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Numerous generations have been affected by hunger, which still affects hundreds 
of millions of people worldwide. The hunger crisis is worsening although many 
efforts have been made to minimize it. Besides that, food waste is one of the 
critical problems faced by most countries worldwide. It has disrupted the food 
chain system due to inefficient waste management, while negatively impacting 
the environment. The majority of the waste is from the food production process, 
resulting in a net zero production for food manufacturers while also harnessing 
its potential. Most food production wastes are high in nutritional and functional 
values, yet most of them end up as low-cost animal feed and plant fertilizers. This 
review identified key emerging wastes from the production line of mushroom, 
peanut, and soybean (MPS). These wastes (MPS) provide a new source for food 
conversion due to their high nutritional content, which contributes to a circular 
economy in the post-pandemic era and ensures food security. In order to 
achieve carbon neutrality and effective waste management for the production 
of alternative foods, biotechnological processes such as digestive, fermentative, 
and enzymatic conversions are essential. The article provides a narrative action 
on the critical potential application and challenges of MPS as future foods in the 
battle against hunger.
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1. Introduction

International organizations such as the Food and Agriculture 
Organization (FAO), World Health Organization (WHO), and World 
Food Program (WFP) describe hunger in multiple different ways. 
These include chronic undernourishment, a shortage of food supply, 
food insecurity, reduced food intake accompanied by physical 
symptoms brought on by hunger, and continual anxiety about where 
and when their next meal will be (1). In 2021, between 702 and 828 
million people experienced hunger (2) and more than 1 billion 
individuals worldwide suffer from hunger and malnutrition as well as 
food insecurity, with a large portion of this population living in 
Sub-Saharan Africa and South Asia. As a result of undernutrition and 
child mortality, the global hunger index has been rising (3).

According to FAO (2), world hunger increased even more in 2021, 
contrary to expectations that the outbreak of COVID-19 would 
be  over and food security would start to improve. By 2021, 
approximately 30 percent of the world’s population, or about 2.3 
billion people, were either moderately or severely food insecure. The 
world population was expected to reach 8 billion on November 15, 
2022, will approach 9 billion around 2037, and is predicted to hit 10 
billion around 2058 (4), which would result in 50, 60, and 55% rises 
in the needs for water, energy, and food, respectively (5, 6). Further 
implications and opportunities follow from this prediction. High 
production wastage is one of them. The World Bank predicts that, 
from the anticipated value of 2.01 billion tonnes per year in 2016, 
worldwide waste will increase by over 70% by the year 2050 (7).

The circular economy’s fundamental philosophy is to actively 
advance and recognize each step of production in order to reuse the 
wastes generated by industrial activities (8). Agriculture has been seen 
as a pertinent field for the circular economy’s application due to its 
concerns with environmental sustainability, significant waste output, 
and nutrient flow limitations (9). Based on Supplementary Figure S1, 
using the concept of circular economy, agricultural food wastes from 
mushrooms, peanuts, and soybean are no longer viewed as worthless 
entries but rather as precious resources to produce future food. The 
ever-increasing human demand for protein-rich food and the 
inadequacies of existing technologies have necessitated the search for 
low-cost options for producing alternative protein-rich meals (10). In 
Nigeria, where people look to mushroom and their cultivation to 
combat poverty, hunger, and malnutrition, mushrooms are a fantastic 
illustration of how food security may be achieved since they give a 
significant level of fiber and protein (11). The beneficial 
monounsaturated fat in peanuts may regulate hunger and satiety 
which enables a person to feel full after ingestion (12). Other than 
mushroom and peanut, soybean-based food is a crucial tool for 
addressing hunger and malnutrition issues. With the least amount of 
N fertilizer input possible, farmers grow soybeans to increase yields, 
family demand, and net profits, thus raising their standard of living 
and ensuring their food security (13).

The production of mushrooms has increased globally as well, 
stemming from approximately 53 million tonnes of mushroom waste 
(1 kg of mushrooms requires 5 kg of mushroom media substrate) (14). 
Around 12.74 million tonnes of mushrooms are consumed worldwide 
at the moment and statistics show that by 2026, the value of the world 
mushroom market is predicted to reach 20.84 million tons (15, 16). 
Besides mushroom, the amount of peanuts produced worldwide in 
2019 was 45.06 million tons (17). In 2020, up to 54 million tonnes of 

peanuts were cultivated, with the majority coming from China (34%), 
an increase of 8% from the preceding year (18). From 2014 through 
2019, soybean-producing nations’ year-end stocks ranged from 34 to 
52 million tonnes. The countries that produce soybeans are anticipated 
to complete the production year with roughly 47 million tonnes of 
inventories, with this trend forecast to continue into 2020 (19). In 
2030, a rise in global soybean production of 371.3 million metric 
tonnes is predicted (13).

2. Mushroom

From 14,000 known species worldwide, an estimated 1.5 million 
fungi produce fruiting bodies large enough to be  classified as 
mushrooms (20). There are currently about 2,000 edible varieties of 
mushrooms spread throughout the world, making mushrooms a 
fungus with high nutritional values (21). Mushrooms are low in fats, 
but possess an important protein content, achieving up to 35% (dry 
weight), and contain nine essential amino acids (histidine, isoleucine, 
leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and 
valine) that comprises about 20 mg/g on fresh weight basis (22). 
Different varieties of mushrooms have different colors, forms, textures, 
and behaviors (23). Mushrooms are primarily composed of moisture 
(85–95%), followed by carbohydrates (37–70%), protein (15–34.7%), 
fat (10%), minerals (6–10.9%), and nucleic acids (3–8%). Additionally, 
it includes a lot of vitamins, including riboflavin (6.7–9.0 mg/100 g), 
thiamine (1.4–2.2 mg/100 g), niacin (60–73.3 mg/100 g), biotin 
(0.6–0.7 mg/100 g), pantothenic acid (21.1–33.3 mg/100 g), ascorbic 
acid (92–144 mg/100 g), and folic acid (1.2–1.4 mg/100 g) in dry basis 
(24). Due to their biological effects, mushroom extracts exhibited 
antioxidant, antibacterial, anti-inflammatory, anticancer, anti-obesity, 
and immunomodulatory properties (25). The phytochemical 
components of mushrooms are, therefore, of great interest to 
nutritionists, and consumers as they have positive health effects on 
humans and lower the risk of disease (26).

There are numerous substrates for mushrooms, and the 
mushroom industry is one of the largest producers in the world. 
However, there are concerns with their storage and disposal. One of 
the most popular edible mushroom species grown industrially is 
Pleurotus spp., which represents more than 25% of the mushrooms 
produced globally (27). High waste mushroom substrate (WMS) 
results from increased mushroom production. Extracellular 
lignocellulosic enzymes, organic molecules (including proteins, 
carbohydrates, and lipids), fungal mycelium, and inorganic 
compounds, including ammonium nitrate, are all present in high 
concentrations in WMS (28). Due to the increase in mushroom 
cultivation, finding a new application for spent mushroom substrate 
(SMS) is necessary because there is now an excess of SMS output, 
which poses a waste management issue. Supplementary Figure S2 
shows an example of a commercial yellow oyster mushroom with 
three biomasses: fruiting body-base (FBB), fruiting body, and SMS.

The fruiting body of a mushroom is defined as all the fungi’s 
propagule-producing and -distributing structures that arise from their 
fungal mycelia originating from hyphal branches (29). The species, 
developmental stage, and environmental factors of mushrooms all 
have a significant influence on their nutritional value of mushrooms. 
For instance, according to Isaac et al. (30), Pleurotus ostreatus’s protein 
contents varied noticeably, with the cap having 34.19 g/100 g, the stalk 
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having 20.96 g/100 g, and the cap with a stalk having 30.48 g/100 g. In 
a similar study, there is high content of dietary fibers and 
polysaccharides, especially in the cap and stalk of Pleurotus 
ostreatus (31).

FBB is frequently disposed of as waste, while only the stem and 
cap are harvested for industrial use (32). Many discarded FBB was 
converted into FBB flour and utilized to create food products such as 
cookies, steamed bun (32), and mushroom-chicken patty (33). Both 
studies have proven FBB flour as a functional source of antioxidants 
and are accepted by consumers.

SMS stands for mushroom production biomass waste that 
contains a variety of components, such as extracellular enzymes and 
fungus mycelia (34). The annual volume of SMS produced by the 
mushroom industry presents a substantial disposal difficulty. In the 
past three decades, there has been an upsurge in concerns over the 
disposal of SMS. Furthermore, the practice of growing mushrooms 
has increased, and every year there are around 5 million tonnes of 
solid waste created (34). As a result of its full integration into the 
economic cycle of resource reutilisation for energy production, SMS 
is now a valuable resource for biogas production (35). Besides that, 
bioethanol is produced using the SMS of Ganoderma lucidum 
(10–50% dry weight; DW) containing a high level of polysaccharides 
such as fructose, mannose, rhamnose, glucose, and xylose to meet the 
biofuel demand (36).

2.1. Mushroom as a functional food and 
nutraceutical ingredient

Mushroom is increasingly regarded as a future food due to their 
functional and nutraceutical properties. Functional food is described 
as food that, in addition to providing nutritional benefits, favorably 
influences one or more biological functions. It is not a supplement or 
tablet but rather a natural component of a person’s diet (37). On 
another note, nutraceuticals can be  defined as a material that is 
classified as food or a component of a meal that offers medical or well-
being purposes, such as the prevention and treatment of illness (38). 
Given its low-calorie content, pleasant flavor, and reputed beneficial 
biological activities, the mushrooms’ extracts and the mushroom have 
been utilized in traditional medicine and food since the ancient era 
(39). It is typically taken as dietary supplements in the form of capsules 
to control cardiovascular disease, diabetes, cancer, and hypertension; 
boost the immune system; possess antiviral and antibacterial 
capabilities; and engage in wound healing activities (40). 
Supplementary Table S1 shows the recent applications and products 
of various mushroom species.

Both the antimicrobial and antibacterial properties of mushrooms 
have been shown in several studies. Based on a study by Hassan et al. 
(41), the strongest inhibition was seen in the Ganoderma lucidum and 
Laetiphorus sulphureus extracts, with a minimum inhibitory 
concentration (MIC) of 0.1 mg/mL. A significant antibiotic effect was 
also demonstrated by water extracts of the following plants: 
G. applanatum, Trametes versicolor, Polyporus squamosus, Lentinellus 
subaustralis, Laetiporus sulphureus, Ganoderma lucidum, against all 
tested bacterial strains (Bacillus subtilis, Micrococcus luteus, 
Pseudomonas aeruginosa reference strains PAO1 and PA14, 
Staphylococcus epidermidis and P. fluorescens). The antibacterial 
activity of Agaricus bisporus S-II was effective against a variety of 

infections (i.e., P. aeruginosa MTCC741, B. cereus MTCC9786, and 
S. aureus MTCC740) (42). Besides that, B. subtilis and Escherichia 
coli’s growth was also inhibited by extracts of fresh or dried fruiting 
bodies of Pleurotus ostreatus’s mycelium (43).

