisi et al. (2023) documented an 
increase in crude protein from 258 g/kg to 291 g/kg post-germination. 
Amino acid profiling revealed improvements in most AAs, although 
tryptophan and serine declined. In grass pea, Arshad et al. (2023) 
found that protein content increased from 22.6 to 30.7%, and fiber 
rose from 15.1 to 19.4%, while carbohydrate content dropped from 
59.1 to 46.0%, suggesting nutrient concentration due to storage 
reserve mobilization. Sprouting also boosts micronutrient density. 
El-Safy et  al. (2013) reported increased iron, zinc, sodium, and 
magnesium levels following sprouting in lentils, chickpeas, and faba 
beans. Sprouted legumes were also richer in riboflavin, thiamine, 
choline, pantothenic acid, and vitamin C (El-Safy et al., 2013; Trugo 
et al., 2000). These improvements are attributed to enzyme activation 
(e.g., phytase, amylase, protease, lipase), which degrades storage 
compounds, liberates micronutrients, and supports enhanced protein 
digestibility (Mubarak, 2005; Arshad et al., 2023). With regards to 
ANFs, Nagessa et al. (2023) demonstrated that phytate levels declined 
by 22.6 and 34.9%, and tannins by 59.4 and 66.7% after 24 and 48 h 
of black bean germination. Similarly, Mubarak (2005) reported a 91% 
reduction in phytic acid, alongside reductions in stachyose, raffinose, 
trypsin inhibitors, and haemagglutinins in mung beans. In pigeon 
pea, trypsin inhibitors decreased from 573.1 to 308.8 UTI/g, a 46% 
reduction (Wisaniyasa et al., 2015). In El-Safy et al. (2013) study, 
prolonged germination (4 days) further reduced ANFs compared to 
2-day treatments. In finger millet and kidney beans, Mbithi-Mwikya 
et  al. (2000) noted increases in sulfur-containing AAs with only 
minimal lysine loss in kidney beans.

Sprouting alters several techno-functional properties, some 
positively and others negatively. Ghavidel and Prakash (2006) 
observed increases in WAC and OAC in cowpeas. Similarly, 

Wisaniyasa et al. (2015) reported 15.7 and 14.8% increases in WAC 
and OAC of pigeon peas. Benítez et al. (2013) observed a reduction 
in resistant starch and total fiber, improving starch availability. They 
also noted enhancements in gelation properties, WAC, and OAC, 
though emulsification and foaming capacities were reduced, likely 
due to proteolytic degradation affecting surface-active proteins. These 
changes in WHC, OAC, and gelation properties are largely driven by 
the enzymatic remodeling of seed macromolecules during 
germination (Ghavidel and Prakash, 2006). Activation of endogenous 
proteases and amylases partially hydrolyzes storage proteins and 
starch, exposing additional polar and hydrophobic sites that enhance 
water and oil binding (Wisaniyasa et  al., 2015). Concurrent 
degradation of cell-wall polysaccharides and the loosening of seed 
microstructure further improve swelling and dispersibility, which 
together account for the observed improvements in texture-related 
properties (Benítez et al., 2013).

The reported nutritional and functional effects of sprouting are 
strongly influenced by species, germination time, soaking regimes, 
light exposure, and temperature. For instance, Trugo et al. (2000) 
observed divergent protein retention in black beans, lupins, and 
soybeans when germination was combined with heat treatment. 
Germination under light vs. darkness (El-Safy et al., 2013) or different 
soaking temperatures (Wisaniyasa et al., 2015) yielded distinct effects 
on swelling, digestibility, and protein solubility. Lysine loss in kidney 
beans but not in finger millet (Mbithi-Mwikya et al., 2000) illustrates 
genotype-dependent responses.

The information in Table  4 indicates that sprouting is a 
biologically driven valorization strategy that consistently improves 
the nutritional, bioactive, and functional profile of legumes, including 
cowpeas. It enhances protein content and digestibility, amino acid 
profiles, and mineral bioavailability, while significantly reducing 
ANFs such as phytates, tannins, and enzyme inhibitors. These effects 
are underpinned by the activation of endogenous enzymes and 
compositional remodeling during germination. Although impacts on 
functional properties such as WAC and emulsification are sometimes 
mixed, sprouting remains a potent and accessible method for 
improving cowpea value. However, optimization must consider 
species-specific and condition-dependent outcomes to ensure 
maximal nutritional and functional gains.

While only a few studies have directly examined sprouting in 
cowpea, the available evidence, such as the increases in crude protein 
and mineral content and the reductions in trypsin inhibitors and 
phytate reported by Lubisi et al. (2023), indicates clear nutritional 
benefits. Extrapolating from related legumes, sprouting of cowpea 
seeds is also likely to enhance bioactive compound release, improve 
amino-acid availability, and increase mineral bioaccessibility through 
activation of endogenous phytases and proteases. These changes 
could expand cowpea’s potential in both animal feed and human food 
applications by improving digestibility, flavor, and functional 
properties of cowpea-based ingredients. Future research focusing on 
the optimization of germination time, temperature, and light 
exposure for cowpea is, therefore, warranted.

