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A B S T R A C T   

Mushroom waste can account for up to 50% of the total mushroom mass. Spent mushroom substrate, misshapen 
mushrooms, and mushroom stems are examples of mushroom byproducts. In ancient cultures, fungi were prized 
for their medicinal properties. Aqueous extracts containing high levels of β-glucans as functional components 
capable of providing prebiotic polysaccharides and improved texture to foods have been widely used and new 
methods have been tested to improve extraction yields. Similarly, the addition of insoluble polysaccharides 
controls the glycemic index, counteracting the effects of increasingly high-calorie diets. Numerous studies sup
port these benefits in vitro, but evidence in vivo is scarce. Nonetheless, many authors have created a variety of 
functional foods, ranging from yogurt to noodles. In this review, we focus on the pharmacological properties of 
edible mushroom by-products, and the possible risks derived from its consumption. By incorporating these by- 
products into human or animal feed formulations, mushroom producers will be able to fully optimize crop 
use and pave the way for the industry to move toward a zero-waste paradigm.   

1. Introduction 

Global mushroom production reached 12.74 million tons in 2018 
and is projected to reach 20.84 million tons by 2026 [1]. The increase in 
demand for these products has created an urgent need for innovation in 
the use of edible mushroom by-products, given the waste generated in 
their production. These by-products are divided into spent mushroom 
substrate, misshapen mushrooms and mushroom stems. Mushroom 
waste can account for up to 50% of the mass of the whole mushroom. In 
oyster mushroom production, between 165 and 502 g of mushroom stalk 
waste is discarded for every kg of oyster mushroom commercialized [2]. 
These by-products are characterized by a higher fiber content than the 
fruiting body (Lentinus sajor-caju: cap - 16.32 g/100 g; stem - 26.34 
g/100 g [3]). Fungal polysaccharides are beneficial in maintaining a 
healthy microbiota because of their prebiotic potential [4–6]. In addi
tion, misshapen mushrooms contain a large number of phenolic com
pounds and other molecules with high antioxidant properties [7,8]. The 
presence of interesting active compounds in fungal by-products provides 
an opportunity for their exploitation in different industries and the 

development of new products of cosmetic, pharmaceutical and food 
interest (Fig. 1). The inclusion of these bioactive compounds derived 
from fungi in cosmetic formulations has great potential for improving 
skincare and beauty products. The natural anti-inflammatory, antimi
crobial, and antioxidant qualities of these substances can be used to 
boost the effectiveness of cosmetic formulations [9]. In addition, the 
compounds’ varied pharmacological activities, such as their antiviral, 
anticancer, and immunomodulatory effects [10,11], offer promising 
opportunities for the development of pharmaceutical interventions that 
address unmet medical needs and diseases. Furthermore, the food in
dustry has a great deal of potential to create functional foods with 
improved nutritional and health-promoting qualities by incorporating 
fungal by-products. These fungal derivatives contain bioactive sub
stances such as polyphenols, peptides, and polysaccharides that can 
enhance flavor and help create functional food products with potential 
health benefits. This helps to keep up with the current trend of 
health-conscious consumer preferences. 

The consumption of mushrooms dates back to the dawn of civilisa
tion and has played a transcendental role in both culinary and medicinal 
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contexts. Prominent species such as Agaricus bisporus, Amanita caesarea, 
Lentinula edodes, Lactarius deliciosus and Pleurotus eryngii have been 
revered for their gustatory qualities for thousands of years. However, in 
addition to their gastronomic delights, these enigmatic fungi have been 
prized for their medicinal properties in various ancient cultures. 
A. bisporus was valued for its antioxidant and immunomodulatory 
properties [12]. A. caesarea, also known as oronja, was very popular in 
the Roman world and was noted for its antimicrobial and 
anti-inflammatory effects [13]. L. edodes, known as shiitake, has been 
revered in traditional Asian medicine for its immunomodulatory, anti
viral, and antioxidant capacity, cholesterol regulation and blood pres
sure control [14]. These iconic examples highlight the historical and 
current importance of mushrooms as a source of nutrition, and their 
potential therapeutic benefits in medicine. 

There is a growing interest and commitment from companies, gov
ernments, and researchers to maximize the use of the abundant organic 
waste from edible fungi. This review covers a wide range of applications 
in food, as well as its implications for human health. Aside from the 
obvious environmental benefits, the use of these by-products from waste 
materials not only demonstrates its potential but also opens new pros
pects and opportunities across a variety of productive sectors. 

2. Chemical composition of mushroom by-products 

Edible mushrooms present active compounds of great value in the 
food industry. Among them, we find polysaccharides such as β-glucans, 
phenolic compounds, alkaloids, sterols, and microelements such as Se
lenium, of which special mention will be made because of its great 
importance. Knowing the chemical composition of edible mushrooms 
and their by-products is vital for guaranteeing a beneficial and safe 
product for the consumer. 

2.1. Nutrient profile 

Edible mushrooms are a tasty and healthy food that is consumed 
worldwide. They mainly contain carbohydrates (50–65% dry weight 
(dw)), proteins (19–35% dw) and fats (2–6% dw) [15]. In addition, they 
are a great source of microelements and vitamins such as vitamins B, C 
and D. Vitamin B is present in different variants (B1, B2, B3, B5, B6, 
B12), the latter being very important to prevent its deficiency in vegan 
diets [16]. The nutritional composition varies slightly between the 

mushroom cap and stem, with the most significant difference being that 
the stem contains more fiber [17]. Due to its fibrous texture, the edible 
mushroom stem has been distanced from the general palate. However, 
as will be seen in the following sections, its use as a functional ingredient 
is widespread. 

2.2. Polysaccharides 

Fungal polysaccharides constitute a part of the cell wall of both the 
mycelium and the fruiting body. The most abundant among them are D- 
glucans, which occur as α-D-glucans, β-D-glucans and α,β-D-glucan 
mixtures [11,18]. The main peculiarity of these molecules is that, in 
addition to (1→3) linkages, they also have (1→6) linkages that confer 
numerous ramifications. In fungi, glucans are part of the cell wall, and 
their function is mainly structural (Fig. 2). Regarding human health, 
numerous studies have demonstrated the immunomodulatory, 
anti-tumour and anti-inflammatory effects of some glucans found in 
edible mushrooms [19,20]. Among all the edible mushroom poly
saccharides, the best known is lentinan, which is found in the shiitake 
mushroom (L. edodes). This polysaccharide is composed of a main chain 
of (1→3) β-D-glucopyranose with the ramifications of (1→6) β-D-glu
copyranose at a frequency of two branches every five units of the main 
chain. It exhibits antitumour, antiviral and immunomodulatory activ
ities [11]. Ahn et al. (2017) reported, the effect of lentinan on inflam
masome activation in myeloid cells [10]. Bone marrow-derived mouse 
macrophages were treated with lentinan, with or without inflammasome 
activators, and the results showed that lentinan selectively inhibited 
inflammasome activation, which is absent in melanoma 2 (AIM2). They 
also evaluated the effect of lentinan in mice treated with Listeria mono
cytogenes or lipopolysaccharide as an AIM2 or non-canonical inflam
masome-mediated model. Lentinan attenuated IL-1β secretion resulting 
from Listeria-mediated AIM2 inflammasome activation and reduced 
endotoxin lethality. 

Chitin is another polysaccharide found in the cell walls of fungi and 
the exoskeletons of arthropods. This polymer is composed of N-acetyl
glucosamine units with β-(1→4) linkages. In recent years, chitin has 
attracted considerable interest because its deacetylation leads to the 
production of chitosan. Wu et al. (2004) analysed the accumulation of 
chitin by A. bisporus and showed that its degree of acetylation 
(75.8–87.6%) is similar to that of crustaceans, which is exploited at an 
industrial scale [21]. The researchers used by-products of mushroom 
production, particularly stalks, and obtained yields of 0.65%− 1.15% 
chitin in fresh weight. Given the large amount of this by-product that is 
discarded, mushroom stems could be a source of 1000 tons of crude 
fungal chitin per year. 