2.2. Mushroom in landless food concept

As mushroom cultivation incorporates the reuse of agricultural 
and agro-industrial waste in the manufacture of food with a high 
nutritional value, it stands out as an environmentally friendly 
technique (44, 45). In recent years, the use of mushroom cultivation 
techniques to reuse or dispose of solid organic wastes has become 
increasingly important. According to Grimm et al. (46), mushroom 
cultivation has a significant role in agricultural systems because it can 
be  used to recycle biomass and byproducts from crops and, 
particularly, animal husbandry. Integration of mushroom cultivation 
across these two systems could lead to increased output and more 
efficient use of resources.

In order to help accelerate cultivation and enhance productivity, 
submerged liquid fermentation of Ganoderma lucidum has been 
proven to become the fast cultivation method; approximately 10 days 
(47) compared to traditional mushroom cultivation, which requires at 
least 6 months to grow (48). Solid-state fermentation (SSF) is a process 
in which, in the absence (95% onwards) of free water, solid particles 
with a continuous gaseous phase between them act as either a 
substrate or an immobile solid support for the development of 
microorganisms (49). The active ingredient’s functioning is severely 
limited due to the prolonged culture period and the inconsistent 
fruiting body quality of Ganoderma lucidum in the typical 
environment (50). Given its short production cycle, controlled 
procedure, high output, consistent product quality, and low cost, 
liquid-submerged fermentation has emerged as a novel and significant 
technique for extracting the bioactive components of Ganoderma 
lucidum (51).

Mushroom has been widely applied as additive and replacer in 
various food products (32, 33, 52, 53). Despite adopting multiple 
approaches that alter the structure of mushrooms or increase their 
ability to hold water, there are still various issues involving color and 
water absorption compared to meat (54). As a result of water 
absorption and how water attaches to proteins and their fibers, meat 
has a distinctly juicy quality. In addition, meat products have texture 
and palatability concerns as well as a crimson, reddish, or pink 
coloring that is difficult to obtain without using colorants (55).

3. Peanut

Peanut is categorized under the Fabaceae family, including peas, 
legumes, and beans. It is consumed worldwide due to their rich 
nutritional properties and are a staple ingredient in many dishes. 
Perhaps, its most common utilization as a snack is when prepared 
directly after harvesting. It is highly nutritious, whereby up to half its 
weight comprises edible oil (long-chain monounsaturated fatty acids). 
In terms of other nutrients, up to 24% of its weight is in the form of 
easily digestible proteins, 35% of total essential minerals, and almost 
half of 13 essential vitamins can be obtained from this “longevity fruit” 
(56). Nevertheless, there can be certain risks associated with peanut 
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consumption, especially due to the presence of cupin and prolamin 
protein superfamily that may cause allergenicity (57), and food safety 
due to improper storage of peanuts that may cause aflatoxin poisoning 
due to Aspergillus or Penicillium fungal growth (58).

According to recent data, most peanuts are processed for their oil, 
except in the United States, where 80% of its peanut is turned into 
peanut butter (59). Due to the protein content, peanuts can also 
be used to produce flour and protein concentrates, which are suitable 
for gluten-free food application. Peanut oil is a type of vegetable oil 
that is mild in taste, has a high smoke point, and low rancidity. 
Together, these characteristics lead to the significant use of peanuts, 
which is currently just behind that of soybean in terms of legume 
production. In 2020, up to 54 million tonnes of peanuts were 
cultivated, with the majority coming from China (34%), an increase 
of 8% from the preceding year (18).

Apart from being nutritious with a high yield, the cultivation of 
peanuts is simple, coupled with the ability of the crop to replenish the 
soil nutrients through nitrogen-fixing bacteria. Currently, as illustrated 
in Supplementary Figure S3, there are plenty of non-food applications 
of peanut waste. The simplest way of utilizing these wastes is by 
producing biofertilizers (aerobic/composting or anaerobic digestions 
that produce biogas as a by-product), or by feeding it to the animals 
due to the high protein contents, especially in the spent (60). 
Therefore, it is desirable to utilize every bit and piece of peanut waste 
during processing into high-value food products to achieve total 
economic circularity.

3.1. Peanut shell and waste applications

During the processing of peanut-related products, the main waste 
being produced is its shell (Supplementary Figure S3), which 
accounted for up to 20% of the dried peanut pod by weight (60). 
During peanut oil extraction, the leftover (known as peanut cake) can 
reach up to 3.26 million tons per year, considering 45% oil yield in the 
peanut (61). The pink-red layer that covers the peanut kernels, known 
as peanut skin, is still regarded as a substantial by-product of the 
peanut processing industry, with 0.94 million tonnes produced per 
year. Conversion of peanut skin into food-related applications poses a 
challenge in terms of cost (extraction and enzyme pre-treatments), 
safety (presence of aflatoxin, allergens, and heavy metals), and quality 
(high amount of antinutrients and fibers).

Peanut shells are primarily composed of lignocellulosic materials 
with trace components of proteins, fats, sugar, minerals, and several 
bioactive compounds such as polyphenols, flavonoids, luteolin, and 
carotene (62). The fibers contain a rich amount of cellulose, 
hemicellulose, pectin, and lignin, with good water-holding capacity 
and nutritional and physicochemical properties (63). In an 
investigation by Adhikari et al. (62), it was shown that peanut shells 
from various Korean cultivars contain a high level of antioxidants 
ranging from 428.1–739.8 μg gallic acid equivalents/g for polyphenols, 
142.6–568.0 μg quercetin equivalents/g for flavonoids, and 5.76–
34.56 mg/g of amino acid. Further evaluation revealed a total of 29 
amino acids in the shell, which contributed to different human 
physiological functions, ranging from muscle movement to signaling 
regulations (62). The shell has been identified to contain various 
important bioactive compounds for pharmaceutical industries, 
isolated from bio-oils (64), various extracts (65), and antioxidants 

from methanolic extract (66). These components are isolated using 
various chromatographic methods of LC–LC, LC-TOF-MS, and 
DPPH-HPLC-DAD-TOF/MS. To achieve total circularity, the residual 
shell, after extraction, could be utilized in a biorefinery system as a 
source of fibers to fortify food products (61).

Among the three major wastes of peanuts, its shell is likely the 
least suitable candidate for valorisation in food-related applications. 
Peanut shell is the main remainder of peanut processing, which 
accounts for up to 20% of the dried peanut pod or 9.2 million tonnes 
annually (61). Unfortunately, due to its high cellulose, hemicellulose, 
and lignin, this waste is difficult to utilize and slow to biodegrade or 
digest (60). A common method to dispose of this waste is either being 
burnt off or buried, which can lead to wastage and environmental 
concerns. Therefore, most applications involved non-food 
components, such as pulp, composite and building materials, 
biosorbents, wastewater treatment, nanomaterials, and the biofuel 
industry (60). Supplementary Table S2 demonstrates the possible 
applications of peanut shells in the food industry. Most of the current 
research focuses on the extraction methods of the shell and its 
corresponding bioactive compounds, with limited information in 
vitro, in vivo, and industrial food applications. As a result, it showed 
that the study into the use of peanut shells is still in its early stages, 
perhaps as a result of the difficulty in extracting the different parts of 
peanut shells.

3.2. Peanut meal and waste applications

Peanut meal is the peanut spent or cake obtained after producing 
peanut oil. To improve its utilization, cold press or non-thermal 
processing of peanut oil is desirable to preserve the nutritional 
qualities of the residue (63). This waste is likely to have the most 
nutrient composition compared to the other wastes, especially protein 
at about 50% and carbohydrate at about 32% of the dry basis. 
Therefore, peanut cake is often utilized as animal feed, which has been 
demonstrated to increase meat safety and quality (67) and their 
associated products, such as milk, to produce cheese (68). However, 
converting peanut cake into high-value applications is desirable due 
to its rich nutritional profiles. Some of the applications of peanut meal 
in high-value food applications are demonstrated in 
Supplementary Table S3.

The general carbohydrate contents of peanut meal are low and 
comprise monosaccharides (0.31%) in the form of fructose (0.12%) 
and glucose (0.19%). The oligosaccharides comprise11.09% of 
carbohydrate content in the form of sucrose (9.83%), maltose (0.74%), 
lactose (0.42%) and stachyose (0.1%), and polysaccharides (21.05%) 
in the form of starch (8.01%), crude fiber (3.64%) and 
heteropolysaccharides (9.4%) (63). The polysaccharides can serve as 
a functional addition to food formulations, as they have many different 
physiological effects in vitro and in vivo (63). If the purpose of the 
peanut meal is to extract the polysaccharides, the proteins are likely to 
be removed first to assist in the extraction.

Peanut meal is rich in proteins and several essential amino acids. 
In a characterization made by Batal et al. (69), five different variants 
of peanut meal demonstrated an average of 2,664 kcal/kg of nitrogen-
corrected metabolizable energy, with 45.6% of crude protein (69). 
Compared to soybean meal, it is low in lysine (1.54%), but is rich in 
arginine (5.04%), with an excellent digestibility index of over 80% in 
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all 17 amino acids tested. By using appropriate processing methods 
such as fermentation or enzymatic hydrolysis, high values protein 
hydrolysates such as functional oligopeptides could be produced for 
food-based applications (63). These peptides could confer multiple 
health or pharmaceutical benefits, ranging from antioxidant 
compounds, enzyme inhibitors, antihypertensive, antimicrobials, and 
others (70). However, the two major protein globulin fractions of 
peanut – arachin and conarachin from ara family proteins, can be an 
allergen to sensitive individuals (71). Interestingly, these two fractions 
contributed to the fibrous meat-like properties, and thus can 
potentially be converted into meat alternatives (72). This condition is 
similar to gluten in bread, whereby allergenic proteins are the major 
contributor to the texture of the food product. Therefore, as long as 
the individuals are not immunologically susceptible to the ara protein 
family of peanuts, it can be  an excellent source of protein with 
desirable organoleptic properties. Further proteolytic enzymatic 
pre-treatment or physical processing, e.g., extrusion or heat treatment 
may be considered to break the allergens if the product is to be taken 
by an allergic person (73).

