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Preface   

Over the past years, wild mushrooms have attained remarkable interest in the field of medicine 
and food processing due to their proficient nutritional and therapeutic properties. Globally, about 
14,000 species of mushrooms are known and, among them, about 2,000 species are considered edible 
mushrooms. As well, almost 200 species of mushrooms have been commercially cultivated for the 
formulation of ayurvedic medicine and human consumption. Moreover, wild mushrooms, due to 
potential nutritional and health attributes, can be compared with various meat, fish, egg, and dairy 
products. Besides nutritional importance, mushrooms are well known for their bioactive compounds 
(lectins, polysaccharides such as β-glucans, polysaccharide-peptides and polysaccharide-protein 
complexes, lanostanoids, other terpenoids, alkaloids, sterols, and phenolic structured compounds), 
which are responsible for different biological and therapeutic activities including antimicrobial, 
antioxidant, anti-inflammatory, anti-diabetic, anti-cancerous, antiviral, and anti-immunomodulatory 
activities. There have been several books published covering specific applications of mushrooms; 
however, this book aims to provide a holistic and comprehensive view of the subject starting with the 
problem and then discussing classical to modern approaches of the utilization of wild varieties of 
mushrooms for different food and therapeutic applications. The main areas of interest include various 
aspects of the cultivation and commercialization of mushroom, its health attributes and utilization in 
waste management. The concept of this book was developed in India, shared among all authors and 
editors of the book, and finally with the CRC Taylor and Francis publishing team. The editors would 
like to thank all those who contributed to the discussion, planning, writing, and publishing of this 
book. We hope that this compilation will provide information on most of the important aspects of 
wild edible mushrooms. The book chapters are divided into four sections. Part I: Introduction to 
wild mushrooms covers the historical background, cultivation strategy, processing, preservation, 
commercialization, nutraceuticals, and dietary supplement formulation of mushrooms. Part II: 
Health aspects of wild mushrooms discuss mushrooms as a protein source, mineral source, its 
therapeutic importance, nature of bioactive components of mushrooms, and in vitro and in vivo 
bioactivity of edible mushrooms. Part III: Analysis of mushroom reveals oxidative stress, cellular 
longevity, techniques of analysis of mushrooms, toxicology of mushroom, and influence of food 
processing and functional aspects of mushrooms. Part IV: Specific applications of wild 
mushrooms discusses extracellular enzymes, degradation of xenobiotic components, reduction of 
pesticides, utilization of wild mushrooms in waste management, and cultivation of wild mushrooms 
using lignocellulosic biomass-based residue as a substrate. We hope that students, teachers, 
researchers, and companies involved in mushroom utilization and discovery will find Wild 
Mushrooms: Characteristics, Nutrition, and Processing to be a useful resource. With great 
pleasure, we extend our sincere thanks to all the contributors for their timely response, excellent 
contributions, and consistent support and cooperation. We welcome any suggestions and comments 
from readers for future improvement of the book in the new edition.                                                                                                           

Editors  
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CHAPTER 1 

An introduction to wild mushrooms and their 
exploitation for human well-being: An overview 

Shweta Sharma1, V. P. Sharma1, Satish Kumar1, Abhishek Sharma2, Kumari Manorma3, 
and P. K. Chauhan4 

1ICAR-Directorate of Mushroom Research, Chambaghat, Solan 
2CSIR-Imtech Punjab, India 
3Dr YSP&UHF Nauni 
4Shoolini University, Solan  
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1.1 INTRODUCTION 

For thousands of years, wild mushrooms have been taken into account for culinary and 
medicinal uses. The archaeological record reveals edible species associated with people living 
13,000 years ago in Chile, but it is in China where the eating of wild fungi is first reliably noted, 
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several hundred years before the birth of Christ (Aaronson, 2000). Edible fungi were collected 
from forests in ancient Greek and Roman times and were highly valued, though more by high- 
ranking people than by peasants (Buller, 1914). Caesar’s mushroom (Amanita caesarea) is a re-
minder of an ancient tradition that still exists in many parts of Italy, embracing a diversity of edible 
species dominated today by truffles (Tuber sp.) and porcini (Boletus edulis). The current chapter 
summarizes the following main points related to wild mushrooms and their impact on humans. 

1.2 GENERAL OVERVIEW ON MUSHROOMS 

A mushroom is a macrofungi part of the fungi kingdom that grows and is similar to plants that 
lack roots, stems, leaves, seeds, and flowers, etc.; mushrooms are devoid of chlorophyll green 
pigments that are the major property of plants and, due to absence of chlorophyll, they are gen-
erally saprophytic (Chang & Miles, 1987, 1992). The mushroom body is made up of fine threads 
i.e. hyphae and clusters of these threads acknowledged as mycelium. A compact mass of hyphae 
grows vegetative beneath the soil or on the waste material of surrounding until the fruiting season 
comes. A mushroom, macrofungi, consists of cap and stalk. In ancient times a particular word i.e. 
“toadstool”. Being saprophytic in nature mushrooms survive on dead and decaying matter, these 
macrofungi have the potential to convert decaying matter into their food (Hadar et al., 1992;  
Jaradat, 2010). Under favorable seasonal conditions like temperature, moisture, nourishment 
source, and light, the vegetative mycelia grow into a small pinhead and are finally converted into a 
mature fruit body. The fully grown mature fruit body of mushrooms consists of three main parts: 
stipe, pileus, and gills. The gills portion of a mushroom bear spores that spread by air into the 
atmosphere. These spores subsequently germinate into a new mycelium to reiterate the new life 
cycle under appropriate substrate (Figure 1.1). 

Mature mushroom fruit bodies are generally utilized as food delicacies and medicine; however, 
there are many species in the world identified as unpalatable or poisonous (Boa, 2004). Most 
frequently collected wild mushrooms i.e. Chanterelle (Cantharellus cibarius), black morel 
(Morchella conica), yellow morel (Morchella esculenta), pine mushroom (Armillaria ponderosa), 

Figure 1.1 A life cycle of macrofungi (mushrooms).    
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matsutake (Tricholoma matsutake), boletus (Boletus edulis), and sweet tooth or hedgehog 
(Dentinum repandum) by the tribal communities and mushroom hunters have commercial per-
spective. Other species of wild mushrooms, i.e. Agaricus campestris, Lyophyllum multiceps, 
Caprinus commatus, Laetiporus (Polyporus) sulphurcus, and Morchella augusticeps are foraged 
on a leisure basis. Although mushrooms are an excellent source of nutrients, proteins, and vita-
mins, people are uncertain about their consumption. Local folks or tribal communities distributed 
the knowledge on their edibility to the public domain in local markets and fairs. Therefore, these 
wild mushrooms must be domesticated for commercial use; otherwise, they will remain unknown 
in the jungle and will become extinct (Purkayastha & Chandra, 1985; Srivastava & Soreng, 2012). 

1.3 STATUS OF WILD MUSHROOMS 

Both microfungi and macrofungi are found abundantly on Earth. According to the latest data, 
there are more than 15 lakh species of macrofungi (mushrooms) recorded on Earth, out of which 
only 1.0 lakhs are studied and described so far. The latest reports all around the world showed that 
consumption of mushrooms recorded from China, Spain, and Egypt are more than 6,000, 18 000, 
and 4,000 years back, respectively (Chang, 2006; Power et al., 2015; Straus et al., 2015; Zhang 
et al., 2015). 

The main practice to identify edible mushrooms from wild habitats by a human is not much clear; 
however, there are some approaches like cautious tasting, smell, texture, and lack of adverse reaction 
decided that either they can be eaten or not. Another mushroom species can be avoided due to its lack 
of taste and difficulty to digest, they can be toxic/poisonous. U.S. Army Survival Manual FM 2020 
published a document i.e. “universal edibility test” to recognize the edible mushroom from the wild 
(Survival Use of Plants, 2020). Chinese researchers work hard on the different types of mushrooms 
and also on their valuable medicinal properties (Wang et al., 2009). Mexico is another country with 
remarkable information on edible mushrooms (Garibay-Orijel et al., 2020). 

Wild mushrooms are also an important non-timber forest source utilized by the tribal and local 
community and their use has been well maintained in several countries all over the world 
(Harkonen et al., 1993; Jones & Whalley, 1994; Chang & Lee, 2004; Roberto et al., 2005). These 
mushrooms are available for sale in local markets (Moreno-Black et al., 1996; Roberto et al., 2005) 
or commercially used as food or therapeutic use (Oso, 1977; Vaidya & Rabba, 1993; Chamberlain, 
1996). The mushroom species collected from a different region, with their scientific name, local 
name, family, ethnomedicinal or medicinal uses, and seasonal occurrence are listed in Table 1.1 
(Semwal et al., 2014; Thawthong et al., 2014). 

1.4 WHY IS DOMESTICATION/ARTIFICIAL CULTIVATION OF WILD MUSHROOMS 
IMPORTANT? 

Mushrooms are delicate, fleshy, spore-bearing fruiting members of the fungi kingdom. Wild, 
edible mushrooms have played a significant role as a human delicacy from ancient times. Though, 
practical knowledge for their cultivation and farming is comparatively new (Martínez-Carrera et al., 
2000). China was the first country that autonomously developed the cultivation methods of black ear 
mushroom (Auricularia sp.) and shiitake [Lentinula edodes (Berk.) Pelger] about a thousand years 
ago. About 350 years ago France developed the cultivation method of white button mushroom 
[Agaricus bisporus (Lange)] Imbach. However, in the last 50 decades the methods of cultivation and 
domestication of important wild mushrooms have been considerably improved (Chang & Miles, 
1989; Chawla et al., 2019). Industries for commercial production of wild edible mushrooms have also 
been rising (Chang & Miles, 1987). Statistics data showed that mainly 11 main genera of mushrooms 
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i.e. Agaricus, Lentinula, Volvariella, Pleurotus, Auricularia, Flammulina, Tremella, Hypsizygus, 
Ganoderma, Grifola, and Hericium are widely cultivated. 

There are mainly three fundamental steps involved in the domestication and commercial 
production of wild mushrooms: 1) spawn or seed production technology, 2) mushroom production 
technology, and 3) processing technology (Martínez-Carrera et al., 2000; Sharma & Kumar, 2011; 
Figure 1.2). A variety of methods and techniques have been developed and described in detail for 
each technology (Flegg et al., 1985). Spawn or seed production technology involves the isolation 
of pure strains from wild mushrooms present in their natural habitat, either by spore culture 
technique or by tissue culturing method (Royse et al., 1985; Kozak & Krawczyk, 1999; Sharma 
et al., 2019). 

Wild strains are generally not suitable for commercial production; hence, to overcome this 
problem intensive selection and breeding through traditional and molecular methods. A selected 
strain with valuable gastronomic and salutiferous properties is used for spawn preparation on 
cereal grains (e.g. rye, wheat, rice, maize, and sorghum, etc.) or sometimes on the organic substrate 
(i.e. wheat straw, cotton waste, coffee pulp, sawdust, and mustard straw) in autoclavable glass 
bottle or bags. The substrate for the spawn is inoculated with mushroom mycelium and kept at a 
temperature (25°C) for complete mycelial colonization on the substrate (Chang & Miles, 1989). 
Large-scale production technology for mushrooms is initiated with the construction of infra-
structure equipped with all cropping conditions, i.e. temperature, light, relative humidity, and 
ventilation, etc. Appropriate raw substrates are used according to the availability of mushroom 
cultivation. These raw materials are selective and different for each species of mushroom. 
Production of fruit bodies varies according to each species, spawn quality, substrate quality, and 
environmental conditions (Sharma et al., 2020) Table 1.2. 

In addition to standardizing cultivation protocols for valuable wild mushrooms, production of 
high-yielding strains supplemented with characteristics such as diseases resistance, temperature 
tolerance, and good-quality fruit bodies (regarding shape, size color, and taste) is also a matter of 
concern. Nowadays, several techniques, such as molecular breeding and single spore isolation, are 
used for improvement in the quality of mushrooms. 

1.5 WILD MUSHROOMS EXPLOITED FOR HUMAN WELL-BEING 

Apart from numerous excellent nutritional properties, several edible wild mushrooms have also 
been used as a remedial purpose in many countries. Currently, around 300 species of mushrooms 
are identified for their remedial and healing qualities against various diseases (Ying et al., 1987). 
These medicinal mushrooms are employed as customary medicinal components for the cure of 
health-related problems. Thus, due to their tremendous health benefits, researchers and scientists 
all over the world keenly worked on the identification, domestication, commercialization, and 
evaluation of nutraceuticals properties of wild mushrooms. Extensive scientific investigations, 

Spawn / seed
production
technology

Mushroom
production
technology

Processing
technology

Domestication /
cultivation steps for

wild mushrooms

Figure 1.2 Flowchart illustrating steps of domestication of wild mushrooms.    
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particularly from eastern countries like China, Korea, and Japan have confirmed the traditional 
curative uses of mushrooms. The Mediterranean region, especially Italy and Greece, established 
many production lines based on the utilization of wild edible fungi. These production units are 
based on the precise recognition of wild mushrooms with important organoleptic traits. Several 
imperative, wild, medicinal mushrooms are discussed as follows (Figure 1.3). 

1.5.1 Ganoderma sp. 

Ganoderma lucidum, acknowledged as an “herb of mortality and longevity”, has been used 
since 3–4 A.D. in China. Ganoderma has been used in Chinese medicine as a tonic since ancient 
periods due to its health benefits and non-poisonous traits (Liu, 1999; Chawla et al., 2020). 
Ganoderma is a notable medicinal mushroom throughout the world due to its significant curative 
characteristics (Hawksworth, 2001; Kingston & Newman, 2005). This mushroom is known with 
different names such as Reishi, Lingzhi, and Mannentake in Japan, Korea, China, and other East 
Asian countries. Ganoderma sp. usually grows on dead deciduous forest trees. Its fruit body is 
generally dark red with a shiny woody texture. From the last few decades, demand for Ganoderma 
sp. increases all across the world due to its extensive medicinal properties such as anti-microbial, 
anticancer, anti-diabetic, anti-aging, immuno-modulating agents, etc. Researchers reported that 
polysaccharides extracted from Ganoderma lucidum, i.e. polysaccharides “Gl-PS” when admini-
strated on mice lowered their blood sugar level. “Gl-PS” polysaccharide has a hypoglycemic effect 

Table 1.2 Temperature requirement for different growth stages of medicinal mushrooms       

S.no. Medicinal mushroom 
Spawning 
condition 

Pinhead 
condition 

Fruiting 
condition   

1. Shiitake mushroom (Lentinula edodes) 23°C ± 2°C 18°C – 20°C 18°C – 20°C  

2. Reishi mushroom (Ganodermalucidum) 23°C ± 2°C 30°C – 32°C 30°C – 32°C  

3. Dhingri/oyster Mushroom (Pleurotus sp.) 23°C ± 2°C 18°C – 22°C 18°C – 22°C  

4. Maitake mushroom (Grifolafrondosa) 23°C ± 2°C 16°C – 18°C 16°C – 18°C  

5. Monkey head mushroom 
(Hericiumerinaceus) 

23°C ± 2°C 16°C – 18°C 16°C – 18°C  

6. Coral tooth fungi (Hericiumcoralloides) 23°C ± 2°C 16°C – 18°C 20°C – 25°C  

7. Black ear mushroom 
(Auriculariapolytricha) 

23°C ± 2°C 18°C – 20°C 18°C – 20°C  

8. Turkey tail mushroom 
(Trametesvesicolor) 

25°C ± 2°C 18°C – 24°C 18°C – 24°C  

9. Cordycepsmilitaris 18°C – 22°C 18°C – 22°C 18°C – 22°C  

10. Tremellafuciformis 25°C – 28°C 18°C – 23°C 23°C – 24°C  

11. Agaricusblazei 23°C ± 2°C    

12. Milky mushroom (Calocybeindica) 23°C ± 2°C 28°C – 30°C 28°C – 30°C  

13. Paddy straw mushroom (Volvariella sp.) 23°C ± 2°C 28°C – 32°C 28°C – 32°C  

14. Black poplar mushroom 
(Agrocybeaegerita) 

23°C ± 2°C 14°C – 16°C 14°C – 16°C  

15. Schizophyllumcommune 23°C ± 2°C 28°C – 30°C 28°C – 30°C  

16. Flammulinasp 22°C – 25°C 10°C – 14°C 10°C – 14°C  

17. Lentinussajor-caju 22°C – 25°C 28°C – 30°C 28°C – 30°C  

18. Lentinus conatus 23°C – 26°C 20°C – 24°C 22°C – 24°C  

19. Panusvelupitus 22°C – 25°C 28°C – 30°C 28°C – 30°C  

20. Panuslecometi 22°C – 26°C 22°C – 25°C 22°C – 25°C    
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on normal mice and also possesses the insulin-releasing activity that facilitates the Ca2+ inflow to 
the pancreatic beta cells (Zhang et al., 2004). 

Currently, various Ganoderma products (Ganoderma powder, tea, nutritional supplements, and 
several medicines) derived from different parts, such as fruiting body, mycelium, and spores, are 
available in markets for public use (Wachtel-galor et al., 2011). Several bioactive compounds have 
been synthesized by the cell wall of Ganoderma sp., which has significant medicinal characteristics 
useful for the development of novel drugs. 

(a)

(d)

(g)

(j)

(b)

(e)

(h)

(k)

(c)

(f)

(i)

(l)

Figure 1.3 Pictures of different domesticated valuable medicinal and gastronomic mushrooms (a. Ganoderma 
sp., b. Lentinula sp., c. P. ostreatus, d. Tremella sp., e. Agaricus sp., f. Agrocybe sp., g. Cordyceps 
sinensis, h. Cordyceps militaris, i. Hericium erinaceus, j. Hericium coralloides, k. Grifola frondosa, l. 
Auricularia sp.).    
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1.5.2 Shiitake (Lentinula edodes) 

Lentinula edodes (Berk.) Pegler, commonly known variously as the black oak mushroom, 
shiitake, or shiang-gu, is a gilled mushroom with polyporaceous affinities (Pegler, 1983). More 
than 800 years back, shiitake was first cultivated in China (Chang & Miles, 1987) and, at present, 
China accounts for about 70% of world production. L. edodes is the second most widely cultivated 
mushroom species among the five most cultivated edible mushrooms all over the world. Lentinus 
edodes is currently the world’s top cultivated edible mushroom with about 22% of the world’s 
supply. These mushrooms grow in the wild in China, Japan, Korea, the Himalayas, the Philippines, 
Papua New Guinea, and in the north of Thailand (Mori et al., 1974; Chang & Miles, 1992;  
Campbell & Slee, 2004; Sharma et al., 2016). L. edodes is valued for its unique flavor, which 
derives mainly from its content of the modified amino acid lanthionine and the nucleotide guanine- 
5-monophosphate (Mizuno, 1995; Yang et al., 1998). The fruit bodies are rich in minerals, vita-
mins, and essential amino acids (especially lysine and leucine) and are high in fiber content but 
contain less than 10% crude fat (Ho et al., 1994; Mizuno, 1995). Apart from its importance as a 
mushroom crop, it has also been found that L. edodes contains medicinal compounds, including 
lentinan, which has antitumor activity, the hypocholesterolemic eritadenine, and cortinellin, an 
antibacterial agent (Sugiyama et al., 1997; Przybylowicz & Donoghue, 1988). Pegler (1983) in-
terrelated phenotypical dissimilarity with geographic allocation to identify three species of shii-
take, i.e. Lentinus lateritia in Southeast Asia and Australasia and Lentinus novaezelandieae in New 
Zealand. Other species of Lentinus include L. crinitus and L. tigrinus (Bisen et al., 2010). 

1.5.3 Pleurotus ostreatus 

Pleurotus ostreatus, also known as the oyster mushroom, is a common edible mushroom. Its 
large-scale production for food was first done by Germany during the World War (Stamets, 2000). 
This mushroom is predominately found in the wild among all other mushrooms, although this 
mushroom can be easily cultivated on the waste straw of wheat and rice nowadays. P. ostreatus 
also have some cultivation similarities with P. eryngii. P. ostreatus has the peculiar aroma of the 
chemical benzaldehyde (Stamets, 2000). This mushroom can be easily identified in the wild as it 
grows on decaying wood in large clusters with a short stem with white gills containing whitish to 
mauve or pale purplish-colored spores (Philips & Roger, 2006). Seasonal appearance of this 
mushroom is generally between October and April. P. pulmonarius (pale-colored), P. populinus 
(appears on the wood of aspen), and other similar species are commonly found in between April 
and September. P. ostreatus is generally saprophytic but tends to be a facultative parasite during 
stress conditions (Stamets, 2005). 

Due to its unique taste, essence, and high nutritional and medicinal value, P. ostreatus mushroom 
is consumed all around the world. P. ostreatus has numerous medicinal characteristics, i.e. anti-
bacterial, anticancer, antidiabetic, anticholesterol, antioxidants, antiarthritic, and antiviral. Thus, 
having high nutritional values along with potent medicinal qualities, P. ostreatus is considered an 
important nutraceutical functional food (Deepalakshmi & Mirunalini, 2014). Besides many health 
benefits, these mushrooms can also be used for mycoremediation (degrade hazardous waste material) 
and biocontrol purposes as they attack and kill nematodes and bacteria (Barh et al., 2019). 

1.5.4 Tremella species 

Tremella sp., also known as “jelly fungi” due to its gelatinous appearance, belongs to the 
Tremellaceae family and is parasitic to other fungi. Here, tremere means “to temble” in Latin; 
initially Linnaeus kept Tremella with cyanobacteria, myxomycetes (slime molds), algae, and 
seaweeds along with fungi. But, Persoon revised it in 1794 and 1801 and repositioned Tremella as 
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a new genus under the ICBN (International Code of Botanical Nomenclature), i.e. Tremella me-
senterica (Chen et al., 2006). Presently, almost 100 species are identified around the world, out of 
which two species, i.e. T. aurantialba and T. fuciformis, are commercially produced for food 
(Zhang et al., 2004). As Tremella sp. is parasitic, hence it produces a particular type of hyphal and 
haustorial cell that infiltrates the host plant. The basidia are globose or ellipsoids with vertical and 
diagonal septa. Conidia are present on conidiophores as similar patterns present in yeast cells 
(Chen et al., 2006). Tremella mesenterica species is found extensively in forests with broadleaf, 
conifer, and mixed tree vegetation. Though the Tremella mushroom is insipid and flavorless, it is 
still considered edible. Tremella mesenterica synthesizes various bioactive compounds with var-
ious useful biological activities (Deng et al., 2009) 

1.5.5 Agaricus species 

This is an imperative genus of mushrooms including both edible and non-edible species with 
more than 300 members globally. The genus generally comprises two widely used mushrooms, i.e. 
common white button mushroom (Agaricus bisporus) and field mushroom (A. campestris). The 
fruit bodies of Agaricus genus are mainly characterized with fleshy white/brown colored pileus 
with spore-bearing gills inside them (Masuda et al., 2008). These mushrooms have a stipe that lifts 
the pileus above the compost/substrate and also possess a partial mask/veil and protect the growing 
gills and afterward forms a ring on the stalk (Regulo et al., 2013). Agaricus sp. (common 
mushroom) is also known with many different names, i.e. button mushroom, white mushroom, 
champignon mushroom, table mushroom, crimini mushroom, Roman brown mushroom, Italian 
mushroom, and Swiss brown mushroom, all around the world. 

White button mushrooms rank first globally on their consumption basis. It is an edible 
mushroom with lots of nutritional (protein and vitamin D) and medicinal traits. Species other than 
Agaricus bisporus also have numerous valuable health benefits along with gastronomic properties. 
For example, Agaricus subrufescens is an optional culinary mushroom with a slightly sweet taste 
with an almond-like aroma (Chuchin & Wu, 1984). This mushroom is widely used as a substitute 
for cancer medicine in Japan (Hyodo et al., 2005). It is considered a health beneficial food. Agaricus 
blazei Agaricus brasiliensis KA21), another species of Agaricus genus, is reported to show immune- 
enhancing properties like leukocyte increase, antitumor/anticancer, endotoxin shock – alleviating and 
hepatopathy alleviating effects in experimental mice (Liu et al., 2008). While an experiment was 
conducted on humans, it has been reported that with the intake of this particular mushroom, blood 
cholesterol, sugar level, percent body, and visceral fat level declines, and NK (natural killer) cell 
action rises (Liu et al., 2008). Agaricus blazei secretes oligosaccharides and beta-glucans that play 
novel activities as antihypertriglyceridemic, antihyperglycemic, anti-arteriosclerotic, and anti-
hypercholesterolemic in diabetic mice (Kim et al., 2005). The metabolite extracted from Agaricus 
blazei showed an improvement in insulin resistance against type 2 diabetes. Consumption of 
Agaricus blazei enhances the concentration of adiponectin, which provides many health benefits in 
human beings (Hsu et al., 2007). 

1.5.6 Agrocybe aegerita 

Agrocybe aegerita (Brig.) Sing. is commonly known as “black poplar mushroom”. It has a 
unique flavor and nutritive value. This mushroom generally is cultivated in Japan, Korea, 
Australia, and China. Agrocybe aegerita synthesizes important valuable bioactive metabolites such 
as agrocybenine, cylindan, and indole derivatives with antifungal, anticancer, and free radical 
scavenging activity, respectively (Zhong & Xiao, 2009). Two compounds, glucan and hetero-
glycan, are extracted from the fruit body of the Agrocybe mushroom. Kiho et al. (1994) reported 
that glucan showed significant hypoglycemic activity in normal and diabetic mice. 
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1.5.7 Cordyceps sp. 

Cordyceps, or caterpillar mushroom, is an entomopathogenic fungus that is related to the 
Ascomycetes family. Genus Cordyceps is a natural parasite on arthropods, especially lepidopteron 
larvae and pupae (Guo et al., 2016). Generally, two species, C. sinensis and C. militaris, are popular 
among all 450 reported species. This mushroom is widely used in traditional Chinese medicinal 
practices (Georges, 2007). Chinese folk utilize the fruiting body with insect carcass for numerous 
medicinal purposes. C. sinensis is more expensive and complicated to cultivate artificially than the 
C. militaris (Lin et al., 2016). Cordyceps mushrooms secrete several novel bioactive constituents like 
cordycepin (substitute of adenosine nucleosides) and cordycpic acid (D-mannitol), polysaccharides, 
sterols, and macrolides (Chatterjee et al., 1957; Bok et al., 1999; Yang et al., 2009; Wu et al., 2014). 

1.5.8 Hericium sp. 

Hericium erinaceus (Bull. Fr.) Pers. is known as monkey head mushroom in China and “cen-
dawanbungakobis” in Malaysia. Hericium sp. also has some other names such as lion’s mane, old 
man’s beard, bearded tooth fungus, hedgehog mushroom, satyr’s beard, pompom, and yamabush-
itake (Stamets, 2005). This belongs to the Basidiomycetes class and Hericiaceae family. It can be 
identified by its long spines (greater than 1 cm length), short stalks, and form a whitish cluster of 
downward cascading spines that are commonly found native to North America, Europe, and Asia. H. 
erinaceous is an edible mushroom with many medicinal qualities including anticancer, neuro- 
protection, antioxidant, and anti-inflammatory. H. erinaceous also consists of other nutrients such as 
proteins, unsaturated fatty acids, carbohydrates, and micronutrients including phosphorus, sulfur, 
calcium, magnesium, zinc, iron, and copper, which play an important role in the multiple physio-
logical systems (nervous, digestive, circulatory, and immune systems) of the organism. Fruiting 
bodies of H. erinaceus may have beneficial effects against stomach, esophageal, and skin cancers 
(Kim, 2012). H. erinaceus (its fruiting body, mycelium, and products in the medium) also contain 
some lower MW pharmaceutical constituents, such as the novel phenols (hercenones A and B) and 
Y-A-2, which may have chemotherapeutic effects on cancer (Lee et al., 2000). Another species of 
Hericium genus is H. coralloides, a saprophytic fungus, commonly known as coral tooth fungus. It 
grows on dead hardwood trees. When young, the fungus is soft and edible, but as it ages the branches 
and hanging spines become brittle and turn into a light shade of yellowish-brown in color. This is also 
an edible mushroom with therapeutic value (Sharma et al., 2020) 

1.5.9 Grifola frondosa 

Maitake (Grifola frondosa) is a well-accepted mushroom on the Asian continent for its deli-
cious flavor and immune-stimulating property. Maitake is also known as dancing mushroom as 
researchers and mushroom hunters say it was so rare that anyone who found it danced with joy. 
Hen of the woods or sheep’s head are other names of Grifola frondosa. Recently, researchers all 
across the country are working on its large-scale cultivation (Sharma et al., 2020). The Grifola 
frondosa mushroom possess many healthy beneficial traits as it helps in the reduction of blood 
sugar. Alpha-glucosidase inhibitor component is produced by the maitake mushroom fruit body 
and helps in maintaining the blood sugar level (Matsuur et al., 2002; Hong et al., 2007). 