The extraction methods to obtain mushroom polysaccharides at the 
industrial level is a major consideration in the choice of a cost-effective, 
environmentally friendly process to produce a safe product for human 
consumption. A cheap way to extract polysaccharides is hot water 
extraction for soluble polysaccharides and acid or alkaline extraction for 
soluble and insoluble polysaccharides. New methods have been devel
oped to increase the extraction yield, such as ultrasound treatment [22], 
gamma-irradiation [23], microwave-assisted extraction [24] or 
subcritical liquid extraction [25]. The main advantage of these new 
methods are the lower use of extraction solvent and the higher yield of 
obtaining polysaccharides, although the investment in equipment is 
more expensive. 

2.3. Phenolic compounds 

Phenolic and polyphenolic compounds are hydroxylated aromatic 
compounds that possess one or more aromatic rings with one or more 
hydroxyl groups and are commonly found in plants and in fungi 
(Table 1) [8,26–28]. These compounds exhibit various biological effects 
due to their free radical scavenging and antioxidant activity. Palacios 
et al. (2011) analysed the phenolic content of eight species of edible 

Fig. 1. Most cultivated mushrooms worldwide and the potential of their by- 
products (stems and unmarketable mushrooms) for the food industry. 

P. Navarro-Simarro et al.                                                                                                                                                                                                                     



New BIOTECHNOLOGY 81 (2024) 43–56

45

mushrooms, including A. bisporus, Boletus edulis and Pleurotus ostreatus 
[26]. Using the Folin-Ciocalteu method, clear differences were observed 
between the different species, with B. edulis (≈ 5 mg/g) and A. bisporus 
(≈ 3 mg/g) having the highest phenolic content, in contrast to 
P. ostreatus (≈ 1.5 mg/g). The different phenolic compounds were then 
quantified by HPLC-MS, including gallic acid, caffeic acid, homogentisic 
acid, protocatechuic acid, chlorogenic acid, ferulic acid, gentisic acid, 
myricetin, p-coumaric acid and pyrogallol. These phenolic compounds 
are found in both the fruit body and stems. Banerjee et al. (2020), 
examined the total phenolics of an extract of Enoki mushroom (Flam
mulina filiformis) stems revealing a value of 6.26 mg/g dw [29]. 

2.4. Alkaloids and eritadenine 

Edible mushrooms contain other non-phenolic active compounds 
that affect human health, such as alkaloids and eritadenine. Alkaloids 
are widely known to be responsible for the psychotropic effects in some 
wild mushrooms, such as those of the genus Psilocybe [44]. The majority 
of cultivated edible mushrooms, such as A. bisporus, contain alkaloids 
but in low concentrations (0.034 ± 0.01 g/100 g of aqueous extract) 
[45]. Regarding shiitake mushroom, new studies are trying to identify 
new secondary metabolites with a potential use in the pharmaceutical 
industry. In the study by Zhao et al. (2023), nine pyrrole alkaloid de
rivatives were found, of which four were previously unknown [46]. 

One of the most studied edible mushroom alkaloid is eritadenine 
(Fig. 3), an adenosine analogue present in L. edodes that has traditionally 
been attributed to an anticholesterolemic effect [47]. In addition, a 
recent study conducted by Gutiérrez-Rodelo et al. (2023) highlighted the 
potential of eritadenine as a promising option for the treatment of 
anxiety disorders [48]. Behavioral test results indicate a marked anxi
olytic and sedative-hypnotic effect in mice, suggesting that eritadenine, 

as an adenosine analogue modulates locomotor functions via adenosine 
2 A receptors. The presence of eritadenine in shiitake is between 5.6 and 
16.6 mg/100 g dw, considering that some heat treatments can alter its 
concentration [49]. 

2.5. Sterols 

Other interesting compound found in edible mushrooms is free 
(22E)-ergosta-5,7,22-trien-3β-ol (ergosterol) due to its antioxidant and 
anti-inflammatory activity [50,51], for modulating adipogenesis and 
glucose uptake [52] and even thought for its aromatase inhibiting ac
tivity[53]. On the other hand, other ergosterol derivatives (Fig. 4) 
described in edible mushrooms have demonstrated biological activity at 
different levels (Table 2). Free ergosterol is naturally present in the cell 
membranes of mushrooms and is of nutritional interest because it is 
converted to ergocalciferol, a form of vitamin D, when exposed to UV 
light. Free ergosterol has been quantified in several edible mushrooms, 
including A. bisporus, L. edodes, A. caesarea, Fistulina hepatica, Macro
lepiota procera, M. esculenta [50,54], Flammulina velutipes [54,56], 
C. cibarius [51,54], L. deliciosus [54,57]. Guan et al. (2016) investigated 
the effects of UV-C light treatment and refrigerated storage on ergosterol 
and vitamin D content of white button mushroom and brown button 
mushroom [58]. Ultraviolet light treatment (2.0 kJ/m2) increased the 
amount of vitamin D2 (mg/100 g dw) from 0.79 to 1.34 in caps and from 
0.66 to 1.17 in white mushroom stems, as well as from 0.43 to 0.95 in 
caps and from 0.56 to 1.05 in brown mushroom stems. It was also 
observed that while mushroom caps lost vitamin D during the first 7 
days of refrigeration, the vitamin D content in brown button mushroom 
stems increased during the entire period (14 days). These results are of 
great interest for the development of post-harvest methods. 

(A) (B)

(E) (F)

(C) (D)

Fig. 2. Structure of polysaccharides present in fungi, plants and arthropods. (A) Lentinan (L. edodes). Main chain: β-1→3 branched by chains of β-1→6. (B) Pleuran 
(P. ostreatus). Main chain: β-1→3 branched by chains of β-1→6. (C) Amylopectin (plants). Main chain: α-1→4 branched by chains of β-1→6 (Roughly one branching 
every 25 residues). (D) Cellulose (plants): Main chain: β-1→4. (E) Chitin (Fungi and arthropods). Main chain: β-1→4. (F) Chitosan (Chitin deacetylation). Main 
chain: β-1→4. 
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Table 1 
The main phenolic compounds identified in mushrooms.  

Phenolic 
compound 

Mushrooms Most reviewed effect 

Gallic acid Russula aurora, Ganoderma lucidum, A. bisporus, B. edulis, Cantharelus cibarius, 
Craterellus cornucopioides, Calocybe gambosa, Hygrophorus marzuolus, L. deliciosus, P. 
ostreatus. 

Antioxidant, anti-inflammatory and anti-cancer[30]. 

Caffeic acid Amanita vaginata, Coprinus atramentarius, Laetiporus sulphureus, Morchella elata, 
Amanita flavoconia, Strobilomyces floccopus, Amanita pantherina, B. edulis, Agaricus 
arvensis, Boletus frostii, Ramaria flava, G. lucidum, Boletus luridus, A. bisporus, C. 
cibarius, C. gambosa, H. marzuolus, L. deliciosus, Fomes fomentarius, Gymnopilus 
penetrans, Hyphodontia paradoxa, Lenzites betulinus. 

Antioxidant and antimicrobial[27]. 