As the peanut oil is extracted, some fat-related micronutrients 
such as Vitamin E are likely to be reduced. However, the content of 
other water-soluble vitamins, such as vitamin B (peanut is rich in folic 
acid), and minerals such as iron, zinc, and calcium (74) might 
be  retained if non-thermal processing is employed. Due to the 
presence of antinutritive compounds in peanuts, fermentation to 
degrade these compounds is needed to improve the bioavailability of 
minerals for absorption (74), while modulating the microbiota 
population through the gut-brain axis (75). Nevertheless, there is 
limited information on the micro-nutrients (vitamins and minerals) 
in the peanut cake waste, compared to the information on polyphenols 
which are, sometimes, known as the “seventh nutrient class.” Like 
peanut skin, peanut meal may possess a high amount of A-type 
procyanidins, resveratrol, and other phenolics (76).

3.3. Peanut skin and waste applications

Compared to the other parts of the peanut, the skin is perhaps the 
most useful part of the waste that can be used for food applications, 
but it only represents around 3% of total peanut weight (77). The skin 
is often removed due to the potential off-color development, 
undesirable (bitter or astringent) taste, and possible contamination by 
aflatoxin-producing fungi. The skin is rich in polyphenols, specifically, 
proanthocyanidins, which makes it useful for various food applications 
involving food preservation to retard oxidation and microbial growth 
(77), and as functional foods such as antidiabetic, cardioprotective, 
and anticancer (Supplementary Figure S3). Unlike the shell or the 
cake, the skin is low in macronutrients but with a high amount of 
tannins, unsuitable for animal feed (77, 78). Although tannins chelate 
the minerals and hence reduce their bioavailability, they can be an 
excellent biosorbent to remove heavy metals (65) or in dye production 
(79). The presence of many phenolic and flavonoid compounds 
encourages researchers in the area of new compound identifications 
and optimisation of extraction parameters, as demonstrated in 
Supplementary Figure S4 (65).

Several food applications take advantage of polyphenols’ 
superior antioxidant content to increase the shelf-life of the food 
product. In addition to protecting human health by scavenging free 

radicals, antioxidants can lessen protein and lipid oxidation by 
stopping the chain reactions that could otherwise damage 
macromolecules. While roasting peanuts, leaving the skin intact 
might help reduce the accumulation of polycyclic aromatic 
hydrocarbons due to the antioxidative effect of the skin (80). In a 
recent review by Lorenzo et al. (77), the antioxidative capacity of 
peanut skin extract (PSE) was highlighted to enhance the shelf-life 
of meat goods by the action of phenolics in arresting the free 
radical’s propagation, depigmentation, and microbial growth. 
Furthermore, Christman et  al. (81) have demonstrated the 
potential of antioxidants of the PSE in chili lime and honey-roasted 
coatings of peanuts without influencing their sensorial acceptance 
(81). Similar sensory conclusions were also demonstrated 
elsewhere (82, 83). However, high usage of PSE is undesirable due 
to the tendency of proanthocyanin to induce bitter and astringency 
flavor (82).

Similarly, the therapeutic effect of PSE has been attributed to its 
polyphenol contents, especially procyanidins and resveratrol. These 
compounds can inhibit the multiplication of cancerous cells via 
several mechanisms, such as induction of cell death, regulation of 
signal transduction, and inactivation of histone deacetylase. These 
effects were shown in different cancer cell models, such as prostate 
cancer (84), melanoma (85), and carcinoma cell line (86). The 
polyphenols from PSE were shown to have anti-allergic effects through 
Mitogen-Activated Protein Kinase (MAPK) signaling pathway (87) 
and antidiabetic properties through improvement in lipid profiles 
(87), inflammation, and gut microbiota (88). In more interesting 
applications, PSE was shown to ameliorate brain conditions through 
antioxidative and signal transduction (89), as skin lightening (90), 
anti-anxiety and analgesic agent (78), and as an antiviral agent for 
influenza virus (91).

The main challenge in utilizing peanut skin is the optimal 
procedure to isolate the proanthocyanidins, which requires multiple 
steps. Additionally, the antimicrobial property of peanut skin is not 
wide-ranging, as only several food pathogens were shown to 
be selectively inhibited by the extract. For example, peanut skin was 
demonstrated to have weak inhibition against Salmonella typhimurium 
and Listeria monocytogenes compared to grape extract, which was 
attributed to the presence of A-type procyanidins instead of more 
potent B-type procyanidins in grape seed (92). While in another study, 
the peanut skin extract stimulated the mycotoxin fumonisin B1 
production in Fusarium verticillioides (93), which is undesirable. The 
extract was also ineffective at the lower concentration on yeast growth, 
which makes it impractical for food application (94). Additionally, the 
extract also inhibited commensal (natural and good probiotic 
bacteria) lactic acid bacteria Lactobacillus rhamnasus, L. plantarum, 
and L. casei, especially if PSE is added as an additive in fermented 
food (92).

It is worth mentioning that peanut is highly susceptible to 
aflatoxin and salmonella contamination. The environmental condition 
of peanuts is vital to combat aflatoxin contamination. Aflatoxin 
produced by Aspergillus parasiticus and Aspergillus flavus can grow 
during pre-harvest and poor storage, thus, posing the risk of fatally 
chronic illness and child mortality (95). Due to its widespread usage 
as food ingredient, peanut increased the severity and financial impact 
of salmonellosis outbreaks (for example, a 2009 outbreak involving 
peanut butter resulted in over $1 billion in losses owing to product 
recalls and nine deaths) (96).
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4. Soybean

Skyrocketed uilisation of plant-based proteins in the food industry 
especially from soy has been observed due to its high protein content 
(35–45%) and the quality of protein. In Asian countries, various foods 
are made of soy, including soybean oil soymilk, soy flour, soy sauce, 
and tofu. Protein from soy contains well-balanced essential amino 
acids and can be compared with other protein sources food such as 
eggs, milk, and meat. The amino acid composition of soybean is 
comparable with animal proteins, such as leucine, isoleucine, lysine, 
tryptophan, methionine, valine, phenylalanine, and threonine (97). 
Thus, soy-based protein products have been recognized as the primary 
replacement for animal foods in the vegan dietary guideline. Soybean 
has also been intensively used in the food industry because of its 
functional properties which can influence the end-product 
characteristics. As a result, soybean is regarded as one of the most 
significant plant-based proteins that are widely consumed and used as 
a crop around the world, particularly in Asia (98).

With the increased production and consumption of soybean, there 
has been a corresponding increase in organic waste generation. Apart 
from being used as compost and animal feeds, some manufacturers 
disposed of the generated waste in landfill (99). Since most agricultural 
wastes contain a high composition of nutrients, a serious environmental 
problem associated with odors and leachates due to pest infestation, 
microbial domination and harmful gaseous production are expected. 
Thus, the reutilisation of soybean waste is one of the approaches to 
be taken in safeguarding environmental sustainability. The commonly 
generated by-product or wastes from soy processing are okara 
(sometimes referred as soybean curd leftover), soybean meal, soy-whey, 
and soy hull. Supplementary Figure S5 shows the general processing 
flow involved in soybean processing with the generation of respective 
waste. While Supplementary Table S4 summarizes the potential direct 
application of soybean waste for the food industry.

Okara, a white-yellow fibrous residue, is one of the major 
agricultural wastes generated from processing soymilk, tofu, and their 
derivatives. It is the insoluble portion of the soybean. According to 
Choi et al. (99), around 250 kg of okara was generated from 1,000 L 
productions of soymilk. They projected that approximately 14 million 
tonnes of soybean waste are produced annually. Although okara is 
considered as a waste, it contains significant amount of crude protein 
(20.9–39.1%), crude fiber (12.2–61.3%), crude fat (4.9–21.5%), and 
ash (3.4–5.3%) in dry basis (100). For crude fiber composition, 
approximately 50% of the dried okara comes from cellulose and 
hemicellulose, which can be  further hydrolyzed to glucose (11.9–
15%), galactose (10.4–10.8%), arabinose (5.7–6.4%), xylose (2.7–5.1%) 
and mannose (1.3–1.5%). Besides, various types of minerals were also 
found in okara, such as sodium, potassium, magnesium, and calcium, 
as reported by Qin et al. (98).

However, the usage of okara is restricted due to its quick 
decomposition and putrefaction because of its high moisture content 
(70–80%) (101). Currently, okara is used as animal feed, dumped in 
landfill, or plant fertilizer even though it is renowned for its excellent 
functional properties. Due to its significant amount of protein and 
fibers, a lot of research has been conducted to reutilise okara to 
produce high-value products.

Soybean meal is one of the key by-products (80%) of the soy 
processing industry, specifically from soybean oil extraction. It is 
the most common protein supplement used for livestock, including 

ruminants and poultry worldwide, as it comprises a substantial 
quantity of crude protein (32–45%) and fat (20%) (100, 102). As 
soybean meal comprises a high amount of digestible protein, it is 
also being used as an alternative protein source for fish and shrimp. 
The composition of other nutrients, such as carbohydrates, is 
between 31.7 and 31.85%, while crude ash is in the range of 
4.5–6.4% (103). In addition, soybean meal is rich in isoflavones, 
which are linked with antioxidant activity that reduce the formation 
of radicals. However, the nutritional content of soybean meal varies 
depending on where the beans were grown. For example, Ibáñez 
et al. (104), demonstrated that, soybean meals from Brazil contain 
more crude protein and less sucrose concentration.

In addition to simple sugars, proteins, oligosaccharides, soy 
isoflavones, and minerals, soy-whey is a by-product of the 
manufacturing of both soy and tofu protein isolate (105). According 
to Fei et al. (106), for every kilogram of soybean utilized to produce 
tofu, about 9 kg of tofu whey is generated. Soy-whey is frequently 
disposed off into sewage as an effluent during the process. However, 
it contains high organic compounds and water content that further 
require expensive wastewater treatment before being disposed off.

Soy hull is another product of the soy processing industry that 
represents around 5–8% of the whole soybean seed. Soy hull is an 
excellent supplemental feed for dairy cattle. The main composition of 
soy-hull is fiber comprised of cellulose (28.6–52.3%), hemicellulose 
(3.1–33.8%), and pectin (2.1–13.1%) (107). Thus, soy-hull is 
considered the main polysaccharides byproducts from the soy 
processing industry compared to soybean meal, okara, and soy-whey.