5.3 Thermal processing treatments

The thermal processing techniques, such as dry roasting, boiling, 
toasting, and microwaving, have gained prominence due to their 
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TABLE 3  Impact of fermentation on amino acid profiles, protein content, antinutritional factors, and other properties of different legume grains.

Fermentation 
type

Strain Substrate Impact References

Incubation Protein Amino acids Antinutritional factors and other properties

Solid-state 

fermentation

Aspergillus 

oryzae and

Rhizopus 

oligosporus

Fava

Bean (Vicia faba 

L.) Flour

48 h (for R. 

oligosporus) and 

72 h (for A. 

oryzae) 

fermentation 

periods at 30 °C

	•	 Protein content 

increased by 20 

and 8% following 

pre-treatment with 

A. oryzae and 

R. oligosporus, 

respectively.

	•	 Both strains 

reduced protein 

solubility.

	•	 Increase in most 

essential AAs, except for 

isoleucine, leucine, and 

threonine. Highest 

responses: methionine 

(+147.6%), cysteine 

(+70.0%), and histidine 

(+69.5%) after 

R. oligosporus treatment.

	•	 Reduction in arginine.

	•	 Increased sulfur-

containing AAs.

	•	 Fat content increased by more than 40%.

	•	 Higher levels of palmitic acid, oleic acid, and linoleic acid for both 

fungal strains.

	•	 R. oligosporus increased stearic acid and linolenic acid by 200 and 140%, 

respectively.

	•	 Reduced most antinutrients such as condensed tannins, phytic acid, and 

saponins, but had no effect on trypsin inhibitors.

	•	 Reduced oligosaccharides and polyols.

	•	 Increase in glucose, maltose, and galactose.

	•	 Reduction in resistant starch.

	•	 Fiber decreased by at least 36%.

	•	 The pH decreased by 0.39 and 0.43 after A. oryzae and R. oligosporus 

fermentation, respectively.

	•	 Total titratable acids (TTA) increased by at least 121.9%.

	•	 The WHC increased by at least 16%.

	•	 Foaming capacity was reduced.

Gautheron et al. 

(2024)

Lactic acid bacteria 

fermentation

Lactobacillus 

plantarum, 

DPPMAB24W

Mediterranean 

faba bean (Vicia 

faba L.) Flour

30 °C for 48 h Crude protein was 

increased.

Methionine and 

tryptophan levels were 

increased.

Compared to controls, fermented doughs were characterized by higher free 

amino acid content and higher in vitro protein digestibility, while 

antinutritional factor concentrations decreased and, in some cases, were 

completely degraded.

Verni et al. (2019)

Solid-state 

fermentation

Pleurotus 

ostreatus

lentil flour 30 °C for 48 h 	•	 Protein content 

increased by 23%.

	•	 A higher fraction 

of digested protein 

was detected.

The effect on AAs was not 

measured.

	•	 Increased particle size.

	•	 Substrate changed into a darker brownish color.

	•	 Increase in resistant starch (9.8%) and polyphenols (from 2.1 to 3.2 mg 

gallic acid equivalent per g dry matter).

	•	 Lower starch hydrolysis was detected (34 vs. 24%), while the polyphenol 

content increased from 3.1 to 7.73 mg gallic acid equivalent per g 

dry matter.

	•	 There was an increase in antioxidant activity.

	•	 No effect on lipid content was detected.

Asensio-Grau et al. 

(2020)
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practicality and proven ability to enhance the nutritional value and shelf 
life of legume grains used in food and feed systems. These methods are 
particularly beneficial in regions with short growing seasons or limited 
access to advanced storage infrastructure, as they facilitate microbial 
inactivation, moisture reduction, and the prevention of insect infestation 
(Cerma and Yu, 2023; Irondi et al., 2019). In low-resource settings, 
thermal treatments allow seasonal legume harvests to be preserved and 
utilized throughout the year, particularly as animal feed. Heat 
treatments, however, can also compromise the bioavailability of certain 
heat-sensitive nutrients. For instance, Irakli et  al. (2020) reported 
reductions in vitamin E during rice bran stabilization via infrared 
radiation, dry heating, and microwaving, likely due to oxidative 
degradation. Similarly, Asunni et al. (2024) observed a decline in total 
mineral content in African locust bean (Parkia biglobosa) when 
irradiation was combined with cooking, attributed to leaching of soluble 
minerals into the cooking water.