Protocatechuic 
acid 

A. flavoconia, S. floccopus, A. pantherina, A. arvensis, B. frostii, R. flava, Lycoperdon 
perlatum, Sarcodon imbricatus, Hypomyces lactifluorum, A. bisporus, B. edulis, C. 
cibarius, C. cornucopioides, C. gambosa, H. marzuolus, L. deliciosus, P. ostreatus, 
Amanita citrina, Amanita porphyria, Bjerkandera adusta, Cortinarius armillatus, F. 
formentarius, Fomitopsis pinicola, G. penetrans, Hygrophoropsis aurantiaca, H. 
paradoxa, Lactarius helvus, L. betulinus, Pseudoclitocyce cyanthiformis, Psilocybe 
fascicularis, Rhodocollybia maculata, Russula fragilis, Scleroderma citrinum, Thelephora 
terrestris, Trametes hirsuta, Trichaptum fuscoviolaceum. 

Anti-inflammatory, antioxidant and antimicrobial[27]. 

Chlorogenic acid Lactarius indigo, A. pantherina, B. frostii, S. imbricatus, B. luridus, A. bisporus, B. edulis, 
C. gambosa, L. deliciosus. 

Antioxidant, antibacterial, hepatoprotective, cardioprotective, anti- 
inflammatory, antipyretic, neuroprotective, antiviral and 
antimicrobial[31]. 

Ferulic acid Russula delica, A. flavoconia, Russula emetica, A. arvensis, B. frostii, A. bisporus, C. 
cibarius, C. cornucopioides, C. gambosa, L. deliciosus, P. ostreatus, D. confragosa, H. 
paradoxa, L. aurantiacus, L. betulinus, T. fuscoviolaceum. 

Antioxidant used as food preservative[27]. 

Catechins A. vaginata, R. emetica, B. frostii, R. flava, G. lucidum, Cortinarius alboviolaceus, B. 
luridus, H. lactifluorum, A. bisporus, C. cibarius. 

Lowers blood glucose levels and prevents type-2 diabetes[13]. 

Coumarins Chroogomphus rutilus, A. bisporus. Anticancer[32]. 
Ellagic acid Clitocybe odora. Antiinflamatory, antiapoptotic, antioxidant and hepatoprotective[33]. 
p-Hydroxibenzoic 

acid 
Lepista nuda, L. indigo, A. flavoconia, S. floccopus, B. edulis, A. arvensis, A. bisporus, C. 
cibarius, C. cornucopioides, C. gambosa, H. marzuolus, L. deliciosus, P. ostreatus, A. 
citrina, A. porphyria, B. adusta, Clavicorona pyxidata, Cortinarius sanguineus, D. 
confragosa, F. fomentarius, F. pinicola, G. penetrans, Heterobasidion annosum, H. 
aurantiaca, H. paradoxa, Lactarius aurianticus, L. helvus, P. fascicularis, P. 
cyanthiformis, Psilocybe lateritia, S. citrinum, Stereum hirsutum, T. terrestris, T. hirsuta, 
T. fuscoviolaceum. 

Antimicrobial and antialgal[34]. 

Rosmarinic acid Tapinella panuoides. Antimicrobial, antioxidant[35]. 
Cinnamic acid A. bisporus, A. flavoconia, S. floccopus, B. edulis. Prevention of post-harvest browning of mushrooms[36]. 
Kaempferol L. indigo, G. lucidum. Antioxidant and anticancer[37]. 
Isorhamnethin B. frostii, R. flava, L. perlatum. Anti-obesity[38]. 
Sinapic acid S. floccopus, B. edulis, A. arvensis, Amanita virosa, B. frostii, R. flava, L. perlatum. Antioxidant[39]. 
Gentisic acid B. edulis, C. cibarius, C. gambosa, H. marzuolus, L. deliciosus, P. otreatus. Antioxidant[40]. 
Homogentisic acid A. bisporus, B. edulis, C. cibarius, C. cornucopioides, C. gambosa, H. marzuolus, L. 

deliciosus, P. ostreatus. 
Liver protection after ethanol consumption[41]. 

Pyrogallol A. bisporus, C. cibarius, C. cornucopioides, C. gambosa, L. deliciosus. Synergism with antibiotics[42]. 
Myricetin L. indigo, A. flavoconia, R. emetica, A. virosa, B. frostii, C. alboviolaceus, S. imbricatus, A. 

bisporus, B. edulis, C. cibarius, C. cornucopioides, C. gambosa, L. deliciosus, P. ostreatus. 
Antioxidant, antitumor, anti-inflamatory, cardio-cerebrovascular 
protection, anti-neurogenerative, immunomodulatory and 
antimicrobial[43]. 

Vanillic acid Coprinus atramentarius, R. flava, B. adusta, D. confragosa, H. paradoxa, L. betulinus, T. 
fuscoviolaceum. 

Antimicrobial, anticancer and antioxidant[27]. 

p-Coumaric acid Morchella esculenta, A. bisporus, B. edulis, H. marzuolus, P. ostreatus, C. armillatus, C. 
sanguineus, D. confragosa, F. formentarius, F. pinicola, G. penetrans, H. aurantiaca, H. 
paradoxa, L. aurantiacus, L. helvus, P. cyanthiformis, P. fascicularis, S. hirsutum, T. 
terrestis, T. hirsuta, T. fuscoviolaceum. 

Antioxidant, anti-inflammatory, antimutagenic and anti-ulcer[27].  

Fig. 3. Eritadenine is an adenosine analogue found in L. edodes that shows potential pharmacological applications.  
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2.6. Selenium 

Selenium is an essential micronutrient present in fungi in the form of 
various compounds such as sodium selenite (Na2SeO3), hydrogen sele
nide (H2Se), Se-polysaccharides and Se-proteins. In humans, selenium is 
required for the synthesis of several selenoproteins, such as glutathione 
peroxidase [66]. Although selenium can be toxic in high concentrations, 
its deficiency can lead to diseases such as Kashin-Beck disease. There
fore, a daily intake of 60 µg of selenium is recommended for men and 
53 µg for women [67]. 

Selenium is found in higher concentrations in wild mushrooms than 
in cultivated mushrooms (Table 3). Falandysz (2008) compared the 
concentration of this element in 190 species of mushrooms, most of 
which are edible [7]. The wild species with the highest selenium con
centrations were Albatrellus pes-caprae (200 µg Se/g dw), B. edulis (20 µg 

Se/g dw) and Amanita strobiliformis (20 µg Se/g dw). Noted that the 
values presented are averages and it is important to consider that within 
the same species, there can be wide variability in selenium concentra
tion. For example, a maximum concentration of 70 µg Se/g dw was 
found in B. edulis, which is 3.5 times the average concentration. The 
reason for this, apart from the selenium uptake capacity of each species, 
is due to factors such as the chemical composition of the soil and climatic 
conditions. 

Cultivated species such as A. bisporus (2.82 ( ± 1.48) µg Se/g dw 
[68]) have rather low selenium levels, which presents a challenge for the 
production of dietary supplements and other compounds of interest, 
such as metal nanoparticles. However, to address this demand, bio
fortified cultures of A. bisporus have been developed that achieve higher 
selenium levels, ranging from 30 to 110 µg Se/g dw [7]. These 
selenium-rich fungi and their by-products represent a potentially valu
able source of raw materials for both nanotechnology and medicine, 
opening new opportunities and applications in these fields [69,70]. 

2.7. Other essential elements 

In addition to being a rich source of selenium, edible mushrooms 
contain modest but significant amounts of major essential elements such 
as Ca, K, Mg, Na and P and essential trace elements including B, Cr, Cu, 

(A) (B) (C) (D)

(E) (F) (G) (H)

Fig. 4. Ergocalciferol, ergosterol and derivatives present in mushrooms. (A) Ergocaliferol; (B) (22E,24 R)-ergosta-5,7,22-trien-3β-ol or ergosterol; (C) 5α,8α-epi
dioxy-(22E,24 R)-ergosta-6,22-dien-3β-ol or ergosterol peroxide; (D) 5α,8α-epidioxy-(24 S)-ergosta-6-en-3β-ol; (E) 5α-ergosta-7,22-diene-3β,5,6β-triol or cerevisterol; 
(F) (22E)-ergosta-5,7,22-trien-3β-ol or 22,23-dihydroergosterol; (G) (22E)− 6β-methoxyergosta-7,22-diene-3β,5α-diol; (H) 3β-Hydroxyl-(22E,24 R)-ergosta-5,8,22- 
trien-7,15-dione. 