1.5.10 Auricularia polytricha 

The black ear mushroom has the oldest record of cultivation by the Chinese, dating back to 600 AD. 
It is commercially cultivated in some of the Southeast Asian countries. This mushroom ranks 
fourth among all cultivated edible mushroom. This mushroom is believed to cure sore throat, 
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anemia, and certain digestive disorders, especially piles on regular consumption. In India, this 
mushroom is collected and consumed in the northeastern states (Sharma et al., 2020). 

1.6 THE ROLE OF WILD MUSHROOMS IN THE ENVIRONMENT 

Recently, many studies showed that wild mushrooms are exploited for decomposition of forest 
litter, cellulose, hemicelluloses, and lignin compounds, and other biodegradation of en-
vironmentally hazardous materials (Aggelis et al., 2002). Several studies reported wild mushrooms 
are effective agents for waste material biodegradation (Wang et al., 2009). There are several wood- 
decaying basidiomycetes, i.e. Ganoderma sp, Lentinus tigrinus, Panellus stipticus, Phanerochaete 
chrysosporium, Abortiporus biennis, Inonotus hispidus, Pleurotus sp., Bjerkandera adusta, 
Trametes hirsuta, Irpex lacteus, and Dichomitus squalens that are potent agents to degrade/de-
toxify a broad range of pollutants, e.g. chlorinated compounds, textile or industrial effluents, 
aromatic hydrocarbons, preservatives, agro-industrial waste (fungicides, herbicides, and in-
secticides, etc.) into non-toxic simple organic compounds (Anastasi et al., 2010; Da Silva Coelho 
et al., 2010; Inoue et al., 2010; Ntougias et al., 2012). These macrofungi can break down the lignin 
and other related constituents like hemicelluloses and cellulose into a simpler form by secreting 
laccases, phenoloxidases, and peroxidases enzymes (Martinez et al., 2005; Baldrian, 2006). The 
aforesaid mushroom species could be eventually exploited by many significant biotechnological 
processes meant for providing eco-friendly and economical approaches related to waste man-
agement. Lentinula sp. has been utilized in bio-pulping practice and this species also been used to 
degrade some of the toxic waste natter present in municipal dumps. Rhodes (2012) concluded that 
macrofungi are a remarkable degrading agent of waste by-products and also a significant element 
of the food web. These macrofungi cannot destroy/degrade forest litter directly; first of all, they 
cover the entire forest floor with their mycelial mat and then disintegrate the waste material. 
Degradation speed generally depends upon the nutrients present in the soil. Several macrofungi 
species, e.g. Pleurotus sp., Lentinula sp., Ganoderma sp., Agaricus sp., Lentinus Squarrosulus, 
Irex lacteus, Stropharia coronilla, Lentinus tigirinus, and Nematolana prowardii, interact with 
obstinate waste litter such as chitin, keratin, lignin, and fats, and disintegrate them into simple 
molecules, i.e. cellulose, sugars (Barh et al., 2019). 

In addition to this, some findings show that native diversity of mushroom species, e.g. Cordyceps 
sp. and Pleurotus sp., are used as biological control agents against phytopathogenic pests, i.e. insects, 
nematodes, respectively (Chitwood, 2002; Shah & Pell, 2003). Fungal inoculum especially ecto-
mycorrhizal mushroom species are applied for the establishment of plants/trees under reforestation 
initiative schemes (Kropp & Langlois, 1990; Bonet et al., 2006; Rincón et al., 2007). 

1.7 ETHNOBIOLOGY AND WILD MUSHROOMS 

Many aboriginal tribal communities all across the globe utilize wild varieties of mushrooms as 
their natural source of diet and income (Semwal et al., 2014; Ao et al., 2016; Borah et al., 2018). 
Macrofungi like mushrooms were traditionally used by the human civilization since the primeval 
era. Customary or native information of the wild is generally employed by the local folk for their 
cultural practices. People from ancient times of many continents and sub-continents like Greece, 
Iran, China, Japan, and India exploit mushrooms for various rituals (Lowy, 1971; Sharma, 2003). 
A 3500 BC old Charaka Samhita of Indian treatise reported the utilization of mushrooms as de-
licacies and medicine. In the previous era, wild mushrooms were considered an exceptional kind of 
food with several nutraceuticals qualities and regarded as “food of Gods” by the Romans. 
Mushrooms were considered a source of strength and nutrition and hence given to soldiers before 
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battle by the Greeks. Various records have confirmed the utilization of wild mushrooms as 
medicines since the Neolithic and Paleolithic eras (Samorini, 2001). Boa (2004) revealed that wild 
mushrooms are not simply a source of food but also a revenue-generating source for developed and 
developing countries. 

In India, more than 280 edible species of wild mushrooms are recorded, out of which a few are 
domesticated (Purkayastha & Chandra, 1985). The domestication of wild varieties of mushrooms 
drew attention all over the globe as cultivated varieties are accessible throughout the year for 
people to use. India has an extraordinarily diverse climate and seasonal conditions that lead to rich 
mushroom diversity. Several mushroom species are sold in local markets of India by tribal 
communities (Tanti et al., 2011). Tribal communities from different parts of the world forage 
various kinds of wildly grown mushrooms for food or remedial purposes. 

1.8 CONCLUSION 

Mushrooms, due to their stupendous unique flavor, aroma, and texture, are acknowledged as 
nourishing food and a significant source of nutraceutical health-beneficial components. Usually 
mushrooms contain high dietary fiber content and are low in energy. They are an exceptional 
source of antioxidants along with several secondary metabolites and phenolic compounds. Around 
the world, there are more than 1,100 species of mushrooms utilized by different continents and 
subcontinental countries as delicacies and medicine. Edible, wild mushrooms with high nutritional 
and medicinal value are used as remedies for many dreadful diseases like cancer, tumor, diabetes, 
etc. Several species, i.e. Lentinula sp., Ganoderma sp., Pleurotus sp., and Cordyceps sp., are 
considered curative foods due to their anti-cancerous, anti-cholesterolaemic, and anti-viral beha-
vior. Along with tremendous therapeutic traits, wild, edible mushrooms also help in the main-
tenance of bone density, skin health, blood sugar level, cholesterol level, improve our immune 
system, and enhance the energy level. 

With so many outstanding properties, the wild, edible mushrooms are still not fully explored and 
many of them are not properly domesticated for the public domain. The vast diversity of wild 
mushroom species that have been investigated is still less in number and slight information is available. 
There is a necessity to do more and more research and exploration of wildly present mushrooms, 
mainly for their gastronomic and medicinal benefits. Domestication of wild mushrooms is a challenge, 
as is commercialization of wild mushrooms. Commercial cultivation of wild mushrooms leads to 
opening the way to national and international trade of beneficial wild mushrooms throughout the 
world. In addition to the gastronomic and medicinal utilization, the wild mushrooms should be well 
documented because such information and facts would not only lead to sustainable exploitation but 
also would give a view to attaining significant strains with potential bioactive metabolites. 
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2.1 INTRODUCTION 

Mushrooms have always attracted the attention of various civilizations that have used them as 
food, medicine, or means in spiritual rituals. So far, the oldest evidence of mushrooms use is that 
isolated from the dental plaque of a woman named The Red Lady, fossil remains excavated at El 
Mirón Cave, in the mountainous region of Cantabria in Spain, whose age is estimated at 18,700 
years. The application of modern techniques has determined the presence of different types of 
mushrooms spores, embedded in the teeth of this fossil, which testifies to the use of mushrooms as 
food or because of some special powers, even in that ancient time (Power et al., 2015). For 
centuries, people, for their various needs, simply collected mushrooms that were available in the 
environment. And then they started growing Auricularia auricula (600 AD), Flammulina velutipes 
(800 AD), Lentinula edodes (1000 AD), Agaricus bisporus (1600 AD), Volvariella volvacea (1700 
AD), Tremella fuciformis (1800 AD), and Pleurotus ostreatus (1900 AD) (Chang & Miles, 1987). 
Due to the very pronounced adaptability to different environments, the ability to grow on different 
substrates, and a relatively short life cycle, these species of saprophytic mushrooms have been 
successfully grown in artificial conditions. Thus, these human communities provided larger 
quantities of mushrooms, for hundreds of years growing them only on wooden logs, so they were 
less dependent on naturally available strains. However, the greatest progress in mushroom culti-
vation was achieved by the technique of growing A. bisporus on a composted substrate, first 
applied in France around 1600. Over the last hundred years, this technique has been significantly 
improved, enabling the production of large quantities of A. bisporus, which has become both the 
most popular and sought after in the Western world. Taking into account the world production of 
fungi, Royse et al. (2017) reported that in the first place is L. edodes (22%), followed by P. 
ostreatus (19%), A. auricula (18%), while A. bisporus is in fourth place (15%); the production of 
F. velutipes (11%) and V. volvacea (5%) is also significant, while several other species are pro-
duced in smaller amounts (10%). 

Numerous studies have highlighted mushrooms as a natural source of very important bioactive 
components, so in the last 40 years, there has been an increase in world mushroom production by 
as much as 2,500%, while population growth in that period was about 700% (Royse, 2014). Such 
an intensive growth of production was achieved by the development of various techniques for 
indoor growing, which overcame the shortcomings of outdoor cultivation, i.e. enabled control of 
parameters that directly contribute to the successful production of mushrooms. Therefore, this 
chapter will be dedicated to different mushroom-growing techniques, especially in light of the 
most efficient use of agro-industrial waste. 

2.2 WHY CULTIVATE EDIBLE AND MEDICINAL MUSHROOMS? 

Mushrooms are considered a delicacy that have exceptional nutritional value. These organisms 
contain a high level of protein, dietary fiber, vitamins (especially B, C, and D), and minerals, while 
on the other hand they have a low content of total fat (with a significant proportion of unsaturated 
fatty acids) and have no cholesterol (Kalač, 2016). Valued for their specific and unique taste, 
mushrooms are also used as additions to various dishes, improving their nutritional and sensory 
characteristics, but also contributing to health aspects (Gargano et al., 2017; Novakovic et al., 
2020). According to Royse et al. (2017), the average consumption per person was 5 kg of 
mushrooms per year, and it is thought to increase over time due to the growing awareness of people 
about the benefits of a mushroom-rich diet. The most commonly grown edible species are A. 
bisporus, Pleurotus spp., L. edodes, V. volvacea, F. velutipes, Pholiota nameko, Agrocybe ae-
gerita, etc. However, a strict division into edible and medicinal mushrooms cannot be made 
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because many edible species also have a variety of beneficial health effects (Stamets, 2000; Miles 
& Chang, 2004; Klaus et al., 2013; Kozarski et al., 2015). Several medically important mushrooms 
can be used for food (Guillamón et al., 2010; Klaus, 2011). On the other hand, the cultivation of 
species that are inedible due to their hard texture and/or unpleasant smell and taste, but are a rich 
source of biologically active substances, is also intensive. The most famous and most cultivated 
among these mushrooms are Ganoderma lucidum, G. applanatum, Phellinus linteus, Inonotus 
obliquus, Schizophyllum commune, and Coriolus versicolor (Klaus et al., 2011; Kozarski et al., 
2012; Shrestha et al., 2012; Chen et al., 2019; Peng & Shahidi, 2020). Very extensive research, 
conducted in recent decades, indicates there is still untapped potential of mushrooms. They are rich 
in many molecules showing high biological activity, such as polysaccharides (β-glucans are 
especially important), phenolic components, triterpenes, steroids, alkaloids, antibiotics, etc. (De 
Silva et al., 2013). So far, more than 130 medical effects of mushrooms are known, among others 
antioxidant, antimicrobial, antihypertensive, antitumor, immunomodulating, cholesterol-lowering, 
cardiovascular, neuroprotective, antiviral, etc. (Wasser, 2014; Klaus et al., 2015; Petrović et al., 
2016; Linnakoski et al., 2018). Throughout the long history of mushroom use, they have played a 
significant role as a food, as well as a means of treating various health disorders. As recent findings 
have revealed, the presence of many significant, biologically active compounds in their fruiting 
body, mycelium, and cultivation broth, thus increasing interest in these very valuable organisms, it 
is obvious that the demand for mushrooms has also increased. 

2.3 MUSHROOM CULTIVATION TECHNIQUES 

To date, the exact number of fungi is still unknown, but it is estimated that up to 5,100,000 
species live on our planet, of which over 100,000 have been described in the literature (Blackwell, 
2011), and at least 14,000 species reproduce by macroscopic fruiting bodies (Miles & Chang, 
2004). Mushrooms, organisms belonging to the kingdom Fungi, are divided into divisions of 
Ascomycota and Basidiomycota, and grow all over the world, in habitats rich in lignocellulosic 
material, such as forests, meadows, pastures, or parks. According to current knowledge, over 3,000 
species of mushrooms are edible, about 2,000 species have some medicinal properties, more than 
60 species are grown commercially, while on an industrial scale it is possible to grow just over ten 
species (Miles & Chang, 2004). The number of industrially grown species is so low due to the very 
specific nutritional and ecological requirements of mushrooms, which science and technology at 
the current level of development still cannot meet. The development of mushroom growing 
techniques or fungi culture appeared later and developed much more slowly than other human 
activities such as agriculture or animal husbandry. The reasons for this are a very specific 
mushroom life cycle, diet, complex metabolism, and complicated requirements in terms of en-
vironmental parameters. In addition, mushrooms generally have long incubation periods and are 
susceptible to many parasites, predators, and competing organisms (Stamets, 2000). Significant 
progress in the field of mushroom growing was achieved due to discoveries in microbiology and 
the development of industrial machines in the early 19th century. New findings have made it 
possible to isolate pure mushroom cultures as well as to select the best strains of species which 
cultivation was already known (Siniscalco, 2013). This has greatly contributed to the safer pro-
duction of mushrooms, and thus to the provision of increasing quantities of high-quality protein 
food. Various cultivation techniques that rely on the saprophytic nature of mushrooms have been 
applied to the cultivation of not only edible but also several medically important species. 

To achieve successful cultivation of any type of mushroom, it is necessary to meet all its 
requirements, which are in line with the ecological role of that species in nature. Mushrooms 
develop as saprophytes on organic matter, and in relation to the substrate requiring for develop-
ment, they are divided into primary, secondary, and tertiary decomposers (Rahi et al., 2009). 
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Primary decomposers, including L. edodes and P. ostreatus, can provide all energy needs, using 
several organic materials for their diet, so they do not depend on the products of other organisms. 
These species synthesize various enzymes that break down large molecules of lipids, proteins, and 
glycides. As sources of energy and carbon, necessary for the growth of mycelium, they can use 
hemicellulose, cellulose, lignin, or starch (Raimbault, 1998). Mushrooms that cause brown and white 
rot have an irreplaceable role in nature due to their ability to decompose lignocellulosic materials 
such as wood and straw, thus contributing to their recycling. This property is widely used for the 
transformation of various lignocellulosic waste to produce edible/medicinal mushrooms (Kumla 
et al., 2020) or to obtain diverse biologically active components, e.g. enzymes (Nguyen et al., 2018). 

Secondary decomposers, such as A. bisporus, require a pre-prepared, partially decomposed 
organic substrate to develop successfully. Metabolic processes of naturally present microbiota, in 
the process of composting, cause changes in the substrate, necessary for further development of 
mycelium (Miles & Chang, 2004). Thus, the proper growth of secondary decomposers is condi-
tioned by the previous activities of other microorganisms. Tertiary decomposers mainly live in the 
soil, such as Agrocybe spp., and play a significant role in completing the decomposition process. 
Mushrooms from this group, together with primary and secondary decomposers, participate in the 
complete decomposition of organic lignocellulosic material in nature and thus enable the circu-
lation of matter (Stamets, 2000; Bains & Chawla, 2020). Relying on the natural characteristics of 
mushrooms, their life cycle, and diet, different cultivation systems have been developed, and 
adapted to the specific needs of each species. 

2.3.1 Outdoor log culture 

This simple method of cultivation involves growing mushrooms outdoors, in completely natural 
conditions. It was developed in China and Japan more than a thousand years ago, but even today it 
has its significance among small producers who supply the local market and thus provide additional 
income for their families. Although it requires a lot of work and is slow, compared to cultivation 
techniques that use a sterilized substrate, it is still important for growing several species of mush-
rooms, such as L. edodes, Auricularia auricula – judae, Pholiota nameko, Hericium erinaceus, 
Pleurotus spp., Hypholoma capnoides, H. sublateritium, Ganoderma lucidum, and Hypsizygus spp. 
(Stamets, 2000). 

The trunks of broad-leaf hardwoods (poplar, alder, cotton wood, oak, etc.), with a firm outer 
bark, are used. Species with thin bark are not suitable because they are easily damaged by changes 
in weather conditions, especially moisture. If the bark falls from the trunk, the mycelium can no 
longer form fruit bodies effectively. It is common for trees to be cut down during the winter or 
early spring before the leaves begin to grow (Stamets, 2000). This period of the year is suitable 
because the logs then have the highest content of carbohydrates and other important organic 
components (which will be necessary for the growth of mycelium and fruiting). Then the bark is 
firmly attached to the wooden part, so special care should be taken not to create cracks, damage the 
bark and the trunk during cutting. The highest yields and mushrooms of the best quality are 
obtained when using mixed logs of older and younger trees, aged 15 to 20 years and 18 cm in 
diameter (Miles & Chang, 2004; Bains & Chawla, 2020). Logs should have 40%–45% moisture 
and a pH of 4.5–5.5. Lower moisture content can slow down or completely prevent the growth of 
mushrooms, and a higher pH value is also suitable for the development of other, harmful species of 
fungi. The trees are cut into logs 1–1.5 m long, and then they are dried in sunlight until optimal 
humidity is achieved. At the same time, the undesirable microbiota on the bark is destroyed, and 
the bark itself adheres better to the central woody part, which reduces the possibility of peeling, 
which is extremely undesirable for mushroom growth. Increasingly, inoculation is performed 
immediately after cutting and log formation because drying begins at the site of inoculation, and 
mycelial growth is in the direction of the drying process (Miles & Chang, 2004). The traditional 
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method involved placing newly cut logs close to those already producing fungi, so spores were 
transmitted (Stamets, 2000). In this way, the spores begin to germinate on the new logs as well, the 
mycelium grows through them, and the growth of the fruiting bodies continues; this method, 
successful for centuries, is still used today as quite acceptable. A significant improvement in this 
method was the introduction of the plug and sawdust spawn. 

2.3.1.1 Sawdust spawn and wood plug spawn preparation 

Mushrooms are naturally adapted to the climatic conditions under which they grow. Therefore, 
when choosing the type of mushroom for inoculation of the appropriate trunk, it is necessary to pay 
attention to the natural requirements of that strain, to obtain maximum yields. Within one type of 
mushroom, several strains have different optimal growth temperatures, so it is best to use the 
mycelium of different strains to allow fruiting throughout the year. Pure mushroom culture grown 
on an agar plate is not suitable for direct use, so it is transferred to a suitable medium that is easily 
inoculated into the trunk. Common media are sawdust spawn and wood plug spawn (Miles & 
Chang, 2004). 

Sawdust spawn – completely clean sawdust is mixed with all additives and as much water is 
added as is needed to drip only slightly when the sawdust is squeezed by hand. This mixture is 
sterilized in an autoclave (121°C, 2 hours) in bottles or polypropylene bags (preferably with filters 
that allow gas exchange). The cooled substrate is inoculated with an appropriate mother culture 
and incubated at 24°C–25°C until complete colonization. 

Wood plug spawn –wedge-shaped or cylindrical pieces of wood are used instead of sawdust 
(Stamets, 2000). The procedure for preparation of the pieces and inoculation with the mother 
culture is the same as described previously. When the surface of the plug is completely covered 
with mycelium, it can be used for inoculation. 

Preparation of both types of spawn is done in the cleanest possible environment, in the shade, 
and on days without precipitation. 

2.3.1.2 Log inoculation 

Whether sawdust spawn or wood plug spawn is used, the logs must first be properly prepared 
(Miles & Chang, 2004). Holes 1.0–1.5 cm in diameter and 1.5–2.0 cm deep are drilled in the logs 
(the depth of the hole should be at least 1 cm below the bark). The holes are arranged at 20–30 cm 
along the length of the log. There should be a distance of 5–6 cm between the rows of holes, i.e. 12 
cm between every other row (Figure 2.1). 

Figure 2.1 Arrangement of holes on the log.    
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When the holes on the logs are drilled, the prepared spawn is chopped to the size of a thumb, it 
should weigh about 1 g, be left loose, and carefully inserted into each hole. It is then lightly 
pressed, and the holes are closed with plugs made of bark (or other material), slightly larger than 
the hole itself and 3–4 mm thick. The plugs are tapped with a hammer and then covered with a 
layer of wax or paraffin to maintain a constant level of moisture and prevent contamination 
(Stamets, 2000). 

2.3.1.2.1 Stacking of inoculated logs 

For successful fruiting, it is necessary to choose a suitable place for stacking inoculated logs 
(Miles & Chang, 2004). It is best to be a forest, located south or southeast, a place with low humidity 
and good ventilation, which is reached by about 30% of sunlight through the branches. It is re-
commended that the logs be lined up under the treetops. When growing mushrooms in this way, 
watering is not necessary, but the logs are arranged in such a way as to prevent the loss of moisture by 
evaporation. One of the common ways of arranging inoculated logs is shown in Figure 2.2. The 
mycelium grows in logs under the weather conditions that prevail in the environment, and the for-
mation of fruiting bodies is initiated by seasonal changes. In the case of L. edodes cultivation, when 
the incubation is completed (after 12–15 months), the logs are soaked with water for 24 hours, and the 
first fruiting bodies appear 7–10 days after soaking (Leatham, 1982). 

Since outdoor cultivation is applied to various types of fungi, it is necessary to take into 
account the specific requirements of each species in terms of required humidity, temperature, 
ventilation, amount of sunlight, arrangement of inoculated logs, etc., to obtain optimal yields of 
quality fruiting bodies. 

2.3.1.3 Stump inoculation 

Another possibility for the production of high-quality mushrooms under completely natural 
conditions is growing on stumps. All over the world, stumps are forest, lignocellulosic waste that 
have no special economic value. Sooner or later they are decomposed by forest fungi. Stumps that 
have just been cut, healthy, and without competitive microbiota should be chosen. They should be 
located in the shaded part of the forest, where there is enough water that will provide additional 
support to the growth of mycelium through the roots and capillary system. Special attention should 
be paid to the choice of tree type, i.e. stump that is most suitable for growing a particular type of 

Figure 2.2 Arrangement of inoculated logs in the forest.    
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mushroom. It is also important to use mushroom strains obtained from native species because they 
are already well adapted to the specific environment. Edible as well as medicinal mushrooms can 
be grown in this way, e.g. P. ostreaus, Grifola frondosa, Laetiporus sulphureus, L. edodes, etc. 

Stump inoculation can be done in several ways. If there are cracks on the stumps, the plug 
spawn can be inserted directly into them. Inoculation of the stump can be done by cutting a wedge 
into which sawdust is then inserted, and the cut piece is put back in place (Figure 2.3a). Similarly, 
the disc can be excised, inoculated, and restored (Figure 2.3b). In both cases, nailing can ensure 
firm contact between the cut parts (Stamets, 2000). 

Considering the ecological parameters in the forest community and the correct choice of 
species of mushrooms and stumps, a rapid return of nutrients to the chain of circulation in nature 
can be achieved, from which other forest creatures also benefit, and the ecosystem is improved. 

2.3.2 Indoor cultivation 

Due to the possibility of controlling numerous parameters that affect the growth of mycelium 
and the formation of fruiting bodies, indoor cultivation offers many advantages over outdoor 
cultivation, which is completely dependent on weather conditions and seasonal changes. Although 
the mushroom texture is poorer, the level of bioactivity is lower, the shelf life is shorter, production 
is more expensive, and requires more work, the majority of mushrooms are produced by indoor 
cultivation, e.g. as much as 95% of L. edodes sold in stores (Hill, 2010). When growing L. edodes, 
a biological efficiency (according to Liang et al. (2019) defined as the percentage ratio of the 
mushroom fresh weight per gram of dry substrate) – BE, of up to 80% can be achieved with this 
method (Royse, 1985). 

However, much higher yields in a shorter time, the ability to control microbiological con-
tamination and thus incomparably higher earnings have contributed to the rapid development of 
indoor mushroom growing techniques. Anyway, all indoor mushroom growing systems rely on the 
use of an optimal substrate obtained from sawdust of the appropriate type of wood, enriched with 
additives specific for the mushroom being grown. 

Figure 2.3 Stump inoculation: a) wedge formation; b) disk formation.    
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According to Stamets (2000), indoor mushroom growing involves several cultivation systems, 
such as artificial logs, column culture, mound culture, tray culture, and wall culture (Figure 2.4).  

a. Artificial logs are plastic bags filled with a suitable substrate made of sawdust with the addition of 
various types of agro-industrial waste which exist in every part of the world, such as corncobs, 
wheat straw, rice straw, sunflower seed hulls, coffee wastes, cotton seed hulls, etc. Polypropylene 
plastic bags should be used due to the heat resistance of this polymer to the autoclave sterilization 
temperature (121°C, 2 hours). It is recommended that the sawdust used for this purpose be of 
uniform size, without hard and sharp pieces that could damage the bag and thus open the way for 
harmful microorganisms. The bags are filled with a substrate of suitable composition, shaped into a 
small log with light pressure, and autoclaved. After cooling, the substrate is inoculated with pre-
viously prepared mushroom spawn, mixed, and incubated in the dark, at 20°C–25°C. The incubation 
time depends on the type of mushroom. Incubation lasts until the mycelium has fully grown through 
the substrate. Then the bags are opened, or holes are drilled on their surfaces, and moistening and 
intensive ventilation are applied, to initiate the formation of fruiting bodies.  

b. Column culture is a growing system in which the pasteurized and the cooled substrate is inoculated 
with mushroom mycelium, and then packed in long bags. When the inoculated substrate settles, 
after approximately 1 hour, holes about 3 mm in diameter are drilled in the surface of the bag, at an 
appropriate distance. Each hole is made with four slits about 5 cm long so that these lids open as the 
mushrooms grow. This method of cultivation is especially suitable for growing P. ostreatus because 
it allows the smooth formation of “bouquets” of mushrooms, just as it happens in natural conditions.  

c. Mound culture is a way of growing mushrooms on piles of a certain shape. The substrate of the 
appropriate composition is sterilized and inoculated with mushroom mycelium, and then poured on 
the floor, forming piles between which people can move, for easier manipulation.  

d. Tray culture is a growing system that makes very good use of space because it allows a very dense 
arrangement of trays. The previously prepared and inoculated substrate is packed on shelves, and 
the manipulation is simple. Also, there is the possibility of adding a casing layer for species that 
require it. A special advantage is the simple placement of perforated plastic films, which aims to 
provide the specific microclimate necessary for the formation of the primordium, as well as for the 
formation of a “bouquet” of mushrooms that will have a uniform size and weight. 

Figure 2.4 Indoor mushroom growing systems: a) artificial logs; b) column culture; c) mound culture; d) tray 
culture; e) wall culture.    
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e. Wall culture is an improvement of the tray system performed by vertical placement of shelves, 
which allows fruiting on both sides. It is also possible to cover both sides with perforated plastic 
foils that maintain the required humidity and enable the even formation of properly formed 
mushrooms. Depending on the possibilities, needs, and types of mushrooms, various variations of 
this cultivation system have been developed. 

2.4 SOLID-STATE FERMENTATION (SSF) 

Solid-state fermentation (SSF) is a cultivation technique based on the natural process of fer-
mentation that takes place on a solid substrate, performed by different types of microorganisms 
that occurs in conditions with very low content of available water, just as is the case in nature 
(Manan & Webb, 2017). However, a solid substrate must contain the amount of water necessary 
for biochemical processes and cell growth, while being a source of nutrients and physical support 
to the growing microbiota (Pandey, 2003). As fungi are naturally adapted to survive in conditions 
with a very low content of available water, this technique is particularly suitable for their culti-
vation, providing an artificially created environment similar to that which exists in natural 
conditions. Such conditions favor the development of fungi because the majority of other mi-
croorganisms cannot survive on solid substrates without enough water; thus, the possibility of 
contamination is significantly lower (Soccol et al., 2017). 

The fermentation, which is the core of these processes, has been known to various human 
communities since time immemorial, and it is still used today without any special changes. These 
techniques are relatively simple, requiring appropriate raw materials, pre-treatment of the sub-
strate, and an inoculum to ferment the substrate (Manan & Webb, 2017). 