5.3.1 Dry roasting
Dry roasting transfers heat via conduction, convection, and 

radiation, using electrical or gas-based heat sources. Typical roasting 
temperatures can reach up to 200 °C, with residence times ranging 
from minutes to hours, depending on the grain type and desired 
effect (Yu et al., 2002). While effective for reducing moisture and 
microbial load, roasting can significantly reduce thermolabile 
bioactives. Irondi et al. (2019) found that roasting whole chickpea 
(Vigna unguiculata) pulses at 150 °C and 180 °C resulted in the 
complete loss of apigenin, kaempferol, and catechin, and the 
disappearance of gallic acid at 180 °C, likely due to heat-induced 
oxidation and thermal degradation of phenolic compounds.

Dry roasting is widely employed in soybean processing to 
inactivate antinutritional factors such as trypsin inhibitors and 
lectins. However, prolonged or high-temperature roasting can reduce 
protein quality by inducing Maillard reactions and cross-linking of 
amino acids, which lowers protein digestibility and the availability of 
essential amino acids such as lysine. Similar trade-offs are likely in 
cowpeas, underscoring the importance of optimizing roasting 
temperature and duration to maximize antinutrient reduction while 
preserving protein integrity.

5.3.2 Boiling
Boiling is widely used for legume detoxification. Trugo et  al. 

(2000) demonstrated that boiling germinated lupin, soybean, and 
black beans for 20 min completely inactivated trypsin inhibitors 
without altering phytic acid levels or macronutrient composition. 
However, effects on low-molecular-weight sugars varied. Notably, the 
sugar digestibility ratio doubled in boiled germinated black beans, 
while true protein digestibility improved only in soybeans. Net 
protein utilization increased by 20% in germinated lupin and soybean 
following boiling. Conversely, Yadav et  al. (2018) reported that 
boiling cowpea seeds for 90 min reduced total phenolic content and 
antioxidant capacity in two cultivars, suggesting that prolonged 
boiling can compromise certain beneficial phytochemicals.

5.3.3 Microwave and comparative heat 
treatments

Cerma and Yu (2023) investigated the effect of dry heat (oven 
at 100 °C for 60 min), wet heat (autoclaving at 120 °C for 60 min), 
and microwave irradiation (3 min at 900 W) on newly developed 

cool-season chickpeas intended for ruminants. Microwave-treated 
chickpeas exhibited the highest dry matter content (93.5%) 
compared to dry heat (92.6%) and autoclaved (90.6%) samples, 
indicating lower water retention and better potential for long-term 
storage. Dry heat treatment yielded the highest soluble crude 
protein (SCP) content (14.2%), while microwave and autoclave 
treatments yielded lower values (7.8 and 3.1%, respectively). High 
SCP levels are less desirable in ruminants due to the risk of excess 
ammonia production from rapid rumen degradation. Autoclaved 
chickpeas also had the highest neutral detergent insoluble crude 
protein (NDICP, 5.7% DM), suggesting the formation of heat-
damaged proteins possibly bound to fiber, in contrast to dry heat 
(1.4%) and microwave (1.6%) treatments. While thermal 
treatments effectively reduce antinutritional factors (e.g., trypsin 
inhibitors and certain phenolics) and improve energy and protein 
digestibility, their application requires careful optimization. 
Excessive heating can trigger Maillard reactions and protein cross-
linking, which may reduce amino acid availability and overall 
protein digestibility (Alonso et  al., 2000). Moreover, some 
functional or bioactive compounds, such as vitamins, phenolics, 
and flavonoids, may be  partially or entirely degraded under 
high heat.

Overall, thermal processing techniques such as roasting, 
boiling, and microwaving hold promise for improving the feed 
value of cowpeas by reducing moisture, microbial load, and 
antinutritional compounds while enhancing shelf life and nutrient 
digestibility. However, the effectiveness and impact of each 
technique vary depending on the specific method, temperature, 
and duration applied. Although these treatments improve protein 
utilization and energy availability, particularly in large-scale 
non-ruminant production systems, they may also lead to losses of 
heat-sensitive micronutrients and bioactive compounds. Thus, 
balancing nutritional gains with the preservation of heat-labile 
nutrients is critical. Further research is warranted to refine thermal 
protocols for cowpeas, with the goal of maximizing their 
nutritional and functional value without compromising their 
bio-efficacy. The choice of thermal treatment for cowpea should 
be guided by the intended application. Dry roasting is well-suited 
for animal-feed ingredients where maximum inactivation of 
trypsin inhibitors is desired, but it must be carefully controlled to 
prevent Maillard reactions and lysine loss that can reduce protein 
quality. Boiling effectively eliminates enzyme inhibitors and lectins 
and is appropriate for human food uses, although prolonged 
boiling can leach heat-sensitive vitamins and minerals. Microwave 
and other rapid-heat methods provide efficient moisture reduction 
and microbial control with minimal nutrient loss, making them 
attractive for cowpea flours and ready-to-use protein products. 
Because cowpeas are consumed both as food and as feed, each 
method can be  optimal in different contexts, and processing 
parameters should be tailored to balance antinutrient reduction 
with nutrient retention.