Table 2 
Ergosterol derivatives described in edible mushrooms that have demonstrated 
biological activity.  

Steroid Mushrooms Most reviewed effect 

5α,8α-epidioxy- 
(22E,24 R)-ergosta- 
6,22-dien-3β-ol or 
ergosterol peroxide 

C. cibarius[51], 
Lactarius hatsudake 
[59], L. edodes[60], 
M. esculenta[55,61], 
P. ostreatus[62,63]. 

Antimicrobial, cytotoxic and 
immunosuppressive[64], 
Amoebicidal Effect against 
Entamoeba histolytica[62], 
Trypanocidal Activity[63], 
Phospholipase A2 inhibitors 
[59], and NF-κB inhibitory 
activity[51]. 

5α,8α-epidioxy-(24 S)- 
ergosta-6-en-3β-ol 

L. hatsudake[59] Phospholipase A2 inhibitors 
[59]. 

5α-ergosta-7,22-diene- 
3β,5,6β-triol or 
cerevisterol 

C. cibarius[51], 
L. hatsudake[59], 
M. esculenta[55]. 

NF-κB inhibitory activity 
[55][51]. 

22,23-dihydroergosterol 
or (22E)-ergosta- 
5,7,22-trien-3β-ol 

F. velutipes[56]. Cytotoxicity assay of FVS 
against U251 cells and HeLa 
cells[56]. 

(22E)− 6β- 
methoxyergosta-7,22- 
diene-3β,5α-diol 

P. eryngii[53]. Inhibitory Effects on 
Aromatasa as anticancer 
treatment[53]. 

(3β-Hydroxyl-(22E,24 R)- 
ergosta-5,8,22-trien- 
7,15-dione 

P. eryngi[65]. Inhibitor of macrophage 
activation through inhibitory 
effects on nitric oxide[65].  

Table 3 
Comparison of the concentrations of some essential metals among wild/culti
vated fungi and cap/stipe of P. ostreatus.   

Microelement concentration (mg/100 g dw) 

Essential 
elements 

Polish wild 
mushrooms 
[71] 

P. ostreatus 
cap[72] 

P. ostreatus 
stipe[72] 

Polish A. bisporus 
mineral 
concentration 
1977-2008-2020 
[73] 

Se 0.01-1.83   0.05-0.20-0.17 
Mg  140-240 88-240 128-106-148 
Fe 4.82-28.78 2.2-11 1.2-12 8.04-4.30-4.79 
Cu 2.04-2.45 0.30-1.8 0.18-1.2 5.27-1.04-5.95 
Mn 0.24-3.3 0.28-1.1 0.039-0.48 0.81-0.57-0.68 
Zn 0.36-12.81 14-92 1.1-8.3 6.58-2.99-6.14 
Na  4.6-92 6.2-80 121-24-49.1  
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Fe, Mn, Mo, Ni and Zn, which are necessary for the proper physiological 
functioning of organisms [73]. For edible mushrooms such as 
A. bisporus, the work by Koyyalamudi et al. (2013) conducted a mineral 
analysis of various harvests from several producers in Australia [74]. 
The results showed that the levels of B, Cu and Se present in the 
mushrooms were significant in the diet, whereas Na, K, Mg, Ca and Mn 
were nutritionally insignificant. In both cultivated and wild mushrooms, 
there is a great variability in micronutrient content within the same 
species and even within the same individual. These differences are 
attributed to the availability of micronutrients in the soil, the species, 
the level of maturity of the mycelium or the part of the mushroom. For 
example, the study by Golian et al. (2021) compared the concentration 
of some metallic elements in the cap and stem of 59 varieties of 
P. ostreatus (Table 3) [72]. Elements such as Cu, Fe, K, Mg, Mn and Zn 
mainly accumulated in the cap, while no significant differences were 
observed with respect to Al, Ca and Na. 

The differences in microelement concentrations between wild and 
cultivated mushrooms are significant even if they come from the same 
area. In the case of Poland, the study by Sotek et al. (2023) studied the 
concentration of Se, Cu, Zn, Mn and Fe in specimens of B. edulis, Imleria 
badia and Leccinium scabrum grown in forests in the northwest of the 
country [71]. Of the three mushrooms, B. edulis was the highest bio
accumulator and was considered as a great source of the analyzed trace 
elements for the human diet. Despite this, its high selenium content 
makes its extensive consumption not recommended, as this micro
nutrient can be harmful at high doses. In the case of edible mushrooms 
also cultivated in Poland, the excessive concentration of microelements 
has not been a limitation. In the study of Siwulski et al. (2022), the 
concentration of microelements in polish A. bisporus from 1977 to 2020 
was analyzed [73]. It could be observed that in this range of time 
mushrooms presented variations in the microelement profile due to 
changes in substrate processing and optimization of cultivation 
methods, being always within acceptable values. In conclusion, culti
vated edible mushrooms, as well as their by-products, are an excellent 
source of essential microelements, although special care should be taken 
when consuming large quantities of wild mushrooms.- 

3. Human health 

Edible mushroom by-products are highly valued for their poly
saccharides, with beneficial effects on human health. While some non- 
digestible polysaccharides promote a diverse and healthy intestinal 
microbiota, as they are fermented by some of these bacteria, others have 
been shown to have an antiglycemic effect, decreasing blood glucose 
absorption. Despite their benefits, the risks of consuming edible mush
rooms, such as allergies, presence of heavy metals or microbiological 
contamination of the raw material, must also be considered. 

3.1. Prebiotic potential of edible mushroom by-products 

Prebiotics, natural compounds that stimulate the growth of healthy 
intestinal microbiota, have gained considerable interest for their appli
cation in functional foods that can manipulate the composition of the 
microbiome and protect it from the proliferation of pathogenic bacteria 
[75]. Examples of prebiotics, such as inulin and β-glucans, belong to a 
group of carbohydrates that are indigestible by the host but can be used 
by specific groups of intestinal bacteria. Fermentation of these prebiotics 
by the intestinal microbiota produces short-chain fatty acids (SCFAs) 
(Table 4), which have beneficial effects at the immune, physiological, 
and metabolic levels [76]. It is important to note that the concept that 
bacterial species are always beneficial or detrimental is not straight
forward, as microbial diversity plays a key role. A poorly diverse 
microbiome has been linked to diseases such as obesity and diabetes 
[77]. Therefore, promoting a diverse and balanced microbiome through 
the consumption of prebiotics can maintain overall health and prevent 
certain diseases. 

Edible mushrooms are a great source of polysaccharides with a po
tential prebiotic effect because they contain indigestible polysaccharides 
such as glucans, chitin, hemicellulose, mannans, xylans and galactans. 
Polysaccharides from edible mushrooms are able to reach the colon 
uncorrupted and, once there, stimulate the growth of bacterial strains 
such as Lactobacillus [5]. Furthermore, the addition of fungal poly
saccharides to probiotic foods increases the probability of bacteria sur
viving the digestive process [89]. 