4.1. Prospective application in food 
industries, agricultural and energy

In general, there are two common approaches taken to reutilise 
okara in the food industry. Firstly, by directly utilizing okara as a 
functional ingredient or dietary supplement. Bedani et al. (108) study 
the effect of the incorporation of okara in soy yogurt fermented with 
Lactobacillus acidophilus La-5, Bifidobacterium animalis Bb-12, and 
Streptococcus thermophilus. They found that the firmness of yogurt 
was increased, and the sensory acceptability was not affected, 
suggesting that okara might help increase probiotic soy yogurt’s 
nutritional and functional properties. Okara was also incorporated in 
probiotic ice-cream as reported by Ibrahim et al. (109). The research 
revealed that okara supported the growth of L. plantarum and slowed 
down the melting rate of ice cream. A similar finding was reported, 
where okara was proven as a good source in modulating the gut 
microbiota in a high-fat diet in Wistar Hannover male rats, thus, 
showing potential prebiotic effects (110). Besides, okara boosted the 
fiber and protein content when incorporated into the production of 
gluten-free cookies (111). Okara has also been used to substitute 
wheat flour in butter cake processing. Results showed that 20% okara 
lead to higher oil and water absorption capacities, total phenolic 
content, fiber, and protein, and more acceptable sensory profiles than 
wheat flour (112). These researchers have demonstrated that the high 
nutritional value of okara can be  employed in the food industry 
especially as a substitute for typical flour to raise the protein and 
dietary fiber content of food products that would provide an 
alternative to common food sources and consequently combat 
food hunger.
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The second approach is by bioconversion of okara as raw material 
to produce valuable compounds. Normally, okara will first 
be converted to monomeric sugar such as glucose or galactose by 
enzymatic or chemical (alkaline or acid) hydrolysis, before being used 
as a substrate for fermentation. For example, bioethanol production 
of okara by Saccharomyces cerevisiae shows a higher ethanol 
conversion yield (96.2%) from okara’s sugars during fermentation 
(99). Erythritol was another compound that was successfully produced 
from okara through a two-stage solid state fermentation (SSF): 
(pre-fermentation with Mucor flavus and in situ erythritol 
fermentation with Yarrowia lipolytica) (113). Besides, okara was also 
used as a substrate for microalgae Phaeodactylum tricornutum 
production as recently reported by Kim et  al. (114). The result 
indicated the increments in biomass production by two-folds, 
fucoxanthin by two-folds, and polyunsaturated fatty acids, particularly 
eicosapentaenoic acid (EPA), by approximately three-fold.

Soybean meal is commonly applied as animal feed due to its high 
protein content. However, research on the direct reutilisation of 
soybean meal in other areas is limited. There are few findings on the 
reutilisation of soybean meal in food applications, mainly biscuits. 
However, a combination with other approaches, such as enzymatic 
hydrolysis or fermentation, is needed before being accepted by the 
consumer (115, 116). In terms of the bioconversion approach, soybean 
meal shows potential to be used as a substrate for ethanol production 
replacing sugar cane, corn, or beets, due to its high carbohydrate 
content (117). Their study found that Zymomonas mobilis subsp. 
mobilis NRRL B-4286 and Saccharomyces cerevisiae NRRL Y-2233 was 
able to produce 4 g ethanol/100 g fresh soybean meal and 4.6 g 
ethanol/100 g fresh soybean meal, respectively, once being pre-treated 
with dilute-acid hydrolysis. On the other hand, soybean was also 
evaluated for its potential as an economical nitrogen source during 
lactic acid fermentation to substitute yeast extract (118). Although the 
result shows slightly lower production of lactic acid from soymeal 
(162.5 g/L) compared to yeast extract (180 g/L), the cost for nitrogen 
sources was estimated to be  only 25% of that with yeast extract, 
suggesting by incorporating soybean meal as a low-cost nitrogen 
addition can help cut the cost of producing lactic acid.

Moreover, researchers have investigated several methods to 
valorize soy-whey. In general, there are two types of valorisation 
procedures: physical methods (which attempt to extract nutrients) and 
microbiological or enzymatic approaches (for biotransformation). Soy 
whey can be  extracted using a variety of methods, including 
ultrafiltration, electrodialysis, and bipolar-membrane electro-
acidification, because it contains a significant amount of nutrients. For 
instance, using ultrafiltration and various diameters of membranes 
with varied molecular weight cut-offs (MWCO), soy protein and 
oligosaccharides can be separated from soy-whey (105). Besides, soy 
isoflavones, a bioactive compound from soy, had been successfully 
recovered by Liu et al. (119) using foam fractionation followed by an 
acid hydrolysis method with 87.72% recovery yield. In 
biotransformation, the aim is to utilize soy-whey as a whole medium 
for producing valuable compounds such as ethanol and organic acid 
for food or non-food applications. For example, Zhu et  al. (120) 
successfully produced soy-based probiotic drink rich in isoflavone 
aglycones utilizing soy-whey using Lactobcillus rhamnosus GG and 
Lactobacillus paracasei.

Researchers have recently begun to look at the potential of 
soy-hull as sugar-rich fermentation feedstock for bioethanol, enzyme, 

and organic acid production as an alternative to conventional starchy 
substrate. For example, Mielenz et al. (121) have successfully produced 
ethanol at 25–30 g/L concentration from enzymatically hydrolysed 
soy-hull using Saccharomyces cerevisiae. Three enzymes, namely 
pectinase, β-glucosidase, and cellulase were used to hydrolysed 
soy-hull before fermentation. Another research exploited soy-hull as 
a fermentation medium for enzyme production. Cellulases and 
xylanases were effectively produced from soy-hull using Trichoderma 
reesei (122). Besides, high production of peptidases (1,000 ± 100 AU/
mL) was obtained when soy-hull were mixed with orange peel as 
substrates for Aspergillus niger NRRL 3 fermentation. As the interest 
in enzyme production from microbial sources has shown great 
development, soy-hull posts a potential low-cost substrate for 
enzyme production.

It is important to highlight that some methods are used to 
overcome the drawbacks of the soy protein-based adhesive, which are 
low water resistance and adhesive strength. The methods used to 
modify the soy adhesive, include Primary Secondary 3 cross-linking, 
chemical denaturation, hydrolysis, enzyme modification, and others 
(123). Besides, antinutritional factors such as trypsin inhibitors in 
soybean could be one of the limiting factors of soybean waste as it will 
prevent protein digestion. However, simple treatments such as soaking 
and heating manage to inactivate the inhibitors (124).

5. Limitations of study and areas of 
further studies

5.1. Limitations of the study

The limitations of this study are inherent to the method since 
narrative reviews do not follow a systematic approach, not being 
replicable. However, narrative literature review articles are essential in 
continuing education because they provide readers with up-to-date 
knowledge about a specific topic, in which relevant studies’ findings 
are discussed to present an argument about the conclusions drawn 
from the current state of knowledge. However, as the main 
characteristics, this type of review does not describe the 
methodological approach nor answer specific quantitative research 
questions. Therefore, the potential limitation of the method is, 
although the reviewers will learn about the problem, they will not 
arrive at a comprehensive understanding of the state of the science 
related to the problem.

5.2. Improvements and areas of further 
studies

The current agriculture and food systems are at risk due to the 
urgent issues of the present and the future, including the struggle for 
natural resources, population growth, food losses and waste, and 
climate change. These elements necessitate a change in our agricultural 
landscape and exposure to more sustainable food production 
processes and products. For long-term prospects and future food 
supplies, more focus must be placed on the creation of various and 
alternative functional foods and other possible products employing 
mushroom, peanut, and soybean wastes and increasing dietary 
diversity, including these food groups.
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6. Conclusion

Recycling wastes and byproducts from food processing industries 
has become a desirable alternative to disposal because of 
environmental awareness and to ensure food sustainability. Thus, this 
review highlights the potential reutilisation of high protein materials 
from mushroom, peanut, and soybean (MPS) as functional 
components in health, nutraceuticals, and food applications.

Mushrooms are important dietary food item, tonics, medicines, 
and sources of high nutrition. Mushrooms are low in fat, calories, and 
carbs and high in protein, crude fiber, minerals, and vitamins. They 
offer superior carbohydrates that improve human health. Mushrooms 
are used as a meat substitute because of their nutritional content, 
which is on par with many vegetables. Growing mushrooms is an 
activity that can turn trash into the best-nutritional food with a high 
protein conversion efficiency.

The harvesting and crushing of peanuts result in the production 
of byproducts such as peanut meal, peanut skin, peanut hull, and 
peanut vine. Protein, fiber, and polyphenols are just a few of the 
valuable substances found in peanut byproducts that can be used as 
functional additives in processed meals. The food processing sector 
may use some waste and byproducts from the peanut enterprise.

Soybean provides a superior source of plant protein with a 
well-proportioned essential amino acid. Its cultivation is significant 
from an economic standpoint. During the manufacturing of 
primary soy-based goods, a large amount of byproducts such as 
okara, soybean meal, soy-hull and soy-whey are produced together. 
These organic wastes contain a high amount of organic and 
bioactive compounds that could further be reutilized in food and 
non-food applications. However, further research on the 
appropriate method of waste reutilization as food ingredients or 
non-food-based material synthesis is needed.

Author contributions

NM, MA, and WW-M: conceptualization, project 
administration, writing—original draft preparation, and 

visualization. WW-M: methodology and investigation. NA: 
software. AJ and AR: validation. NA and WW-M: formal analysis. 
AR: resources. SR and NA: data curation. SR, NM, MA, AR, RZ, 
MB, DR, LL, HH, and WW-M: writing—review and editing. 
WW-M and AJ: supervision. AR, LL, HH, and MB: funding 
acquisition. All authors have read and agreed to the published 
version of the manuscript.

Funding

This research was funded by Fundamental Research Grant (FRGS) 
Grant no. 01-01-20-2323FR, with reference code: FRGS/1/2020/
STG01/UPM/02/2 and UM International collaboration grant, 
ST002-2022.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.1175509/
full#supplementary-material

References
 1. Nigam A. Improving global hunger index. Agric Res. (2019) 8:132–9. doi: 10.1007/

s40003-018-0349-z

 2. FAO, IFAD, UNICEF, WFP and WHO. The state of food security and nutrition in 
the world 2022. Repurposing food and agricultural policies to make healthy diets more 
affordable. FAO: Rome (2022).

 3. Mansoor S, Khan T, Farooq I, Shah LR, Sharma V, Sonne C, et al. Drought and 
global hunger: biotechnological interventions in sustainability and management. Planta. 
(2022) 256:97. doi: 10.1007/s00425-022-04006-x

 4. Zeifman L, Hertog S, Kantorova V, Wilmoth J. A world of 8 billion. New York City, 
NY: United Nations Department of Economic and Social Affairs (2022).