It is likely that they first began to grow yeasts and molds that normally develop in spoiled food 
and organic residues. Over time, people have noticed that these spontaneous processes have 
created products such as bread, fermented meat, or alcoholic beverages, which suit their needs; 
historical data prove that these production technologies were developed in ancient Egypt 
(3000–3800 BC) (Patrick & Durham, 1970; Leroy et al., 2013; Barakat, 2019). Solid-state fer-
mentation, as one of the oldest biotechnological processes, has been used in Asian countries, too. 
Data aged around 3000 BC indicate probably the oldest known fermentation used for food pro-
duction, i.e. Japanese “koji”, for which steamed rice as a solid base is inoculated with molds 
Aspergillus oryzae. The same mold, grown on a variety of solid substrates, has also been used in 
Japan to produce a range of other products such as soy sauce, miso, or sake, the unavoidable 
ingredients of traditional cuisine. Among the more famous products are certainly Indonesian 
tempeh or Indian ragi; the solid substrate for their production are steamed and cracked legume 
seeds that are completely penetrated and covered with mold mycelium. Boiled and fermented 
soybeans completely overgrown with Rhizopus oligosporus mycelium are used for the production 
of tempeh (Raimbault, 1998; Hölker et al., 2004; Mani & Ming, 2016). The technology of growing 
microorganisms on a solid substrate has a very long history in the Western world as well, where 
probably the oldest product (2000 BC) is cheese matured due to the activity of the mold 
Penicillium roquefortii (Vallone et al., 2014). Further improvement of these techniques was in-
tuitively developed by various cultures, according to their abilities (Letti et al., 2018). 

Certainly, one of the most important roles of using solid substrates is that for mushroom 
production, starting with outdoor cultivation, which is completely dependent on weather conditions 
and biological factors, through various indoor cultivation techniques that have been developed and 
improved over many years. In the light of modern requirements that imply a high yield of 
mushrooms and low energy consumption, the use of SSF as an environmentally friendly process is 
justified (Soccol et al., 2017). 

EDIBLE AND MEDICINAL MUSHROOMS                                                                                         31 



2.4.1 Substrate properties 

Mushrooms reproduce by spores which, when ripe, are released from ascus (Ascomycota) or 
basidium (Basidiomycota). When they reach a favorable nutrient substrate, and if all other ecological 
parameters are met, they begin to germinate forming the first hypha. This hypha grows, branches, and 
forms a mycelium – a branched network of hyphae. The mycelium feeds by secreting enzymes that 
catalyze the extracellular digestion of large, complex molecules, and then absorb the newly formed 
smaller and simpler molecules (Boddy et al., 2008). All of these processes can take place properly 
only if the mycelium has enough available moisture. As the mushroom fruiting body is largely made 
up of water, which also has an irreplaceable role in their physiology, the solid substrate must contain 
sufficient water for proper metabolism and fruiting. On the other hand, if water is present in excess, it 
will settle to the bottom of the bioreactor, interfere with the normal growth of mycelium and con-
tribute to the creation of favorable conditions for the development of undesirable microbiota. When 
choosing a substrate, the amount of water that can be absorbed should be taken into account, i.e. the 
amount of water that will be available to the mycelium for metabolic processes (aw). It is also related 
to the requirements of the type of mushroom being grown on that substrate. Some species can grow at 
relatively low aw, so this is their advantage over other species, but most require high aw (Boddy et al., 
2008). Hence, to achieve proper mycelial growth and the formation of fruiting bodies, it is crucial to 
ensure optimal hydration of the solid substrate. 

Substrate structure, i.e. the size and shape of the granules directly affect the transfer of water, 
gases, and heat through the solid matrix (Chen, 2015). The substrate must be formed to allow 
unimpeded transport of oxygen and carbon dioxide, which is necessary for proper respiration. The 
mycelium can usually adapt to slightly higher concentrations of carbon dioxide. In the absence of 
oxygen, the growth of mycelium slows down and even completely stops, and the anaerobic mi-
crobiota takes over and changes the environment so that it no longer supports the growth of 
mycelium (Li et al., 2016). Too small granules make the substrate non-porous, especially it be-
comes compact after hydration, preventing the supply of oxygen and removal of excess heat, which 
allows the mycelium to grow only on the surface. 

If the granules are too large and non-porous, hydration is difficult, and thus the growth of mycelium 
through the substrate. Too loose substrate prevents uniform mycelial growth and the formation of a 
compact block (Gianotti et al., 2009). A very important parameter that directly affects the proper 
development of the mycelium is the ratio of carbon and nitrogen (C/N). Nitrogen is necessary for the 
synthesis of proteins, essential molecules that participate in the construction of mycelium and fruiting 
bodies. If there is not enough nitrogen, the growth of mycelium stops. In the presence of a slight excess 
of nitrogen, the mycelium grows quickly, but the fruiting bodies are formed later (Yang et al., 2013). 
Excess nitrogen is undesirable because its metabolism produces by-products that reduce the amount of 
carbon available, which completely stops the growth of mycelium. There is no universally desirable C/ 
N, it is the specificity of each species. For the normal development of the mycelium, oxygen and 
hydrogen are also needed, which, together with carbon and nitrogen come from the substrate, but also 
water and the atmosphere. According to the special requirements of mushrooms, it is necessary to add 
mineral salts or natural sources in which they are already contained, to provide sufficient elements such 
as Mg, Ca, P, K, Na, etc. (Manzi et al., 1999). The optimal pH of the substrate that favors most 
mushrooms is 5.0–7.0. If the mycelium releases acids during growth and metabolic processes, the pH 
of the substrate decreases due to the accumulation of acids. Such conditions favor the development of 
bacteria that are adapted to the acidic environment. During development, bacteria produce an addi-
tional amount of acid, which causes the pH of the substrate to drop, even more, resulting in the cessation 
of mycelial growth. To prevent harmful acidification of the substrate, it is common to include an 
appropriate buffer component in the substrate formulation. Good results are achieved by adding cal-
cium carbonate which can maintain the pH of the substrate in an acceptable range throughout the 
growing period, and at the same time is a decisive source of calcium (Karunarathna et al., 2014). 
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The substrate prepared according to the requirements of a certain type of mushroom must also be 
microbiologically stable, i.e. it must not contain a microbiota that could endanger the development of 
the mycelium. For some mushroom species, it is sufficient to apply pasteurization, which destroys 
vegetative microbial cells, because the remaining viable forms, primarily spores, do not endanger the 
further growth of mycelium. On the other hand, the development of some mycelium requires the 
elimination of all sporogenic forms, so such substrates must be sterilized. In addition to the resistance of 
microorganisms to be eliminated, the sensitivity of the substrate to heat transfer as well as the volume of 
the bioreactor must be taken into account when choosing heat treatment (Oseni et al., 2012). 

2.4.2 External factors 

Properly prepared and inoculated substrate should be placed in an atmosphere that will provide 
optimal growth conditions for a respective type of mushroom. Under controlled environmental 
conditions, starting from spawning, the mycelium grows and colonizes the substrate. It is solid-state 
fermentation, i.e. the initial phase of mushroom cultivation (Zervakis & Koutrotsios, 2017). To 
initiate primordium formation, a change of external factors should occur, imitating the natural en-
vironment. The main factors that, according to the requirements of the mushroom, are manipulated in 
the environment are humidity, temperature, air change, and light. Even spraying of water in the room 
should provide very high humidity (95%–100%), i.e. fog-like conditions. After the formation of 
primodium, the humidity gradually drops to 90%–95%, respectively. In addition to moisture, tem-
perature plays a key role in the development of mycelium, primordia, and fruiting body formation. 
Although there is an optimal temperature for each mushroom species, most edible and medicinal 
mushrooms grow quite well in the temperature range of 20°C–35°C. Some strains like A. bisporus 
and P. ostreatus require a drop in temperature below a certain threshold (to be around 15°C–16°C), as 
a trigger for primordium formation. Other species, such as V. volvacea, will fructification in the 
temperature range 27°C–32°C (Stamets, 2000). Air exchange is one of the necessary parameters that 
are applied with the appropriate intensity starting from the moment when the formation of the pri-
mordium should begin. A drastic decrease in the amount of carbon dioxide (preferably below 500 
ppm for most species) and an increase in the amount of oxygen initiates the mycelium to begin 
primordium formation. The appropriate intensity of air changes during growth and maturation allows 
constant evaporation of moisture from the surface of fruiting bodies, directly affecting their proper 
formation (Stamets, 2000). Light affects the elongation of the stipe and the development of the cap, 
but it is also a signal that spores can be released in an open environment. Light properties, wave-
length, and intensity are specific parameters for each mushroom species. If mushrooms grow in 
nature in the shade of a tree canopy, then it is necessary to provide an adequately smaller amount of 
light in artificial growing conditions. Some species, e.g. those belonging to the genus Pleurotus, 
require certain lighting for fruiting. But, it is extremely important to provide optimal lighting because 
bright light causes a change in the color of the fruiting body, so some strains become pale while 
others darken. Sensitivity to environmental conditions is used to favor some desired mushroom traits. 
Thus, F. velutipes is grown in the absence of light to obtain elongated stipes and white carpophores 
(Sharma et al., 2010), while in an atmosphere with an increased amount of carbon dioxide, elongated 
antler-shaped fruiting bodies of G. lucidum can be obtained (Sudheer et al., 2018). 

2.5 AGRO-INDUSTRIAL WASTE 

As a result of the intensive development of the population around the world, increasing amounts of 
waste from agricultural production, forestry, and the food industry are generated annually. Disposal 
of this diverse waste on land without prior appropriate treatment is a global problem because its 
presence inevitably leads to environmental pollution, and thus negative health consequences. 
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The environmental impact of high-income countries, which produce much higher amounts of food 
waste than low-income countries, is particularly negative (Leite et al., 2021). In light of these pro-
blems, waste management legislation has become more restrictive in recent years. The European 
Commission’s Circular Economy Action Plan has included several actions aimed at promoting re-
source efficiency and living in a sustainable world where waste generation would be significantly 
lower (European Commission, 2019). By-products obtained from agricultural production and in-
dustrial processing of agricultural products constitute agro-industrial waste (Sadh et al., 2018). Waste 
generated by agricultural production consists of residue from the field and those derived from the 
process. Stems, leaves, straw, roots, seeds, and pods remain after the crop is harvested from field 
residues. During the processing of crops, peels, pulp, shells, and husks remain as process residues. 
Industrial residues are peels, pomace, bagasse, and bran that are formed as by-products of the fruit and 
vegetable processing industry as well as the food industry (Kumla et al., 2020). Current agricultural 
production implies an unequal distribution of agricultural waste across continents (Figure 2.5). 

Uncontrolled disposal and accumulation of agro-industrial waste greatly endanger ecosystems. 
However, the consequences of such human activities can be mitigated by the purposeful use of 
these materials, which still have huge potential due to a significant amount of unused sugars, 
proteins, fibers, and minerals (Mussatto et al., 2012). These residues can be used as raw materials 
for various research and industry needs, but also for the production of biofuels, fungi, or products 
obtained by the activity of appropriate types of microorganisms such as tempeh (Sadh et al., 2018). 
The possibilities of using agro-industrial waste for the production of mushrooms and their lig-
nocellulosic enzymes via solid-state fermentation are especially promising, considering that this 
waste is still a rich source of energy, but also of nutrients and carbon necessary for the mushrooms 
metabolic processes (Grimm & Wösten, 2018). To date, numerous studies have been conducted 
regarding the cultivation of mushrooms on a variety of agro-industrial waste, and some mushroom 
species cultivation on the selected waste is shown in Table 2.1. 

Some research conducted in the last ten years confirming the possibility of cultivating edible 
and medicinal mushrooms species on selected agro-industrial waste. As saprotrophs, mushrooms 
secrete enzymes into the external environment to break down complex macromolecules, then 
absorb the newly formed smaller and simpler compounds to be used for various metabolic pro-
cesses. Thus, mushrooms decompose natural biopolymers, but also those created by human ac-
tivities. Due to lignocellulosic enzymes, they play a key role in the decomposition of wood and 
other plants in nature, and a significant number of these mushrooms belong to the group of white- 
rot fungi. These organisms have promising potential for bioconversion of lignocellulosic waste 
into several valuable products. Understanding the essence of these biotechnological processes has 
resulted in a significant increase in mushroom production on agro-industrial waste as a basic 
substrate (Gargano et al., 2017). Raising awareness about healthy food and the multiple benefits of 
mushrooms, the popularity of vegan food, cost-effective production, and the possibility of culti-
vation on agro-industrial waste contributed to the global mushroom market growth in recent years. 
According to the report Mushroom Cultivation – Global Market Outlook (2019–2027), the global            
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Figure 2.5 Distribution of agricultural waste production by continent (according to  Cherubin et al., 2018).    
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mushroom growing market was worth $16.37 billion in 2019 and is projected to reach $26.09 
billion by 2027, with an annual growth rate (CAGR) of 6.0% over this period. The predominant 
component of agro-industrial waste is lignocellulosic material composed of cellulose as the most 
abundant component, followed by hemicellulose and lignin. Cellulose is a relatively stable 
homopolymer made up of several hundred to many thousands of β-anhydro-glucose units inter-
connected by β-1,4 glycosidic bonds. Hemicellulose is a heteropolymer based on polysaccharide 
backbones which structure depends on the sugar units, the chain length, and the way the side 
chains are connected. Typical binding sugars involved in the construction of hemicellulose are 

Table 2.1 Some research conducted in the last ten years confirming the possibility of cultivating edible 
and medicinal mushrooms species on selected agro-industrial waste     

Substrate Mushroom Reference  

Bajra straw Pleurotus sapidus  Telang et al., 2010 

Banana leaves Volvariella volvacea  Zikriyani et al., 2018 

Barley straw Pleurotus ostreatus  Dahmardeh 2013 

Cassava peel Pleurotus ostreatus  Kortei et al., 2014 

Coffee pulp Lentinula edodes  Mata et al., 2016 

Corn cob Grifola frondosa 
Oudemansiella canarii 
Pleurotus eryngii 
Pleurotus ostreatus  

Song et al., 2018  
Xu et al., 2016  
Sardar et al., 2017  
Han et al., 2020 

Corn straw Grifola frondosa 
Pleurotus florida  

Song et al., 2018  
Salami et al., 2017 

Cotton seed hull Oudemansiella canarii  
Pleurotus ostreatus  

Xu et al., 2016  
Yang et al., 2013 

Corn stalks Auricularia polytricha  Liang et al., 2019 

Date-palm leaves Pleurotus ostreatus  Alananbeh et al., 2014 

Grape pomace Pleurotus ostreatus  Doroški et al., 2020 

Jowar straw Pleurotus sapidus  Telang et al., 2010 

Millet straw Agaricus bisporus  Zhang, Wai, et al., 2019 

Olive cake Fomes fomentarius  Neifar et al., 2013 

Olive cultivation 
residues 

Hericium erinaceus  Koutrotsios et al., 2016 

Palm oil wastes Auricularia polytricha  Abd Razak et al., 2012 

Pineapple leaf Ganoderma lucidum  Hariharan & Nambisan, 2012 

Rice straw Ganoderma lucidum 
Grifola frondosa 
Volvariella volvacea 
Pleurotus sapidus  

Postemsky et al., 2014  
Song et al., 2018  
Thuc et al., 2020  
Telang et al., 2010 

Rice husks Ganoderma lucidum  Postemsky et al., 2014 

Soybean straw Grifola frondosa 
Pleurotus sapidus  

Song et al., 2018  
Telang et al., 2010 

Sugarcane 
bagasse 

Pleurotus eryngii  Sardar et al., 2017 

Sugarcane leaves Pleurotus ostreatus  Hossain, 2018 

Sugar cane waste Pleurotus ostreatus  Aguilar-Rivera & De Jesús- 
Merales, 2010 

Sunflower stalk Pleurotus sapidus  Telang et al., 2010 

Tur straw Pleurotus sapidus  Telang et al., 2010 

Wheat bran Fomitopsis pinicola  Tu et al., 2020 

Wheat straw Ganoderma lucidum 
Pleurotus sapidus  

Ćilerdžić et al., 2018  
Telang et al., 2010    
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pentose (arabinose and xylose), hexose (glucose, galactose, and mannose), hexuronic acids (glu-
curonic, galacturonic, and 4-O-methyl-d-glucuronic), as well as small amounts of fucose and 
rhamnose and an acetyl group. Lignin is a highly branched, amorphous, hydrophobic, and rigid 
polymer containing various functional groups such as carboxyl, methoxy, aliphatic, phenol hy-
droxyl, and carbonyl. These functional groups contribute to the very complex structure char-
acteristic of lignin. In complex polymerization reactions, a unique, three-dimensional, highly 
branched lignin configuration is formed. The composition of lignin depends on the respective plant 
species and the environment in which it is formed (Zhou et al., 2016). Complex lignocellulosic 
material in nature is broken down by organisms that possess lignocellulosic enzymes such as 
bacteria, fungi, earthworms, and woodlice, which ensure the circulation of carbon in nature 
through these activities (Bredon et al., 2018). Due to the extremely complex binding between 
lignocellulose polymers, degradation is performed by the synergistic action of several 
carbohydrate-active enzymes (Lombard et al., 2013). Complete degradation of lignocellulose is 
achieved by the combined action of hydrolytic enzymes involved in the degradation of cellulose 
and hemicellulose as well as oxidative enzymes responsible for the degradation of lignin. 
Mushrooms are especially efficient decomposers of lignocellulosic waste. Thus, by controlled 
solid-state fermentation, agro-industrial waste is converted into high-grade protein food, fruiting 
bodies, or mushrooms. Spent substrate remaining after mushroom cultivation can be used as fodder 
or fertilizer but is also a valuable substrate for a new commercially viable mushroom production 
(de Mattos-Shipley et al., 2016; Grimm & Wösten, 2018). Most agro-industrial waste has a low 
nitrogen content. An important element in the selection of components for the cultivation of re-
spective mushrooms is the ratio of carbon and nitrogen (C/N) in the waste because it directly 
affects the growth of mycelium and weight of fruiting bodies, as well as protein content in 
mushrooms (Grimm & Wösten, 2018). Thus, it is desirable to appropriately combine the organic 
part (soybean meal, cereal husk, cereal bran) with inorganic supplements (urea, ammonium 
chloride) to obtain the most favorable C/N ratio (Cueva et al., 2017). The growth of mycelium and 
the formation of fruiting bodies are significantly affected by the enrichment of waste with the 
addition of calcium carbonate, gypsum, and epsom salts (Grimm & Wösten, 2018). Another im-
portant factor to consider when selecting agro-industrial waste is biological efficiency (BE), a 
parameter that assesses substrate conversion efficiency. According to Liang et al. (2019), this value 
is calculated as a percentage of the fresh weight of harvested mushrooms to the dry weight of waste 
used for cultivation. A higher BE value indicates a higher potential for waste utilization. The BE 
value must be greater than 50% for mushroom cultivation to be profitable. The chemical com-
position of agro-industrial waste differs in different parts of the world, as well as the methods of 
cultivation and environmental conditions, and accordingly, the differences in the chemical com-
position of mushrooms are confirmed (Grimm & Wösten, 2018; Sadh et al., 2018). 

2.6 CULTIVATION OF THE EDIBLE AND MEDICINAL MUSHROOM LENTINULA 
EDODES 

The white-rot basidiomycete Lentinula edodes (Berk.) Pegler (1975), also known as shiitake, is 
native to East Asia. This edible mushroom has been popular for centuries because of its unique taste, 
flavor, and dietary significance, and is also appreciated due to its therapeutic properties (Ahn et al., 
2017). Recent scientific studies have confirmed numerous beneficial effects on human health, in-
cluding anti-inflammatory, immunostimulatory, and antioxidant, and polysaccharides from the group 
of β-glucans have been identified as components that contribute the most to biological activity, while 
lentinan has been singled out as particularly important (Kozarski et al., 2012; Finimundy et al., 2014;  
Muszyńska et al., 2018). Due to pronounced biologically active properties, and especially its an-
ticancer effect, lentinan derived from L. edodes has been approved in Japan and China since the 
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1980s as an adjuvant in the treatment of some types of cancer (Zhang, Zhang, et al., 2019). In addition 
to traditional cultivation on cut logs, several indoor cultivation systems which include controlled 
conditions, have been developed. This enabled the cultivation of this precious mushroom in other 
parts of the world where climate conditions are not suitable for outdoor growing, which led to the 
multiplication of its production. Thus, people on almost all continents today can use shiitake for food 
as well as afford its medicinal benefits. A synthetic log system that implies indoor cultivation in 
polypropylene bags containing a substrate compacted in log form, is widely used in Europe and 
America. A substrate is based on 45%–79% of sawdust (Gong et al., 2014), but current trends include 
the use of different waste from agricultural production (Gao et al., 2020), to protect forests that are 
increasingly endangered. Although rice straw, as a suitable substrate for growing L. edodes, is 
available worldwide, the largest producer of rice, and thus rice straw, is certainly China. In this 
country, a total amount of straw of 870 million tons was recorded in 2019, while 730 million tons 
were used for various purposes (Xinxin et al., 2020). It is obvious that the use of rice straw for 
growing mushrooms, including L. edodes, could significantly contribute to the protection of forests. 
After preparation, sterilization, and inoculation of the substrate (as already explained in section 
2.3.2.), the mycelium grows and permeates the substrate. During growth, hyphae secrete enzymes to 
break down cellulose, hemicellulose, and lignin, complex substrate molecules, which form smaller 
soluble molecules that are absorbed by the mycelium and used for metabolic processes. When the 
substrate is completely permeated with mycelium, the mycelial coat begins to harden, and the hyphae 
intensively absorb and accumulate the nutrients necessary in larger quantities to support the for-
mation of fruiting bodies. In some places of the mycelial coat, bumps of unequal shapes and sizes 
begin to form, representing clumps of mycelium; most of them fail, and only some develop future 
primordiums. Due to the presence of bumps, air spaces are formed between the plastic bag and the 
mycelial coat, thus contributing to increased air circulation and the formation of brown pigment. 
Bumps no longer form 60–75 days after inoculation. More intense pigmentation is achieved by 
higher air flow, i.e. by slightly loosening the plug. During this period, the coat hardens, and it takes 
20–30 days to be completely dry and hard. The moisture content inside the compost increases up to 
78%. Thus, a formed artificial log with an exterior is hard and dry and the interior is very moist is 
most suitable for fruiting. Proper and complete formation of the mycelial coat is necessary because it 
has the same function as bark in wood logs – it prevents water loss, retains CO2 in the interior, and 
thus improves mycelial growth, and also prevents the penetration of contaminants (Miles & Chang, 
2004). As Rossi et al. (2003) proposed, at this stage, the bag should be removed and the ambient 
humidity maintained at 90%–95% to prevent moisture loss from inside the logs. Fruiting bodies are 
formed more evenly if the logs are subjected to induction, which means that they are immersed in 
cold water (16°C–26°C, 24 hours) and then left in a room where the relative humidity is maintained 
in the range of 90%–90% and temperature 21°C–23°C. The first flush occurs 8 days after induction 
and, usually, four flushes are obtained. Compared to outdoor cultivation, this method is much more 
efficient, and handling plastic bags is easier. The first harvest is possible about 5 months earlier, the 
end of the harvest is shorter up to 2 years (Miles & Chang, 2004), and biological efficiency (BE) is 
achieved up to 80% (Royse, 1985). Although the growth of mycelium is faster and the yield is higher, 
the quality of mushrooms is still lower than that obtained by outdoor cultivation. It takes a lot of work 
as well as energy consumption to sterilize the substrate in heat-resistant bags and subsequent in-
oculation of the cooling medium in each bag (Miles & Chang, 2004). 

2.7 CULTIVATION OF THE EDIBLE AND MEDICINAL MUSHROOM  
PLEUROTUS OSTREATUS 

Pleurotus ostreatus (Jacq.) P. Kummer (1871), also known as oyster mushroom, belongs to the 
group of white-rot fungi based on its participation in very important natural processes of hardwood 
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decomposition by secreting ligninolytic and cellulolytic enzymes (Tsujiyama & Ueno, 2013). As a 
rare other species, the highly aggressive and productive P. ostreatus is well adapted to life in the 
temperate climate zone where it is commonly and wildly propagated in forests (Shnyreva et al., 
2017). Due to its pleasant taste and texture, many people have used it for centuries as a highly 
valued food. According to Bellettini et al. (2019), today it is the second most industrially grown 
mushroom globally, as well as one of the most commonly consumed in China. However, the value 
of this mushroom is not only in its edibleness but also in its possession of biologically active 
components with numerous health benefits. Among others, antioxidant and cytotoxic potential 
against colorectal cancer cells have been demonstrated (Doroški et al., 2020), as well as its hy-
poglycemic properties (Meetoo et al., 2007). Lovastatin, approved by the FDA in 1987 in the 
treatment of elevated blood cholesterol (Stamets, 2000), which can contribute to reducing the risk 
of cardiovascular disease, has been derived from the fruiting bodies of P. ostreatus, as a secondary 
metabolite (Atlı et al., 2019). Cultivation of P. ostreatus is simpler compared to most other fungi, 
an exceptional advantage is the possibility of development on a wide array of lignocellulosic 
materials, it is not demanding, and is very adaptable to environmental conditions. A special ad-
vantage is the very efficient conversion of the substrate into mushrooms, so that the biological 
efficiency (BE), according to Stamets (2000) often even exceeds 100%. All these benefits have 
contributed to intensive production which, especially in poor areas, promotes the development of 
the rural economy and helps to overcome the lack of protein-rich food. Various cultivation sys-
tems, according to the possibilities, needs, and available lignocellulosic substrate, can be used for 
the production of P. ostreatus. In addition to traditional outdoor cultivation, indoor cultivation is 
very popular because higher yields are achieved due to the possibility of controlling conditions. 
Column culture (already mentioned in section 2.3.2) is especially suitable because “bouquets” of 
mushrooms can grow freely on the entire surface of the bags and the manipulation during fruiting 
is simple. It is recommended that the mother culture be prepared in sterile, laboratory conditions. 
According to Owaid et al. (2015), pasteurization gives quite satisfactory results in the elimination 
of potentially dangerous microorganisms from straw, a frequently used substrate for oyster cul-
tivation. However, if possibilities allow, it is always safer to apply sterilization (Ryu et al., 2015). 
After inoculation, the bags are hung on the ceiling or lean against the beams. During the per-
meation of mycelium through the substrate, it is necessary to maintain a temperature of about 
24°C–25°C, while the concentration of CO2 should not exceed 15%–20% (Miles & Chang, 2004). 
To ensure the proper formation of fruiting bodies and avoid elongation of the stipes, it is necessary 
to maintain a concentration of CO2 < 1,000 ppm during the fruiting period (Stamets, 2000). 

A special role in the life cycle of P. ostreatus has light because it belongs to the group of 
mushrooms that require periods of illumination to achieve normal fruiting. Although the photo-
period has no significance for the development of the mycelium, it is very necessary for the growth 
of fruiting bodies. A recent study in the field of fungal photobiology, conducted by Colavolpe and 
Albertó (2014), indicates that mushrooms which fruit is dependent on a certain amount of light use 
common regulatory pathways to develop basidium and form viable spores. According to Jaramillo 
Mejía and Albertó (2013), the photoperiod required for mycelia stimulation of that mushroom 
group to start fruit body formation should be 200–640 lux, 8–12 hours per day, while Stamets, 
(2000) recommends 200 lux, 12 hours per day for P. ostreatus primordia formation and 50–500 lux 
illumination for fruit body formation. 

2.8 CULTIVATION OF THE EDIBLE AND MEDICINAL MUSHROOM AURICULARIA 
AURICULA – JUDAE 

Auricularia auricula – judae (Fr.) J. Schröt., well known as black ear or wood ear, can be found 
in temperate and subtropical regions worldwide, growing as a wood rot mushroomon in living and 
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dead trees (Priya et al., 2016). It was previously thought to be a single species; however, a recent 
study conducted by Wu et al. (2014) revealed that it is a species complex, so they introduced 
species name A. heimuer. It is one of the earliest cultivated mushrooms in China where it is still 
grown in large quantities, so in 2017, as much as 6.3 billion kg were produced in this country 
(Chinamushroombusinessnetwork, 2018). Although it is not often consumed in the Western world, 
in Asia A. auricula is very popular as an edible and medicinal mushroom. Recent studies have 
confirmed several medicinal properties of this mushroom, among others antitumor (Reza et al., 
2014), antioxidant (Ma et al., 2013), antiviral (Nguyen et al., 2012), and antimicrobial (Oli et al., 
2020). The first written trace of the simple cultivation of A. heimuer on logs was left by Gong Su in 
Tang materia Medica 1300 years ago (Huang et al., 2010). Due to increasing demand and relatively 
small investments, this method (described in section 2.3.1) is still used in Asian countries. Stamets 
(2000) recommends soaking the logs in water for 24 hours to start the formation of mushrooms. 
However, as outdoor cultivation is not able to meet the growing needs for this mushroom, other 
methods of cultivation are widely used, too. One of them is the artificial log method, similar to that 
used for growing L. edodes (already explained in section 2.3.2.). According to the instructions of  
Stamets (2000), the basis of the substrate is sawdust enriched with appropriate additives, this 
mixture is filled into polypropylene bags, sterilized, cooled, and inoculated with A. auricula 
mycelium. When the substrate is completely permeated with mycelium, the bags open and intense 
wetting begins to initiate the formation of the primordium. Cultivation on compost obtained from 
straw, rice bran and appropriate supplements also provides good yields of this mushroom. After 
thoroughly mixing all the necessary ingredients, water is added and the humidity is maintained at 
65%–70%. The composting process usually takes five days, then the substrate is sterilized, cooled, 
and inoculated (Quimio, 1982). Excellent yields are also achieved by using column culture (ex-
plained in section 2.2). For this purpose, wheat straw to which 5% of wheat bran is added is the 
basis for A. auricula cultivation. After 16–18 hours of soaking with water, the straw is filled into 
bags, sterilized for about 1.5 hours. It is then inoculated and incubated at 25°C–26°C for 20–25 
days. When the substrate is completely permeated with mycelium, holes are made and bags are 
hung on the ceiling. It is necessary to maintain a relative humidity of 85%–90%, a temperature of 
25°C–26°C, to provide 1–2 hours of diffuse lighting and adequate aeration. The first fruiting 
bodies appear after 10–12 days, and after 4–5 days they are mature enough to be harvested. With 
this method, a very high BE of as much as 140% can be achieved, in 3–4 waves (Stamets, 2000). 