Numerous studies have focused on comparing the prebiotic activity 
of different edible fungi species (Fig. 5). For example, in the study by 
Sawangwan et al. (2018), water-ethanol extracts (1:4) of different 
mushrooms (Auricularia auricula-judae, L. edodes, Pleurotus cit
rinopileatus, Pleurotus djamor, P. ostreatus and Pleurotus pulmonarius) 
were supplemented to MRS broth for cultivation of Lactiplantibacillus 
plantarum and Lactobacillus acidophilus [90]. The supernatant of the 
bacterial culture was then used to measure the inhibition of pathogenic 
bacteria such as Bacillus cereus and Staphylococcus aureus. The results 
showed that the P. ostreatus extract had higher levels of total sugars, 
whereas the media supplemented with L. edodes and P. pulmonarius 
stimulated the growth of probiotic bacteria the most. In addition, the 
supernatant of A. auricula-judae with L. plantarum excelled in inhibiting 
B. cereus. Finally, a digestive survival assay was performed against an 
incubation with hydrochloric acid, and it was observed that fungal ex
tracts could increase the percentage survival of probiotic bacteria. Most 
positively, these results far outperformed the positive control (fructoo
ligosaccharides and inulin). 

The microorganisms of the human intestinal microbiota dedicate a 
significant part of their genetic material to the expression of 
carbohydrate-active enzymes (CAZymes), which degrade part of the 
non-digestible dietary fiber [91]. Among them, bacteria of the phyla 
Bacterioidetes (genus: Bacteroides, Parabacteroides, Prevotella), Firmi
cutes (genus: Clostridium, Eubacterium, Lactobacillus, Faecalibacterium) 
and Actinobacteria (genus: Bifidobacterium) were mainly found [92]. 
The study by Temple et al. (2017) demonstrated the ability of Bacteroides 
thetaiotaomicron, present in the human microbiota, to degrade β-glucans 
present in the fungal cell wall via PUL 1,6-β-glucan [6]. It was previously 
hypothesized that this PUL targets 1,3- and 1,4-β-glucans present in 
vegetables. This was disproved by deleting the enzyme BT3312 (enco
ded by PUL) from B. thetaiotaomicron and finding that without it, the 
bacterium was unable to grow with 1–6-β-glucans as a carbon source. 
This ability of some bacteria to degrade fungal polysaccharides, which 
are abundant in the stalks and unmarketable parts of edible mushrooms, 
opens a window for their use in functional foods to modulate the human 
gut microbiota. 

Among all cultivated edible mushrooms, those of the Pleurotus genus 
have shown a significant prebiotic character. In a study conducted by 
Synytsya et al. (2009), different polysaccharide extracts of P. ostreatus 

Table 4 
Short chain fatty acids (SCFAs) produced during fermentation by probiotic 
bacteria and their correlation with some clinical disorders.  

Name Molecular formula Their disruption can be a sign of 

Acetic acid 
(C2:0) * 

CH3COOH Cancer[78], constipation[79], and 
unhealthy aging[80]. 

Propionic acid 
(C3:0) * 

CH3CH2COOH Constipation[79], Multiple Sclerosis 
Disease[81], autism spectrum disorder 
[82], and obesity and type 2 diabetes[83]. 

Butyric acid 
(C4:0) * 

CH3(CH2)2COOH Obesity and type 2 diabetes[83]. 

Valeric acid 
(C5:0) 

CH3(CH2)3COOH Allergy[84]. 

Isobutyric 
acid (C4:0) 

(CH3)2CHCOOH No fermentation of indigestible proteins 
[85]. 

Isovaleric acid 
(C5:0) 

(CH3)2CHCH2COOH Depression[86], mucosal immunity in 
broilers[87] and ovariectomy-induced 
osteoporosis[88]. 

* -more abundant 
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and P. eryngii stems were formulated [93]. The prebiotic potential of 
these extracts was then evaluated in vitro by culturing Lactobacillus spp., 
Bifidobacterium spp. and Enterococcus faecium strains on 
Man-Rogosa-Sharpe medium without glucose supplemented with Pleu
rotus polysaccharides. Bacterial growth, SCFAs production and biomass 
were monitored. The alkaline extract of P. eryngii stimulated the growth 
of Lactobacillus and Enterococcus, whereas aqueous extracts increased 
the total biomass of E. faecium. For Bifidobacterium, the results were 
more variable, as the same extract stimulated some strains while others 
did not grow. Recent studies have linked the microbiota-modulating 
potential of these fungi as a target for the treatment of various dis
eases. For example, the study by Kerezoudi et al. (2021) explored the in 
vitro effect of the fungi G. lucidum and P. ostreatus as beneficial prebiotics 
for bone health [94]. Gut microbiota samples from healthy and osteo
penic women were used as inoculum for a fermenter supplemented with 
fungal extract. The fermentation products were evaluated on osteoblast 
cell cultures and were found to stimulate their metabolic activity. 

In line with these studies, Lam et al. (2018) evaluated the potential of 
glucans to mimic human milk oligosaccharides and their effect on infant 
bacterial communities in vitro [4]. Faecal samples were collected from 
3-month-old breastfed infants and used to compare the fermentation 
rate of 13 carbohydrates, including β-glucans from oats and Pleurotus 
tuber-regium. The results showed that of the 3 β-glucans tested, the 
higher molecular weight from barley and P. tuber-regium had a lower 
maximum population increase for total anaerobic bacteria and Lacto
bacillus than the lower molecular weight oat β-glucan. On the contrary 
the latter glucan had a longer persistence time of population growth for 
total anaerobic bacteria and Lactobacilli. In general, complex carbohy
drates could provide a longer fermentation period to sustain the growth 
of infant faecal bacteria, in contrast to fructooligosaccharides and gal
actooligosaccharides present in commercial formulations. Sucrose and 
xylitol were more selective for bifidobacteria, whereas glucose, xyloo
ligosaccharides, β-glucans, starch and inulin were more selective for 
Lactobacillus. Further human studies are needed to assess the real ben
efits of Pleurotus consumption, although in vitro and animal studies are 
quite optimistic [95]. 

3.2. Glycemic load control 

Consumption of foods high in sugar and calories is directly linked to 
obesity, type 2 diabetes, cardiovascular disease, metabolic syndrome, 
and cancer. Edible mushrooms, on the other hand, have been shown to 
have a high hypoglycemic and therefore anti-diabetic potential, as fiber 
promotes the slow release of sugars into the bloodstream (Fig. 5). For 
instance, the study by Hosseini et al. (2022) demonstrated that the 

consumption of dry white mushroom powder significantly reduced the 
concentration of fructosamine in the blood of diabetic patients [96]. 
This effect is attributed to its polysaccharides, which can attenuate the 
effects of diabetes by inhibiting glucose absorption and increasing in
testinal viscosity [97]. In addition, polysaccharides have been shown to 
have the ability to bind and adsorb glucose, which helps to maintain a 
lower concentration of free sugars in the small intestine [98], thus 
controlling the glycemic index. 

Considering the antiglycemic effect of fungal polysaccharides, 
numerous studies have used fungal fiber to formulate functional foods. 
In addition to being satiating and nutritious, these products are an ideal 
complement to special diets such as diabetic and obesity diets. For 
example, in the study by Wang et al. (2021), wheat flour noodles were 
fortified with P. ostreatus and A. bisporus powders (cap, stem and whole 
mushrooms) [99]. It was found that the noodles fortified with edible 
mushroom stems significantly limited the amount of easily digestible 
carbohydrates in wheat flour. The number of simple sugars released was 
found to be indirectly proportional to the levels of insoluble fiber. This, 
as discussed above, may protect simple carbohydrates from the action of 
α-amylases. In addition, it has been hypothesized that insoluble fiber has 
a higher antioxidant potential than soluble fibre because it contains a 
higher amount of phenolic acids. A similar study by Owheruo et al. 
(2023) used a mixture of wheat and P. ostreatus flours to develop low 
glycaemic index/load cookies [100]. In vitro tests showed that the cookie 
inhibited the α-amylases and α-glucosidases responsible for carbohy
drate degradation, and it was demonstrated in a rat model that the 
higher the concentration of fungal flour in the diet, the lower the post
prandial blood glucose response. The results of these studies show that 
supplementation of mushroom flour from mushroom products could be 
a key ingredient in the formulation of satiating, low-calorie products 
suitable for people with diabetes or other metabolic disorders. 