 5. Islam SMF, Karim Z. World’s demand for food and water: the consequences of climate 
change. Desalination-challenges and opportunities. Rijeka: IntechOpen Limited (2019).

 6. Kumar H, Bhardwaj K, Sharma R, Nepovimova E, Cruz-Martins N, Dhanjal DS, 
et al. Potential usage of edible mushrooms and their residues to retrieve valuable supplies 
for industrial applications. J Fungi. (2021) 7:427. doi: 10.3390/jof7060427

 7. Kaza S, Yao L, Bhada-Tata P, Van Woerden F. What A waste 2.0: A global snapshot 
of solid waste management to 2050. Washington DC: World Bank Publications (2018).

 8. Al-Thani NA, Al-Ansari T. Comparing the convergence and divergence within 
industrial ecology, circular economy, and the energy-water-food nexus based on 
resource management objectives. Sustain Product Cons. (2021) 27:1743–61. doi: 
10.1016/j.spc.2021.04.008

 9. Fassio F, Tecco N. Circular economy for food: A systemic interpretation of 40 case 
histories in the food system in their relationships with Sdgs. Systems. (2019) 7:43. doi: 
10.3390/systems7030043

 10. Singh M, Trivedi N, Enamala MK, Kuppam C, Parikh P, Nikolova MP, et al. Plant-
based meat analogue (PBMA) as A sustainable food: a concise review. Eur Food Res 
Technol. (2021) 247:2499–526. doi: 10.1007/s00217-021-03810-1

 11. Niazi AR, Ghafoor A. Different ways to exploit mushrooms: a review. All Life. 
(2021) 14:450–60. doi: 10.1080/26895293.2021.1919570

 12. Singh A, Raina SN, Sharma M, Chaudhary M, Sharma S, Rajpal VR. Functional 
uses of peanut (Arachis hypogaea L.) seed storage proteins In: JC Jimenez-Lopez, editor. 
Grain and seed proteins functionality. London: IntechOpen (2021)

 13. Islam MS, Muhyidiyn I, Islam MR, Hasan MK, Hafeez AG, Hosen MM, et al. 
Soybean and sustainable agriculture for food security. Rijeka: IntechOpen Limited (2022).

 14. Islam MS, Kasim S, Alam KM, Amin AM, Geok Hun T, Haque MA. Changes in 
chemical properties of banana pseudostem, mushroom media waste, and chicken 
manure through the co-composting process. Sustainability. (2021) 13:8458. doi: 10.3390/
su13158458

 15. Atallah E, Zeaiter J, Ahmad MN, Leahy JJ, Kwapinski W. Hydrothermal 
carbonization of spent mushroom compost waste compared against torrefaction 
and pyrolysis. Fuel Process Technol. (2021) 216:106795. doi: 10.1016/j.
fuproc.2021.106795

https://doi.org/10.3389/fpubh.2023.1175509
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1175509/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1175509/full#supplementary-material
https://doi.org/10.1007/s40003-018-0349-z
https://doi.org/10.1007/s40003-018-0349-z
https://doi.org/10.1007/s00425-022-04006-x
https://doi.org/10.3390/jof7060427
https://doi.org/10.1016/j.spc.2021.04.008
https://doi.org/10.3390/systems7030043
https://doi.org/10.1007/s00217-021-03810-1
https://doi.org/10.1080/26895293.2021.1919570
https://doi.org/10.3390/su13158458
https://doi.org/10.3390/su13158458
https://doi.org/10.1016/j.fuproc.2021.106795
https://doi.org/10.1016/j.fuproc.2021.106795


Mohd Zaini et al. 10.3389/fpubh.2023.1175509

Frontiers in Public Health 09 frontiersin.org

 16. El-Ramady H, Abdalla N, Badgar K, Llanaj X, Törős G, Hajdú P, et al. Edible 
mushrooms for sustainable and healthy human food: nutritional and medicinal 
attributes. Sustainability. (2022) 14:4941. doi: 10.3390/su14094941

 17. Nisar J, Ahmad A, Ali G, Rehman NU, Shah A, Shah I. Enhanced bio-oil yield from 
thermal decomposition of peanut shells using termite hill as the catalyst. Energies. (2022) 
15:1891. doi: 10.3390/en15051891

 18. Aravani VP, Sun H, Yang Z, Liu G, Wang W, Anagnostopoulos G, et al. Agricultural 
and livestock Sector's residues in Greece & China: comparative qualitative and 
quantitative characterization for assessing their potential for biogas production. Renew 
Sust Energ Rev. (2022) 154:111821. doi: 10.1016/j.rser.2021.111821

 19. Voora V, Larrea C, Bermudez S. Global market report: soybeans. JSTOR. (2020). 
Available at: https://www.jstor.org/stable/pdf/resrep26554.pdf

 20. Rahi DK, Malik D. Diversity of mushrooms and their metabolites of nutraceutical 
and therapeutic significance. J Mycol. (2016) 2016:7654123. doi: 10.1155/2016/7654123

 21. Rathore H, Prasad S, Kapri M, Tiwari A, Sharma S. Medicinal importance of 
mushroom mycelium: mechanisms and applications. J Funct Foods. (2019) 56:182–93. 
doi: 10.1016/j.jff.2019.03.016

 22. Ferraro V, Venturella G, Pecoraro L, Gao W, Gargano ML. Cultivated mushrooms: 
Importance of a multipurpose crop, with special focus on Italian fungiculture. Plant 
Biosystems-An International Journal Dealing with all Aspects of Plant Biology. (2022) 
156:130–142. doi: 10.1080/11263504.2020.1837283

 23. Ogidi CO, Oyetayo VO, Akinyele BJ. Wild medicinal mushrooms: potential 
applications in phytomedicine and functional foods. An introduction to mushroom. Rijeka: 
IntechOpen Limited (2020).

 24. Assemie A, Abaya G. The effect of edible mushroom on health and their 
biochemistry. Int J Microbiol. (2022) 2022:8744788. doi: 10.1155/2022/8744788

 25. Wan-Mohtar WAAQI, Viegelmann  C, Klaus A, Lim SAH. Antifungal-
demelanizing properties and RAW264. 7 macrophages stimulation of glucan sulfate 
from the mycelium of the mushroom Ganoderma lucidum. Food Sci Biotechnol. (2017) 
26:159–165. doi: 10.1007/s10068-017-0021-6

 26. Wan-Mohtar WAAQI, Ilham Z, Jamaludin AA, Rowan N. Use of zebrafish embryo 
assay to evaluate toxicity and safety of bioreactor-grown exopolysaccharides and 
endopolysaccharides from European ganoderma applanatum mycelium for future 
aquaculture applications. Int J Mol Sci. (2021) 22:1675. doi: 10.3390/ijms22041675

 27. Raman J, Jang K-Y, Oh Y-L, Oh M, Im J-H, Lakshmanan H, et al. Cultivation and 
nutritional value of prominent Pleurotus spp.: an overview. Mycobiology. (2021) 49:1–14. 
doi: 10.1080/12298093.2020.1835142

 28. Mahari WAW, Peng W, Nam WL, Yang H, Lee XY, Lee YK, et al. A review on 
valorization of oyster mushroom and waste generated in the mushroom cultivation 
industry. J Hazard Mater. (2020) 400:123156. doi: 10.1016/j.jhazmat.2020.123156

 29. Rämä T, Quandt CA. Improving fungal cultivability for natural products discovery. 
Front Microbiol. (2021) 12:706044. doi: 10.3389/fmicb.2021.706044

 30. Oluwafemi GI, Seidu KT, Fagbemi TN. Chemical composition, functional 
properties and protein fractionation of edible oyster mushroom (Pleurotus ostreatus). 
Ann Food Sci Technol. (2016) 17:218–223.

 31. Carrasco J, Preston GM. Growing edible mushrooms: a conversation between 
bacteria and fungi. Environ Microbiol. (2020) 22:858–72. doi: 10.1111/1462-2920.14765

 32. Wan-Mohtar W, Mahmud N, Supramani S, Ahmad R, Zain NAM, Hassan NA, 
et al. Fruiting-body-base flour from an oyster mushroom-a waste source of antioxidative 
flour for developing potential functional cookies and steamed-bun. Aims Agric Food. 
(2018) 3:481–92. doi: 10.3934/agrfood.2018.4.481

 33. Wan-Mohtar WAAQI, Halim-Lim SA, Kamarudin NZ, Rukayadi Y, Abd Rahim 
MH, Jamaludin AA, et al. Fruiting-body-base flour from an oyster mushroom waste in 
the development of antioxidative chicken patty. J Food Sci. (2020) 85:3124–33. doi: 
10.1111/1750-3841.15402

 34. Mohd Hanafi FH, Rezania S, Mat Taib S, Md Din MF, Yamauchi M, Sakamoto M, et al. 
Environmentally sustainable applications of agro-based spent mushroom substrate (SMS): an 
overview. J Mater Cycles Waste Manag. (2018) 20:1383–96. doi: 10.1007/s10163-018-0739-0

 35. Pérez-Chávez AM, Mayer L, Albertó E. Mushroom cultivation and biogas 
production: a sustainable reuse of organic resources. Energy Sustain Dev. (2019) 
50:50–60. doi: 10.1016/j.esd.2019.03.002

 36. Sudhakar M, Ravel M, Perumal K. Pretreatment and process optimization of 
bioethanol production from spent biomass of Ganoderma lucidum using Saccharomyces 
cerevisiae. Fuel. (2021) 306:121680. doi: 10.1016/j.fuel.2021.121680

 37. Vetter J. Biological values of cultivated mushrooms—a review. Acta Aliment. 
(2019) 48:229–40. doi: 10.1556/066.2019.48.2.11

 38. Rahmann G, Azim K, Brányiková I, Chander M, David W, Erisman JW, et al. 
Innovative, sustainable, and circular agricultural systems for the future. Org Agric. 
(2021) 11:179–185. doi: 10.1007/s13165-021-00356-0

 39. Mingyi Y, Belwal T, Devkota HP, Li L, Luo Z. Trends of utilizing mushroom 
polysaccharides (MPS) as potent nutraceutical components in food and medicine: a 
comprehensive review. Trends Food Sci Technol. (2019) 92:94–110. doi: 10.1016/j.
tifs.2019.08.009

 40. Kour H, Kour D, Kour S, Singh S, Hashmi SAJ, Yadav AN, et al. Bioactive 
compounds from mushrooms: an emerging bioresources of food and nutraceuticals. 
Food Biosci. (2022) 50, 102124. doi: 10.1016/j.fbio.2022.102124