2.9 CULTIVATION OF THE EDIBLE AND MEDICINAL MUSHROOM AGARICUS 
BISPORUS 

Agaricus bisporus (J.E.Lange) Imbach (1946), or white button mushroom, is a saprophyte 
widespread on grasslands in Europe and North America (does not grow on trees). It has a sig-
nificant ecological role as a secondary decomposer in terrestrial ecosystems as it contributes to 
carbon cycling by degrading plant biomass in a humic-rich environment (Morin et al., 2012). This 
mushroom has become very popular all over the world due to its exceptional nutritional value 
which comes from its high protein levels, low-fat content, and high fiber content (Atila et al., 
2017). Also, there is a growing interest in this fungus as a health promoter, because numerous 
studies have proven that the fruiting body of A. bisporus contains bioactive components such as 
ergothioneine, ergosterol, β-glucans, flavonoids, and vitamin D (Blumfield et al., 2020). The 
presence of lectins, triterpenoids, nucleosides, essential peptides, glycoproteins, peptides, and fatty 
acids, as well as their derivatives contributes to the potential use of this mushroom as an anti-
oxidant, antimicrobial, antidiabetic, hepatoprotective anticancer, antihypertensive, and anti-
hypercholesterolemic agent (Kozarski et al., 2011; Atila et al., 2017; Kozarski et al., 2020). Initial 
cultivation of A. bisporus on a composted substrate, a primitive method used around 1600 in 
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France, has undergone many changes and refinements over the centuries, so today it is a very 
complex technique that requires sophisticated equipment and large capital investments. However, 
given the growing demands of consumers, A. bisporus is now produced in more than 100 countries 
around the world (Miles & Chang, 2004). The appropriate substrate is obtained by composting, a 
complex biological process involving numerous microorganisms. According to Owaid et al. 
(2017), various lignocellulosic components are used, with the addition of chicken, pigeon or horse 
manure, mineral salts, and other additives, in accordance with the respectively applied technique to 
obtain a quality substrate suitable for composting. As Miles & Chang (2004) reported, there are 
several approaches and modifications of substrate preparation, but all techniques have in common 
that the substrate is composted and then pasteurized. The composting process begins by mixing 
and moistening the appropriate components as much as is necessary for the naturally occurring 
microorganisms, which perform composting, to have enough water available for metabolic pro-
cesses. At the beginning of composting, cellulose and hemicellulose are converted into sugars, 
straw and other raw materials soften due to the microbial activity, soluble sugars decompose, and 
the C/N ratio decreases. Lignin is a resistant component that impregnates plant fibers, and bacteria 
generally cannot break it down. Nitrogenous substances such as nitrates and ammonia, present in 
the substrate, enable the growth of bacteria and fungi that convert them into proteins; these mi-
crobiological processes lead to an increase in the protein content of the compost (Miles & Chang, 
2004). At the end of this phase, the temperature in the compost heap reaches 60°C because heat is 
released due to microbiological activity (Owaid, 2009). Mesophilic microorganisms that have 
started composting can no longer survive at this temperature, so thermophilic species of the genus 
Actinomyces become dominant. In the center of the compost heap, an anaerobic zone is formed in 
which the desired microorganisms cannot survive. On the other hand, a temperature of about 35°C 
in the outer zone is also not sufficient for the growth of microorganisms involved in composting. 
Therefore, it is necessary to mix a pile of compost to achieve equal conditions in all parts of the 
volume for a time, to provide ventilation, i.e. the amount of oxygen needed for microorganisms 
and the optimal temperature (Miles & Chang, 2004). In the further process, pasteurization, it is 
necessary to destroy insects and pests that come with the substrate, spores of contaminating mi-
croorganisms, as well as to equalize the temperature of the substrate to 50°C–55°C, thus providing 
optimal conditions for the development of thermophilic microbiota. All applied measures enable 
the formation of a substrate that will favor the growth of mushrooms. In the next phase, the cooled 
substrate is inoculated with mycelium, and after complete permeation of the mycelium through the 
substrate, a casing layer is placed on the surface. The casing layer is commonly a peat moss which 
pH is adjusted on 6.5–8.0 by adding lime. It should be sterilized before application. The purpose of 
adding a cover is to maintain moisture and evenly fruiting (Miles & Chang, 2004). 

2.10 CULTIVATION OF THE MEDICINAL MUSHROOM GANODERMA LUCIDUM 

Ganoderma lucidum (W. Curt.:Fr.) P. Karst., in Asia known as Ling Zhi or Reishi, is widely 
distributed in temperate and subtropical climate areas of Asia, Europe, America, and Africa 
(Siwulski et al., 2015). As a wood-decaying mushroom that causes white rot, this species plays a 
very important role in the breakdown of different types of hardwood trees due to the spectrum of 
lignocellulosic enzymes it possesses (Zhou et al., 2018). Since time immemorial, G. lucidum has 
symbolized longevity, success, holiness, goodness, and happiness in the life of people in Asian 
countries, so it has been called by many symbolic names such as “celestial herb”, “herb of spiritual 
potency”, or “mushroom of immortality” (De Silva et al., 2012). In recent decades, there has been a 
growing interest in this mushroom in the Western world too, so many extensive studies which have 
been conducted revealed that G. lucidum contains over 400 biologically active compounds, in-
cluding polysaccharides, triterpenes, steroids, proteins, amino acids, alkaloids, and nucleosides 

40                                                                                                                    WILD MUSHROOMS 



(Cör et al., 2018). These extremely valuable components show several health benefits, e.g. an-
ticancer (Rossi et al., 2018), antioxidative and immunomodulating (Kozarski et al., 2011), anti-
diabetic (Ma et al., 2015), antimicrobial (Celal, 2019), antiviral (Linnakoski et al., 2018), and 
antiacetylcholinesterase (Cör et al. 2018). Given the role it played in the tradition of the Asian 
people (especially China, Japan, Korea), G. lucidum was an economically important mushroom 
even 4,000 years ago (Wasser, 2005). Due to the discoveries of modern science about extremely 
beneficial effects on health, there is a constant growth in demand for this mushroom, so the global 
market of G. lucidum in 2019 was $3.09 billion, and is expected to reach $5.06 billion by 2027, 
recording а CAGR of 8.1% from 2021 to 2027 (Allied Market Research, 2021). Various culti-
vation techniques are being applied to meet the expectations of such a growing market. Traditional 
methods of growing on logs (explained in section 2.3.1.2.) or tree stumps (explained in section 
2.3.1.3.), which are inoculated with spawn directly under natural conditions (Stamets, 2000), are 
still used to produce quality fruiting bodies, although it takes longer and yields are lower. The 
cultivation method, which gives high yields, involves the use of sterilized wood segments, best 
obtained from oak, with a diameter of about 12 cm and a length of up to 15 cm, with flat sections 
(Chang & Buswell, 1999). The formation of segments should be done in the dormant period when 
the moisture content in the wood is 45%–55%. The prepared wooden segments are buried in the 
ground inside a greenhouse or other suitable facility. The soil should not be too moist, but it must 
provide drainage, air permeability, and retention of the required amount of water. This method of 
cultivation is more economically viable because it allows higher BE, faster growth, and devel-
opment of quality fruiting bodies, but requires more investment than cut logs and stumps methods 
(Miles & Chang, 2004). As G. lucidum is relatively rare in nature, quantities are very limited and it 
is very difficult to monitor the quality of fruiting bodies in the forest, cultivation in a controlled 
environment is the recommended solution for commercial production. Cultivation in poly-
propylene bags or bottles is commonly used for this purpose (Zhou et al., 2011). As Ćilerdžić et al. 
(2018) proposed the substrate should be obtained by mixing and wetting the appropriate com-
ponents and additives so that the moisture is about 65%. The substrate was then filled into 
polypropylene bags and sterilized at 121°C for 2 hours. After cooling, the substrate is inoculated 
with mycelium and left at 25°C to be completely permeated. In the next step, bags are opened and 
fructification is performed in the growth chambers, under controlled conditions that are in line with 
the needs of the growth phase. According to Stamets (2000), it is necessary to provide a day-night 
light regime for the primordium formation (12 hours on/off, 500–1,000 lux), as well as for the 
fruiting bodies formation (750–1,500 lux). In some growing chambers, bottles or bags are placed 
horizontally, one on top of the other, forming a wall-like shape, and fruiting bodies are formed on 
top of the bag or bottle so that one has the impression of growing out of the wall (mentioned in 
section 2.3.2.). An exceptional advantage of this cultivation method is the possibility of growing G. 
lucidum on wheat straw, which is a widely available and inexpensive substrate, a byproduct in 
agricultural production. The period of complete permeation of straw with mycelium is short and 
the formation of primordium and fruiting bodies is rapid (Ćilerdžić et al., 2018). However, for the 
cultivation of this mushroom, very different lignocellulosic substrates obtained by a combination 
of suitable components can be used, to achieve the most efficient production. Thakur and Sharma 
(2015) reported a significantly high yield and BE of 27.9% by using 80% Jacaranda mimosifolia 
sawdust supplemented with 20% of wheat bran. 

2.11 SUBMERGED-LIQUID FERMENTATION (SLF) 

For decades, people have been growing edible and medicinal mushrooms. The development of 
these mushrooms through fruiting body (cell) production is a lengthy process that takes several 
months before the first product appears, resulting in a wide range of product quality. Regulated 
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cultivation in heterotrophic bioreactors has been designed to reduce cultivation time and improve 
quality. In comparison to the average 6-month duration needed for conventional mushroom cul-
tivation through SSF, technology for quick cultivation (10 days or less) using G. lucidum as the 
prime model has recently been established as a promising cultivation strategy. For these mush-
rooms, the invention of a quick cultivation system known as submerged-liquid fermentation (SLF) 
methods has sped up mycelium production (cells). SLF on G. lucidum is a better option because 
the mycelium can be processed in large quantities, using a cheap and safe method, and to a 
consistent consistency. Such efficient SLF systems based on bioreactors can be integrated into the 
food and biomass chain for landless food and vital bioactive compound production, particularly in 
white fungal biotechnology applications. 

2.11.1 Isolation and morphological identification of pure mycelium of 
mushrooms 

Edible and medicinal mushrooms can be cultivated in submerged-liquid fermentation (SLF) 
once they are successfully isolated and identified from the wild (Hassan et al., 2019). These 
mushrooms must be isolated and replicated in a standard sawdust mushroom spawn bag before 
molecular identification. The chosen mushroom’s fruiting body is freshly picked and morpholo-
gically analyzed based on its shape, color, hardness, and spore type. Typically, it was traditionally 
grown on a farm via solid-substrate fermentation (SSF); however, SLF provides an alternative way 
using the landless food production concept. These liquid-based mushrooms are commonly culti-
vated due to the mycelium’s identified health-preserving compounds, such as potent anti- 
inflammatory, antioxidant, antibacterial, antiviral, antifungal, and anticancer properties (Jaros 
et al., 2018; Klaus et al., 2021), in addition to biofilm formation (Vunduk et al., 2019) and recent 
bioremediation wastewater treatment (Mooralitharan et al., 2021). A great mushroom mycelium 
application is a mycoprotein generated by Kim et al. (2011) from Agaricus bisporus commercial 
submerged fermentation. While fungal mycelium could provide a unique chewing sensation, the 
negative consumer perception of fungal mycelium necessitates the development of meat analogues 
made from true mushroom mycelium. When compared to soy protein, the development of an 
industrial bioprocess for A. bisporus mycelium permitted the production of a highly appropriate 
meat analogue with superior textural properties and umami characteristics. Novel protein sources 
are desperately required to meet the ever-increasing protein demand of the world’s population. 
Using Pleurotus sapidus on apple pomace, a similar study is focusing on the development of 
protein-rich mushroom mycelia on industrial side streams (Ahlborn et al., 2019). As a result of this 
technique, nutritionally important mushroom mycelia enriched in vitamin D2 has emerged. 
Meanwhile, the submerged fermentation of edible mushroom Pleurotus ostreatus biomass was 
extracted for 19 pharmaceutical metabolites (Papaspyridi et al., 2012). It has provided a promising 
alternative for efficient biomass and useful metabolite production, with faster production in a 
shorter period, less space, and fewer contamination risks (Tang et al., 2007). Furthermore, the SLF 
system’s recent application in white fungal biotechnology has encouraged stakeholders to invest in 
it. Many edible mushrooms used in traditional folk medicine, such as L. edodes (shiitake mush-
room), G. frondosa (maitake mushroom), H. erinaceus, F. velutipes, Tremella mesenterica, and P. 
ostreatus, are considered a good source of bioactive compounds (Sullivan et al., 2006), and at-
tempts to cultivate them in SLF can be referred to using the Figure 2.6 blueprint, with Ganoderma 
as the model. 

Figure 2.6 provides a clear blueprint for the identification of wild mushrooms before SLF 
cultivation. As a pilot example, a wild medicinal G. lucidum was isolated from Mount Avala, 
Serbia, and morphologically identified based on its brown-liquorish cap and woody stipe (Hassan 
et al., 2019) at the base of wild oak (Quercus robur L.). The carpophores and 100x basidiospores 
structure (exosporium and endosporium), as well as the hymenium, which resembles G. lucidum’s 
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hymenium pores (Hennicke et al., 2016), were examined under microscopic and macroscopic 
conditions to confirm the right mushroom species (Figure 2.6). A tissue culture procedure is 
performed on the Ganoderma fruiting body to create a pure mycelium culture. The fruiting body 
was first washed in 99.9% ethanol for 10 seconds before being dried in laminar flow. It was broken 
open to reveal the active area (red dotted square in Figure 2.6) and finely cut at the marked area 
using a scalpel. Finally, the tissue was put on malt extract agar (MEA) and allowed to develop at 
room temperature before mycelium appeared. To obtain pure mycelium, the mycelium was sub-
culture onto fresh MEA (Supramani et al., 2019). This practice is repeated several times (some-
times up to eight times) until a singular mycelium mat is obtained on the agar plate (PDA or 
MEA). They successfully isolated mycelium then underwent triple molecular identification, which 
is PCR, phylogenetic tree, and plasmid matching comparison. To execute this, the G. lucidum 
mycelium on square cut MEA is finely ground in liquid nitrogen using a set of mortar and pestle to 
extract the fungal DNA. It follows with gDNA extraction and PCR procedure with slight mod-
ification in the amplification (Liu et al., 2000; Zhou et al., 2007; Tamura et al., 2013). The PCR 
product was amplified using two standard fungal internal transcribed spacer primers (ITS1 and 
ITS4). Each primer (0.5 pmol), dNTP mix (200 M, Promega), PCR buffer (ThermoFisher 
Scientific, Waltham, USA), DNA polymerase (0.5 U, Promega, Madison, USA), and water were 
included in the PCR reactions. The following conditions were used for amplification of the targeted 
fragments: initial denaturation at 98°C for 120 seconds (1 cycle); 25 cycles of annealing and 
extension (98°C for 15 seconds; 60°C for 30 seconds; 72°C for 30 seconds); and 1 cycle of final 
extension at 72°C for 10 minutes. Purification and sequencing of PCR-amplified fungal PCR yields 
are subjected to 1% agarose gel PCR purification tool (Tiangen Biotech Co., China) analysis for 
1 hour at 80 V, and sequenced using a BigDye® Terminator v3.1 sequencer (Applied Biosystems 
Co., USA). For data analysis, Clustal Omega by Sievers and Higgins (2018) was used to align the 
sequences. For essential identification and information on previous taxonomic and phylogenetic 
studies, the sequences were compared to similar sequences of Ganoderma species using BLAST 
software (NCBI) (adapted from https://blast.ncbi.nlm.nih.gov/Blast.cgi). NCBI GeneBank was 
used to store fungal sequences. The evolutionary distance (Knuc) of identical fungal species was 
calculated using the neighboring-joining (NJ) method in Molecular Evolutionary Genetic Analysis 
(MEGA-X), and then a phylogenetic tree was created. The species with the nearest Knuc are 
thought to be the same. To confirm the species, A plasmid Editor (ApE) program was used to 
compare the sequences of the closest Knuc species and the sequence of gDNA for mismatches 
which gave a factual verification of the Ganoderma genus and species (Hassan et al., 2019;  
Supramani et al., 2019). In the final verification, the isolated pure mycelium is pre-grown in liquid 
culture, generating active hyphal tips (Figure 2.6) and transferred to a spawn culture for fruiting 
body regeneration. The newly formed fruiting body will be verified microscopically and macro-
scopically with its isolated origin as a “regrown confirmation in PP bag” before SLF. This strategy 
is efficient and can be adapted to most of the wild and edible medicinal mushroom species 
worldwide. 

2.11.2 Conversion of solid-state fermentation (SSF) to submerged-liquid  
fermentation (SLF) 

To convert purified SSF Ganoderma mycelium culture to SLF, cut agar squares of mycelial 
SSF plate culture are transferred in 100 mL of 250 mL Erlenmeyer flask (SLF). The standard 
practice is, four mycelial agar squares (5 mm × 5 mm × 5 mm) are prepared using a sterilized cork 
borer or stainless-steel scalpel (Wan-Mohtar, Young, et al., 2016; Wan-Mohtar, Abd Malek, et al., 
2016) (Figure 2.7). When using small-scale shake flasks or agar cultures, most mushroom sci-
entists use small pieces of mycelium that are still attached to the agar plates on which the fungi 
were produced, and inoculate these directly into the fermentation broth. This seed culture 
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technique is used to inoculate a bioreactor so that the mycelium can adapt from a solid to a liquid 
environment, lowering inoculum densities and reducing the lag phase (Fazenda et al., 2010). To 
avoid a long lag time, the environmental and nutritional conditions used to prepare the seed 
culture, as well as those in the fermentation, must remain constant. G. lucidum inoculum stan-
dardization is also essential, as is the removal of cut mycelia-mats at the same radial distance from 
the agar colony center. This approach guarantees that all inocula have the same amount of my-
celium at the same developmental time. 

At the end of the SSF stage, the agar squares are grown in formulated chemical factors con-
taining glucose, yeast extract, potassium dihydrogen phosphate, dipotassium hydrogen phosphate, 
magnesium sulfate, ammonium chloride, and physical factors; pH, agitation, and temperature. It is 
called “first seed culture” as the fungal mycelium colonizes the agar squares until it reached 
threshold growth (first generation pellet) and produces protuberance in the liquid system reaching 
“second seed culture”. This early SLF stage requires inoculum homogenization of mature first 
seed. For G. lucidum, using a sterile stainless steel Warring Blender and a short blending time, the 
mycelium can be homogenized aseptically to maximize the amount of active hyphal tips (Fazenda 
et al., 2010; Stanbury et al., 2013). To avoid potential mycelial damage from the procedure, the 
inoculum blending time should be no more than 20 seconds in a low-speed environment. Such 
treatment has helped to ensure process reproducibility. An active inoculum can reduce the lag 
period in subsequent cultures if it is transferred at the right time (i.e. correct physiological state). 
Years ago, the impact of G. lucidum inoculum size on output was studied by Yang and Liau 
(1998), who found that a 7-day shake flask inoculum was optimal. Many scientists have used 
inoculum percentages (v/v) for G. lucidum, including 17% (Berovic et al., 2003), 10% (Wagner 
et al., 2003), 10% (Sanodiya et al., 2009), 12% (Liu et al., 2012), and 5% (Kim et al., 2006). The 
maximum percentage (v/v) used in Ganoderma liquid fermentation is never more than 20%, ac-
cording to the literature and extensively verified in 2020 (Abdullah et al., 2020; Wan-Mohtar, 
Taufek, et al., 2020). 

In the late SLF stage, the fungal protuberance protrudes until it forms fresh hyphal tips (second 
generation pellet) that re-engulf the first-generation mycelial biomass to survive. The second- 
generation pellet evolved and produced protuberances at the outer layer. Once it reaches maturity, 
these protuberances are shaved off from the surface and formed hyphal tips. These active hyphal 
tips will form small pellets and continue to mature until day 10. Fully mature pellets shaved off 
their outer layer reaching maximum third-generation pellet (Figure 2.8). Autolysis starts to initiate 
with yellowish color changes. At this stage, the fungus has reached the late to early death phase, 
which is extracted for biomass and bioactive metabolites. 

If a better understanding of the relationship between morphology and desired bioproducts is 
desired in Figure 2.8, a thorough quantitative structural analysis of Ganoderma morphology is 
required. This is an example of how methods like image analysis (IA) can be used to calculate 
important morphological parameters (Riley et al., 2000), and IA is therefore recommended for any 
work involving the production of fungal hyphae (Tucker et al., 1992). As a result, IA has been 
developed as a fast and precise method for quantitative morphological characterization, as para-
meters of an observed object such as size, total, shape, position, and intensity can be quickly 
evaluated (Treskatis et al., 2000; Park et al., 2002; Tepwong et al., 2012). During fermentation, 
light microscopy (IA) is used to characterize filamentous fungi (mushrooms) (Fazenda et al., 
2010). IA attempts to qualitatively characterize the most prominent morphology and identify any 
related morphological changes associated with any process transition, such as growth phase, ni-
trogen limitation, repeated-batch cycle, harvesting time, famine, nutrient depletion, and catabolite 
repression. The dispersed type can be further divided into freely dispersed and clumps in sus-
pension culture (Thomas & Paul, 1996; Tepwong et al., 2012). Cultures in which the fungus grows 
as pellets are less viscous than those in which it grows as scattered filaments in terms of mor-
phological structure (Tang et al., 2007; Fraga et al., 2014). 
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2.11.3 SLF in the bioreactor system 

Submerged-liquid fermentation in 200–500 mL Erlenmeyer’s flasks can be scaled up to a larger 
bioreactor device (2,000–5,000 mL). At 10%–20% of the second seed culture, the active fungal 
pellets from the flask fermentation are inoculated or transferred into a stirred-tank reactor vessel 
(Figure 2.9). With heated flames at the top plate stainless steel screw cap, the inoculum is poured 
aseptically. In both the shake flask and the bioreactor, the fungus G. lucidum displayed different 
morphological characteristics during the various SLF processes. As described by Žnidaršič-Plazl 
and Pavko (2001), this fungus forms small, loose mycelial aggregates called clumps that later grow 
into spherical aggregates (pellets) consisting of highly entangled networks of hyphae. The shake 
flask (low shear) had morphological variations, likely due to higher hydromechanical stress within 
the bioreactor (high shear), which disrupted its life cycle and changed the formation of clamp 
connections. 

The clamp connections are intended to ensure that each basidiomycete “cell” or compartment 
has a compatible pair of nuclei, thus maintaining the dikaryotic state (Fazenda et al., 2008). In 
Figure 2.9, raising the shear rate in the bioreactor changes the morphology of G. lucidum, splitting 
the pellets into more dispersed hyphae, and thereby promoting the formation of the filamentous 
type, results in an exponential active phase (Fazenda et al., 2010). The means of moving nuclei 
from one hyphal fragment to another, also known as clamp connections, were discovered based on 
these events in Figure 2.9, which depicts the specifics of G. lucidum hyphae in the bioreactor and 
shake flask during SLF. The red arrow indicates the clamp connections, the septum is indicated by 
the yellow arrow, and the hyphal tip is indicated by the blue arrow. Overall, the discovery of clamp 
connections in SLF cultures was both surprising and encouraging, given that submerged hyphae in 
liquid cultures may fail to form clamp connections (Carlisle et al., 2001), which could be due to the 
current stirred-tank bioreactor’s use of extreme agitation (Fazenda et al., 2010). The primary 
fungal mycelium would not divide synchronously without the clamp connections (Deacon, 2013), 
and the cells’ dikaryotic stage would be disrupted, halting development. When fully mature fungal 
pellets have achieved maximum clean pellet structure, they are usually harvested and subjected to 
downstream steps. 

2.11.3.1 Critical parameters in SLF bioreactor system 

Chemical, biochemical, physical, and morphological factors all play a role in growing G. 
lucidum in liquid media. The biocatalyst’s behavior is determined by biological factors, whereas 
physical and chemical elements define the environment. The best fermentation conditions are 
determined by the design of the desired product and the fungus strain used. Furthermore, culture 
conditions affect growth rate and fungal morphology. The fermentation macro-environment can be 
influenced by aeration, temperature, agitation rate or shear force, fermenter design, and culture 
time. These factors may influence the fungus’s morphological and physiological behavior, as well 
as the bioprocess’s efficiency. The physical state of the fungus will affect the strain’s growth and 
productivity. Table 2.2 shows several examples of physical causes. 

Chemical influences have a significant impact on biotechnology process evolution. Metals, 
ions, additives, medium pH, medium composition, carbon source, complex media, by-products, 
and nitrogen source are mentioned in Table 2.3 as metals, ions, additives, medium pH, medium 
composition, carbon source, complex media, derivatives, and nitrogen source. 

Biological factors such as inoculum age and volume significantly impact G. lucidum growth 
and product development. As a result, proper inoculum characterization is critical for future in-
dustrial applications such as culture isolation, selection, and maintenance (Seviour et al., 2011;  
Stanbury et al., 2013). Furthermore, these tests must be conducted on the chosen inoculum because 
it is susceptible to infection, spontaneous mutation, degradation, and death (Fazenda et al., 2008). 
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As a result, inoculum preservation and maintenance are critical, and frozen stock cultures should 
be prepared as soon as possible after isolation (Walser et al., 2001). As discussed in section 2.11.2, 
the ideal inoculum as the primary biological factor is between 10% and 20% blended mycelium. 

2.11.3.2 Extraction of compounds from SLF of a bioreactor culture 

Extraction or downstream of bioreactor cultures starts with fungal pellets’ filtration to obtain 
dry cell weight (DCW) or dried biomass. In Figure 2.5, filtering of a 200-mL sample through a pre- 
dried and weighed GF/C filter (Whatman Ltd., UK) using a Buchner funnel filter set connected to a 
water pump, followed by repeated washing (three times) of the mycelial biomass with distilled 

Table 2.2 Physical factors involved in submerged-liquid fermentation of G. lucidum    

Physical factors Explanation   

1. Temperature In Ganoderma fungal cultures, temperature influences growth rate, medium 
evaporation, dissolved oxygen (DO), pellet production, and product creation. G. 
lucidum growth has been observed in SLF at temperatures ranging from 25°C to 
36°C, with most studies taking place at 30°C.  

2. Agitation Rushton turbines are widely used in bioreactor systems to provide continuous 
agitation for G. lucidum. The impeller speed of a bioreactor, which plays a 
significant role in determining the fungal growth rate through mixing, heat 
transfer, and mass, is equal to the agitation rate during growth and bioproduct 
production. There can be a visible mass transfer gradient in the bioreactor vessel 
in such fungal cultures, particularly at scale, triggering both mycelial morphology 
and product spectrum changes. Agitation’s shear force can harm mycelium in 
various ways, including damaging cell structure, stimulating morphological 
change, and causing changes in growth rate and bioproduct formation. As a 
result, achieving sufficient oxygen transfer into the medium while avoiding shear 
stress necessitates optimal agitation.  

3. Aeration Aeration is a critical factor in Basidiomycete cultivation. Dissolved oxygen (DO) is 
used to assess aeration, and it is the most vital variable to optimise in aerobic 
fermentation. In any operated fermenter setup, aeration is controlled by air 
supply and agitation speed.  