3.3. Risks of mushroom consumption 

Despite the remarkable health benefits of consuming edible mush
rooms, there are some aspects to consider before incorporating them 
widely into the diet. One of the risk factors is that mushrooms are 
excellent bioaccumulators of heavy metals such as Cu, Pb, Fe, Zn, Cd, 
Mn, Ni, Cr, Hg and Co [101,102]). Despite this, the health risk is mini
mal except through the consumption of mushrooms that have been 
grown on heavily contaminated substrates. Furthermore, a number of 
studies have discovered notable variations in the levels of heavy metals 
in fruit bodies’ caps and stems, with the latter showing a lower con
centration [103–105]. García et al. (2009) analyzed the lead content of 
different wild mushrooms cultivated in the province of Lugo (Spain) and 

Fig. 5. Effect of fungal polysaccharides in the gut, highlighting their prebiotic and antiglycemic effects.  
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concluded that the concentrations obtained were similar to those of 
other food products, such as cereals, with a low risk to human health 
[106]. Despite this, in other regions, such as in Yunnan province 
(China), soil contamination is a serious problem resulting in wild 
mushrooms with concentrations above the safe limits of toxic metals 
such as As, Cd and Pb [107]. The intake of the same mushroom species 
that has been farmed with substrates coming from a part of the globe 
with high levels of hazardous chemicals can lead to major health 
problems, which should be taken into account in today’s globalized 
world. Another potential problem with the consumption of edible 
mushrooms is the presence of some organic compounds harmful to 
human health. The presence of formaldehyde, a potential carcinogen, 
has been described at dangerous levels (119–494 μg/g wet weight) in 
samples of L. edodes [108]. A more recent study by Shao et al. (2024) 
analyzed the formaldehyde concentration of 2000 samples of different 
edible mushrooms cultivated in China, including A. bisporus, P. ostreatus 
and L. edodes [109]. The results showed that the latter mushroom pre
sented the highest levels (0 mg/kg - 270 mg/kg), which is slightly lower 
than the maximum values allowed for export to Japan (300 mg/kg). To 
address this issue, numerous pretreatments have been reported that can 
reduce the concentration of formaldehyde in by-products, such as 
high-temperature pre-drying [110] or non-thermal treatments based on 
enzymatic inhibition [111]. In line with these hazards, it is necessary for 
the industry to optimize its protocols so that both the mushrooms 
marketed and the by-products are safe for human or animal consump
tion. Therefore, Pardo et al. (2013) carried out a Hazard analysis and 
critical control points (HACCP) where they found that the main risks 
were microbiological contamination of the raw material, the presence of 
heavy metals in the compost and the application of unauthorized in
secticides during cultivation [112]. The actions that need to be consid
ered are eliminating batches that have a larger microbial load than 
permitted; examining the compost’s microbial composition and heavy 
metal content; and conducting analysis to ensure that no unauthorized 
compounds were employed during cultivation. 

Once the product has reached the consumer, there are still some 
health risks to be considered, such as allergies and digestive problems. 
Mushroom allergies are rare, as well as the potential allergens. Despite 
this, there are documented cases such as a 36 kDa A. bisporus porin that 
caused vomiting, urticaria and abdominal pain in a female patient 
[113]. In silico, Singh et al. (2023) identified Putative heat shock hsp70 
protein (A0A172B3E0), potentially allergenic, in A. bisporus [114]. In 
addition, cases of gastrointestinal problems due to the consumption of 
mushrooms or their extracts have been described. An example of this is 
the trial by Spierings et al. (2007) in which the effect of a shiitake extract 
was tested in humans [115]. Fifteen percent of the patients did not 
adequately tolerate the minimum doses of the treatment, presenting 
with adverse effects such as nausea and fatigue. Despite this, the con
sumption of fresh mushrooms and their by-products is generally harm
less and efforts are being made by the scientific community to obtain 
safe and beneficial foods. 

4. Use of edible mushroom by-products in the food industry 

The health benefits of consuming edible mushrooms, as well as their 
high production volume, make their by-products ideal candidates for 
application in the food industry. The use of shiitake peptides as a flavor 
enhancers, the use of fungal polysaccharides to improve texture and 
bacterial viability in dairy products and the use of extracts to improve 
the organoleptic properties of meat have been described. 

4.1. Flavor enhancers 

Excessive salt consumption is a major global health concern, largely 
because of the consumers’ strong preference a salty taste. This has led to 
its widespread use in meat products. However, research has revealed 
that the addition of umami flavors to low-sodium foods can effectively 

enhance the perception of saltiness, thus providing a healthier alterna
tive [116]. While monosodium glutamate (MSG) has traditionally been 
used as a popular umami enhancer, there is an increasing shift toward 
the use of natural compounds. Several fungal peptides such as 
Gly-Cys-Gly, Glu-Pro-Glu, Cys-Met, Val-Phe and Gly-Glu found in 
L. edodes have been identified as responsible for umami flavor [117]. 
Mushrooms have emerged as a valuable source of umami flavor en
hancers, with applications in a wide range of products, including broths, 
meat products, and snacks (Table 5). Among the various mushroom 
species, shiitake stands out for its remarkable umami properties. For 
example, a study by Harada-Padermo et al. (2021) successfully replaced 
MSG in corn snacks with the by-product mushroom stipes, resulting in a 
significant improvement in flavor [118]. Similarly, in meat products, 
França et al. (2022) demonstrated the potential of mushroom stipes as a 
flavor enhancer in low-sodium hamburgers, with promising results 
[119]. 

4.2. Fortification of dairy products with mushroom polysaccharides 

Lactic acid bacteria such as Lactobacillus spp. and Bifidobacterium 
spp. are present in the healthy gut microbiota and are used in various 
fermented foods with probiotic effects. These include many dairy 
products such as yoghurts or kefir. As part of this review, the study by 
Chou et al. (2013) showed a correlation between the viability of pro
biotic bacteria in yoghurt and the addition of polysaccharides from 
edible mushroom by-products [89]. A concentration between 0.1% and 
0.5% of polysaccharides from L. edodes stem, P. eringii base and 
F. velutipes base increased the survival of L. acidophilus, L. casei and 
Bifidobacterium longum during cold storage. This is because the poly
saccharides act synergistically with the peptides and amino acids in 
yoghurt to maintain bacterial concentrations of 107 CFU/mL. These 
polysaccharides not only provide a greater probiotic effect, but also help 
to improve the organoleptic qualities of dairy products. For example, a 
recent study by Kondyli et al. (2022) analysed the effect of P. ostreatus 
β-glucans in the production of ovine spreadable cheese (Table 5). The 
results showed that cheese supplemented with polysaccharides had 
better moisture retention after 21 days of storage without affecting the 
taste of the product [122]. 