 41. Hassan F, Ni S, Becker TL, Kinstedt CM, Abdul-Samad JL, Actis LA, et al. 
Evaluation of the antibacterial activity of 75 mushrooms collected in the vicinity of 
Oxford, Ohio (USA). Int J Med Mushrooms. (2019) 21:131–41. doi: 10.1615/
IntJMedMushrooms.2018029710

 42. Karnwal A, Kaur M. Assessment of agaricus bisporus S-ii extract as a bio-
controlling agent against human pathogenic bacterial species. Arch Razi Inst. (2020) 
75:123. doi: 10.22092/ARI.2019.128088.1403

 43. Sitara U, Baloch PA, Pathan AUK, Bhatti MI, Bhutto MA, Ali QM, et al. In vitro 
studies to determine antibacterial and antifungal properties of three Pleurotus species 
(oyster mushroom). Pak J Bot. (2023) 55:387–92. doi: 10.30848/PJB2023-1(14)

 44. Cunha Zied D, Sánchez JE, Noble R, Pardo-Giménez A. Use of spent mushroom 
substrate in new mushroom crops to promote the transition towards A circular 
economy. Agronomy. (2020) 10:1239. doi: 10.3390/agronomy10091239

 45. Pontes MVA, Patyshakuliyeva A, Post H, Jurak E, Hildén K, Altelaar M, et al. The 
physiology of agaricus bisporus in semi-commercial compost cultivation appears to 
be highly conserved among unrelated isolates. Fungal Genet Biol. (2018) 112:12–20. doi: 
10.1016/j.fgb.2017.12.004

 46. Grimm D, Kuenz A, Rahmann G. Integration of mushroom production into 
circular food chains. Org Agric. (2021) 11:309–17. doi: 10.1007/s13165-020-00318-y

 47. Supramani S, Jailani N, Ramarao K, Zain NAM, Klaus A, Ahmad R, et al. Pellet 
diameter and morphology of European Ganoderma pfeifferi in A repeated-batch 
fermentation for exopolysaccharide production. Biocatal Agric Biotechnol. (2019) 
19:101118. doi: 10.1016/j.bcab.2019.101118

 48. Hanafiah ZM, Mohtar WHMW, Hasan HA, Jensen HS, Klaus A, Wan-Mohtar 
WAAQI. Performance of wild-serbian ganoderma lucidum mycelium in treating 
synthetic sewage loading using batch bioreactor. Sci Rep. (2019) 9:16109. doi: 10.1038/
s41598-019-52493-y

 49. López-Gómez JP, Venus J. Potential role of sequential solid-state and submerged-
liquid fermentations in A circular bioeconomy. Fermentation. (2021) 7:76. doi: 10.3390/
fermentation7020076

 50. Liu T, Zhou J, Li W, Rong X, Gao Y, Zhao L, et al. Effects of sporoderm-broken 
spores of ganoderma lucidum on growth performance, antioxidant function and 
immune response of broilers. Anim Nutr. (2020) 6:39–46. doi: 10.1016/j.
aninu.2019.11.005

 51. Klaus A, Wan WAAQI. Cultivation strategies of edible and medicinal mushrooms 
In: SB Dhull, A Bains, P Chawla and PK Sadh, editors. Wild mushrooms. Boca Raton, 
FL: CRC Press (2022)

 52. Sogari G, Li J, Wang Q, Lefebvre M, Huang S, Mora C, et al. Toward a reduced meat 
diet: university north American students’ acceptance of a blended meat-mushroom 
burger. Meat Sci. (2022) 187:108745. doi: 10.1016/j.meatsci.2022.108745

 53. Yahya F, Ting HT. Effect of different ratios of chicken meat to fresh osyter 
mushroom (Pleurotus sajor-caju) on the physicochemical properties and sensory 
acceptability of sausages. Int J Food Agric Natural Resour. (2020) 1:7–14. doi: 10.46676/
ij-fanres.v1i1.2

 54. Kurek MA, Onopiuk A, Pogorzelska-Nowicka E, Szpicer A, Zalewska M, Półtorak 
A. Novel protein sources for applications in meat-alternative products—insight and 
challenges. Foods. (2022) 11:957. doi: 10.3390/foods11070957

 55. McClements DJ, Grossmann L. A brief review of the science behind the design of 
healthy and sustainable plant-based foods. NPJ Sci Food. (2021) 5:17. doi: 10.1038/
s41538-021-00099-ydoi:10.1038/s41538-021-00099-y

 56. Zaaboul F, Raza H, Cao C, Yuanfa L. The impact of roasting, high pressure 
homogenization and sterilization on peanut milk and its oil bodies. Food Chem. (2019) 
280:270–7. doi: 10.1016/j.foodchem.2018.12.047

 57. Mueller GA, Maleki SJ, Pedersen LC. The molecular basis of peanut allergy. Curr 
Allergy Asthma Rep. (2014) 14:1–9. doi: 10.1007/s11882-014-0429-5

 58. Lien K-W, Wang X, Pan M-H, Ling M-P. Assessing aflatoxin exposure risk from 
peanuts and peanut products imported to Taiwan. Toxins. (2019) 11:80. doi: 10.3390/
toxins11020080

 59. Koppelman SJ, Jayasena S, Luykx D, Schepens E, Apostolovic D, De Jong GA, et al. 
Allergenicity attributes of different peanut market types. Food Chem Toxicol. (2016) 
91:82–90. doi: 10.1016/j.fct.2016.02.016

 60. Duc P, Dharanipriya P, Velmurugan B, Shanmugavadivu M. Groundnut Shell-A 
beneficial bio-waste. Biocatal Agric Biotechnol. (2019) 20:101206. doi: 10.1016/j.
bcab.2019.101206

 61. Sorita GD, Leimann FV, Ferreira SRS. Biorefinery approach: is it an upgrade 
opportunity for peanut by-products? Trends Food Sci Technol. (2020) 105:56–69. doi: 
10.1016/j.tifs.2020.08.011

 62. Adhikari B, Dhungana SK, Ali MW, Adhikari A, Kim I-D, Shin D-H. Antioxidant 
activities, polyphenol, flavonoid, and amino acid contents in peanut shell. J Saudi Soc 
Agric Sci. (2019) 18:437–42. doi: 10.1016/j.jssas.2018.02.004

 63. Wang Q, Shi A, Liu H, Liu L, Zhang Y, Li N, et al. Peanut by-products utilization 
technology. Peanuts Proc Technol Prod Dev. (2016) 2016:211–325. doi: 10.1016/
B978-0-12-809595-9.00005-3

 64. Lazzari E, Arena K, Caramão EB, Herrero M. Quantitative analysis of aqueous 
phases of bio-oils resulting from pyrolysis of different biomasses by two-dimensional 
comprehensive liquid chromatography. J Chromatogr A. (2019) 1602:359–67. doi: 
10.1016/j.chroma.2019.06.016

https://doi.org/10.3389/fpubh.2023.1175509
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.3390/su14094941
https://doi.org/10.3390/en15051891
https://doi.org/10.1016/j.rser.2021.111821
https://www.jstor.org/stable/pdf/resrep26554.pdf
https://doi.org/10.1155/2016/7654123
https://doi.org/10.1016/j.jff.2019.03.016
https://doi.org/10.1080/11263504.2020.1837283
https://doi.org/10.1155/2022/8744788
https://doi.org/10.1007/s10068-017-0021-6
https://doi.org/10.3390/ijms22041675
https://doi.org/10.1080/12298093.2020.1835142
https://doi.org/10.1016/j.jhazmat.2020.123156
https://doi.org/10.3389/fmicb.2021.706044
https://doi.org/10.1111/1462-2920.14765
https://doi.org/10.3934/agrfood.2018.4.481
https://doi.org/10.1111/1750-3841.15402
https://doi.org/10.1007/s10163-018-0739-0
https://doi.org/10.1016/j.esd.2019.03.002
https://doi.org/10.1016/j.fuel.2021.121680
https://doi.org/10.1556/066.2019.48.2.11
https://doi.org/10.1007/s13165-021-00356-0
https://doi.org/10.1016/j.tifs.2019.08.009
https://doi.org/10.1016/j.tifs.2019.08.009
https://doi.org/10.1016/j.fbio.2022.102124
https://doi.org/10.1615/IntJMedMushrooms.2018029710
https://doi.org/10.1615/IntJMedMushrooms.2018029710
https://doi.org/10.22092/ARI.2019.128088.1403
https://doi.org/10.30848/PJB2023-1(14)
https://doi.org/10.3390/agronomy10091239
https://doi.org/10.1016/j.fgb.2017.12.004
https://doi.org/10.1007/s13165-020-00318-y
https://doi.org/10.1016/j.bcab.2019.101118
https://doi.org/10.1038/s41598-019-52493-y
https://doi.org/10.1038/s41598-019-52493-y
https://doi.org/10.3390/fermentation7020076
https://doi.org/10.3390/fermentation7020076
https://doi.org/10.1016/j.aninu.2019.11.005
https://doi.org/10.1016/j.aninu.2019.11.005
https://doi.org/10.1016/j.meatsci.2022.108745
https://doi.org/10.46676/ij-fanres.v1i1.2
https://doi.org/10.46676/ij-fanres.v1i1.2
https://doi.org/10.3390/foods11070957
https://doi.org/10.1038/s41538-021-00099-y10.1038/s41538-021-00099-y
https://doi.org/10.1038/s41538-021-00099-y10.1038/s41538-021-00099-y
https://doi.org/10.1016/j.foodchem.2018.12.047
https://doi.org/10.1007/s11882-014-0429-5
https://doi.org/10.3390/toxins11020080
https://doi.org/10.3390/toxins11020080
https://doi.org/10.1016/j.fct.2016.02.016
https://doi.org/10.1016/j.bcab.2019.101206
https://doi.org/10.1016/j.bcab.2019.101206
https://doi.org/10.1016/j.tifs.2020.08.011
https://doi.org/10.1016/j.jssas.2018.02.004
https://doi.org/10.1016/B978-0-12-809595-9.00005-3
https://doi.org/10.1016/B978-0-12-809595-9.00005-3
https://doi.org/10.1016/j.chroma.2019.06.016


Mohd Zaini et al. 10.3389/fpubh.2023.1175509

Frontiers in Public Health 10 frontiersin.org

 65. Dean L, Davis J, Shofran B, Sanders T. Phenolic profiles and antioxidant activity 
of extracts from peanut plant parts. Open Nat Prod J. (2008) 1:1–6. doi: 
10.2174/1874848100801010001

 66. Qiu J, Chen L, Zhu Q, Wang D, Wang W, Sun X, et al. Screening natural 
antioxidants in peanut shell using DPPH–HPLC–DAD–TOF/MS methods. Food Chem. 
(2012) 135:2366–71. doi: 10.1016/j.foodchem.2012.07.042

 67. De Lima Valença R, Da Silva Sobrinho AG, Romanzini EP, De Andrade N, 
Borghi TH, Zeola NMBL, et al. Peanut meal and crude glycerin in lamb diets: meat 
quality and fatty acid profile. Small Rumin Res. (2020) 185:106076. doi: 
10.2174/1874848100801010001

 68. Cerutti WG, Viegas J, Barbosa AM, Oliveira RL, Dias CA, Costa ES, et al. Fatty 
acid profiles of milk and minas frescal cheese from lactating grazed cows supplemented 
with peanut cake. J Dairy Res. (2016) 83:42–9. doi: 10.1017/S0022029915000631

 69. Batal A, Dale N, Café M. Nutrient composition of peanut meal. J Appl Poult Res. 
(2005) 14:254–7. doi: 10.1093/japr/14.2.254 doi:10.1093/japr/14.2.254

 70. Wang Q. (Ed.) Preparation of functional peanut oligopeptide and its biological 
activity. In: Peanut processing characteristics and quality evaluation. Singapore: Springer 
Singapore (2018), 461–537.