5.4 Mechanical processing

Mechanical processing involves the application of physical force 
or machinery to cut, separate, or reshape food components, and is 
widely used to improve the quality, digestibility, and functionality of 
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legume grains (Abd El-Hady and Habiba, 2003). Among the most 
common mechanical processing techniques applied to legumes are 
dehulling and extrusion (Alonso et al., 2000). Of these, extrusion, a 
high-temperature, short-time processing method involving the 
passage of material through a die using heat, pressure, and moisture, 
has been extensively adopted for its capacity to enhance the 
nutritional and functional attributes of feed ingredients (Osen et al., 
2015). Extrusion modifies legume matrices through the gelatinization 
of starch, denaturation of proteins, and depolymerization of 
structural polysaccharides such as cellulose, hemicellulose, and 
lignin. These transformations enhance nutrient accessibility and 
promote digestibility. For example, Alonso et al. (2000) demonstrated 
that extrusion increased the WHC and water solubility index (WSI) 
of peas and kidney beans, while reducing their OAC. This reduction 
in OAC is attributed to protein denaturation and starch gelatinization, 
which reduce the porosity of the extrudate and limit oil-binding sites 
(Kesselly et al., 2023). Extrusion has also been shown to significantly 
alter pasting properties, as observed by Lopes et al. (2012), due to 
disrupted starch granules and enhanced enzyme accessibility (Mitrus 

et al., 2023). Martin et al. (2021) reported that the enhanced WHC 
and WSI of extruded legumes are directly linked to structural 
modifications that increase solubility and improve functionality in 
feed formulations.

Another benefit of extrusion is its ability to reduce ANFs. Abd 
El-Hady and Habiba (2003) and Lopes et  al. (2012) found that 
soaking followed by extrusion markedly decreased levels of trypsin 
inhibitors, α-amylase inhibitors, and haemagglutinins in peas, 
chickpeas, faba, and kidney beans. Similarly, Pasqualone et al. (2020) 
reported the inactivation of ANFs through starch gelatinization and 
protein denaturation. However, nutrient losses may occur: Jeunink 
and Cheftel (1979) found that lysine residues in soybeans and field 
peas became chemically unavailable post-extrusion, potentially 
compromising protein quality.

Extrusion also influences protein conformation. Jiang et  al. 
(2024) and Osen et al. (2015) noted that extrusion enhances protein 
solubility by disrupting structural bonds. However, under high-
moisture extrusion, solubility may decrease due to protein 
aggregation, disulfide bond formation, and non-covalent interactions. 

TABLE 4  Impact of sprouting on amino acid profiles, protein content, antinutritional factors, and other properties of different legume grains.

Substrate Sprouting 
protocol

Impact of sprouting References

Protein Amino acids Antinutritional factors and 
other properties

Lupin (Lupinus albus cv. 

multolupa)

Black beans (Phaseolus 

vulgaris)

Soybeans (Glycine max)

28 °C for 48 h Protein content was 

lowered in black bean, 

lupin, and soybean

Methionine and cystine 

were the first limiting 

AAs in all germinated 

seeds.

	•	 Phytic acid levels were lowered in 

lupin compared to soybean and 

black bean.

	•	 Sucrose accumulation was notably 

high during germination in lupin 

but not in the other legumes.

	•	 The soluble/total dietary fiber ratio 

was similar for germinated lupin and 

black bean (≈0.22) and slightly 

lower in soybean (0.16).

	•	 α-Galactosides increased in 

germinated lupin (3.7–4.7 g%) but 

decreased in germinated black bean 

(0.9–0.6 g).

Trugo et al. (2000)

Black small common 

beans (Phaseolus 

vulgaris L.)

24- and 48-h (at 

25 °C).

Not measured. Not measured 	•	 After germination for 24 h and 48 h, 

the moisture content was increased, 

but ash and dry matter were lowered 

compared to the control.

	•	 Phytate content was reduced by 

22.57% after 24 h and by 34.95% 

after 48 h of germination at 25 °C.

	•	 Tannin content decreased by 59.44% 

after 24 h and by 66.69% after 48 h 

of germination.

Nagessa et al. (2023)

Cowpea (Vigna 

unguiculata L. (Walp))

12-h pre-soaking 

in water and

4-day open-air 

sprouting at 

ambient 

conditions, and 

rapid

sun drying

Crude protein 

increased to 291 g/kg 

after germination in 

comparison to 258 g/

kg in raw cowpeas

Tryptophan and serine 

decreased, while the 

concentrations of the 

AAs remained 

unchanged

	•	 Trypsin inhibiting activity, dry 

matter, ash, and ether content 

extract were lowered after 

germination compared to 

non-germinated seeds.

	•	 Organic matter digestibility, ADF, 

and NDF were increased after 

sprouting.