Among all the extracts used in dairy formulations, the most prom
ising is the aqueous extract of P. ostreatus (Table 5). This extract has been 
extensively evaluated for yogurt formulation since it provides viscosity, 
increases the viability of probiotic bacteria, and provides phenolic 
compounds that increase antioxidant capacity. In a study conducted by 
Vital et al. (2015), the structure of different yogurts supplemented with 
various concentrations of P. ostreatus aqueous extract was analysed by 
scanning electron microscopy [126]. A reticular structure with large 
empty spaces was observed in the control yogurt, whereas a more 
compact structure was noted in the supplemented yogurts. The higher 
the extract concentration, the smaller the voids in the structure, which 
almost disappeared at concentrations of 0.75% and 1% extract. This 
resulted in a yogurt with better rheological properties and a less firm but 
more cohesive texture, as well as greater adhesiveness, elasticity and less 
syneresis. In the commercial context, consumer acceptance of the 
product is almost as important as the health benefits it may provide. 
Therefore, the study by Antontceva et al. (2019) complements these 
investigations by performing a sensory evaluation of different yogurts 
supplemented with increasing concentrations of ethanolic extract (low 
molecular weight compounds), aqueous (soluble β-glucans) and a pre
cipitate of insoluble compounds (polysaccharides such as chitin or 
insoluble β-glucans) [127]. It was found that the ethanolic extract and 
the insoluble fraction had a negative effect on the colour of the sample, 
while the aqueous extract slightly changed to a light beige color. In 
terms of consistency, the yoghurt with the aqueous extract was more 
homogeneous than the yogurt supplemented with the insoluble poly
saccharides. Finally, a sensory test was carried out with the following 
parameters: taste, aroma, color, consistency, and appearance. From all 
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the yogurts supplemented, the one with the aqueous extract scored 
higher in all areas. These results show that the application of aqueous 
P. ostreatus extract to various functional foods would be able to improve 
their prebiotic properties without neglecting their palatability. 

4.3. Stabilizer in low-fat ice cream 

Ice cream, as a complex and heterogeneous food product, presents 
distinctive characteristics throughout its production and storage pro
cess. Notably, the formation of large ice crystals can negatively affect the 
sensory properties of the ice cream, so it is crucial to control the free 
water crystallisation process. It is recommended that the size of ice 
crystals in ice cream should be between 20–50 µm, with crystal forma
tion of 10–20 µm being an important requirement for achieving a 
creamy consistency [128]. 

Currently, there are several modern integrated ice cream stabiliza
tion systems that use emulsifiers and food stabilizers. For example, 
Cremodan® functional complex systems are well known and contain 
high melting fatty acid mono- and diglycerides (E471) together with 
hydrocolloids. However, consumers are showing an increasing prefer
ence for products made exclusively from natural ingredients and 
without food additives. In this context, β-glucan stands out as a natural 
stabilizer that can increase the viscosity of ice cream mixes, improve 
their melting strength, promote uniform distribution of the air phase, 
and influence the growth and distribution of ice crystals during product 
production and storage [128,129]. However, it is important to note that 
an excess of β-glucan can negatively affect ice cream texture and other 
physicochemical parameters [130]. 

Oat-derived β-glucans are increasingly being used in low-fat ice 
cream formulations [129]. These polysaccharides can mimic the fatty 
acids present in dairy products, making them particularly suitable for 
application in ice cream. In addition, due to their high molecular weight, 
both fungal β-glucans (2–3 g/mol [131]) and plant derivatives, exhibit a 
high thickening effect. Consumer demand for low-fat products has led to 
a continuous search for healthy and tasty alternatives. In this regard, 
edible mushroom by-products have emerged as a promising source for 
the formulation of low-fat foods and ice creams while providing a high 
fiber content. 

4.4. Meat products 

Edible mushrooms are being investigated for their ability to improve 
the organoleptic properties of processed meat products and to develop 
new vegan foods that mimic them (Table 5). The fibrous texture of the 
stems and bases of edible mushrooms, their health benefits, and low cost 

make them ideal for the production of hamburgers, sausages and nug
gets, among other products. Regarding the use of mushrooms to sup
plement meat products, the study by Wan-Mohtar et al. (2020) 
supplemented chicken hamburgers with P. sapidus base [121]. The 
organoleptic qualities were analyzed, and the results showed that the 
burgers supplemented with 10% mushroom base had a better color and 
appearance than the control. However, in terms of taste, they could not 
surpass them, since the mushroom had a slightly bitter taste, as seen in 
the hamburgers fortified with 20% and 30% of P. sapidus. 

One of the most interesting properties when using fungal by-products 
to formulate meat products is their capacity to reduce lipid oxidation. 
Banerjee et al. (2020) studied the effect of adding F. velutipes stem waste 
on the lipid oxidation of goat meat nuggets during 9 days of storage 
[29]. The results showed that this by-product increased the antioxidant 
potential due to the strong reducing power, scavenging activity and 
metal chelating ability of the extracts. Other authors have shown similar 
results in the formulation of different meat products. In the work of Wu 
et al. (2022), pork meat sausages were produced supplemented with 
P. ostreatus puree at concentrations ranging from 0 to 40% [124]. To 
analyze the differences in lipid peroxidation of the samples, thio
barbituric acid reactive substances (TBARS), a by-product of these re
actions, were analyzed. It was found that the higher the concentration of 
P. ostreatus in the formulation, the lower the formation of TBARS, 
possibly due to the chemical composition of the mushroom (phenols, 
α-tocopherol and flavonoids such as rutin and chrysin). Such a property 
is interesting because it could be used to reduce the concentration of 
nitrites in meat [132]. The best formulation was the one with 20% 
mushroom, although at this concentration the gel production of the pork 
myofibril protein was reduced, resulting in a lower cohesion of the 
sausage. In the study by Wang et al. (2019), similar results were obtained 
by supplementing pork sausages with L. edodes [123]. The best formu
lation was obtained when 25% of the pork lean meat was replaced with 
this mushroom. L. edodes increased moisture content, total dietary fiber, 
DPPH radical scavenging activity due to phenols, and the concentration 
of the amino acid methionine, glutamic acid, and cysteine. However, 
darker sausages with softer texture were produced. Therefore, further 
research will have to address the loss of organoleptic properties, such as 
consistency and flavor, so that the benefits of edible mushrooms can 
reach consumers through meat. 

In recent years, the demand for vegan products that simulate meat 
has increased considerably. In response, researchers have taken advan
tage of the properties of edible mushrooms to formulate new products. 
These include the development of vegan nuggets from P. sajor-caju stems 
and chickpea flour [125] and 3D-printed vegan meat using G. lucidum, 
Lactarius deliciosus, and P. ostreatus [120]. In the latter promising study, 

Table 5 
Benefits described in food products based on mushrooms mentioned in this review.  

Product Mushroom By-product Benefits Authors 

3D printed vegan 
meat 

P. ostreatus Caps Meat replacer. [120] 
L. deliciosus 
G. lucidum 

Cookies P. ostreatus Whole mushroom Reduces postprandial glycemia. [100] 
Corn snacks L. edodes Stipes Low-sodium flavor enhancer. [118] 
Goat meat nuggets F. velutipes Stem Reduced lipid oxidation. [29] 
Hamburger L. edodes Stipes Low-sodium flavor enhancer [119] 
Hamburger Pleurotus sapidus Base Better appearance and color. [121] 
Noodles P. ostreatus and A. bisporus Cap, stems, and whole mushroom Reduces postprandial glycemia. [99] 
Ovine spreadable 

cheese 
P. ostreatus Whole mushroom 

polysaccharides 
Maintains moisture longer. [122] 

Pork meat sausage L. edodes Whole mushroom Reduced meat content. [123] 
Pork meat sausage P. ostreatus Cap Reduced lipid oxidation. [124] 
Vegan nuggets P. sajor-caju Stems Meat replacer. [125] 
Yogurt F. velutipes, L. edodes and 

P. eringii 
Polysaccharides from stems and 
base 

Increases the viability of probiotic bacteria. [89] 

Yogurt P. ostreatus Aqueous extract Increases the viability of probiotic bacteria and improves their 
rheological properties. 