4. Fermenter design There are several different types of fermenters on the market, but only the stirred- 
tank reactor can be used for fungal culture (STR). There are two forms of STR: 
confused and unbaffled. Rushton impellers are widely used because they 
provide a high oxygen transfer rate and promote aerobic fungi growth; however, 
they are also known for their high shear force, which reduces product yield due 
to shear-sensitive cells. Under similar culture conditions, a low shear oscillatory 
baffled bioreactor (OBR) was reported to produce high EPS, but no 
morphological differences were noted. Baffles improve the efficiency of mixing in 
the bioreactor. Even though the cells are subjected to a hydrodynamic force in 
the baffle’s turbulence field, it is not greater than the impeller zone’s force. When 
fungal cells engulf and build up at the bioreactor’s baffle, mixing and cell growth 
are disrupted for long continuous cultures, particularly G. lucidum. As a result, 
further research into this species’ culture is needed, particularly in terms of 
fermenter design.  

5. Culture time The fungal harvesting time determines the efficiency of polysaccharide production 
and is variable due to carbon source depletion in SSF. Aside from 
polysaccharide consistency, the age of the fungal culture has a significant 
impact on polysaccharide development. As a result, it must be considered.  

6. Foaming When a fermenter medium is subjected to aeration and agitation, the foam may 
form, which can be problematic. The foam could clog the exit air filters, causing 
an increase in pressure in the bioreactor’s headspace. When the foam grows in 
a fungal culture, the mycelium follows it and gradually develops on the wall and 
headspace. As a result, chemical and mechanical antifoam can be used in large- 
scale cultivation to combat foaming. Mechanical antifoam is favoured because it 
does not reduce OTRs, whereas chemical antifoam has been shown to reduce 
OTRs, affecting cell development.    
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water yields the DCW from the collected G. lucidum fermentation method. If more than 200 mL of 
fungal culture was used, the filtration system would be blocked by tiny mycelium and reduce 
sucking pressure. Until measuring, the mycelial or pellet filter cake is dried overnight in the dryer 
(low-temperature food dehydrator (Wan‐Mohtar et al., 2020) and cooled 24 hours in a desiccator. 
DCW in g/L is calculated by subtracting the pre-weighed filter mass from the mass with the filtrate 
and multiplying by the dilution factor (gravimetric method). The dried fungal biomass contains 
lipids, protein, phenols, and enzymes beneficial for biotechnology applications (Yadav, 2019). A 
recent application by Wan-Mohtar, Halim‐Lim, et al. (2020) has reported that dried Ganoderma 
biomass contains high protein content (32%), 13.8% of fiber, 48.38% carbohydrate, and 4.45% of 
lipid in a proximate composition analysis. The dried biomass also possesses a vital functional 
compound called endo-polysaccharide (ENS) (Abdullah et al., 2020); however, it needs to be 
extracted. To do so, combine the dried biomass with 1 g of distilled water in 20 mL of distilled 
water (1:20 ratio). Then it’s sterilized for 30 minutes at 121°C (hot-water extraction). The mixture 
is extracted after sterilization to obtain the supernatant. The crude ENS is then precipitated by 

Table 2.3 Chemical parameters involved in submerged-liquid fermentation of G. lucidum    

Chemical factors Explanation   

1. Medium pH The initial pH of the medium may have an impact on G. lucidum growth and 
polysaccharide development. Besides salt solubility, the ionic state of a 
substrate, cell membrane structure, cell morphology, substrate absorption 
rate (glucose consumption), and bioproduct formation are all affected by pH 
medium. The effect of initial pH on G, lucidum was investigated in this 
review. The G. lucidum favoured and performed best at pH 4 in general.  

2. Medium composition G. lucidum requires a specific medium composition to thrive.  Fazenda et al. 
(2008) used a wide variety of complex, synthetic media, or chemically 
defined media, as well as waste substrate, in their research. The optimised 
media must result in an increase in biomass and the formation of 
bioproducts. Biomass concentration is higher in complex media than in 
chemically based media. The medium composition can be investigated by 
adjusting the carbon: nitrogen (C:N) ratio source.  

3. Carbon source Disaccharides (lactose, maltose, and sucrose) and monosaccharides 
(glucose, fructose, and sucrose) are two types of carbon sources (fructose, 
galactose, and glucose). The production of EPS is affected by the different 
types of carbon sources. Simple carbon sources and molasses (complex 
carbon source) aided in higher EPS production and mycelial development, 
according to a study by  Xiao et al. (2006).  

4. Complex media In the large-scale cultivation of Ganoderma sp. using waste materials, 
complex media were used. Complex media can reduce the cost of 
mushroom mycelium cultivation as compared to synthetic media. Many 
researchers believe that complex media is the best liquid culture medium for 
G. lucidum.  

5. Nitrogen source Nitrate, nitrite, ammonium salts, casein, peptone, amino acids, yeast extract, 
beet, and cane molasses are all popular nitrogen sources for G. lucidum 
growth. Such species are N-limited in the wild because their natural habitat is 
deficient in nutrients except for carbon and has very low N content in forests. 
New strategies for cultivating fungus can be established by understanding 
this mechanism for surviving in an N-limited climate. The type of nitrogen 
source has a significant impact on G. lucidum cell growth and EPS 
development.  

6. Metal and ions G. lucidum needs adequate amounts of critical metals and trace elements for 
growth and product creation. These salts (e.g. magnesium sulphate and 
potassium phosphate) are essential for fungal growth. Simultaneously, trace 
elements (manganese, zinc, iron, copper, and molybdenum) serve as 
enzyme co-factors. Other ions essential for Basidiomycete growth include 
magnesium (Mg2+) and potassium (K+); Mg2+ is needed for enzymatic 
reactions, while K+ promotes hyphal tip extension ( Fazenda et al., 2008).    
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adding 1:4 of 99.9% (v/v) ethanol to one volume of cell-free filtrate and leaving it overnight at 4°C. 
After that, the precipitate is separated by centrifugation at 10,000 g for 10 minutes, which is done 
twice. The residue is then filtered twice with 5 mL of 95% (v/v) ethanol and washed through a pre- 
dried and weighted GF/ C filter pad. It was then placed in desiccators and allowed to dry to a 
constant weight. The weight of ENS was calculated (Ubaidillah et al., 2015), a similar gravimetric 
procedure to measure DCW. ENS morphologically resembles burnt sugar and has the same so-
lubility as EPS (Figure 2.10). 

The filtrate of initial fungal pellets is washed away into the bottom of the Buchner flask using a 
triple-wash of distilled water as EPS is attached to the surface of fungal pellets. The critical step to 
obtain high crude EPS extraction is using cold-ethanol shock treatment (Wan-Mohtar, Young, 
et al., 2016; Wan-Mohtar, Abd Malek, et al., 2016). Normally, by doing this, EPS quickly develops 
and formed a white-gel structure with tiny bubbles attached, indicating the appearance of an in-
soluble protein-bound β-glucan (Rop et al., 2009). The EPS is extracted from the harvested fer-
mentation broth’s filtered supernatants. The crude EPS is then precipitated by adding four volumes 
of 99.9% (v/v) ethanol to one volume of cell-free filtrate and leaving it overnight at 4°C. After that, 
the precipitate is separated by centrifugation at 10,000 g for 10 minutes, which is done twice. The 
residue is then washed through a pre-dried and weighted GF/C filter pad. It is then placed in 
desiccators and allowed to dry to a constant weight, after which the weight of EPS is calculated. 
The crude EPS of G. lucidum resembles white powder when thoroughly dried at a low temperature. 
It contains glucose as a monomer unit and is grouped as glucans. Filamentous fungi like mush-
rooms produce related polymers known as -glucans or -1,3-D-glucans and -1,6-D-glucans. The 
relative molecular weights of -glucans vary greatly, ranging from tens to thousands of kilodaltons 
(depending on origin). The solubility of fungal glucans in water is primarily determined by their 
structure, linked to their origin. Their solubility rises as the temperature rises (Rop et al., 2009). 
Glucans that are bound to proteins are insoluble. Their molecules can form gels after partial 
hydrolysis. Since native molecules lack this capacity, -glucans can be classified as partially soluble 
and partially insoluble food ingredients. Combination bonds (1 → 3) and (1 → 4) form the fun-
damental structure of glucans. This glucan is responsible for the use of white fungal biotechnology 
in recent years. 

2.11.4 A recent 6-year application of SLF bioreactor extracts in white fungal 
biotechnology 

Based on the medicinal mushroom SLF via a bioreactor, with G. lucidum as the core example, 
the fungal culture produces four essential biocompounds, which are dried biomass, live biomass, 
exopolysaccharide (EPS), and sulfated EPS (Wan-Mohtar, Young, et al., 2016; Supramani et al., 
2019). Each of these compounds has been proven its value in the new industrial mushroom ap-
plication concepts. White biotechnology uses living cells (fungi) to create industrial goods that are 
more easily degradable, use fewer resources, and produce less waste. The addition of fungus to this 
definition results in “white fungal biotechnology”, which involves biodiversity fungi from various 
environments and industrial applications in several industries (Yadav, 2019). Figure 2.11 depicts 
the future beneficial function of fungi using a G. lucidum bioreactor culture, which could be used 
in sustainable systems. The first two essential compounds are in live and dried biomass, which was 
produced via a landless food concept. A circular agricultural system is established using stirred- 
tank (STR) bioreactors (Wan-Mohtar, Taufek, et al., 2020). 

Live bioreactor-produced Ganoderma biomass was firstly introduced in 2019 by (Hanafiah 
et al., 2019) to treat synthetic sewage loading using a batch reactor, which is suitable for Malaysian 
wastewater and discharges (Mumtaz et al., 2010). Such live biomass achieved 96% of chemical 
oxygen demand (COD) and 93.2% of ammonia (NH3-N) removal from synthetic sewage pollutants 
in an acidic environment at pH 4. The live biomass absorbs NH3-N in an increasing COD/nitrogen 
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gradient morphologically using a scanning electron microscope (VPSEM) and successfully retains 
its spherical shapes and oval masses. This experiment demonstrated that the live biomass per-
formed effectively in an acidic environment with a pH range of 2.5 to 3.5, consistent with the 
literature research. This living biomass can also secrete a collection of extracellular enzymes that 
break down the organic substrate and use it as an energy and nutrient source (Harms et al., 2011). 
Furthermore, the outer layer of live biomass acts as a buffer against inhibitory compounds and has 
advantages over traditional live bacteria wastewater treatment (Sankaran et al., 2010). To com-
pletely adapt the bioreactor culture of medicinal mushrooms to real-world applications, further 
research on the impact of this fungus on real domestic wastewater treatment is needed. Once live 
Ganoderma biomass is carefully dried, the resulting product contains a high amount of protein 
(32.2%), lipid (6.3%), carbohydrate (48.4%), and fiber (13.8%) (Wan-Mohtar, Halim‐Lim, et al., 
2020), which is used as a cost-effective source of protein in tilapia feed while boosting its im-
munity. Wan-Mohtar, Taufek, et al. (2020) fed 15 g/kg of dried G. lucidum biomass to 15 tilapia 
per tank in 70-L tanks, which lasted for 42 days in a controlled environment. Compared to the 
control, this treatment resulted in 100% tilapia survival, longer body length, and higher body 
weight gain. Furthermore, the dried biomass treatment increased hemoglobin (HGB), red blood 
cells (RBC), white blood cells (WBC), and antioxidative responses, implying that the diets can 
improve tilapia survival and development. According to Rahmann et al., (2019), the landless food 
concept is a circular and self-sustaining strategy that not only benefits tilapia growth rate and 
internal health but may also occupy less land than traditional SSF cultivation and may be ad-
vantageous in high-population, low-income countries with small-scale farming practices as eco-
nomic biotechnology. This strategy combined to replace 1 ha of mushroom cropland with 1 m2 of 
bioreactor space. During live Ganoderma biomass extraction, the prominent compound solubilizes 
into liquid, forming exopolysaccharide (EPS). There are four main applications of bioreactor EPS: 
anti-lymphoma cancer (Wan-Mohtar, Young, et al., 2016), anti-oral cancer (Abdullah et al., 2020), 
embryotoxicity (Taufek et al., 2020), and tilapia bioactive-feed (Wan-Mohtar et al., 2021). For the 
anti-lymphoma effect, 60 µg/mL of EPS gave 10% cytotoxic effects against cancerous human 
Caucasian histiocytic lymphoma cell line (U937) cells from a 37-year-old-male patient (Wan- 
Mohtar, Young, et al., 2016). Meanwhile, the same EPS showed antiproliferative activity against 
oral cancer cell line (ORL-48) cells, with a reduction in cell growth at IC50 of 0.23 mg/mL 
(Abdullah et al., 2020). With these successes, this EPS was proven safe when tested in zebrafish 
embryos, comparable with mammals’ toxicity at LC50 2648 µg/mL (Taufek et al., 2020). As a pre- 
commercialization attempt, 3 g/kg of EPS has been proven as immune booster fish-feed on farmed- 
red hybrid tilapia. Such EPS increased 66.1% of tilapia weight, boosted antioxidant activity, he-
moglobin, red blood cells, and white blood cell. This highlights the potential use of EPS white 
fungal biotechnology. Since the EPS derived from the bioreactor fermentation process are water- 
insoluble, it can be enhanced using sulfation (Wan-Mohtar, Young, et al., 2016). As a result, an 
unavoidable process to increase its solubility in water and bioactivity must be introduced. A recent 
review by Arlov et al. (2021) stated that sulfated polysaccharides exhibit novel and augmented 
biological properties by facilitating interactions with other molecules. In 2016, sulfated EPS 
provided antimicrobial responses against ten species of bacteria, with the most significant effect 
against gram-positive Staphylococcus aureus, gram-negative Escherichia coli, and antibiotic- 
resistant Klebsiella pneumoniae British strain (Wan-Mohtar, Young, et al., 2016). At 60 g/mL, the 
same compound had the most potent antiproliferative effect with the fewest cancerous lymphoma 
(U937) cell development, demonstrating that the EPS sulfation process enriched the anti-
proliferative intensity. In 2017, researchers discovered that similar sulfated EPS stimulated 
RAW264.7 macrophages and had antifungal activity against Aspergillus niger A60 at a fungicidal 
concentration of 100 mg/mL. These findings point to a novel bifunctional property of sulfated EPS 
that is important to biomedical applications in 2021 (Arlov et al., 2021). 
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2.12 CONCLUSION 

People have been cultivating edible and medicinal mushrooms for hundreds of years. The 
growth of these mushrooms through fruiting body production (SSF) and mycelium biomass (SLF) 
are complicated processes that produce a wide range of product quality. More than 130 medical 
effects and superfoods are developed using traditional fruiting body cultivation techniques. Due to 
their ability to degrade lignocellulosic materials, this method is also common, useful, and of great 
importance in the decomposition of lignocellulosic agro-industrial waste. Outdoor log SSF systems 
have a lower yield than indoor SSF systems, which have greater control over fruiting body for-
mation and are not dependent on weather changes. With the world’s population growing, con-
trolled cultivation in heterotrophic SLF bioreactors has been established to shorten cultivation 
times and increase mushroom biomass yield. This analysis provides stakeholders and mushroom 
growers with up-to-date knowledge on how to cultivate edible and medicinal mushrooms based on 
their settings and preferences. 
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3.1 INTRODUCTION 

Mushrooms are fast-blooming species of fungi that are sources of various nutritional components. 
The mushroom grows in the fleshy body over a substrate (Nketia et al., 2020). A wide variety of 
mushrooms encompassing variety are segregated as edible or cultivated mushrooms and wild 
mushrooms (Lee et al., 2012; Sharma, 2018). As per Varma et al. (2011), there are more than 2,000 
varieties of mushrooms that are edible and non-poisonous. Soltaninejad (2018) reported that 2,700 
species of mushrooms are edible, whereas 100 species were found to be toxic to humans, with a total 
of 140,000 species of mushrooms found in the world. Most of the mushrooms are macrofungi that are 
extensively cultivated in today’s world due to their organoleptic properties (Ma et al., 2018). 
Mushrooms have been prevailing in various tribal and ethnic groups for centuries, and it has been a 
prime source of various nutritional requirements, especially protein (Karun & Sridhar, 2017). 
Primarily the poisonous mushroom can be segregated into three major categories such as 
(Govorushko et al., 2019):  

1. Local acting poison – consisting mainly of yellow-stained, dark-scaled, and some others. The 
toxicity emerges after 1–2 hours of consumptions (Morel et al., 2018).  

2. Nervous system affecting – consisting of panther cap, fly agaric, and destroying angel. Their toxic 
symptoms mainly include nausea, diarrhoea, and sweating emerging after 2 hours of consumption; 
there also exist a condition of hallucination and uncontrolled laughter/crying and the rare condition 
of loss of consciousness (Kosentka et al., 2013).  

3. Lethal group – consisting mainly of death cap and sulphur tuft. This group of mushroom toxicity 
targets the body’s vital organs, leading to irreversible changes to the human body. The toxic onset is 
comparatively late, ranging from 8–48 hours from consumption of half or even a third of the mush-
room (Cai et al., 2016; Barman et al., 2018). 

Despite the mushroom’s toxicity, especially with the wild mushroom, mushroom use pro-
liferates since ancient times; as Hippocrates described in the fourth century on mushroom’s 
therapeutic use (Muszyńska et al., 2020). Also, China has a documented history of mushroom 
cultivation and medicinal use (Ma et al., 2018). Mushrooms have an untapped nutritional com-
ponent apart from these various other bioactive compounds and act as dietary supplements and 
have therapeutic uses (Borthakur & Joshi, 2019; Krüzselyi et al., 2020). 

A mushroom is a rich source of some vital nutrients, containing 95% moisture, less than 10% 
fat, and more than 16% protein; apart from this, it consists of a healthy level of essential amino 
acids such as aspartic, glutamic, alanine, and arginine (Nketia et al., 2020). Various mushroom 
therapeutic effects have been identified due to the presence of certain specific chemicals such as 
phenolic compounds functioning as potent antioxidants, β-glucans have an immunomodulatory 
effect, triterpenoids and some proteins are cited as immune system modulators, and reactive 
oxygen species acting as proinflammatory medicinal usage (Soković et al., 2018). Peroxidase, 
enzymes-glucose oxidase, laccases, and superoxide dismutase produced as primary metabolites 
may prevent oxidative stress. Alkaloids, antibiotics, lecithin, lactones, and terpenoids produced as 
secondary metabolites have therapeutic effects (Wasser, 2010). 

Mushrooms have been cultivated for decades, and some of the commercially cultivated ones 
include button mushrooms, oyster mushrooms, and shitake mushrooms. The button mushroom 
conquers most of the mushroom segment’s market share (Lee et al., 2012; Borthakur & Joshi, 2019;  
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Nketia et al., 2020). Despite being into cultivation and commercial availability, wild mushrooms hold 
significant potential due to their high protein content and medicinal uses. Edible wild mushrooms are 
harvested mainly from the wild woodlands as field availability of the mushroom is highly dependent 
on seasonal changes (Zhang et al., 2014; Soković et al., 2018). 

This chapter’s content mainly focuses on various processing techniques employed in the 
commercially available mushrooms and the wild mushrooms. Specific focus will be on processing 
flows, and some light will be curtailed onto particular parametric calculations that are essential to 
the understanding of the processing techniques. The processing of mushrooms is a prime concern 
due to the possible nature of the mushroom. As a mushroom consists of a high amount of moisture 
ranging between 90%–95% of the total weight (Nketia et al., 2020), the deterioration tends to start 
when harvested. This processing plays a crucial role in maintaining the quality of the mushroom 
for future use. Various processing techniques are currently available within the market that are 
employed for the processing of the mushroom. 

3.2 SPECIES 

The family of mushrooms encompasses a variety of species that are known to mankind. Some 
of the notable species that are widely used, either cultivated or found wild and used as edible 
mushrooms, are discussed below. Six species are currently widely used for edible purposes due to 
their nutritional or medicinal usage. 

3.2.1 Agaricus spp. 

Agaricus is the most common and essential mushroom species that is widely cultivated – 
commonly known as the button mushroom (Soković et al., 2018). Agaricus are characterized by a 
fleshy cap and underside gill that produces naked spores (Ogidi et al., 2020). Agaricus spp. is 
commercially available in the market due to its health and medicinal usage; it is cultivated widely. 
The Agaricus spp. has some specific medicinal usage, especially A. brasiliensis Waser, which has 
antimicrobial, anti-QS, immunomodulatory, anti-inflammatory, and antioxidant properties due to 
which it is cultivated (Llarena-Hernández et al., 2013). 

3.2.2 Ganoderma Species 

Ganoderma is a species that mainly grows in the wild in the woods (Ogidi et al., 2020). The 
species is characterized by thick, smooth, shiny skin with perennial and woody bracket portions 
forming the mushroom’s flesh known as “conks”, which render it an inedible form mushroom 
(Soković et al., 2018; Ogidi et al., 2020). This species is the most tested mushroom for its various 
medicinal purposes in Chinese traditional medicine (Baby et al., 2015). The species is widely used 
as a tonic to treat various diseases, encompassing neurasthenia, diabetics, gastric ulcers, cancer, 
and some in China, Japan and other Asian countries (Lee et al., 2012). 

3.2.3 Lentinus spp. 

Lentinus spp. is one of the most cultivated species of shiitake mushroom. They have been a 
medicinal and healthy food for years in Japan (Lee et al., 2012). Lentinus spp. possess extracellular 
enzymes that feed saprobically on dead or fallen woods of broad-leaf trees (Soković et al., 2018;  
Ogidi et al., 2020). Lentinan is a compound found in Lentinus spp. with antibacterial, antiviral, and 
anti-parasitic capabilities (Ngai & Ng, 2003). 
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3.2.4 Grifolafrondosa 

Grifolafrondosa has a sizeable fruiting body measuring 60 cm in diameter and arranged in a 
cluster of wavy spoon-shaped caps. The mushroom is perennial, growing at the same place in 
succession for several years (Ogidi et al., 2020). G. frondosa is an edible fungus mainly in Japan 
and China, encompassing nutritional and medical functionings. The major compound in the fungus 
is β-glucans, which has anti-inflammatory, antivirus, immunomodulation, and antidiabetic use 
(Wu et al., 2021). 

3.2.5 Rigidoporus Species 

Rigidoporus species are root decaying mushrooms that mainly grow onto the root bark with 
flattened mycelia strand adhered onto it of thickness 1–2 mm. The fungus’s fruiting body has a 
spread of 20 cm and has a leathery, faintly velvety texture (Ogidi et al., 2020). Rigidoporus species 
has a wood-decaying property due to extracellular hydrolytic and oxidative secretion than tend to 
decay the wood growing (Oghenekaro et al., 2015). 

3.2.6 Pleurotusostreatus 

Pleurotusostreatus, more commonly known as oyster mushrooms, is a widely available 
mushroom cultivated and harvested from the wild (Ogidi et al., 2020). The fungus is rich in non- 
starch polysaccharides, including β-glucans and other phenolic compounds (Deepalakshmi & 
Sankaran, 2014). 

3.3 CULTIVATION 

Mushroom farming is a skilled labor-extensive process involving various processes to be taken 
care of to obtain a profitable yield. Proper manure or compost, spawns added with the correct 
environmental consideration, such as temperature and humidity, play a crucial role in mushroom 
farming (Sharma, 2018). Mushroom farming requires a series of processes with individual duration 
and specific conditions to be fulfilled to proliferate the mushroom growth discussed below. 

3.3.1 Compost Preparations 

Compost preparation is the first objective that needs to fulfilled correctly as the mushroom and 
the quality of compost determine the overall yield. Compost can be composed of various sub-
stances such as straw, gypsum, rice bran, and manure that are commonly used. Apart from this, 
compost is vulnerable to microbial growth that may eventually contaminate the compost hindering 
the mushroom growth. Proper moisture level and regular turnover should be done to avoid the 
compost’s drying due to heat generation during mushroom growth. Gypsum plays a crucial role in 
maintaining the aeration, due to which it is added at regular intervals (Mohan, 2009; Royse & 
Beelman, 2016; Sharma, 2018). 

3.3.2 Spawning 

Spawning is done due to the uncertainty in germination and growth of the mushroom. Mushroom 
spawns are germinated onto grains until the mycelium grows into a white cotton-like structure. 
Furthermore, the spawns are mixed with the prepared compost and are covered with newspaper 
and watered regularly to maintain the growth’s moisture. Spawning extends for 30–35 days 
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depending on the type of compost and environmental conditions (Mohan, 2009; Dg, 2013; Sharma, 
2018; Mahari et al., 2020). 

3.3.3 Casing 

The casing covering the spawn has been mixed with sterilized manure or soil. The casing is 
done after approximately 15–20 days or until the mushroom’s pinhead appears onto the compost. It 
facilitates mycelium growth and prevents microbial infiltration, thus providing a sterile environ-
ment for the mushroom to grow (Dg, 2013; Sharma, 2018; Mahari et al., 2020). 

3.3.4 Harvesting 

Harvesting is done before the mushroom sheds the spore for future propagation. And, sig-
nificantly, the harvesting is done either by handpicking or with the help of a knife (Sharma, 2018;  
Mahari et al., 2020). 

To the above consideration, some primary environmental consideration needs to be maintained. 
Depending on variety of mushrooms, temperature (25°C during spawning and 17°C–30°C during 
fructification), moisture content (68%–75%), and specific nutrient components are required as per 
specific strain of mushroom. Particular mushrooms, such as Volvariella volvaeaea, Lentinusedodes, 
Tremellafuciformis, and Auriculariapolytricha, require higher than 30°C to grow (Dg, 2013; Royse 
& Beelman, 2016; Mahari et al., 2020). 

3.4 SUBSTRATE FOR CULTIVATION 

The substrate is a significant component of mushroom cultivation. Various substrate types are 
made depending upon the requirement and type of mushroom to be cultivated (Mahari et al., 2020). 
Agricultural waste plays a crucial role in mushroom substrate formation, as most of the substrate 
uses an agricultural waste base (Assan & Mpofu, 2014; Bains & Chawla, 2020). In general, rice 
husk, wheat hay, sawdust, waste paper, and manure are used widely (Baysal et al., 2003; Assan & 
Mpofu, 2014). 

Wendiro et al. (2019) researched some of the indigenous substrates for mushroom cultivation, 
especially for the saprophytic category that is also the need of an hour in terms of sustainable 
utilization of natural resources. Some of the substrates studied are listed below. 

Grass waste or forest litter were used for the cultivation of Obunegyere mushrooms that are 
second-level saprophytic mushrooms. They grow in close harmony with the terminates that also grow 
in piles of grass and banana leaves. As elders believed terminates break down the piles of grass, 
making suitable arrangements for the mushroom mycelium to proliferate. Obunegyere generally 
grows in the rainy season, which corresponds to their reproductive phase during the sighting of a 
pinhead of mushroom in light piles of grass or banana, they are also watered to maintain the moisture 
level and are harvested upon suitable size (Hsieh et al., 2017; Kamthan & Tiwari, 2017). 

Cattle manure, which is widely available in a rural areas compared to more modern cultivation 
sites, is used directly as a mushroom substrate. As discussed, piles of cattle manure are placed in an 
open area and left to decompose, on which mushrooms proliferate. The manure is checked reg-
ularly for mushroom growth and harvested accordingly. Cow manure is generally required in the 
substrate but not as a whole base, but the minimum amount required for optimal growth has not 
been quantified (Mshandete et al., 2013; Jeznabadi et al., 2016). 

The banana residue used as the substrate is common in the Buikwe district, where the banana 
residue is available as a by-product of juice extraction mixed with spear grass. The by-product is 
piled under the tress and left checked for fruiting of mushrooms (Carvalho et al., 2012). 
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Sorghum waste is another substrate used more widely even in commercial spaces. After being 
fermented and collected as waste, the sorghum seeds are stoked and left for decomposition, after 
which they are mixed with other agricultural waste such as maize stalks and are used as mushroom 
substrate (Narh et al., 2011). 

Maize waste is the maize cob left after the milling process. During rainy seasons, the maize cob 
is stocked in piles for the mushroom to proliferate onto the cobs and then are harvested com-
mercially (Adjapong et al., 2015). 

Deadwood mushroom is a dead or fallen tree trunk that is used as the substrate. Many 
mushrooms, also know as the wood mushroom, grow onto the dead trees due to the extracellular 
secretion that helps them penetrate the woods and proliferate (Teke et al., 2019). 

The substrate described shows the use of various agricultural wastes to be used as sustainable 
alternatives to natural resource harvesting. As some wild mushrooms require more specific en-
vironmental conditions and substrates to grow, these sustainable techniques provide a solution 
(Wendiro et al., 2019). 

The substrate can be wastage after mushroom production that may pile up as agricultural waste.  
Mahari et al. (2020) suggested three significant ways of the utilization of spent substrate as 
compost with the help of various microbes to breakdown essential nutrients that are required for 
soil conditioning, plant growing media, and bio-fertilizer due to rich sources of lignocellulose 
decomposed by mushrooms and high level of organic matter, nitrogen, potassium, and other ni-
trogen and valorization of the substrate as alternative energy sources to produce biofuel energy. 