Lubisi et al. (2023)

https://doi.org/10.3389/fsufs.2025.1657018
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Mashiloane et al.� 10.3389/fsufs.2025.1657018

Frontiers in Sustainable Food Systems 11 frontiersin.org

This was supported by Osen et al. (2015), who observed reduced 
solubility in pea protein isolates subjected to high-moisture 
conditions. Additionally, Gall et al. (2005) reported that heat-induced 
extrusion increased the hydrolysates of legumin and convicilin, while 
reducing albumin, possibly due to protein aggregation and cross-
linking via disulfide bridges. Importantly, extrusion outcomes are 
strongly influenced by processing conditions. Alonso et al. (2000) 
demonstrated that the protein solubility of extruded peas and kidney 
beans increased when treated with chemical buffers such as 
mercaptoethanol (2-ME) or sodium dodecyl sulfate (SDS). In 
contrast, solubility declined in samples not treated with these buffers, 
underscoring the impact of extrusion-induced protein aggregation 
and the need for post-processing modification.

In summary, extrusion presents a promising mechanical 
valorization strategy for cowpeas by reducing ANFs, improving 
digestibility, and enhancing functional properties such as water 
solubility capacity and WHC. These improvements stem from 
thermo-mechanical disruption of cellular structures and 
macromolecules. However, extrusion conditions, particularly 
moisture, temperature, and residence time, must be  carefully 
optimized to maximize nutritional benefits while minimizing 
undesirable changes, such as reduced amino acid availability or 
protein insolubility. As such, extrusion can be effectively integrated 
into cowpea-based feed processing systems if formulation and 
processing parameters are tailored to preserve nutrient integrity and 
functional value.

5.5 Enzymatic treatments

Enzymatic hydrolysis has emerged as a targeted and adaptable 
approach to valorize legume proteins, with demonstrated 
improvements in protein recovery, functional properties, and 
bioactivity as shown in Table 5. For instance, Perović et al. (2022) 
achieved ~90% protein recovery from defatted chickpeas using 
arabinofuranosidase and cellulase+xylanase, outperforming 
conventional alkaline extraction by >25%. This was attributed to cell 
wall polysaccharide degradation, which also improved WHC, OAC, 
emulsifying activity, foaming capacity, and antioxidant activity. 
Protease-assisted hydrolysis using enzymes such as pepsin, trypsin, 
alcalase, and flavourzyme has further enhanced protein solubility and 
emulsification in faba beans, cowpeas, lentils, and pigeon peas 
(Eckert et al., 2019; Segura-Campos et al., 2012; Xu et al., 2021). 
Alcalase hydrolysates, for example, exhibited superior antioxidant 
and oxygen radical absorbance capacity, while bromelain-treated 
samples showed improved DPPH and NO radical scavenging. 
Sequential enzyme systems have demonstrated synergistic benefits. 
For example, pepsin–pancreatin hydrolysates of lima beans yielded 
low-molecular-weight peptides with ACE inhibitory activity and 
enhanced functional attributes (Polanco-Lugo et al., 2014). Similarly, 
Betancur-Ancona et al. (2014) reported that alcalase–flavourzyme 
combinations improved nitrogen solubility and foaming/emulsifying 
properties in French beans.

However, limitations remain, for example, enzyme–substrate 
specificity can lead to reduced solubility, as seen in chickpea 
hydrolysates (Dent et al., 2023), and hydrolysis beyond 5% DH may 
compromise IVPD and essential amino acid profiles (Goertzen et al., 
2020). Furthermore, inhibitory effects on pancreatic lipase (Moreno 

et al., 2020) raise caution regarding unintended bioactivity. Overall, 
enzymatic valorization offers a potent avenue to enhance cowpea 
utilization by improving protein yield, techno-functionality, and 
health-related properties. Yet, outcomes are highly enzyme- and 
genotype-dependent, necessitating optimized and potentially 
combined processing strategies for broader feed and food applications.

The evidence presented in this section suggests that no single 
valorization method is universally superior for cowpea; the optimal 
approach depends on the intended application. Fermentation, 
particularly solid-state for protein enrichment or anaerobic for 
methionine enhancement, offers the most comprehensive reduction 
of antinutritional factors and is well-suited for high-protein feed or 
functional food ingredients. Sprouting is inexpensive and biologically 
driven, making it attractive for small-scale or household applications 
where improved mineral bioavailability and moderate protein gains 
are desired. Thermal treatments such as roasting or boiling provide 
rapid antinutrient inactivation and are practical for both feed 
manufacturing and human food preparation, although careful 
control is needed to avoid losses of heat-sensitive amino acids. 
Mechanical methods like extrusion excel when improved texture, 
solubility, and shelf life are priorities for feed pellets or protein 
concentrates, while enzymatic treatments allow precise modification 
of protein functionality and bioactive peptide release for specialized 
food or nutraceutical products. Because cowpea is used across diverse 
feed and food systems, tailoring the method, or combining 
complementary techniques, to match the target product will yield the 
greatest nutritional and economic benefits.