[126] 

Yogurt P. ostreatus Aqueous extract Fortification with β-glucans. [127]  
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it was found that fungal fortification positively affected the maximum 
printed layer and that the gel-like consistency of the ink contributed to 
successful 3D printing. On the product side, P. ostreatus fortification 
reduced hardness, stiffness and chewiness and increased juiciness with 
good palatability. In addition, the fungi improved the nutritional value 
and contributed to the umami taste of the vegan meat. Although the 
texture of these foods still needs to be improved, using edible mushroom 
by-products to prepare vegan foods would reduce costs, provide 
nutrient-rich foods, and help implement a circular economy model. 

5. Animal feed 

Numerous benefits have been described when fungal by-products are 
added to animal feeds. In aquaculture, fungal polysaccharides help 
maintain a healthy microbiome and increase growth in shrimp. In 
terrestrial vertebrates such as broilers and pigs, they improve health and 
meat quality. Fungal by-products could be a cheap and abundant source 
to supplement the diets of species as diverse as sheep and shrimp [133]. 

5.1. Aquaculture 

Mushroom powder has been used in numerous feed formulations due 
to its prebiotic potential (Table 6). Diets enriched with edible mushroom 
powder have been shown to promote growth in commercial species. 
Fungal polysaccharides, once ingested by the animal, stimulate its 
beneficial microbiota, and improve its intestinal health [133]. A sector 
that has benefited most from the potential of edible fungal by-products is 
aquaculture, both crustacean and fish farming. A study by Huynh et al. 
(2018) showed that the administration of polysaccharides as prebiotics 
to shrimp (Litopenaeus vannamei) farms promoted the growth of bene
ficial bacteria (L. plantarum) [134]. However, the isolation and purifi
cation of polysaccharides is a costly process. Therefore, the use of 
agricultural by-products as a prebiotics would be a more cost-effective 
source. Specifically, in the work of Prabawati et al. (2022), a combina
tion of probiotics (L. plantarum) with prebiotics from king oyster 
mushroom by-products was administered to farmed shrimp [95]. The 
treated animals showed increased disease resistance compared to the 
control, and enhanced growth. 

5.2. Livestock farming 

The results for terrestrial vertebrates vary considerably with respect 
to aquaculture. While growth is usually not affected, meat quality pa
rameters as well as animal health show positive variations (Table 6). In 

the study by Vargas-Sánchez et al. (2018), the effect of supplementing 
the diet of Japanese quail (Coturnix japonica) with P. ostreatus was 
investigated [137]. This bird is highly valued in Europe and Latin 
America for its meat and eggs. The problem with this species is that its 
fatty acids are very susceptible to oxidation, which causes discoloration 
of the meat, formation of toxic compounds and reduced its shelf life. To 
combat this situation, synthetic antioxidants are often used, some of 
which have recently been restricted due to their harmful effects on 
human health. In this study, it was found that supplementing quails with 
a diet rich in P. ostreatus did not increase their weight or feed intake, but 
it did improve meat quality. Supplementation with 10 or 
20 g P. ostreatus/kg of feed was sufficient to delay lipid oxidation and 
maintain color and texture due to the antioxidant potential of the fun
gus. These results are consistent with those of other poultry species and 
other fungal by-products. Mahfuz et al. (2020) monitored the growth, 
meat quality and health status of broilers supplemented with F. velutipes 
stem residues [135]. The results showed that a 2% dietary supplement 
improved the antioxidant status and lipid metabolism in broilers. This 
antioxidant effect could be due to the fact that copper, zinc and selenium 
present in mushrooms could stimulate the synthesis of enzymes 
responsible for scavenging free radicals and degrading superoxide an
ions, such as SOD (enzyme complex with copper and zinc) [141]. 

Regarding mammals, several studies have evaluated the effect of 
supplementing different farm species with edible mushrooms (Table 6). 
In the study by Moradzadeh-Somarin et al. (2021), the effect of using 
button mushroom waste as feed for sheep along with alfalfa was studied 
[140]. The results showed that animals supplemented with up to 21% 
fungal waste had better digestibility of organic matter, as well as a 
higher abundance of short-chain fatty acids due to the higher fermen
tative activity of intestinal bacteria. These concentrations did not affect 
the production of purine derivatives or excreted nitrogen, although they 
had a negative effect on crude protein digestibility. As a follow-up, the 
study by Yousefi et al. (2022) evaluated the effect of the use of button 
mushroom by-products on lamb performance [138]. The results 
matched those of the earlier studies. Although there is little breakdown 
of the by-product in the rumen, it has been observed to be an excellent 
source of crude protein. The application of button mushrooms in 
amounts of 20% together with alfalfa could be a good way to provide an 
outlet for this by-product and increase meat production in countries 
with fewer resources. Supplementation had no adverse effect on nutrient 
assimilation and even reduced rumen ammonium concentration. The 
use of edible fungi in animal feed is being widely studied in other 
mammals such as pigs [139], promoting a diverse microbiome. More
over, they have even been used as attractants in dog feed as a substitute 
for chicken liver [136]. Much more research is required to bring the 
benefits of mushrooms to domestic animals, which could be a good field 
of study in the future. 

6. Conclusions 

World mushroom production is expected to grow strongly in the 
coming years due to high demand. This crop generates a large amount of 
waste, such as stems, bases and mushrooms that are not suitable for 
commercialization. These by-products have the potential to be used in 
the food industry. The high fiber content of mushroom by-products, 
their micronutrient content, their antioxidant content, and their low 
caloric value make them ideal candidates to become a widely used 
ingredient. It is relevant to highlight the use of aqueous extracts with 
high levels of β-glucans as functional components capable of providing 
foods with prebiotic polysaccharides and improved texture. Likewise, 
the inclusion of insoluble polysaccharides can promote a more gradual 
absorption of sugars, counteracting the effects of increasingly high- 
calorie diets. Numerous studies support these benefits in vitro, 
although in vivo evidence is less abundant. Nevertheless, many authors 
have developed various functional foods, from yogurts to cookies, with 
great potential to improve human health. Incorporating these by- 

Table 6 
Animal feed supplementation with edible mushrooms and their health benefits.  

Animal Mushroom By-product Benefits Authors 

Broiler F. velutipes Stems Improved antioxidant 
status and lipid 
metabolism. 

[135] 

Dog L. edodes Whole 
mushroom 

Food attractant; 
increased palatability. 

[136] 

Japanese 
quail 

P. ostreatus Dried whole 
mushroom 

Reduced lipid oxidation 
in meat. 

[137] 

Lamb A. bisporus Stipe Cheap and nutritious 
substrate for alfalfa 
supplementation. 

[138] 

Pig F. velutipes Stem SCFA increase and 
promote of microbiome 
diversity. 

[139] 

Sheep A. bisporus Cap and stipe Cheap and nutritious 
substrate for alfalfa 
supplementation. 

[140] 

Shrimp P. eryngii Hot-water 
extract of 
stem and 
volva 

Increased growth 
performance and health 
status. Synergia whith 
L. plantarum. 

[95]  
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products into feed formulations can enable mushroom producers to fully 
optimize crop use and pave the way toward establishing a zero-waste 
paradigm within the industry. 

Funding sources 

This work was supported by grant 230025CONV from the Junta de 
Comunidades de Castilla-La Mancha (co-financed European Union 
FEDER funds). 

Ethics statement 

Not applicable. 

CRediT authorship contribution statement 

Oussama Ahrazem: Writing – review & editing, Validation, Funding 
acquisition, Conceptualization. Lourdes Gómez-Gómez: Writing – re
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amoebicidal effect of ergosterol peroxide isolated from Pleurotus ostreatus. 
Phytother Res PTR 2015;29:1982–6. https://doi.org/10.1002/ptr.5474. 

[63] Meza-Menchaca T, Ramos-Ligonio A, López-Monteon A, Vidal Limón A, 
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