3.5 BLANCHING 

Blanching is the foremost process in most preservation techniques. The primary objective of 
blanching is to inactivate the enzyme along with partial destruction of microflora or surface dis-
infection. Various techniques are available for blanching to achieve the required effect of a 
blanching suitable temperature and time combination (Jabłonska-Rys et al., 2019). Following in 
Figure 3.1 are the basic steps of the blanching process that could be understood and applied to any 
technique used. 

Blanching’s first step involves sorting and grading mushrooms based on several physical 
conditions such as bruises, cuts, damaged parts, size, and color, followed by cleaning the 

Wild Mushroom Grading & Sroting Cleaning

Washing Cutting/Slicing Dipping in hot
water/microwaving

Dip in cold water Drying Storage

Figure 3.1 Blanching.    
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mushrooms of any debris, twigs, and unwanted materials. Washing is a prime concern as wild 
mushrooms are grown in various conditions that need to be removed. For most lactic acid fer-
mentation, cold water cleaning is carried out, and handwashing can also be done to remove the 
unwanted (Liu et al., 2016). Various other solutions are also used for washing to fulfill the specific 
purpose for higher brightness value (5% H2O2 + 4.5% Na isoascorbate + 0.2% cysteine HCL + 
0.1% Na2EDTA), decrease in soluble polyphenol content (2 to 5 ppm chlorine), and increase in 
polyphenol content (5% aq. H2O2 + 4% Na erythorbate) is done (Sapers et al., 1999; Czapski, 
2002). Further cleaning is also a step that needs to be done as a precaution, as minor damage or 
bruise onto the delicate mushroom skin would cause darkening of the mushroom (Bernaś et al., 
2006). Blanching is accomplished with various means, such as dipping in hot water, microwaving, 
or hot solutions. The water ratio to mushroom is 5:1 to dip the mushroom and provide the required 
blanching temperature (Drewnowska et al., 2017). 

Typically, in lactic acid fermentation, it is recommended to blanch in plain or distilled water, 
whereas Khaskheli et al. (2015) recommended a 0.05% KMS solution. A specific purpose, such as 
prevention of darkening for the mushroom that may be subjected to further processing, is re-
commended to be blanched in 0.05%–0.5% citric acid (Martin-Belloso & Llanos-Barriobero, 2001). 

Although blanching has various benefits in storage and processing, numerous research also 
highlighted the drawback of specific blanching techniques onto nutritional properties, some of 
which are reduced mineral content (A. bisporus blanching for 15 minutes at 95°C–100°C) and 
reduction in protein, fat, and carbohydrate content (P. ostreatusblanching for 1 minutes at 88°C) is 
observed (Coşkuner & Özdemir, 2000; Muyanja et al., 2014). 

3.6 DRYING 

Drying has been used for ages as a preservation method, and mushroom processing also in-
volves various drying techniques. Drying is the cheapest and widely used preservation technique to 
extend its shelf life. As mainly the mushroom flourishes toward the most humid part of the season, 
especially wild mushrooms, special care should be taken to avoid microbial infestation during the 
whole drying process (Ruan-Soto et al., 2017). 

Drying could be done in a variety of ways, such as traditional, mechanical, and modern. Some 
of the drying techniques are listed in Figure 3.2 (Balan & Radhakrishnan, 2014; Drewnowska 
et al., 2017; Ruan-Soto et al., 2017; Zhang et al., 2018; Piskov et al., 2020). 

Drying involves a series of steps that need to be performed to obtain the final dried product. 
Depending on the product species and the final product requirement, drying parameters are ad-
justed accordingly, and drying is performed. The typical steps that are involved in drying irre-
spective of drying techniques are shown in Figure 3.3. 

3.6.1 Traditional Drying 

Traditional drying involves three different methods of drying: home, kitchen or fireplace, and solar 
drying. Solar drying has been prevailing for ages in our history due to simple processes and availability. 

Traditional home drying is generally done in a remote place, whereas solar drying is either 
completely unavailable or partially available. In the place with partial availability of solar final drying 
of the mushroom is done in solar or mixed type drying is performed (Ruan-Soto et al., 2017). 

Solar drying is the cheapest form of drying that is virtually available for free. Despite being the 
most popular drying mode, the solar-dried product is darker in color due to its long drying time 
compared to modern techniques (Sharma, 2018; Zhang et al., 2018). Due to the higher drying time, 
the final product has lower quality and least acceptability. The solar drying is mainly performed on 
stainless steel plates or trays in the open with an ambient temperature of 25°C–30°C. The drying 
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time usually ranges from 24–48 hours, depending upon the solar intensity and product moisture 
(Zhang et al., 2018; Piskov et al., 2020). 

3.6.2 Hot Air Drying 

Hot air drying is the most primitive type of mechanical drying with the most straightforward 
procedure that can be performed with a bit of skill. A variety of mechanical equipment is present 
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Figure 3.2 Drying methods.    
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for hot air drying. Some of the standard equipment available are cabinet dryer, tray dryer, vacuum 
oven dryer, and hot air oven (Piskov et al., 2020). 

Most of the hot air drying involves forced convention of air that is blown over the product as 
well as through the perforated tray onto which the product is placed. The drying temperature 
depends on the final product requirement; the higher the temperature, the darker the final product 
and vice versa. Generally, the temperature of the hot air oven ranges from 45°C–80°C. The same 
applies to drying time commercially. The drying time ranges from 6–24 hours. Higher temperature 
drying is mainly done for analytical purposes (Yuen et al., 2014; Drewnowska et al., 2017; Kic, 
2018; Piskov et al., 2020). 

Vacuum oven drying is a method involving drying mushrooms at a lower pressure, which is in 
the range of 60–80 Pa, which drastically reduces the drying time and at the same time maintaining 
the final drier quality of the product. Vacuum drying also helps retain various heat-sensitive 
compounds that are otherwise destroyed in conventional drying (Balan & Radhakrishnan, 2014). 

3.6.3 Microwave Drying 

Microwave drying is a modern-day drying technique involving microwave radiation to remove 
the product’s moisture. The significant benefit of microwave drying is reduced drying time, resulting 
in higher product quality (Sun, 2012). Microwave frequency in the home appliance is 2,450 Mhz; in 
commercial equipment, two different frequencies are available, that is 915 and 2,450 Mhz (Balan & 
Radhakrishnan, 2014). 

Microwave-assisted drying involves the application of a microwave in association with con-
ventional drying at different stages of drying. Majorly, microwave is applied at three different 
stages of the drying process:  

• The first method is to apply the microwave at the start of drying to quickly heat the center of the 
product. The microwave heating helps heat the center faster, expelling moisture to the product’s 
surface, which can be removed later with conventional drying. The heating also creates a puffed 
product due to pores’ creation for the moisture movement (Drouzas et al., 1999).  

• The second method is the application of a microwave at the start of the drying curve’s falling rate, 
which helps create the required vapor pressure, eventually assisting faster removal of moisture from 
the product (Andrés et al., 2004).  

• The third method involves the application of the microwave at the last of the drying. At this point, 
of least moisture content and maximum shrinkage diffusion of moisture are difficult with con-
ventional air drying. Thus, microwaves help eliminate the moisture at the last of the drying process 
to the maximum extent (Maskan, 2000; Balan & Radhakrishnan, 2014). 

The microwave-assisted hot air drying method combines both microwave power and con-
ventional hot air drying techniques to obtain a final product with a better overall structure and bulk 
volume. The method significantly reduces the drying time while maintaining the required product 
characteristics. A minimum of 1 m/s of air velocity was identified for avoiding product darkening 
during drying (Balan & Radhakrishnan, 2014). 

Microwave-vacuum drying is the combination of microwave and low-pressure environments to 
facilitate faster drying. As discussed in vacuum air drying, lower pressure reduces the boiling, 
eventually minimizing overall drying time and maintaining the final product quality. This method 
is costly due to the extended operation of vacuum required throughout the drying time, impacting 
its commercial usage (Gunasekaran, 1999; Balan & Radhakrishnan, 2014). 

The above-discussed microwave drying method focuses primarily on the microwave, which is 
a form of electromagnetic radiation. A microwave works on dielectric heating, which depends on 
the raw material’s various dielectric components, especially moisture. An increase in moisture 
content would have increased dielectric properties, but the dielectric properties decrease with a 
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further increase in moisture after a certain level. A microwave is a bulk heating method from the 
inside out due to which the penetration depth of the energy is an essential factor to consider. 
Penetration depth is dependent on wavelength, the dielectric constant of the product, and loss 
factor, as shown below 

D =
2

2
1 + 10

2
1
2

(3.1)  

where 
D is the penetration depth or the distance to the center of the product from the surface 
λ0 is the free space wavelength 

is the loss factor 
is the dielectric constant 

Equation 3.1 shows the relation of the microwave properties with that of the product 
thickness. The product that is to be dried needs to be double the size of the penetration depth to 
achieve even drying. Wild mushrooms, either harvested in the wild or cultivated, have different 
sizes and thicknesses for which proper cutting needs to be done to achieve maximum efficiency 
(Schiffmann, 1995). 

A microwave is an energy-intensive process and requires a higher amount of energy to perform 
drying. The energy utilization and drying efficiency can be obtained from (Gunasekaran, 1999) 

EUF
Total energy absorbed

Total energy input
=

3.6.4 Freeze Drying 

Freeze drying is the most advanced technique of drying in terms of final product quality re-
tention. The significant benefit of freeze drying is lower temperature due to which heat-sensitive 
components such as vitamins could be retained (Pei et al., 2014). The basic concept in freeze 
drying is the ice’s sublimation directly to water vapor at reduced pressure or vacuum (Liapis & 
Bruttini, 1987). The freeze drying is performed in three steps as listed below:  

• Freezing involves cooling the product to a temperature where it freezes completely. Quick freezing 
is performed to obtain a smaller ice crystal size as during sublimation; smaller pores are created 
rather than large extrudates of water which may occur in slow freezing. Freezing is generally done 
depending upon the composition of the product and the moisture content level. Some of the tem-
perature and time combinations are −22°C for 24 hours (Tarafdar et al., 2017) and −40°C for 
72 hours (Piskov et al., 2020). This temperature and time combination is highly dependent upon the 
product characteristics.  

• Primary drying is the follow-up process after freezing involving the placement of the frozen product into 
a vacuum chamber with pressure ranging from 0.001–80 mmHg. Mushrooms are dried at 0.3–1 mmHg 
with the surrounding medium like air (Piskov et al., 2020). The process can be performed either with hot 
air or a microwave. Microwave drying at the primary stage has an added benefit of reduced overall 
drying time to 2–4 hours compared to 24–36 hours for hot air drying; thus maintaining the maximum 
product quality (Pei et al., 2014). Strict precautions are taken to maintain the product’s temperature well 
below 30°C (Piskov et al., 2020). The primary stage of drying continues until the product temperature 
exceeds the triple point, and further sublimation of ice could not occur, which marks the onset of 
secondary drying (Tarafdar et al., 2017). 
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• Secondary drying is the removal of moisture that is left over and needs to be removed. It targets 
primarily the water that does not freeze (bound or sorbed water). In this stage, the temperature is 
raised above the triple point under vacuum to evaporate the leftover moisture present in the product. 
The second stage could also be done with a microwave to maintain the optimal final product quality. 
Microwave drying is preferred if the moisture level during the second stage of drying is high, 
leading to structural collapse (Liapis & Bruttini, 1987; Tarafdar et al., 2017). 

Freeze drying is highly dependent upon the diffusivity of the overall moisture content during 
both stages of drying as due to direct sublimation of ice into water vapor requires travel of moisture 
from the center of the food to the surface for the removal purpose. Understanding the diffusivity of 
moisture specific mathematical models are helpful to visualize the drying. 

The total mass flow rate of the system can be given as 

N N N= +t w g

Nt is the system’s total mass flow rate, including the mass flow rate of water vapor and gases as Nw 

and Ng, respectively, to obtain the mass flow rate of water vapor and gases following. Equation 3.2 
is employed 
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Equation 3.3 gives the relation of total mass flow rate Nt with diffusivity of the water vapor in 
inert gas and specific heat capacity. The effective diffusivity of water vapor to inert gas can be 
obtained from Equation 3.4 (Geankoplis, 2003): 
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where 
σgw is the average collision diameter 
Ωgw is the collision integrals 
Mg is the molecular weight of inert gas 
Mw is the molecular weight of water vapor 

The mathematical models help observe various changes that may occur during the various 
phases of drying, and a specific understanding of drying with regards to its product characteristics 
could be understood further. The overall drying time and power requirement can also be for-
mulated based on the basic understanding of the moisture removal rate. 

3.6.5 Osmotic Dehydration 

Osmotic dehydration is not specifically a drying method for significant mushroom processing. 
It is an add-on to microwave drying, which helps in various functionaries of the microwave drying 
techniques. Osmotic dehydration includes mushroom treatment with a hypertonic salt solution for 
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1–3 hours of various concentrations, such as 10%–25%, depending upon the requirement. The salt 
concentration helps to draw moisture from the product and also enhance the taste. The solute that is 
settled inside the mushroom during osmotic dehydration helps to retain the structural integrity 
during microwave drying (Balan & Radhakrishnan, 2014). 

Drying involves reducing moisture to a safe level where microbial contamination could be 
avoided to extend the product shelf life. However, the dried mushroom is not edible in most 
scenarios, and it is needed to be rehydrated to make it palatable. Various drying techniques affect 
the rehydration ratio as freeze drying has the highest rehydration ratio compared to solar dried. The 
rehydration ratio is obtained from the ratio of difference of rehydrated and dried weight of 
mushrooms to that of dried weight of mushrooms (Piskov et al., 2020): 

RR
W W

W
= 1 0

0

3.7 FREEZING 

Freezing is another vital method of preservation for wild mushrooms. Freezing of wild 
mushrooms requires some technical understanding related to various changes that may occur 
during freezing. Apart from freezing, the follow-up process is thawing, which is carried out for 
making the mushroom edible. Though thawing is a relatably simple process to do, various changes 
and after-effects are observed depending upon the method used for thawing. Freezing is mainly 
carried out using either a blast freezer or individual quick freezing (Li et al., 2018; Sharma, 2018). 
A blast freezer is done at generally −30°C to −20°C at an air velocity of 8.23 (m/s), whereas IQF is 
carried out at −62.5°C (Li et al., 2018; Sharma, 2018; Reid et al., 2017; Drewnowska et al., 2017). 
Cryogenic freezing is also an advanced technique used for IQF in which Lq. N2 or solid CO2 is 
employed for freezing at -80°C to -100°C (Sharma, 2018). A different storage shelf life could be 
achieved for different freezing methods ranging from 14 days to 6 months for blast freezing or IQF 
(air) and up to 1 year for cryogenic freezing (Sharma, 2018; Rathore et al., 2017; Reid et al., 2017;  
Drewnowska et al., 2017). The basic freezing process involves the same steps, as shown in 
Figure 3.3, except in place or drying freezing is performed using the available method. 

Cooling is another preservation process that involves lowering a temperature above the 
freezing point but near 0°C. The freezing can be done with any available method to reach the 
required temperature. Cooling is relatively cheap compared to freezing but with a shorter shelf life. 
Cooling the fungus to 0°C can lower the mushroom respiration rate by three times than mushroom 
at 10°C, which extends the shelf life up to 9 days (Zhang et al., 2018). 

Thawing is a process that involves melting back the mushroom to its original state to make it 
edible. Li et al. (2018) discussed that mushrooms could be thawed using three different methods, 
i.e. thawing at room temperature, thawing with water at 4°C, and microwave thawing till the 
internal temperature of mushroom reaches 4°C. Thawing of IQF frozen mushrooms showed the 
highest water holding capacity was when thawed with a microwave and had a lower thawing loss. 

Despite being the method that did not involve preservation by heat, freezing still affects the 
mushroom’s nutritional aspect. As reported by Liu et al. (2014), there is a reduction of 24.3% in 
proteins and free amino acid reduction when freezing at -25°C was done and stored for 6 months. 
As per Jaworska et al. (2011), mushrooms, when frozen and stored for 12 months, showed de-
creased amino acids levels. Studies done by Czapski and Szudyga (2000) found that blanching 
before freezing leads to lower mushroom whiteness and brightness value. 

Freezing requires several technological approaches to select the proper freezing techniques and 
understand the change in the mushroom’s physiochemical properties. Some basic calculations that 
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need to be done to evaluate the freezing process are water holding capacity, thawing loss, and 
moisture sorption. 

Water holding capacity is the measure of mushroom ability to hold water of the frozen 
mushroom, as, during freezing, the moisture tends to leave the mushroom and freeze at the surface, 
which decreases the water content (Li et al., 2018) (Equation 3.5). 

Water holding capacity
w w w

w
(%) =

( )
1001 3 2

1
(3.5)  

W1 is the mushroom’s initial weight before freezing, W2 is the weight of the mushroom after 
thawing and dewatering, and W3 is the weight after removingfrozen surface water with the help of 
a centrifuge. 

Thawing loss is the amount of weight loss in the form of water that extrudes from the 
mushroom cell during thawing. The various freezing methods have different thawing loss, de-
pendent upon the size of the ice crystal formed (Li et al., 2018) (Equation 3.6). 

Thawing loss
w w

w
(%) = 1001 2

1
(3.6)  

To understand the basic freezing process, change in water activity with temperature change is also 
critical. To understand this relation, a water sorption isotherm is essential to consider the BET and 
GAB model and are two widely accepted equations to quantify the relation. 

The BET equation is (Brunauer et al., 1938) 

M
M Ba

a B a
=

(1 )[1 + ( 1) ]
w

b w

w w
(3.7)   

Equation 3.7 involves BET monolayer moisture content (g/g dry solid) (Mb), constant related to 
heat sorption (B), and water activity (aw). The BET isotherm is appropriate for a range of water 
activity of 0.5 and 0.45. 

Another model GAB equation also has been widely used for food (Anderson, 1946; Guizani 
et al., 2013): 

M
M CKa

Ka Ka Ka CKa
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(1 )[(1 )(1 + )]
w

g w

w w w w
(3.8)   

Equation 3.8 involves GAB monolayer moisture content (g/g dry solid) (Mg), constant related to 
monolayer heat of sorption (C), and a factor related to the heat of sorption of multilayer water (K). 

3.8 CANNING 

Canning is another preservation process that includes packaging of mushrooms into tin or alu-
minium cans followed by sterilization of the same, eventually partially cooking the mushroom. 
Mushroom canning is a relatively cheap process with a remarkable shelf life of about more than 
2 years (Martínez-Carrera et al., 1998). Canning includes two different processes that differ in their 
filling. The canning can be done with a brine solution as filler or can be pickled using various 
vegetables, either partially cooked or uncooked (Martínez-Carrera et al., 1998; Pogoń et al., 2017;  
Pursito et al., 2020; Nketia et al., 2020). The basic process of canning is depicted in Figure 3.4. 
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As shown in Figure 3.4, canning depicts the filling of a simple brine solution or vegetable that 
is partially cooked or uncooked (Pursito et al., 2020). The canning is presumably done in both can 
and glass bottles. A glass bottle is a more traditional way of canning the mushroom, including 
vegetable filler composed of carrots, onions, peppers, potatoes, and certain spices such as pepper, 
allspice, mustard, and bay leaf. The mushroom is either cooked with these vegetables or pickled 
uncooked (Martínez-Carrera et al., 1998; Pogoń et al., 2017; Soliman et al., 2017). 

Mushroom canning is being performed with various filler liquids that impart various properties 
or tastes to the canned mushroom. Primary filler liquids are listed below:  

• Salt brine solution is the most common and widely used solution for canning with a variety of 
compositions, most commonly 2% brine solution (Nketia et al., 2020), mild brine solution (3.5% salt), 
and strong brine solution (4.5% salt) (Pogoń et al., 2017).  

• Acetic acid brine solution is the second most widely used solution for canning and prominently used 
in pickling. The concentration of 0.7% (mild) and 1.5% (strong) is used for the brine purpose 
(Pogoń et al., 2017).  

• Vegetable mixture blend containing 2% brine (salt), carrot juice (maintained at 5 pH), and tomato 
juice are mixed in defined proportions and added with citric acid, sodium benzoate, and ascorbic 
acid before boiling and then poured in as filler (Soliman et al., 2017). 

The canning is mainly performed as either steam-operated or direct steam generated with con-
tinuous or batch line process depending upon production size. The retort is mainly operated at 15 psi 
for 30 minutes correlating to 121°C required to destroypathogenic microbes. The retort eventually 
partially cooks the mushroom and the vegetable if filled (Pursito et al., 2020; Nketia et al., 2020). The 
canned mushroom can also be pasteurized depending upon shelf life’s requirement at 95°C–100°C 
for 15–30 minutes (Pogoń et al., 2017; Soliman et al., 2017). 

Fresh wild
mushroom Sorting Grading Cleaning

Washing Blanching Sorting
Filling mushroom

(Glass/Can)

Filling media
(Brine/Vegetables) Sealing Retorting Cooling

Storage

Figure 3.4 Canning ( Pursito et al., 2020;  Martínez-Carrera et al., 1998;  Soliman et al., 2017).    
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Canning sterility is a term for eradicating microbes essential for the stated longer shelf life and 
can be obtained as F0. The F0 value is calculated using the general method, which expresses the 
heat adequacy required for the sterilization process equalized to the heating time required at 121°C 
to inactivate C. botulinum spores with T as the temperature at any given time and Tref as reference 
processing temperature and z-value as 10°C (Pursito et al., 2020) (Equation 3.9): 

F dt= 10
t T

T
z

0
0

ref

(3.9)  

3.9 PICKLING 

Pickling is a traditional way of preservation of wild mushrooms. Pickling involves fermenting 
the mushroom into acetic acid or salt brine solution to enhance the mushroom’s organoleptic 
properties and extend the shelf life (Jabłońska‐Ryś et al., 2019). Mushrooms are preserved more 
traditionally with added vegetables that ferment along the mushroom, giving a wide variety of 
texture and note to the final product (Temesgen & Workneh, 2015). Pickling of mushrooms in-
volves several steps, as shown in Figure 3.5, depending on the final product’s requirement. 

Pickling starts with sorting and grading wild mushrooms for optimum size and grade and removing 
unwanted materials. Sorting mushroom is followed by cleaning and washing with clean tap water 
(Khaskheli et al., 2015; Singh et al., 2018). Blanching is done with KMS solution to remove any extra 
microbial load from the mushroom due to wild mushrooms being collected from woods (Khaskheli 
et al., 2015; Singh et al., 2016). The fungus can be subjected to drying dependent upon the final product 
requirement with any of the previous drying methods discussed (Temesgen & Workneh, 2015). After 

Fresh wild
mushroom

Sorting Grading Cleaning

Washing Cutting Blanching
Drying

(Optional)

Curing
(Optional)

Cooking with
vegetables
(Optional)

Filling in
Bottle/Can Filler solution

Sealing Fermentation
(Storage)

Figure 3.5 Pickling.    
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drying, rehydration is essential to increase the fungus’s water activity for the fermentation to occur, 
carried in warm water for 2–5 minutes (Singh et al., 2016). Curing adds spices onto the mushroom to 
remove excess moisture and incorporates specific taste parameters (Khaskheli et al., 2015). Martin- 
Belloso and Llanos-Barriobero (2001) reported that blanching before drying might cause mushroom 
darkening during drying, so blanching can be optional if drying occurs. Same as curing, marination is 
also a process of coating the mushroom with spices intended for the pickling without the aim of 
removal of water using salt, followed by the cooking of mushroom with the vegetable until a soft 
texture is obtained (Khaskheli et al., 2015; Temesgen & Workneh, 2015; Singh et al., 2018). The 
cooked mushroom is poured into the bottles/cans and topped with the filler solution. A variety of 
different filler solutions are used as fermentation media for the pickling process, such as white vinegar 
(Temesgen & Workneh, 2015), vinegar and oil (Khaskheli et al., 2015), spirit vinegar of 10% acidity 
(Drewnowska et al., 2017), and oil (Sharma, 2018). The mushroom is kept at a low temperature in the 
range of 10°C–18°C for 3 weeks to a month, dependent upon the fungus requirement’s final char-
acteristics (Jabłońska‐Ryś et al., 2019). 

Pickling is a traditional method of preservation that has various physiochemical changes during 
pickling. The significant mushroom component is a carbohydrate followed by a protein that is 
generally used for lactic acid fermentation (Guillamón et al., 2010). Jabłońska‐Ryś et al. (2019) 
reported a decrease in fructose and mannitol content upon fermentation for 12 days at 12°C and an 
increase in tryptamine and histamine content depicted the deterioration after a threshold level. 

3.10 IRRADIATION 

Irradiation is a relatively advanced type of preservation method involving the fungus to be 
subjected to radiation, either UV (Sławińska et al., 2016), gamma (Fernandes et al., 2013b), or 
e-beam irradiator ( Fernandes et al., 2015). 

For the UV type of irradiation system, the mushrooms are subjected to UV beams for 
30 minutes on to the grill side facing the UVB, or the fungi are sliced for more even radiation, 
followed by either drying of mushrooms or directly packaging in a plastic bag and stored at low 
temperature (Sławińska et al., 2016). 

Gamma radiation involves radiation produced by Co-60 in a radiation chamber into which the 
mushrooms are placed for the irradiation process (Fernandes et al., 2012; Fernandes et al., 2013a). 
Radiation of 1–3 kGy is recommended for fresh mushroom shelf life extension and 10–50 kGy for 
dried mushroom seasoning as per the FDA (Fernandes et al., 2014a). 

e-beam irradiator is done on fungi with the help of 10 MeV of energy with a pulse duration of 
5.5 μs at a pulse frequency of 440 Hz and an average current of 1.1 mA. The dosage of irradiation 
absorbed depends on the 20% uncertainty of dosing (Fernandes et al., 2014b, 2015). 

Gamma radiation is considered the safest option for irradiation with several benefits, such as 
diminishing enzymatic browning. UV beam also helped decrease the microbial load for 21 days of 
shelf life, and e-beam radiation reduces the aerobic and psychotropic population (Zhang et al., 2018). 

3.11 PACKAGING 

Packaging is often considered the final step of all the processing techniques, i.e. storing processed 
products in a container or plastic bag. In modern times, various packaging methods and materials 
have in existence to extend shelf life. PLA (poly(L-lactic acid) films are used for the packaging of 
mushrooms, which is a biodegradable plasticized film of PLA enhancing the texture, sensory attri-
butes, and diminishing PPO effect; on the other hand, it has an effect on weight loss and TSS, which 
is higher compared to processed mushrooms (Han et al., 2015). Bilayer active packaging with 
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modified atmosphere packaging has a drastic effect on extending the mushroom’s shelf life up to 
11 days depending on the mushroom’s coating. Gelatin coating also played a crucial role in main-
taining the final product’s quality and physical attributes (Zhang et al., 2018; Lyn et al., 2020). 

3.12 OTHER PROCESSING TECHNIQUES 

3.12.1 Pulsed electric Field and Ultrasound 

Pulsed electric field and ultrasound are two specific methods of preservation by inactivation of 
microbes with the help of short pulses of electricity, creating transient pores in microbes and sound 
pulse for creation of a cavity by the generation of high energy shock waves and intensive shear 
force, respectively (Roselló-Soto et al., 2018; Zhang et al., 2018). 

3.12.2 Ozone 

Ozone treatment is relatively safe compared to other water treatments due to the treatment 
media being a gas. Ozone is a potent antimicrobial agent that helps extend its shelf life due to its 
strong oxidative property. However, being gas, it is unlikely to have any effect on food matrics. 
Exposure to ozone for 60 minutes at different concentrations has shown a 2–4 log of microbial 
loads reduction in mushrooms (Prabha et al., 2015; Zhang et al., 2018). 

3.12.3 Electrolyzed Water 

Electrolyzed water is a disinfecting mushroom technique using a salt solution electrolyzed 
using electricity to produce free chlorine, which forms hypochlorous acid, a strong oxidative- 
reduction potential and combined effect help to disinfect mushrooms. The U.S. FDA approves the 
process with the limitation of a maximum of 200 ppm of free available chlorine (Lee et al., 2014;  
Zhang et al., 2018). 