5.6 Summary and outlook

Valorization methods, including fermentation, sprouting, 
thermal and mechanical treatments, and enzymatic hydrolysis, 
consistently enhance the functional quality of cowpeas while 
reducing antinutritional factors. Fermentation, particularly solid-
state and anaerobic approaches, improves protein digestibility, 
enriches sulfur-containing amino acids such as methionine, and 
increases water-holding and oil-absorption capacities, making 
fermented cowpea flours suitable for high-protein feed and functional 
foods. Sprouting offers a low-cost route to higher protein content, 
greater mineral bioavailability, and better gelation and binding, 
desirable for bakery and snack applications. Thermal processes such 
as roasting or microwave heating effectively inactivate trypsin 
inhibitors and lectins and improve texture and shelf life, though 
excessive heat can diminish heat-labile amino acids. Mechanical 
methods like extrusion enhance dispersibility, solubility, and shelf 
stability for pelleted feeds and protein concentrates, while enzymatic 
hydrolysis precisely tailors protein solubility and generates bioactive 
peptides for nutraceutical or premium food ingredients.

The optimal technique depends on the intended product. Solid-
state fermentation or dry roasting is well-suited to animal-feed 
formulations that require maximum antinutrient reduction, whereas 
sprouting or controlled enzymatic hydrolysis better preserves delicate 
nutrients and texture for human foods. Combinations, such as 
sprouting followed by extrusion, can further improve nutritional 
quality and techno-functional performance. Among these options, 
enzymatic hydrolysis and extrusion show particular promise for 
narrowing the functional gap between cowpea and soybean meal, 
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TABLE 5  Impact of enzymatic hydrolysis on amino acid profiles, protein content, antinutritional factors, and other properties of different legume grains.

Enzymatic 
hydrolysis

Enzyme(s) Substrate Impact of enzymatic hydrolysis References

Protein Amino acids Antinutritional factors and other properties

Sequential pepsin-

pancreatin

enzymatic system

pepsin + pancreatin Lima bean 

(Phaseolus lunatus 

L.) protein isolate

Protein solubility 

was increased.

Increased levels of 

hydrophobic 

amino acid 

content, such as 

valine, proline, 

phenylalanine, 

tyrosine, and 

tryptophan.

	•	 The structure of limited hydrolysates (LH) was changed after enzyme treatment, showing 

different mixtures of polypeptides that increased the hydrophobic surface and 

denaturation temperature.

	•	 LH showed increased foaming and emulsifying activity index values.

	•	 The extensive hydrolysate (EH) structure contained a mix of lower molecular weight peptides 

and polypeptides. These residual molecules were found to be associated with antioxidant 

activity and the inhibition of angiotensin-converting enzymes.

Polanco-Lugo et al. 

(2014)

Enzymatic pre-

treatment

Alcalase and 

Flavourzyme

Soy and chickpea

(Cicer arietinum L.) 

protein

Not measured. The effect on AAs 

was not measured.

	•	 For each protein the hydrolysates produced with the Alcalase enzyme appear to have a slightly 

higher solubility than hydrolysate control produced with the Flavourzyme enzyme.

	•	 Hydrolysis of chickpea protein with Flavourzyme and Alcalase decreased its solubility to 40 and 

60%, respectively.

	•	 All protein-enzyme systems resulted in a decrease in hydrolysate solubility over time.

	•	 For chickpea hydrolysis, solubility of the unhydrolyzed isolate starts low (50–60%), and then 

increases during hydrolysis.

	•	 Soy Flavourzyme hydrolysates remained the most soluble and chickpea Flavourzyme 

hydrolysates showed the least solubility.

Dent et al. (2023)

Enzymatic pre-

treatment

Arabinofuranosidase and 

a cocktail of [cellulase 

(cel) + xylanase (xyl)]

Chickpea

(Cicer arietinum L.)

Enzyme 

treatment 

promoted protein 

aggregations.

The effect on AAs 

was not measured.

	•	 The use of arabinofuranosidase and (cel + xyl) increased protein recovery by 90%.

	•	 Enzyme pre-treated chickpea showed a higher WHC compared to alkaline isolates.

	•	 Enzymes improved the ability of proteins to retain oil.

	•	 Enzymatic pre-treatments enhanced emulsifying and foaming properties.

	•	 Enzymatic improved ABTS radical scavenging activity.

Perović et al., 2022

Partial proteolysis Protease Winged bean 

(Psophocarpus 

tetragonolobus) 

flour

The effect on 

crude protein was 

not measure

The effect on AAs 

was not measured.

	•	 Nitrogen solubility in water increased two times in 1 M sodium chloride by 63% at 45% 

hydrolysis.

	•	 The bulk density significantly increased from 0.387 to 0.597 g/mL

	•	 Foam capacity increased by 50% at 18% hydrolysis followed by a decrease.

	•	 Emulsification did not reveal any changes in response to protease.

	•	 Water absorption capacity decreased from 245 g/100 g to 135 g/100 g at 45% hydrolysis.

	•	 The oil absorption capacity decreased from 190 g/100 g to 120 g/100 g.