 71. Abd Rahim MH, Hazrin-Chong NH, Harith HH, Wan WAAQI, Sukor R. Roles of 
fermented plant-, dairy-and meat-based foods in the modulation of allergic responses. 
Food Sci Human Wellness. (2023) 12:691–701. doi: 10.1016/j.fshw.2022.09.002

 72. Zhang J, Liu L, Jiang Y, Faisal S, Wei L, Cao C, et al. Converting peanut protein 
biomass waste into “double green” meat substitutes using a high-moisture extrusion 
process: a multiscale method to explore a process for forming a meat-like fibrous 
structure. J Agric Food Chem. (2019) 67:10713–25. doi: 10.1021/acs.jafc.9b02711

 73. Zheng H, Yan G, Lee Y, Alcaraz C, Marquez S, De Mejia EG. Effect of the extrusion 
process on allergen reduction and the texture change of soybean protein isolate-corn 
and soybean flour-corn mixtures. Innov Food Sci Emerg Technol. (2020) 64:102421. doi: 
10.1016/j.ifset.2020.102421

 74. Sadh PK, Chawla P, Bhandari L, Kaushik R, Duhan JS. In vitro assessment of bio-
augmented minerals from peanut oil cakes fermented by Aspergillus oryzae through 
Caco-2 cells. J Food Sci Technol. (2017) 54:3640–9. doi: 10.1007/s13197-017-2825-z

 75. Jiang X, Ding H, Liu Q, Wei Y, Zhang Y, Wang Y, et al. Effects of peanut meal 
extracts fermented by bacillus natto on the growth performance, learning and memory 
skills and gut microbiota modulation in mice. Br J Nutr. (2020) 123:383–93. doi: 
10.1017/S0007114519002988

 76. Schwarz LJ, Danylec B, Harris SJ, Boysen RI, Hearn MT. Sequential molecularly 
imprinted solid-phase extraction methods for the analysis of resveratrol and other 
polyphenols. J Chromatogr A. (2016) 1438:22–30. doi: 10.1016/j.chroma.2016.02.028

 77. Lorenzo JM, Munekata PE, Sant'ana AS, Carvalho RB, Barba FJ, Toldrá F, et al. 
Main characteristics of peanut skin and its role for the preservation of meat products. 
Trends Food Sci Technol. (2018) 77:1–10. doi: 10.1016/j.tifs.2018.04.007

 78. Toomer OT. A comprehensive review of the value-added uses of peanut (Arachis 
hypogaea) skins and by-products. Crit Rev Food Sci Nutr. (2020) 60:341–50. doi: 
10.1080/10408398.2018.1538101

 79. Rather LJ, Zhou Q, Ali A, Haque QMR, Li Q. Valorization of agro-industrial waste 
from peanuts for sustainable natural dye production: focus on adsorption mechanisms, 
ultraviolet protection, and antimicrobial properties of dyed wool fabric. ACS Food Sci 
Technol. (2021) 1:427–42. doi: 10.1021/acsfoodscitech.1c00005

 80. Zhao X, Wu S, Gong G, Li G, Zhuang L. Tbhq and peanut skin inhibit 
accumulation of pahs and oxygenated pahs in peanuts during frying. Food Control. 
(2017) 75:99–107. doi: 10.1016/j.foodcont.2016.12.029

 81. Christman LM, Dean LL, Bueno Almeida C, Weissburg JR. Acceptability of peanut 
skins as A natural antioxidant in flavored coated peanuts. J Food Sci. (2018) 83:2571–7. 
doi: 10.1111/1750-3841.14323

 82. Hathorn CS, Sanders TH. Flavor and antioxidant capacity of peanut paste and 
peanut butter supplemented with peanut skins. J Food Sci. (2012) 77:S407–11. doi: 
10.1111/j.1750-3841.2012.02953.x

 83. Larrauri M, Barrionuevo MG, Riveros C, Mestrallet MG, Zunino MP, Zygadlo JA, 
et al. Effect of peanut skin extract on chemical stability and sensory properties of salami 
during storage. J Sci Food Agric. (2013) 93:1751–7. doi: 10.1002/jsfa.5965

 84. Chen L, Yan F, Chen W, Zhao L, Zhang J, Lu Q, et al. Procyanidin from peanut skin 
induces antiproliferative effect in human prostate carcinoma cells Du145. Chem Biol 
Interact. (2018) 288:12–23. doi: 10.1016/j.cbi.2018.04.008

 85. Tatsuno T, Jinno M, Arima Y, Kawabata T, Hasegawa T, Yahagi N, et al. Anti-
inflammatory and anti-melanogenic proanthocyanidin oligomers from peanut skin. Biol 
Pharm Bull. (2012) 35:909–16. doi: 10.1248/bpb.35.909

 86. Khaopha S, Jogloy S, Patanothai A, Senawong T. Histone deacetylase inhibitory 
activity of peanut testa extracts against human cancer cell lines. J Food Biochem. (2015) 
39:263–73. doi: 10.1111/jfbc.12128

 87. Bansode RR, Randolph P, Ahmedna M, Hurley S, Hanner T, Baxter SAS, et al. 
Bioavailability of polyphenols from peanut skin extract associated with plasma lipid 
lowering function. Food Chem. (2014) 148:24–9. doi: 10.1016/j.foodchem.2013.09.129

 88. Xiang L, Wu Q, Osada H, Yoshida M, Pan W, Qi J. Peanut skin extract ameliorates 
the symptoms of type 2 diabetes mellitus in mice by alleviating inflammation and 

maintaining gut microbiota homeostasis. Aging. (2020) 12:13991–14018. doi: 10.18632/
aging.103521

 89. Xiang L, Cao X-L, Xing T-Y, Mori D, Tang R-Q, Li J, et al. Mixture of peanut skin 
extract and fish oil improves memory in mice via modulation of anti-oxidative stress 
and regulation of BDNF/ERK/CREB signaling pathways. Nutrients. (2016) 8:256. doi: 
10.3390/nu8050256

 90. Galgut JM, Ali SA. Effect and mechanism of action of resveratrol: A novel 
melanolytic compound from the peanut skin of Arachis hypogaea. J Recept Signal 
Transduct. (2011) 31:374–80. doi: 10.3109/10799893.2011.607170

 91. Makau JN, Watanabe K, Mohammed MM, Nishida N. Antiviral activity of Peanut 
(Arachis hypogaea L.) skin extract against human influenza viruses. J Med Food. (2018) 
21:777–84. doi: 10.1089/jmf.2017.4121

 92. Peng M, Bitsko E, Biswas D. Functional properties of peanut fractions on the 
growth of probiotics and foodborne bacterial pathogens. J Food Sci. (2015) 80:M635–41. 
doi: 10.1111/1750-3841.12785

 93. Pizzolitto RP, Dambolena JS, Zunino MP, Larrauri M, Grosso NR, Nepote V, et al. 
Activity of natural compounds from peanut skins on fusarium verticillioides growth and 
fumonisin B1 production. Ind Crop Prod. (2013) 47:286–90. doi: 10.1016/j.
indcrop.2013.03.020

 94. Dean LL. Extracts of peanut skins as a source of bioactive compounds: 
methodology and applications. Appl Sci. (2020) 10:8546. doi: 10.3390/app10238546

 95. Meneely JP, Kolawole O, Haughey SA, Miller SJ, Krska R, Elliott CT. The challenge 
of global aflatoxins legislation with a focus on peanuts and peanut products: a systematic 
review. Expo Health. (2022) 1–21. doi: 10.1007/s12403-022-00499-9

 96. Casulli KE, Calhoun S, Schaffner DW. Modeling the risk of salmonellosis from 
consumption of peanuts in the United  States. J Food Prot. (2019) 82:579–88. doi: 
10.4315/0362-028X.JFP-18-314

 97. Kudełka W, Kowalska M, Popis M. Quality of soybean products in terms of 
essential amino acids composition. Molecules. (2021) 26:5071. doi: 10.3390/
molecules26165071

 98. Qin P, Wang T, Luo Y. A review on plant-based proteins from soybean: health 
benefits and soy product development. J Agric Food Res. (2022) 7:100265. doi: 10.1016/j.
jafr.2021.100265

 99. Choi IS, Kim YG, Jung JK, Bae H-J. Soybean waste (Okara) as A valorization 
biomass for the bioethanol production. Energy. (2015) 93:1742–7. doi: 10.1016/j.
energy.2015.09.093

 100. Rahman MM, Mat K, Ishigaki G, Akashi R. A review of okara (soybean curd 
residue) utilization as animal feed: nutritive value and animal performance aspects. 
Anim Sci J. (2021) 92:E13594. doi: 10.1111/asj.13594

 101. Li S, Zhu D, Li K, Yang Y, Lei Z, Zhang Z. Soybean curd residue: composition, 
utilization, and related limiting factors. ISRN Indus Eng. (2013) 2013:423590. doi: 
10.1155/2013/423590

 102. Banaszkiewicz T. Nutritional value of soybean meal. Soybean Nutr. (2011) 
12:1–20. doi: 10.5772/23306

 103. Teresa B. Nutritional value of soybean meal In: E-S Hany, editor. Soybean and 
nutrition. Rijeka: Intechopen (2011).