3.13 CONCLUSION 

Mushrooms being procured in the wild have various applications, such as food, medicinal, and 
therapeutic uses. A mushroom is rich in protein and several other phytochemicals that have a 
specific purpose. Wild mushrooms have been in use for ages for all sorts of purposes, where wild 
farming was the majority source of food. In today’s context, the wild mushroom can also be 
harvested, as discussed in this chapter, to have a continuous supply throughout the year as wild 
mushrooms are highly dependent upon seasonal changes. Commercial cultivation has improved 
with various cultivation techniques available depending upon the growing condition of the specific 
mushroom. As discussed, a mushroom has a high moisture content due to which it is prone to 
microbial and chemical deterioration shortly after the harvest. Due to the perishable mushroom 
nature, various processing techniques are essential for mushroom availability throughout the year. 
Various processes standardized to different properties of mushrooms depend on the final re-
quirement of the product. As discussed in the chapter, drying is the most common and widely 
utilized processing technique due to availability and ease. Some specific techniques such as freeze 
drying, ozone treatment, sterilization, and electrolytic water are more advanced in nature with 
promising results but, due to the operations’ complexity and cost, these processes are not widely 
used. Canning and pickling are the more traditional approaches toward the processing techniques 
with more traditional touches and tailored changes according to the marketplace. 
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4.1 INTRODUCTION 

The elusive nature of macrofungi counteracts traditional classification of pharmaceuticals. 
They are not just regular food either. Mushrooms can be considered as food and medicine at the 
same time. In both cases, the traditional knowledge is extensive, goes several thousand years back 
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in China, and it is supported by ancient texts and cultivation techniques (Mengesha & Chaithanya, 
2020). Similarly, the rest of the world has its mushroom-oriented traditions, Psilocybe species and 
their spiritual use in pre-Spanish South America, various species used as food and medicine in 
Africa, truffles as food and medicine in the Middle East, and delicacy food in ancient Greece and 
Rome, as well as Ötzie, a 5,000-year-old mummy discovered in Europe who carried in his bag 
two medicinal mushroom species (Trutmann, 2012; El Enshasy et al., 2013; Vunduk et al., 2015). 
Chinese, Japanese, Korean, and Slavic people utilized mushrooms as medicine for millennia 
(Moradali et al., 2007). However, the knowledge about different uses of edible and medicinal 
mushrooms seemed to succumb to the contemporary use of fast food and potent medications like 
antibiotics – the scenario strongly present in Western countries. Fungi were not just forgotten but 
even fell into the state of being afraid of, known as mycophobia – especially true when mushrooms 
are regarded as food. As reported by Brandenburg and Ward (2018), 7,428 cases of mushroom 
poisoning per year and around three fatalities occurred in the USA. Ironically, in the same country, 
128,000 people get hospitalized and 3,000 die from foodborne illnesses each year (official records 
of Center for Disease Control; “Burden of Foodborne Illness: Overview”, 2019). Recent scientific 
discoveries triggered a sort of renaissance for the kingdom of fungi, especially mushrooms. A 
search through the PubMed database showed a tremendous increase in the number of published 
research papers focused on mushroom’s biological activity (from less than 50 papers per year 
published before 2000 to more than 100 starting from 2003 (https://pubmed.ncbi.nlm.nih.gov/? 
term=Mushrooms%20biological%20activity&timeline=expanded). A total of more than 50,000 
research papers covering the topic of pharmacological activities of mushrooms were previously 
reported by Morris et al. (2016). With 130 confirmed medicinal activities and ever more appre-
ciated nutritive value no wonder that mushrooms became a prized ingredient in the food industry, 
especially as a functional food or superfood (Morris et al., 2016; Ma et al., 2018; Badalyan et al., 
2019). Inevitably, such a gem with dual scope market possibilities was spotted and entered the 
rapidly developing field of nutraceutical/dietary supplements. 

It appeared as perfectly fitted for this industry due to several reasons: evidence of traditional use, 
broad scope biological activities, in vitro and in vivo confirmed effects as a basis for health claims, 
diverse species – about 300 (even 700 according to some authors), possibility to be cultivated using 
biotechnology, fit for industrial size scale-up as well as to be processed using novel technologies like 
nanotechnology, and no or scarce evidence of side effects (Lakhanpal & Monika, 2005; Jarić et al., 
2011; Morris et al., 2016; Wasser, 2017; Vunduk et al., 2019; Klaus et al., 2020; Klaus et al., 2021). 

But how is it possible that medicinal mushrooms are not considered pharmaceuticals? Is the 
pharma industry avoiding this potent source of biologically active compounds? The answers are 
not quite straightforward. Unlike synthetic medicines, the majority of mushrooms’ active con-
stituents are complex, diverse, and often presented as crude extracts – essentially, a combination of 
several active compounds (Klaus et al., 2015; Ma et al., 2018). That is why these products are 
called preparations and not drugs. The mentioned characteristics of mushrooms render them as 
unpractical raw material for pharma. Although macrofungi possess diverse pharmacologically 
active constituents, polysaccharides are often emphasized as key components as well as the most 
explored ones (Moradali et al., 2007). The main biological activity expressed by these macro-
molecules is immunomodulation or host defense potentiation (Lakhanpal & Monika, 2005; Zhang, 
Li, et al., 2017; Zhao et al., 2020). This makes medicinal mushrooms seen mainly as preventive, 
thus nutraceuticals. On the other hand, low molecular weight compounds attract pharma and 
researchers’ attention due to their ability to surpass cell membrane and exhibit direct influence in 
diverse conditions, like metastasis (Petrova et al., 2006). The clinical trials and improvement of 
purification technology enabled drug-like production process and quality control, and the 
mushroom-based prescription drugs are in use in some countries like Japan (Wasser, 2017). 

Although mushroom nutraceuticals were defined at the end of the 20th century as a mushroom 
sourced compound with dietetic supplement potential, used as preventive or disease treatment 
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without side effects, the full-range expansion of the nutraceutical niche is yet expected. In the 
meantime, other more expanded definitions of mushroom nutraceuticals appeared, confirming the 
growing scientific and market interest in this type of product (Lakhanpal & Monika, 2005). From 
the commercialization perspective, mushrooms were traditionally sold as food, the price depending 
on the species, quality, local culture, and season. The increasing demand affected the rise in the 
exploration of cultivation techniques, genetic manipulation, and disease resistance, resulting in a 
significant increase in annual mushroom production worldwide (from 0.17 million tons in 1960 to 
34.8 million tons in 2014) (Chakravarty, 2011; Singh et al., 2017; Shwet et al., 2019; Doroški 
et al., 2020). But the encounter with mortality (especially in the baby boomer generation) brought 
attention toward new commercialization possibilities – food should provide more than energy and 
nutrients (Childs, 2000; Hilton, 2017). It should serve as a sort of medicine or nutraceutical. 
Evidently, mushrooms fit into this category. However, the opportunity for mushroom-derived 
supplements’ commercial expansion has its issues. The current chapter provides evidence of the 
state of different and, in some cases, contradictory aspects concerning mushroom nutraceutical 
formulations: consumer familiarity with the ingredients present in formulations, strategies for new 
product development, and clinically relevant dosage as well as fairy dusting (the practice of adding 
the active component in a dose too small to be effective). The aspects like drug delivery methods as 
well as raw material and final product safety are also addressed. In addition, the growing trend of 
organic raw materials and their significance for this industry were evaluated. Finally, new com-
mercialization possibilities with an emphasis on existing evidence of potential mushroom-based 
supplements as support of the immune system during the COVID-19 pandemic are discussed. 

4.2 MUSHROOM NUTRACEUTICALS: THE ELEPHANT IN THE ROOM 

Is there such a thing as a mushroom nutraceutical? Yes and no. The answer to this question 
depends on the acceptance of this terminology in various countries by their regulatory organiza-
tions and scientific staff. The expression was defined by Chang and Buswell in 1996, pointing out 
that this sort of product belongs to dietary supplements rather than food. Other researchers readily 
adopted it and even emphasized its superiority among other products from the same category 
(Wasser & Akavia, 2008). Since pharmacologically active preparations from mushrooms come in 
form of more or less crude extracts they cannot be categorized as commercial drugs. Furthermore, 
the predominant preventive mode of action (immunomodulation and antioxidant activity) un-
doubtedly puts it in the supplement group (Kozarski et al., 2015). Sometimes the term mushroom 
nutraceutical is used as a synonym for functional food. Although such food has a role in disease 
prevention, it is not consumed in the form of a pill or capsule. In some cases, the distinction 
between a nutraceutical and functional food is hard. Mushroom powder with high vitamin D 
content (synthesized through UV stimulation during mushroom cultivation) can be consumed in 
the form of a capsule or pure powder (Cardwell et al., 2018). It has not been purified, meaning that 
it is food-derived and consumed as food. At the same time, it can be considered as a dietary 
supplement, improving vitamin D deficiency and cognitive performance (Zajac et al., 2020). 
Another example of this duality is mushrooms enriched with selenium (Witkowska, 2014). If we 
consult the scientific literature, the expression mushroom nutraceutical is well defined and often 
used (Morris et al., 2016; Badalyan et al., 2019). Thus, a mushroom nutraceutical is a preparation 
based on one or all parts of the fungus (mycelium, fruit body, or spores), with a different degree of 
purification/extraction, consumed as pharmaceutical (pill or capsule) with no intent to replace food 
or to cure but to be preventive of choice. If we follow the European regulative and definition for 
dietary supplements with rules for maximal allowed daily intake, mushroom nutraceuticals cannot 
be claimed as supplements (Reis et al., 2017; Santini et al., 2018). So, do they exist at all? The 
actual market recognizes mushroom nutraceuticals, which is evident from reports and predictions 
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offered by numerous market analysis companies. In these reports, mushroom nutraceuticals are 
often presented with promising headlines, like Medicinal Mushrooms Gain Foothold in 
Nutraceutical Applications (“Global Medicinal Mushroom Extract Market: Information by type, 
form, function, and region – Forecast till 2027, https://www.marketresearchfuture.com/reports/ 
medicinal-mushroom-extract-market-4737). The numbers in these reports also speak in favor of 
mushroom-derived nutraceuticals. The size and predicted worth of this specific market is estimated to 
be more than 15 million US$ by 2026 with a compound annual growth rate of 6.10%–9.85%. There is 
even a type of consumer known as the nutraceutical consumer. With such a bright prospect and the 
growing individual health-awareness materialized through the shift toward prevention instead of 
curation, the existing predictions seem sensible (Childs, 2000). On the other hand, there is a problem 
with the regulation of mushroom nutraceuticals, because the term nutraceutical is not uniformly 
accepted worldwide, thus creating confusion. Each country has its own opinion on nutraceuticals as 
well as legislation, and the topic has been thoroughly discussed by several authors (Shinde et al., 
2014; Aronson, 2016; Dailu et al., 2018; Santini et al., 2018). So the burden of the more general term 
nutraceutical affects mushroom-derived prevention-intended preparations. 

Other terms appearing in connection with mushroom nutraceuticals/dietary supplements are 
connected with their specific activity, like immunoceuticals since immune enhancement is one of 
the most examined activity of mushrooms (Zhang, Li, et al., 2017). Similarly, compounds like 
mushroom polysaccharides are marked as immune response modifiers or chemopreventive agents 
(Gao & Zhou, 2004). Finally, all mushroom compounds (derived from or produced by) are 
sometimes named mycochemicals, pointing to their mycological origin. 

4.3 MUSHROOM IDENTIFICATION AND NOMENCLATURE 

A correct taxonomic identification of fungi (fungal ID) is essential for production of mushroom 
dietary supplements. Unfortunately, this aspect is superficially overlooked especially by start-up 
companies, when people without experience and without a clear standard procedure deal with 
fungal taxonomy and nomenclature. This leads to establishing wrong fungal IDs which, in a chain 
reaction, may cause concerns regarding poisoning, toxicity, and adverse therapeutic effects in 
people and animals when using the finished product. There were cases where, besides gastro-
intestinal disturbance, wrong fungal ID resulted in fever, nephropathy, acute hepatitis, and even 
coma (Wasser, 2011; Chang & Wasser, 2012). Sometimes misidentifications happen on purpose 
when rare and expensive species are exchanged with similar looking cheaper ones, like in case 
with Ophiocordyceps sinensis (Wasser, 2011; Zhang et al., 2020). To avoid these problems and 
obtain standardized high-quality products, proper taxonomical identification is indispensable (Raja, 
Miller, et al., 2017). 

There are a few methods of fungal ID: morpho-anatomical, chemotaxonomic, mating com-
patibility test with reference strains, and molecular identification (DNA-based). The oldest method 
is classical morpho-anatomical, which requires macro- and microscopical analysis of fungal 
structures, mainly of fruit bodies. Also, there are a few monographs dedicated to fungal ID based 
on cultural characteristics of mycelial colonies, grown on agar plates (Stalpers, 1978; Buchalo 
et al., 2009). Chemotaxonomy can be applied in the case of detection of genus- and species- 
specific medicinal compounds, e.g. in Ganoderma spp. (Richter et al., 2014). Both morpho- 
anatomical and chemotaxonomic methods analyze phenotypical characteristics and reflect phenetic 
species concept. Mating compatibility test represents biological species concept: if two species are 
intercompatible, they are grouped as one biological species (Boidin, 1986; Petersen & Hughes, 
1993). Given the broad acceptance of this idea, mating compatibility tests have been used to 
evaluate the taxonomic identity of fungal species classified by morphological characters (Bao 
et al., 2004). As for culinary-medicinal mushrooms, such tests were performed on cultures of 
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Pleurotus spp. (Petersen & Hughes, 1993; Vilgalys et al., 1993; Zervakis, 1998; Bao et al., 2004), 
Armillaria mellea (Anderson & Ullrich, 1979), and Gymnopus dryophilus (Vilgalys, 1991) com-
plexes of species. 

The most recent methods of fungal ID are molecular ones, which reflect genetic species 
concept and shaped the path of fungal taxonomy. These methods are based on studies of fungal 
DNA and include: DNA-DNA hybridization, restriction enzyme analysis, electrophoretic kar-
yotyping, fingerprinting (e.g. arbitrary primed PCR), sequence analysis (e.g. DNA barcoding), etc. 
(Bruns et al., 1991; Bin et al., 2008; Xu, 2016). DNA barcoding is one of the most rapid, effective, 
and widely used methods of fungal ID. It is based on production of short DNA sequences from a 
specific gene/non-coding region or several genes and their comparison with sequences deposited in 
DNA barcode databases, such as User-friendly NordicBarcode of Life Data System ITS 
Ectomycorrhiza Database (UNITE) (https://unite.ut.ee/), the Barcode of Life Data System (BOLD) 
(Barcode of Life Data System V4, 2021), and NCBI GenBank (GenBank Overview, 2013). Genes 
and non-coding regions of nuclear ribosomal DNA cluster (rDNA): internal transcribed spacer 
(ITS), large subunit (nrLSU), and small subunit (nrSSU) are considered the most universal and 
most commonly used markers for fungal DNA barcoding (Raja, Baker, et al., 2017). Especially the 
ITS region is considered as the official DNA barcoding marker for species-level identification of 
fungi (Schoch et al., 2012; Kõljalg et al., 2013; Xu, 2016). While ITS sequences are effective at 
distinguishing most of medicinal mushrooms, there could be limitations for using it as a marker for 
some macrofungi such as members of the genus Cantharellus with exceptionally long ITS, which 
amplification may bias PCR reactions (Buyck et al., 2014). For such cases, it is necessary to use 
other marker genes and their combinations, e.g. nrLSU, nrSSU, translation elongation factor 
1-α (TEF1-α), DNA-directed RNA polymerase II subunit 1 (RPB1), and subunit 2 (RPB2). 

Unfortunately, there is a lack of information regarding the identification of fungi used for food 
supplements and nutraceuticals production. Raja, Miller, et al. (2017) provided an interesting outlook 
of this aspect. In short, the authors reported 31% of the studies used morphological ID, 27% – 
molecular ID, and only 14% of research papers published in Journal of Natural Products performed 
fungal identification based on a combination of morphology and molecular data. Moreover, 28% of 
papers published in the same journal did not report any fungal ID, whose secondary metabolites were 
used in formulating natural products. On how important is the fungal ID reflects the fact that even 
strains of the same species originating from different localities exhibit different chemical profiles, 
which directs it toward different purposes. For example, G. lucidum originating from Serbia has a 
higher content of proteins and has better performance as the mycoremediation agent (water pur-
ification), while the same species from Asia has higher medicinal potential and serves better as a 
source of medicinal compounds (Abdullah et al., 2020; Mooralitharan et al., 2021). Optimal culti-
vation parameters, like temperature, are also different for these two strains. 

Some of the most common misidentifications are among phenotypically similar species be-
longing to the same genus and even to different ones. A striking example of problematic fungal ID 
based on morphological analysis is Pleurotus “florida”, which has a large commercial distribution 
and appears frequently in literature on cultivated mushrooms (Buchanan, 1993). This name was 
introduced by Eger (1965), but was never published nor intended as a binomial (Eger et al., 1979). 
Different strains of “florida” were found to be genetically compatible with two species: P. pul-
monarius (Bresinsky et al., 1977; Hilber, 1982) and P. ostreatus (Eger et al., 1979; Hilber, 1982,  
1997). Also, Hilber (1989) noted that P. floridanus Singer is unrelated to the two species re-
presented by Pleurotus “florida”. 

DNA-based identification is very common today as the most reliable way for fungal ID, which 
has its merit of providing resolution of the most complicated taxonomies. In the scientific circles, it 
is widely promoted in comparison with classical morpho-anatomical methodology due to some-
what inconsistent morphology of higher fungi influenced by the environment and subjectiveness of 
a taxonomist. However, DNA-based identification has some limitations, which may lead to fungal 
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species misidentification. Based on authors’ experience and some publications (Xu, 2016; Raja, 
Baker, et al., 2017; Zamora et al., 2018), there are issues, which can cause misleading fungal ID 
originating from DNA barcoding analysis:  

1. Contamination and mix-up of specimens.  
2. Wrong choice of the marker gene for a particular group of fungi.  
3. Wrong choice of primers; it is important to take in account taxonomic specificity of primers.  
4. Two different taxa may share identical DNA sequences at a given locus, even for already tested 

barcoding markers. Conversely, not all members of a species can be assumed to share the same 
DNA sequence at a specific locus.  

5. Intraspecific (or even intraindividual) differences in the DNA sequence of a marker may be 
comparable to or exceed interspecific differences.  

6. Insufficient sequence length.  
7. Poor quality of sequence due to contamination, problems with sequencing, or presence of a few 

copies of the gene with different length.  
8. Some sequences generated through different sequencing techniques may be artifacts (e.g. chimeric 

sequences) and consequently not represent reality.  
9. Unintentionally or intentionally altered DNA sequences using editing software.  

10. Problems related to online DNA sequence databases such as NCBI GenBank:  
• The lack of knowledge on how to use BLAST analysis and poor result interpretation by non- 

familiar users;  
• Wrong taxonomic annotation of sequences or lack of annotation;  
• Poor sequence availability for some species; most of described fungal species have not yet been 

sequenced;  
• Type strains/samples are obvious or not clearly indicated;  
• Lack of published sequence diversity (for some species we may see a long list of sequences 

coming from the same study of non-specialists in fungal taxonomy);  
• Taxonomic names are not up to date; the NCBI GenBank is a rather static database, which is rarely 

updated by its curators and very few authors update their nomenclature on published sequences;  
• Sequence quality issues. 

UNITE (Kõljalg et al., 2005) and BOLD (Ratnasingham & Hebert, 2007) databases are curated 
by experts, have more reliable data than NCBI GenBank, and recommended for ITS sequence- 
based fungal ID analysis. They include their own well-annotated fungal ITS sequences as well as 
reliable sequences from NCBI GenBank. Both UNITE and BOLD also contain detailed specimen 
metadata to offer easy tracking of specimen and taxa information. Moreover, UNITE provides 
species hypotheses (which correspond to operational taxonomic units) based on sequence simi-
larity with their reference sequences (Kõljalg et al., 2013). 

Some mushroom raw material producers work with third-party companies in establishing 
fungal ID. Unfortunately, here, situations can happen when sequence-based ID laboratories pro-
vide their clients with wrong ID results, and if they are not verified in-house by the knowledgeable 
raw material producer, a mushroom product gets marketed under the wrong name. 

As we see, identification methods when performed separately could lead to misidentifications, 
but taken together they support each other and provide a robust and reliable ID. The most precise 
fungal ID can be achieved by combining methods, which represent genetic identification supported 
by phenetic or biological data. For practical reasons, medicinal mushrooms should be first iden-
tified through morpho-anatomical analysis (since majority of them can be easily identified by these 
classical methods) and then verified with a genetic method (e.g. DNA barcoding), especially if it 
concerns their commercial use. Such an approach can eliminate bias in fungal ID and facilitate 
client credibility in mushroom nutraceuticals. 

Currently, there are many attempts to identify the fungus in its blended powder form and cur-
rently several reports (Xiang et al., 2013; Zhang, Zhang, et al., 2017; Raja, Baker, et al., 2017) discuss 
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methods on how to identify such fungi which practically shows the major lack of client credibility in 
raw material manufacturers and regulatory organizations. The latter should use taxonomists or staff 
familiar with medicinal mushroom fungal taxonomy. However, since there is still obscurity in re-
gards to this matter, some mushroom-based products available on the market today remain a mystery. 

Consistency of nomenclature and taxonomy for medicinal mushrooms is also a very important 
aspect. It is true that fungal taxonomy changes rapidly, but raw material and nutraceutical pro-
ducers should follow it and check the correct fungal names in Index Fungorum and Mycobank 
websites (www.indexfungorum.org (2021), www.mycobank.org (2021). It is true that sometimes 
even these two sites lack data on the synonymy of some taxa. For example, based on the study of  
Kerrigan (2005), Agaricus subrufescens Peck should be treated as a priority name for its syno-
nyms: Agaricus blazei Murrill sensu Heinemann, Agaricus brasiliensis Wasser et al. nom illeg., 
and Agaricus rufotegulis Nauta. Among them, only the last name is mentioned as a synonym of A. 
subrufescens in Index Fungorum. This study also proved that two commercial samples of 
‘‘medicinal agaricus’’ from Japan and China belong to A. subrufescens. 

There are some important recommendations to mushroom nutraceutical producers. Essential is 
to have on hand is a file comprising taxonomical analyses of every mushroom used in the pro-
duction line ready to be shown to possible clients responsible for further processing and for-
mulation of the raw materials. This will also offer regulatory organizations transparency in regards 
to the fungal ID used in production. When medicinal mushroom raw material producers will 
understand this, they will not only cut costs on periodical ID analyses, but their product will step 
out of the doubt that wraps some of their customers and competitors. Since the ID process is 
misunderstood at this level, this calls for a fungal taxonomist able to clearly state the identity of 
existing fungi into production or new fungi to be launched into production for obtaining raw 
materials should send the identification data to a third party for validation. This third-party should 
be a university be a university representative familiar with the identification procedure. This last 
step is of uttermost necessity to avoid intentional in-house ID manipulation by companies willing 
to cross the line in what regards ID-related ethics. 

4.4 RAW MATERIAL: HOW TO MAKE A FAIR CHOICE? 

Many mushroom nutraceuticals on the market originate from mycelium colonized grains, 
mycelium biomass obtained via fermentation processes, fruit bodies, or spores. A very popular 
debate among the raw material producers remains the methods through which the product is made, 
the form that it is marketed as, and its potency. In regards to this, everyone follows their philo-
sophy and highlights their products as being superior to some other products derived from other 
procedures and formulations. In this scenario, start-up companies struggle more than their com-
petitors and we may easily observe an evolutionary scale that divides them into companies with 
settled and non-settled standard operating procedures (SOP). Unfortunately, this is also reflected in 
the quality of their products and consistency. For example, a mushroom farmer growing edible 
mushrooms for several years deciding to tap into the production of medicinal mushroom fruit 
bodies may quickly adjust and settle their SOPs while companies growing mycelium on grain are 
more likely to have non-settled SOPs even after years of existence because there will always be an 
issue that requires them to adjust their procedures to get their final product in good shape. 

The number of companies supplying raw ingredients for mushroom nutraceuticals is great and 
it grows (observation based on the number of exhibitors on expos specialized in nutraceutical 
ingredients). There are plenty of choices: whole fruit bodies, slices of fruit bodies, crude extracts, 
customized extracts, compounds of choice (polysaccharides, terpenes, spore oil, erinacine, cor-
dycepin, etc.), mycelium extracts, fermented products, concentrated liquids, myceliated grains, 
powdered mycelium, or fruit bodies. Moreover, the material can be of wild origin or cultivated. 
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With so many variables to consider in still underdeveloped fields when it comes to regulation of 
quality and safety an interesting combination of analytical data and in silico methods was proposed 
by VanderMolen et al. (2017). The authors applied a multifaceted approach based on five key 
principles: morphological and molecular identification, dereplication, chemical analysis-based 
comparison with known culinary mushrooms, literature review, and in-market data. The first step 
proves to be highly critical since species misidentification often happens (Wasser, 2011). Thus, 
when searching for literature data research papers including molecular and morphological iden-
tification of the examined mushroom-material provides a higher level of confidence (Vunduk et al., 
2019). Just recently, a group of authors published a new-evidence based classification system upon 
which known mushroom species are assigned with a final edibility status (Li et al., 2021). The 
authors provided the most comprehensive list of edible mushrooms, which is good to be consulted 
when determining to use or not some mushroom species when formulating a nutraceutical. 

Often, a mushroom nutraceutical represents a blend of mycelium and grain termed as mush-
room spawn – generally used by the mushroom cultivation industry. This practice is a sort of 
mischief since a significant part of the whole product is grain (about 70%). The chemical structure 
is different from that of a mushroom, although both contain glucans. Particularly, grain-derived 
glucans are different than those isolated from macrofungi. Polysaccharides from mushrooms are 
polymers with high molecular mass with many side chains (Gong et al., 2020). The poly-
saccharides existing in grain are linear and with lower molecular mass, they are also water-soluble 
(Wang & Ellis, 2014). Having in mind that the biological-immunomodulating response of 
mushroom polysaccharides is highly dependent on its physicochemical characteristics and it is of 
paramount importance to distinguish if the material is pure fungi or a mixture of a fungus with 
grain (Meng et al., 2016). However, mycelium is easier to obtain (due to shorter cultivation 
period), so it is much cheaper to produce compared to growing of fruit bodies. It can still be a good 
raw material depending on the cultivation method. Simple raw materials available as powder may 
be called full spectrum termed for medicinal mushroom dietary supplement products containing 
not only mycelium grown on grain, but also fruit bodies and spores. This blend is sought to be a 
superior product (compared to plain dried and ground mushroom spawn), but still controversial 
among competitors that use fruit body–derived raw materials only. By some others it is understood 
as a mixture more likely in equal parts, but the reality may be different, because the fruit body 
amount in mycelium grown on grain raw materials is probably under 3% and represents fruit 
bodies that start to grow during the long incubation periods. 

The technology applied for mycelium production with a liquid medium is known as submerged 
fermentation and it has several benefits in comparison to traditional or solid-state cultivation 
(Hassan et al., 2019; Klaus et al., 2021). Instead of several months to years, the final product is 
obtained in a matter of days. The process is highly controlled so the mycelium quality is easy to 
monitor and standardize. By applying submerged fermentation additional products like exopoly-
saccharides are also produced (Zhang et al., 2019). They can be collected and further processed. 
Additionally, the health-supporting claims can be substantiated with the real data, since research 
papers mainly consider mycelium obtained by submerged fermentation instead of the grain-based 
cultivation process. Obodai et al. (2017) demonstrated that the chemical constituents (amount, 
type, and structure) are influenced by origin of the mushroom part, which is used as raw material. 
Natural conditions, substrate, and temperature cause the variations in a mushroom’s composition; 
thus, controlled and standardized cultivation is of most importance. 

The extraction which follows the cultivation step is also a critical point when it comes to final 
product effectiveness. Solvent choice (polarity) affects the compounds, which will be extracted 
from raw material (Cör et al., 2017). Traditionally, mushroom biomolecules are obtained by water 
and ethanol extraction. Solvent temperature is also important due to the presence of thermo-labile 
compounds in crude extracts (Gong et al., 2020). Sometimes additional treatments, like active 
molecule modification, are necessary or recommended. Oshiman et al. (2002) demonstrated the 
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increase in the antitumor activity of β-glucan from Agaricus subrufescens (as A. blazei). Acid 
treatment lowered its molecular mass and orally ingested β-1,6-glucan expressed antitumor activity 
in an animal model. Relatively recently, the industry adopted supercritical fluid extraction, which 
proved efficient in a laboratory setting (Mazzutti et al., 2012). There are two options for solvent: 
CO2 and H2O. And while supercritical water extraction is more environmentally friendly, CO2 is 
the fluid of choice in the industry (Castro-Puyana et al., 2017; Barbosa et al., 2020). CO2 appears to 
be safer when pressurized and the equipment for its application, so it is less prone to deterioration. 
Additional extraction techniques, known as non-traditional, are ultrasound-assisted, microwave- 
assisted, and enzyme-assisted extraction. They are often superior to traditional water or alcohol 
extraction since there is an optimal contact-time between solvent and raw material and reduced 
destruction of active compounds (Gong et al., 2020). The outcome is a higher yield of a product 
and improved quality. The final step in extract production is drying, which also affects biological 
activity, as proven by Ma et al. (2013). The authors demonstrated higher antioxidant ability when 
polysaccharides from the medicinal mushroom Inonotus obliquus were freeze dried. Spray drying 
is another technique used in the final stage of extract preparation (Assadpour & Jafari, 2019). The 
technique is practical since it also enables improvement of product stability when it includes 
microencapsulation (Shao et al., 2019). However, spray drying is performed with dextrin since the 
pure extract tends to agglomerate. Adding dextrin in the final product messes with the purity of 
extract because it is a low-molecular-weight sugar from wheat. Not just that it adds to the total fiber 
content in the product, but it can express side effects like constipation (McRorie, 2015). 