Narayana and Rao 

(1984)

Enzymatic 

hydrolysis

Proteases (pepsin, 

trypsin, flavourzyme® 500 

Lneutrase® 0.8 L)

Faba bean (Vicia 

faba)

The protein 

solubility 

increased from 

24.4 to 88.8% at 

pH 7 and 81.0% 

at pH 5 by pepsin 

hydrolysis 

(15 min).

The effect on AAs 

was not measured.

	•	 Their foaming capacity increased from 31.2 to 122.2% at pH 5 and 66.7 to 131.2% at pH 7.

	•	 Oil absorption capacity increased from 6.12 to 8.21 g/g by pepsin hydrolysis after 15 min 

hydrolysis using pepsin.

Eckert et al. (2019)
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enhancing solubility, emulsification, foaming, and hydration 
properties that enable broader use in industrial feed and food 
systems. However, variability across cowpea genotypes, enzyme 
systems, and processing conditions complicates standardization and 
scalability. In vivo feeding trials and economic assessments, especially 
for enzyme-based methods, remain limited, restricting confident 
translation from laboratory findings to practical applications.

In summary, functional parity between valorized cowpeas and 
conventional protein sources appears achievable through optimized 
processing. Future research should prioritize genotype-specific 
protocols, a deeper understanding of protein structure–function 
relationships, validation through animal feeding trials, and integration 
of enzymatic, thermal, and bioprocessing strategies to maximize 
synergistic benefits for sustainable feed and food development.

6 Economic and environmental 
implications of valorized cowpeas

Valorized cowpeas offer compelling economic and environmental 
advantages as alternative protein sources in non-ruminant feed 
(Table 6). From an economic standpoint, reliance on soybean meal 
exposes feed manufacturers to volatile international markets due to 
its integration into global commodity supply chains (Boerema et al., 
2016; Kuzhkuzha et  al., 2021). This volatility disproportionately 
affects regions that are dependent on imports for livestock feed. In 
contrast, cowpeas are widely cultivated across Africa, Asia, and Latin 
America, providing a locally available and comparatively price-stable 
protein source (Obour et al., 2025). Agronomically, cowpeas are well 
adapted to low-input systems, being drought-tolerant, nitrogen-
fixing, and resilient in nutrient-poor soils, which makes them highly 
suitable for resource-limited smallholder production systems (Singh, 
2020). However, unlike soybean meal, which is marketed in a 
processed, ready-to-use form, cowpeas require post-harvest 
valorization to enhance their suitability for non-ruminant feeding. 
The costs and technical requirements associated with valorization 
vary by method. Low-input strategies such as soaking, sprouting, or 
basic fermentation can be implemented at household or community 
levels with minimal infrastructure (Nwagboso et  al., 2024). In 
contrast, advanced techniques such as extrusion or enzyme-assisted 
processing entail higher capital investment, skilled labor, and access 
to processing infrastructure (Kebede and Bekeko, 2020). Despite this, 
the decentralization potential of cowpea valorization presents an 
opportunity to promote rural agro-industrial development, improve 
local feed autonomy, and create value chains anchored in  local 
production systems (Ariong, 2024).

Environmentally, the substitution of soybean meal with valorized 
cowpeas holds promise for reducing the ecological footprint of feed 
production. Soybean cultivation, particularly in Latin America, is 
associated with deforestation, greenhouse gas emissions, water use, 
and intensive agrochemical application (Boerema et al., 2016). By 
contrast, cowpeas are well-suited to rainfed agriculture and require 
minimal external inputs. Their ability to fix atmospheric nitrogen 
further enhances soil fertility, reducing dependence on synthetic 
fertilizers (Obour et al., 2025). These attributes position cowpeas as 
a low-emission, climate-resilient alternative within sustainable and 
regenerative agriculture frameworks (Singh, 2020). Nevertheless, one 
challenge that requires consideration is the food vs. feed dynamic. In 

many regions, cowpeas serve as staple food crops, and their diversion 
into animal feed could raise concerns over food security (Singh et al., 
2003; Omokanye et  al., 2003). This trade-off can be  addressed 
through the development and use of dual-purpose cultivars or the 
valorization of by-products such as damaged seeds, husks, and 
milling residues, which are less suitable for direct human 
consumption but still nutritionally relevant for animal feeding.

In conclusion, valorized cowpeas present a viable and sustainable 
alternative to soybean meal, with the potential to enhance feed 
security, reduce environmental impacts, and stimulate local value 
addition, particularly in the Global South. To realize these benefits at 
scale, further research is needed to: (1) optimize low-cost, context-
specific valorization methods; (2) assess long-term animal 
performance across species and production systems; and (3) develop 
processing infrastructure and institutional support systems that can 
facilitate widespread adoption. Economic modeling and life cycle 
assessments will also be critical in quantifying trade-offs and guiding 
investment in sustainable legume-based feed systems.