 104. Ibáñez MA, De Blas C, Cámara L, Mateos GG. Chemical composition, protein 
quality and nutritive value of commercial soybean meals produced from beans from 
different countries: a meta-analytical study. Anim Feed Sci Technol. (2020) 267:114531. 
doi: 10.1016/j.anifeedsci.2020.114531

 105. Chua J-Y, Liu S-Q. Soy whey: more than just wastewater from tofu and soy 
protein isolate industry. Trends Food Sci Technol. (2019) 91:24–32. doi: 10.1016/j.
tifs.2019.06.016

 106. Fei Y, Liu L, Liu D, Chen L, Tan B, Fu L, et al. Investigation on the safety of 
Lactobacillus amylolyticus L6 and its fermentation properties of tofu whey. Lwt. (2017) 
84:314–22. doi: 10.1016/j.lwt.2017.05.072

 107. Amaro Bittencourt G, De Souza P, Vandenberghe L, Valladares-Diestra K, 
Wedderhoff Herrmann L, De Mello A FM, et al. Soybean hulls as carbohydrate feedstock 
for medium to high-value biomolecule production in biorefineries: a review. Bioresour 
Technol. (2021) 339:125594. doi: 10.1016/j.biortech.2021.125594

 108. Bedani R, Campos MM, Castro IA, Rossi EA, Saad SM. Incorporation of soybean 
by-product Okara and inulin in A probiotic soy yoghurt: texture profile and sensory 
acceptance. J Sci Food Agric. (2014) 94:119–25. doi: 10.1002/jsfa.6212

 109. Ibrahim IN, Kamaruding NA, Ismail N, Shaharuddin S. Value addition to ice 
cream by fortification with Okara and probiotic. J Food Proc Preserv. (2022) 46:E16253. 
doi: 10.1111/jfpp.16253

 110. Pérez-López E, Veses AM, Redondo N, Tenorio-Sanz MD, Villanueva MJ, 
Redondo-Cuenca A, et al. Soybean okara modulates gut microbiota in rats fed A high-fat 
diet. Bioact Carbohydr Diet Fibre. (2018) 16:100–7. doi: 10.1016/j.bcdf.2018.09.002

 111. Ostermann-Porcel MV, Quiroga-Panelo N, Rinaldoni AN, Campderrós ME. 
Incorporation of okara into gluten-free cookies with high quality and nutritional value. 
J Food Qual. (2017) 2017:4071585. doi: 10.1155/2017/4071585

 112. Nguyen Doan Mai H, Phan Thi Lan K, Techapun C, Leksawasdi N, Taesuwan S, 
Hanprom N, et al. Quality evaluation of butter cake prepared by substitution of wheat 

https://doi.org/10.3389/fpubh.2023.1175509
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.2174/1874848100801010001
https://doi.org/10.1016/j.foodchem.2012.07.042
https://doi.org/10.2174/1874848100801010001
https://doi.org/10.1017/S0022029915000631
https://doi.org/10.1093/japr/14.2.254 10.1093/japr/14.2.254
https://doi.org/10.1016/j.fshw.2022.09.002
https://doi.org/10.1021/acs.jafc.9b02711
https://doi.org/10.1016/j.ifset.2020.102421
https://doi.org/10.1007/s13197-017-2825-z
https://doi.org/10.1017/S0007114519002988
https://doi.org/10.1016/j.chroma.2016.02.028
https://doi.org/10.1016/j.tifs.2018.04.007
https://doi.org/10.1080/10408398.2018.1538101
https://doi.org/10.1021/acsfoodscitech.1c00005
https://doi.org/10.1016/j.foodcont.2016.12.029
https://doi.org/10.1111/1750-3841.14323
https://doi.org/10.1111/j.1750-3841.2012.02953.x
https://doi.org/10.1002/jsfa.5965
https://doi.org/10.1016/j.cbi.2018.04.008
https://doi.org/10.1248/bpb.35.909
https://doi.org/10.1111/jfbc.12128
https://doi.org/10.1016/j.foodchem.2013.09.129
https://doi.org/10.18632/aging.103521
https://doi.org/10.18632/aging.103521
https://doi.org/10.3390/nu8050256
https://doi.org/10.3109/10799893.2011.607170
https://doi.org/10.1089/jmf.2017.4121
https://doi.org/10.1111/1750-3841.12785
https://doi.org/10.1016/j.indcrop.2013.03.020
https://doi.org/10.1016/j.indcrop.2013.03.020
https://doi.org/10.3390/app10238546
https://doi.org/10.1007/s12403-022-00499-9
https://doi.org/10.4315/0362-028X.JFP-18-314
https://doi.org/10.3390/molecules26165071
https://doi.org/10.3390/molecules26165071
https://doi.org/10.1016/j.jafr.2021.100265
https://doi.org/10.1016/j.jafr.2021.100265
https://doi.org/10.1016/j.energy.2015.09.093
https://doi.org/10.1016/j.energy.2015.09.093
https://doi.org/10.1111/asj.13594
https://doi.org/10.1155/2013/423590
https://doi.org/10.5772/23306
https://doi.org/10.1016/j.anifeedsci.2020.114531
https://doi.org/10.1016/j.tifs.2019.06.016
https://doi.org/10.1016/j.tifs.2019.06.016
https://doi.org/10.1016/j.lwt.2017.05.072
https://doi.org/10.1016/j.biortech.2021.125594
https://doi.org/10.1002/jsfa.6212
https://doi.org/10.1111/jfpp.16253
https://doi.org/10.1016/j.bcdf.2018.09.002
https://doi.org/10.1155/2017/4071585


Mohd Zaini et al. 10.3389/fpubh.2023.1175509

Frontiers in Public Health 11 frontiersin.org

flour with green soybean (Glycine max L.) Okara. J Culinary Sci Technol. (2021) 1–14. 
doi: 10.1080/15428052.2021.1978363

 113. Liu X, Yu X, Zhang T, Wang Z, Xu J, Xia J, et al. Novel two-stage solid-state 
fermentation for erythritol production on okara–buckwheat husk medium. Bioresour 
Technol. (2018) 266:439–46. doi: 10.1016/j.biortech.2018.07.009

 114. Kim J, Lee J, Voo AYH, Tan YX, Mok WK, Li AZ, et al. Okara waste as a substrate 
for the microalgae Phaeodactylum tricornutum enhances the production of algal 
biomass, fucoxanthin, and polyunsaturated fatty acids. Fermentation. (2023) 9:31. doi: 
10.3390/fermentation9010031

 115. Barreto NMB, Sandôra D, Braz BF, Santelli RE, De Oliveira Silva F, Monteiro M, 
et al. Biscuits prepared with enzymatically-processed soybean meal are rich in Isoflavone 
Aglycones, Sensorially well-accepted and stable during storage for six months. Molecules. 
(2022) 27:7975. doi: 10.3390/molecules27227975

 116. Silva FDO, Miranda TG, Justo T, Frasão BDS, Conte-Junior CA, Monteiro M, 
et al. Soybean meal and fermented soybean meal as functional ingredients for the 
production of low-carb, high-protein, high-Fiber and high isoflavones biscuits. Lwt. 
(2018) 90:224–31. doi: 10.1016/j.lwt.2017.12.035

 117. Luján-Rhenals DE, Morawicki RO, Gbur EE, Ricke SC. Fermentation of soybean 
meal hydrolyzates with saccharomyces cerevisiae and Zymomonas mobilis for ethanol 
production. J Food Sci. (2015) 80:E1512–8. doi: 10.1111/1750-3841.12907

 118. Li Z, Ding S, Li Z, Tan T. L-lactic acid production by Lactobacillus casei 
fermentation with corn steep liquor-supplemented acid-hydrolysate of soybean meal. 
Biotechnol J. (2006) 1:1453–8. doi: 10.1002/biot.200600099

 119. Liu W, Zhang HX, Wu ZL, Wang YJ, Wang LJ. Recovery of isoflavone aglycones 
from soy whey wastewater using foam fractionation and acidic hydrolysis. J Agric Food 
Chem. (2013) 61:7366–72. doi: 10.1021/jf401693m

 120. Zhu Y, Wang Z, Zhang L. Optimization of lactic acid fermentation conditions for 
fermented tofu whey beverage with high-isoflavone aglycones. Lwt. (2019) 111:211–7. 
doi: 10.1016/j.lwt.2019.05.021

 121. Mielenz JR, Bardsley JS, Wyman CE. Fermentation of soybean hulls to ethanol 
while preserving protein value. Bioresour Technol. (2009) 100:3532–9. doi: 10.1016/j.
biortech.2009.02.044

 122. Coffman AM, Li Q, Ju L-K. Effect of natural and pretreated soybean hulls on 
enzyme production by trichoderma reesei. J Am Oil Chem Soc. (2014) 91:1331–8. doi: 
10.1007/s11746-014-2480-8

 123. Lamaming SZ, Lamaming J, Rawi NFM, Hashim R, Kassim MHM, Hussin MH, 
et al. Improvements and limitation of soy protein-based adhesive: a review. Polym Eng 
Sci. (2021) 61:2393–405. doi: 10.1002/pen.25782

 124. Avilés-Gaxiola S, Chuck-Hernández C, Serna Saldivar SO. Inactivation methods of 
trypsin inhibitor in legumes: a review. J Food Sci. (2018) 83:17–29. doi: 10.1111/1750-3841.13985

https://doi.org/10.3389/fpubh.2023.1175509
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1080/15428052.2021.1978363
https://doi.org/10.1016/j.biortech.2018.07.009
https://doi.org/10.3390/fermentation9010031
https://doi.org/10.3390/molecules27227975
https://doi.org/10.1016/j.lwt.2017.12.035
https://doi.org/10.1111/1750-3841.12907
https://doi.org/10.1002/biot.200600099
https://doi.org/10.1021/jf401693m
https://doi.org/10.1016/j.lwt.2019.05.021
https://doi.org/10.1016/j.biortech.2009.02.044
https://doi.org/10.1016/j.biortech.2009.02.044
https://doi.org/10.1007/s11746-014-2480-8
https://doi.org/10.1002/pen.25782
https://doi.org/10.1111/1750-3841.13985

	A narrative action on the battle against hunger using mushroom, peanut, and soybean-based wastes
	1. Introduction
	2. Mushroom
	2.1. Mushroom as a functional food and nutraceutical ingredient
	2.2. Mushroom in landless food concept

	3. Peanut
	3.1. Peanut shell and waste applications
	3.2. Peanut meal and waste applications
	3.3. Peanut skin and waste applications

	4. Soybean
	4.1. Prospective application in food industries, agricultural and energy

	5. Limitations of study and areas of further studies
	5.1. Limitations of the study
	5.2. Improvements and areas of further studies

	6. Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