7 Recommendations

7.1 Research and development

Further studies are needed to optimize valorization protocols and 
assess their efficacy across diverse cowpea cultivars and non-ruminant 
species. In particular, controlled feeding trials should be conducted 
to evaluate the effects of valorized cowpeas on growth performance, 
nutrient utilization, gut health, and product quality in broilers, pigs, 
and other monogastrics. The development of multi-enzyme blends 
specifically targeted at cowpea ANFs, along with investigations into 
synergistic processing combinations (e.g., soaking followed by 
fermentation or enzyme treatment), should be  prioritized. 
Additionally, the bio-efficacy of cowpea-derived bioactive compounds 
in promoting animal health and productivity deserves greater 
research attention.

7.2 Policy and practice

To support the mainstreaming of cowpeas in animal nutrition, 
public and private stakeholders should invest in the development and 
dissemination of low-cost, scalable valorization technologies suited to 
rural and peri-urban feed processing contexts. Breeding programs 
should prioritize cowpea varieties with improved protein content, 
reduced ANFs, and higher digestibility. National extension services and 
feed industry stakeholders should promote awareness and knowledge 
transfer to enable smallholder farmers and feed manufacturers to adopt 
cowpea-inclusive diets. Moreover, policy frameworks should incentivize 
the use of locally produced feed ingredients to reduce import 
dependency and enhance feed sovereignty.

7.3 Sustainability and food system 
integration

Cowpea valorization aligns with broader goals of building 
climate-smart, nutrition-sensitive, and economically resilient food 
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systems. Efforts to integrate cowpeas into animal feeding strategies 
should be embedded within national food security and agricultural 
sustainability agendas. Interdisciplinary collaboration among crop 
scientists, animal nutritionists, food technologists, and policymakers 
will be essential to realize the full potential of cowpeas as a strategic 
feed resource. With targeted investment, innovation, and coordinated 
action, cowpea valorization could play a transformative role in 
enhancing protein self-sufficiency and strengthening sustainable 
livestock production in the Global South.

8 Conclusion

This review highlights cowpeas as a sustainable, locally adapted 
alternative to soybean meal for non-ruminant feeding systems in the 
Global South. Soybeans remain the protein benchmark but require 
high inputs and costly imports, whereas cowpeas thrive in low-input, 
marginal environments. Their wider use is constrained by 
antinutritional factors, low protein digestibility, and deficiencies in 
sulfur-containing amino acids such as methionine and cysteine. 
Valorization methods, including soaking, dehulling, thermal 
processing, germination, fermentation, extrusion, and enzyme 
supplementation, can reduce antinutritional factors, enhance amino-
acid availability, and improve protein digestibility. Solid-state 
fermentation, extrusion, and enzyme treatments show the greatest 
promise, though no single technique achieves full nutritional parity 
with soybean meal. Integrated, optimized combinations tailored to 
animal species and local conditions offer the best prospects.

Scaling these approaches can lower feed costs, reduce reliance on 
imported soy, and strengthen livestock resilience. Incorporating 
cowpea processing into circular agriculture, supporting breeding for 
high-protein, low-antinutrient varieties, and investing in cooperative-
level processing infrastructure would accelerate adoption. With 

strategic research, policy support, and public–private partnerships, 
valorized cowpeas could become a cornerstone of sustainable feed 
systems and enhance food and feed sovereignty across the 
Global South.
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TABLE 6  Economic and environmental implications of using valorized cowpeas as a replacement for soybean meal.

Aspect Soybean meal Valorized cowpeas

Market price & 

availability

High cost; subject to global price volatility and import dependence. Lower cost; locally available in many regions of the Global South with 

relatively stable pricing.

Input requirements High-input crop requiring synthetic fertilizers, pesticides, and 

irrigation.

Low-input legume; drought-tolerant, nitrogen-fixing, and suitable for 

low-fertility soils.

Processing costs Low at the end-user level (meal is pre-processed); embedded costs in 

logistics.

Variable; depends on method (e.g., minimal for sprouting, higher for 

extrusion or enzymatic treatment).

Feed efficiency/animal 

response

High protein quality and digestibility; balanced amino acid profile. Improved digestibility and amino acid profile; can approximate 

soybean meal performance.

Capital investment High for sourcing, storage, and processing infrastructure at an 

industrial scale.

Amenable to smallholder- or community-scale processing 

technologies (e.g., fermentation, dehulling).

Food vs. feed 

competition

Primarily used in the feed and oil industries; minimal direct 

competition with food.

Potential competition with human food; mitigated via dual-purpose 

cultivars or use of processing by-products.

Environmental footprint High GHG emissions from deforestation, land use change, and global 

transport.

Lower emissions due to local sourcing, minimal land clearing, and 

lower fossil fuel dependence.

Land and water use High water demand; poorly suited for marginal areas. Efficient water use; well adapted to rainfed, marginal, or degraded 

agroecosystems.

Sustainability outlook Resource-intensive; unsustainable in low-input contexts. High potential for inclusion in circular, climate-resilient, and 

agroecological food systems.
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