A particularly interesting raw material is mushroom spores. They serve the reproductive 
purpose, so their chemical structure differs significantly from mycelium and fruit body (Petrović 
et al., 2019). Sliva et al. (2003) tested different commercial Ganoderma lucidum supplements 
(containing spores and powder) and did not find any correlation between composition, purity of 
preparation, and its effectiveness toward inhibition of highly invasive human breast and prostate 
cancer cells. The authors explained that commercial products were not clearly labeled, so it stayed 
unknown which concentration of active ingredient each of the products contained. Companies have 
the freedom to make their proprietary blends and formulations, and not specify the percentage of 
active ingredient or concentration on the label, further convoluting this already complicated market 
(Childs, 2000). In the end, non-standardized production, collection procedures, and lack of for-
mulation transparency affect consumers’ trust. 

Spores are rich in lipids, especially unsaturated fatty acids, known as effective in different 
health conditions like hypercholesterolemia (Goodfellow et al., 2000). Recently, a highly branched 
water-soluble β-glucan was isolated from G. lucidum spores and it has been proved to possess 
immune-promoting activity in vivo (Wang, Liu et al., 2017). Spores are rich in active molecules 
but they are poorly absorbed due to a hard cell wall protecting the genetic material. The solution is 
to perform pre-treatment, to break the spore cell wall. A patent from 1997, based on a combination 
of biochemical and mechanical processes, claim to be effective in breaking of the spore cell wall, 
while maintaining active ingredients biological activity (https://patents.google.com/patent/CN1165 
032A/en). Supercritical fluid extraction is also used for the extraction of sensitive components 
from spores (lipids and triterpenes) (Lin, 2009) (Figure 4.1). 

As we may conclude, when choosing a medicinal mushroom source for raw material, one 
should pay special attention to the following criteria:  

• Fungus ID–related documentation should be provided by the producer;  
• Raw material origin: strains/specimens collected in nature, hybrids, or genetically modified strains; 
• The location of the production facility. It should be located away from major sources of air pol-

lution, such as atomic power plants, mining sites, or heavily polluted urban places. Mushrooms are 
known to accumulate heavy metals, such as lead, arsenic, or mercury, and therefore a heavy metal 
test is necessary in this case; 
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• The raw material must be produced in a contaminant-free facility (including dust, fiberglass, or 
other particles);  

• Microbiological control by specialized labs for bacteria and mold presence. Certificates of analyses 
have to be provided by the producer or in-house tests need to be performed periodically to ensure a 
high product quality free of toxins;  

• Organic certification: whether the raw material has organic origin or not;  
• The type of the raw material: spawn or fruit body originated, simple powder or extract. It is another 

important characteristic, because this reflects the way it was produced, the amount of active in-
gredients together with potency, and effects on human and animals;  

• Proper storage of medicinal mushroom raw material must be away from moisture and rodents.  
• Composition of raw materials for purchase and launch into production: one mushroom species or a 

blend;  
• What type of grain was used to be colonized with mycelium and what is the percentage of grain left 

in the final product;  
• Analysis certificates showing content of β-glucan and other active ingredients;  
• Whether the product contains D-vitamin or other added minerals and vitamins. Some raw materials 

are forcefully pumped with UV light originating vitamin D generally considered a good source but 
still, different than the natural vitamin D obtained from the sun;  

• Scientific studies about efficiency of medicinal mushroom(s) used as a raw material, performed by 
third-party laboratories, represent essential points in highlighting product quality;  

• Active ingredient response on the human or animal body in regards to dosage and any possible side 
effects. 

The previous list defines the quality of the raw material, but close attention should be addressed 
to the company – the producer of the raw material and the philosophy of the staff. Moreover, 
visiting the production site is essential in establishing a close relationship with the producer and 
gaining trust in the product. 

4.5 ORGANIC RAW MATERIALS FOR MUSHROOM NUTRACEUTICALS 

Intensive indoor and outdoor mushroom production was always sensitive and prone to diseases 
and pests affecting the yield and quality. It is a constant challenge approached with a combination 
of hygiene management and the use of chemicals in the form of pesticides and fungicides. In large 
facilities and monoculture areas of production (like in the USA or China), pest-related disease 

Figure 4.1 (a) G. lucidum spores with cell wall (b) and after the cell wall being broken. By courtesy of GAN-
OHERB GROUP.    
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outbreaks are common and spread like wildfire. Namely, Kennet Square, Pennsylvania, is known 
as the mushroom disease capital of the world (Ellor, 2021). Once present, phorid and sciarid flies 
move from tunnel to tunnel transmitting spores of mycoparasitic fungi, which, for example, cause 
dry (Lecanicillium fungicola) and wet bubble (Hypomyces perniciosus) diseases. The use of 
chemicals to prevent and treat already existing diseases is tempting to some growers and un-
fortunately they are often used in an inappropriate manner. Another challenge in mushroom 
production is the lack of pest management products that are effective enough, so the producers 
apply products intended for vegetables and other crops (Tian et al., 2020). No wonder several 
studies reviewed by Tian et al. (2020) reported on the presence of pyridaben, pyriproxyfen, cy-
permethrin, permethrin, and malathion in cultivated mushrooms. Moreover, the pesticide market is 
expanding without being followed by risk assessment in mushroom production. The previous list 
leads to the products that are not only unsuitable for nutraceutical formulation, but even pose a 
more or less serious health risk. Besides, mushrooms accumulate not only chemicals used for pest 
management but metals and metalloids present in the substrate. Melgar et al. (2014) studied 
mushrooms and mushroom supplements from Spain for the presence of arsenic and found that the 
concentration of this toxic metalloid was slightly higher in mushroom supplements than in wild or 
cultivated mushrooms, probably due to extraction and concentration steps in supplements pre-
paration. The values they found in supplements posed no health risk. 

There are two options in developing fair and safe mushroom dietary supplements. In case 
conventionally produced mushrooms are raw material, it is of paramount importance to perform as 
much as it is possible thorough analysis for the presence of pesticides, fungicides, heavy metals, 
and radionuclides. Another option is a sustainable strategy for the mushroom industry with better 
management of chemical pest control, high-quality crops, and lower negative impact on the en-
vironment (Jess et al., 2017). That is why certified organic mushroom cultivation is more and more 
popular in recent years. Currently, organic mushroom farming allows no chemical pesticides. 
Control of pests and diseases is obtained using physical barriers and biological agents. Also, when 
the production cycle comes to an end, meaning that production space is empty, proper hygiene and 
disinfection are a must. For a grow-room, cleanup steam is generally recommended, but other 
chemical agents are allowed as well with prior permission. Since mushroom cultivation includes two 
types of raw materials, spawn and substrate, each has its regulation. Thus, spawn used in organic 
cultivation does not need to be certified as organic, which is not the case with raw materials for 
substrate preparation. However, 25% of raw material is allowed to be from non-organic sources 
(Organic Mushroom Production, 2021). Just in the USA, this sector increased by 11% from the 
growing seasons 2005–2006 to 2006–2007 (Akavia et al., 2009). The main species was A. bisporus, 
while other specialty mushrooms accounted for 22% of the total produced amount. Recently, 
throughout growing season 2019–2020 the USA growers produced 127 million pounds of specialty 
mushrooms certified organic throughout. Out of the total amount, 62% of mushrooms were sold as 
certified organic and Agaricus mushrooms accounted the most of it (88%) (https://www.nass.usda. 
gov/Publications/Todays_Reports/reports/mush0820.pdf). Statistics on organic mushroom farming 
in other parts of the world are scarce, including Europe. Current estimates might be significantly 
larger than the real data due to the legislation gray zone. Namely, European law does not differentiate 
between organic certified produced mushrooms and those collected from the wild, which can also 
bear organic certificates. Besides, the production of Agaricus species requires compost based on 
horse manure or chicken litter, but only the first material can fulfill requirements for organic culti-
vation. Having in mind that chicken litter used by intensive production systems can not originate 
from households raising chickens (due to small quantities). Therefore, the material containing an-
tibiotics and hormones, heavily used in chicken production, cannot account for organic mushroom 
cultivation. On the other hand, how many horses does Europe have? And how many are bred in an 
antibiotic-free way? Optimistically, we can estimate that 10,000 tons of organic compost can be 
produced annually which equals approximately 2,000 tons of Agaricus species. 
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Organic raw materials coming from the United States are the most prized, while China, al-
though being a significant organic producer, still works on building trust. China has wide areas of 
good-quality land and resources, which in combination with guidelines and certificates for organic 
production, provide high-quality materials. For example, Heilongjiang Province accounts for 1/9 of 
China’s arable land, with the lowest use of pesticides and fertilizers in the country. In the year 
2019, this province had 1999 organic product certificates, which represent around 10% of the 
country’s total. The same province had 604 companies registered as organic producers (Ministry of 
Agriculture and Rural Affairs of the People’s Republic of China, n.d., http://www.moa.gov.cn/gk/ 
tzgg_1/tz/201912/t20191210_6333030.htm). Benefits from organic production were recognized by 
the Chinese government, which actively supports the development of national organic product 
bases and also issued The Reform Plan for Establishing A Green Ecologically-Oriented 
Agricultural Subsidy System. When it comes to mushroom solid-state-based production, China 
has an elaborated system meaning that fruit bodies are cultivated outdoor, in ecological zones, like 
Qingyuan, with strict rules for crop rotation/movement. Mushrooms are cultivated under tents with 
pure running water, which is regularly tested for fulfilling requirements of organic production. 
China also has the national certification and accreditation public platform (National Certification 
and Accreditation Information Public Service Platform, 2021), which provides different types of 
information in connection with organic production as well as the online search of various products 
including mushrooms. For example, if the platform is searched for “reishi organic products”, the 
system provides a count of 186 producers that are registered in China (Figure 4.2). 

According to China’s government, a public announcement 5.63% of sampled products did not 
meet organic certification requirements in 2020 (Announcement of the State Administration for 
Market Regulation on the Issuance of the Third Phase of Certification Risk Warning for 2020). They 
even introduced a 5-year restriction to apply for an organic certificate for those companies found to be 
seriously inconsistent with requirements. Interestingly, the majority of non-compliant companies 
were mushroom producers. It has been found that products contained chlorpyrifos (an organopho-
sphate pesticide) and carbendazim (broad-spectrum fungicide). Some Chinese organic products, like 
G. lucidum and L. edodes blended with millet and fresh ginger, were banned in the United States as 

Figure 4.2 Inside of the organic certified G. lucidum production tent. By courtesy of GANOHERB GROUP.    
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non-compliant with organic certification (The Crisis Facing Organic Food Certification, 2015). As 
commented, Chinese standards for organic products are stricter than in the EU and USA, but lacking 
strict supervision. Knowing that China is the largest producer of mushrooms and usually the main 
supplier of raw materials, it is expected that most nutraceutical producers will consider it as its 
supplier. Thus, it is wise to do a personal check of the facility for cultivation, or site, as well as to 
constantly monitor if the material fulfills the stated quality (Figure 4.3). 

4.6 SAFETY CONCERNS AND QUALITY ASSURANCE/CONTROL 

Numerous studies and reviews on mushroom bioactivity, therapeutic compounds, and the 
potential for nutraceutical development, followed by a small number of clinical studies, have been 
published. On top of that, macrofungi are known for their high nutritive value and prospects in 
functional food application (Prasad et al., 2015). Altogether, these assets create a super-therapeutic 
image followed by increased sales of mushroom-based nutraceuticals. Like with any other com-
pound and formulation being industrially produced, principles of good manufacturing practice as 
well as different standards should be applied to provide efficient, reliable, and effective nu-
traceuticals. With no standardized identification methods, raw material quality and cultivation 
standards, allowed daily doses, and mandatory clinical studies, how do you expect a safe product? 
Some of these aspects are addressed depending on the country of production, but the wholesome 
principle still does not exist. The governments rather transfer it to the conscience of the industry 
(like in the case of the USA and Food and Drug Administration Agency). Some, more obvious 
safety aspects, which are usually part of hazard analysis and critical control points standard 
HACCP, like metal particle detecting, microbiological and heavy metal analysis, are conducted by 
the nutraceutical producers. However, pesticides, radioactivity, and polycyclic aromatic hydro-
carbons might occur in raw material as residues. Mushrooms accumulate heavy metals and 
radioactive elements from their surroundings and serve as organisms suitable for biomonitoring 

Figure 4.3 Xianzhilou Organic Ganoderma Expo Park (GANOHERB was previously named Xianzhilou). By 
courtesy of GANOHERB GROUP.    
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(Duff & Ramsey, 2008). This can pose a problem if mushrooms are collected from nature, so the 
standardized cultivation was supposed to overcome bio-concentration of toxic elements, such as 
arsenic, cadmium, chromium, lead, nickel, and mercury (Zou et al., 2019). In practice, the presence 
of metals is monitored by inductively coupled plasma mass spectrometry or inductively coupled 
plasma-atomic emission spectrometry. Sample preparation is very important since different parts 
of the mushroom fruit body accumulate different amounts of metals (Dowlati et al., 2021). It is 
equally important to consider the growing phase and the age of mycelium if the producer uses them 
instead of the fruit body. 

The process of macrofungi cultivation is marked as sustainable and eco-friendly since the re-
sidues and waste from agroindustry and agriculture can be converted into food and medicine. Like in 
every monoculture production, cultivated mushrooms are prone to diseases that are controlled by the 
application of fungicides, bactericides, and insecticides (Tian et al., 2020). As already mentioned, 
macrofungi accumulate molecules from the substrate and, besides heavy metals, pesticide residues 
can be found as well. The residues of pesticides are monitored by gas chromatography or liquid 
chromatography coupled with mass spectrometry. Furthermore, the inoculated substrate is packed in 
plastic bags containing and releasing phthalate esters and metalloids. Ma et al. (2021) screened eight 
mushroom species cultivated in central China for the presence of contaminants from the cultivation 
process. The analysis revealed the presence of six phthalate esters and nine potentially toxic me-
talloids, exceeding the maximal weekly intake defined for China. An alternative is to perform sub-
merged fermentation and minimize the possibility of contamination with unwanted substances or 
microorganisms. However, this type of cultivation cannot be used in the production of fruit bodies. 

Besides being safe, mushroom nutraceuticals are expected to have the label-specified amount 
of active compounds, usually polysaccharides or terpenes. However, methods for their measure-
ment are not standardized, which leaves the space for manipulations, especially when declaring 
polysaccharide content. As already mentioned, mushrooms can be grown on grains without being 
transferred to substrate for fructification. The material (mycelium colonized grain aka spawn) is 
dried, milled, and presented as the final product. In this case, the total amount of polysaccharides is 
higher than in pure mycelium or fruit body since grains contain this compound as well, but having 
a different structure. Without the characterization or the necessity to report the nature and source of 
polysaccharides, manufacturers declare a significantly higher amount of active ingredient. This 
cannot be in agreement with the statements connected with its biological activity since up to 70% 
of the final product is grain. Methods for polysaccharide qualitative and quantitative analysis used 
in practice are high-performance liquid chromatography (HPLC), size exclusion chromatography, 
high-performance liquid chromatography with an ultraviolet detector, gas chromatography, and 
UV-visible spectrophotometry. HPLC is the most commonly used due to the consistency and 
stability of obtained fingerprints (Zheng et al., 2020). Improvements in resolution, separation ef-
ficiency, and sensitivity are expected through the wider application of ultra-performance liquid 
chromatography. This technique has been accessed for qualitative and quantitative analysis of 
polysaccharides from traditional Chinese medicines (Kuang et al., 2011). The researchers managed 
to detect a higher number of chemical constituents in less time than with conventional HPLC. The 
method has been described as sensitive, precise, and accurate. 

Besides different nomenclature and legislation in each country, the major problem with ana-
lyzing the quality of dietary supplements/nutraceuticals is the diversity of ingredients. Exotic 
plants, not common for Western consumers or countries, are constantly bioprospected for new 
commercial product development (Pandey et al., 2020). Fungi are especially interesting, and from 
2019 we entered the age of fungiceuticals (Pandey et al., 2020). With so many known fungal 
species – around 148,000 (Cheek et al., 2020), which represent less than 10% of the estimated 
existing ones (2.2–3.8 million, based on Hawksworth & Lücking, 2017), having their own primary 
and secondary metabolites, it is unrealistic to expect the existence of reliable analytical methods 
capable of precise identification of each of them. The situation is further complicated with the 
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existence of highly sought products, like those that improve sexual performance or products for 
bodybuilders. This is a specific niche mostly driven by sentiment, so the consumer is expected to 
be less careful when buying the product. Under such circumstances, deliberate spiking often oc-
curs. A typical example is O. sinensis. This mushroom became popular after the 1991 athlete 
meeting in China, with market-present amounts significantly overcoming the quantity of raw 
material: a few thousand kg collected just in 2001 (Li et al., 2006). Also, the price per kg reached 
more than 10,000 US$. All mentioned open prospects for adulteration. Recent experiments showed 
that natural O. sinensis can be used like the cultivated one from a nutritive aspect (Zhou et al., 
2019). Still, the natural one contained significantly higher amounts of adenosine and cordycepin, 
crucial for the medicinal properties of this mushroom. It has been demonstrated that the majority of 
products claiming to contain O. sinensis were adulterated with flour, starch, dye, and soybean (Liu 
et al., 2011). However, adulterants are not always so benign. Sometimes, synthetic drugs are added 
to obtain efficacy (Dwyer et al., 2018). Even toxic compounds like aluminum sulfate solution can 
be used in order to increase product’s weight (Liu et al., 2011). Another problem is the lack of 
standard materials, so even when an analytical method is available there is no substance with 
which to compare examined material. Also, standards can be incorrectly identified by the supplier 
(Betz et al., 2011). 

In order to purchase the best raw material, a nutraceutical producer needs to know and un-
derstand the importance of the aspects of quality and safety analysis. Not paying attention to this 
can lead to serious problems, like poisoning, with a product that otherwise should be preventive or 
therapeutic. 

4.7 SIDE EFFECTS, CONTRAINDICATIONS, AND CONCERNS 

The field of nutraceuticals/dietary supplements is rising, but it is highly study-unsubstantiated 
concerning the pharmacodynamics, pharmacokinetics, and possible adverse events. These are 
over-the-counter products, meaning that they are not necessarily safe and thoroughly accessed for 
safety (Dailu et al., 2018). Problems can occur due to product content, low quality of ingredients, 
contamination during production, or interactions with other compounds and medications. Badalyan 
et al. (2019) found about 600 research papers dealing with the health benefits of mushrooms and a 
small number of clinical studies. But what is with adverse events, especially in the case of people 
with impaired immunity receiving specific therapy? Mushrooms are heavily advertised as im-
portant adjuvants in cancer therapy, making it ever more important to study interactions with 
pharmaceuticals as well as to describe side effects (Siddiqui & Moghadasian, 2020). The same 
applies to the stability of active compounds; they are prone to changes during shelf life, and once 
safe can become the source of problems after chemical changes due to inappropriate storage 
conditions. Also, the more complex the nutraceutical the harder is to determine its shelf life and 
safety. The drug delivery system can also pose a problem. As Helal et al. (2019) stated, nano- 
systems have adverse effects like respiratory disorder, cardiovascular diseases, carcinogenicity, 
and lowering of life expectancy, inflammation, and oxidative stress. Existing studies usually ex-
amine one compound or extract while commercial products represent a combination of several 
ingredients, often of different origin (like mixtures of a mushroom extract with botanicals or 
vitamins and minerals). These protocols are established for dietary supplements like vitamins, but 
not for botanicals since analytical methods for their analysis are still developing (Mehta, 2010). 

The existing literature on this topic is scarce and it seems that the scientific community is 
stubbornly refusing to deal with this hot topic. Sweet et al. (2013) found only one case study 
reporting adverse events in connection with mushroom dietary supplements when used during 
cancer therapy. The study (Mukai et al., 2006) involved three patients (with ovary and breast 
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cancer) all of whom have taken unidentified supplements based on A. subrufescens (as A. blazei). 
Reported symptoms were fever, fatigue, increased liver enzymes followed by liver dysfunction, 
and death (in two cases). It has been observed that these results are contradictory with animal 
studies that all confirm the hepatoprotective activity of medicinal mushrooms, especially in the 
case of the chemical-injured liver. Although a modification of action of cytochrome P450 isoforms 
was proposed there is no clear explanation of these events. Interestingly, the clarification of this 
study never occurred although up to 80% (by some authors it goes as high as 91%) of patients with 
cancer take some complementary and alternative medicine product (Bernstein & Grasso, 2001,  
Yates et al., 2005). A recent review on herb-drug interaction focused on two medicinal mush-
rooms, G. lucidum and Trametes versicolor, found no reported adverse events in the case of 
clinical, animal, and in vitro studies (Lam et al., 2020). On the contrary, both species exhibited 
synergistic effects stimulating the immune system, decreased immunosuppression in patients using 
chemotherapy, and alleviated general and specific side effects of standard cytotoxic drugs. Still, the 
authors warned about the low quality of the existing clinical studies and lack of following of the 
world’s recommendations when performing clinical studies with traditional Chinese medicine 
preparations. Another study estimated the in vivo (animal model) long-term actions of low levels 
of dietary lectins from peanuts and mushrooms on rats’ intestinal and pancreatic growth (Kelsall 
et al., 2002). Pancreatic growth was observed pointing to a potential carcinogenesis-promoter 
activity of dietary lectins. 

Species from the Ophiocordyceps and Cordyceps genera are part of traditional Chinese 
medicine and are well known for numerous health benefits although with several exceptions. As 
reviewed by Tuli et al. (2014), Cordyceps militaris can provoke an allergic response, adverse 
gastrointestinal behaviors (dry mouth, diarrhea, nausea), with a suggestion to be avoided by pa-
tients with autoimmune diseases. An interesting report by Wu et al. (1996) discussed lead poi-
soning caused by O. sinensis powder, which only demonstrates the importance of the source of raw 
material as well as its quality check. Furthermore, this parasitic mushroom can interact with some 
drugs due to its hypoglycemic and anti-viral compounds. Similar information about O. sinensis is 
rarely publicly listed like on “Cordyceps: Side Effects, Dosages, Treatment, Interactions, 
Warnings” (https://www.rxlist.com/consumer_cordyceps/drugs-condition.htm), where a list of 
some 72 compounds/herbs/drugs known to mildly interact with O. sinensis is given. 

Studies concerning adverse effects in pregnant and lactating women do not exist so it is 
generally suggested to avoid mushroom supplement use in these periods. Recently, Sun and Niu 
(2020) conducted a study to access the impact of mushroom diet on pregnancy-related compli-
cations, macrosomia, and pregnancy-induced hypertension. In both cases, a positive impact of the 
mushroom diet was observed. 

Surprisingly, consumers in the USA do not pay much attention to label statements. Dodge 
(2015) summed the consumer believe labels and dietary supplements. As reported, erroneous 
beliefs include understanding that the government approved the supplement, that before being 
marketed supplements were tested for safety and effectiveness, that content of the product is 
analyzed, and if known to the producer adverse effects would be stated on the product. More 
striking is the fact that even health professionals (65%) do not have an adequate source of in-
formation about dietary supplements, and although they ask their patients about supplement use 
they rarely report adverse effects (only 18%) or do not know where to report them (73%) (Cellini 
et al., 2013). To minimize the consequences of unregulated supplements intake, the Food and Drug 
Administration (FDA) published a list of actions that may be harmful to the consumer. The list 
includes: combining supplements, using supplements with medications, taking too much, and 
substituting supplements with prescription medicines (What You Need to Know about Dietary 
Supplements, 2019). Karbownik et al. (2019) discovered a negative correlation between knowl-
edge about dietary supplements and trust in advertising them. 
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4.8 BIOAVAILABILITY OF MUSHROOMS’ ACTIVE COMPOUNDS AND DRUG 
DELIVERY SYSTEMS 

Phytochemicals and mycochemicals are natural compounds with complex structures. Contrary 
to the pharmaceuticals, the basic molecule of a nutraceutical has not been designed. The natural 
origin of the product, although preferred by 80% of the global population, is not always bioa-
vailable or efficient in its original form (Helal et al., 2019). Low level of solubility, as well as 
permeability, low stability, fast metabolism, and ineffective targeting, are the problems often 
occurring with substances of natural origin (Helal et al., 2019). Mushroom-derived active com-
pounds are not excepted from these problems. 

There is a long-established opinion that humans and primates are not able to digest chitin, an 
integral compound of mushrooms, lichens, and insects. For some primates, mushrooms are a sig-
nificant part of their diet. Moreover, mushroom compounds are likely more bioavailable to humans 
than we assumed before, because most studies show that acidic chitinase (hCHIA) is functional in the 
stomach of the majority of participants (Janiak et al., 2017). However, more studies are needed. 

Generally, mushrooms’ bioactive molecules can be categorized as high- and low-molecular- 
mass compounds. Polysaccharides, such as β-glucans, heteroglycans, peptidoglycans, lectins, 
dietetic fibers, non-digestible polysaccharides, and chitin substances, as well as RNA compounds 
have high molecular mass. Terpenes, steroids, and phenolic compounds are all characterized by 
low molecular mass (Wasser & Weis, 1999). This characteristic is very important for industrial 
applications since it affects the bioavailability and actual biological effect expressed in vivo. The 
highest therapeutic potential of all mushroom constituents is expressed by polysaccharides, in 
particular glucans, due to their natural structural variability (Rop et al., 2009). Based on the as-
sumption of Rowan and Smith (2002), only four monomer sugars can produce 35,560 unique tetra- 
saccharides. Different mushroom species were found to be sources of anticancer polysaccharides, 
established as anticancer pharmaceutical agents: Schizophyllum commune, G. lucidum, Lentinula 
edodes, Grifola frondosa, T. versicolor, Tropicoporus linteus (Maity et al., 2021). However, the 
anticancer effect of the original molecule was better expressed when the injection route (instead of 
oral ingestion) was applied (Rowan & Smith, 2002). This is due to glucan’s low solubility in water 
(Han et al., 2008). Characteristics, like linkages in the main chain, the number, and structure of 
side branches, type of monosaccharide units, functional groups, and bound with proteins, also 
influence the biological activity (immunomodulatory, antioxidant) of glucans as well as solubility 
(Rop et al., 2009). Different opinions exist concerning the structure-activity connection. For ex-
ample, it was believed that the triple helix structure guarantees the highest biological response. 
Further, explorations proved that loss of helix form, like in alkali hydrolysis, does not necessarily 
mean the loss of biological activity. The current opinion is that high molecular mass and highly 
branched structure is of the greatest importance for β-glucans activity (Synytsya & Novák, 2013). 

In many cases, modification of an original molecule had a positive effect on its im-
munomodulation and antitumor activity through the increase of solubility (Wasser & Weis, 1999). 
Chemical methods like carboxymethylation, sulfation, and phosphorylation are successfully used 
to increase the solubility of polysaccharides (Synytsya & Novák, 2013). After being carbox-
ymethylated (1→3)-β-glucan from the sclerotia of Pleurotus tuber-regium had higher water so-
lubility and improved in vitro and in vivo anticancer activity (Zhang et al., 2004). There are other 
methods to modify glucans: physical and biological (Wang, Sheng, et al., 2017). The outcomes are 
different, as Li et al. (2015) explained since different methods affect: 

• the change in spatial structure without affecting the primary structure, like with physical mod-
ification; the outcome is the change in physicochemical properties and bioactivity;  

• the introduction of functional groups changes both conformation and primary structure, so it is a 
method of choice when it comes to an increase in solubility. 
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Among low-molecular-mass compounds from mushrooms, polyphenols are considered very 
important. They express antioxidant, anti-inflammatory, and antitumor activity (Palacios et al., 
2011). Usually, total phenolic compounds are measured in mushroom species (Li, Li, et al., 2020). 
However, specific phenolic compounds can have different bioactivity and to evaluate some species, 
the researcher needs to make a profile of the compounds present as well as measure their con-
centration (Islam et al., 2016). Like with polysaccharides, the bioavailability of phenolics from 
mushrooms depends on several factors: cultivation technique, source of origin, processing of raw 
material, the presence of other compounds in a complex matrix, and physicochemical characteristics. 
Dietetic fibers increase flavonoid absorption, so when present with polysaccharides, these fungal 
compounds are more bioavailable (D’Archivio et al., 2010). Even the same species harvested during 
the different stages of development contain different amounts of phenolics and also different phenolic 
compounds profile, as demonstrated by Petrović, et al. (2019) when mycelium, immature, and mature 
fruit bodies of puffballs were examined. The chemical structure is among the most important factors 
for phenolics bioavailability. They are mostly present in the bound form, bounded to sugar deriva-
tives, which have to be hydrolyzed in the intestinal tract (Barros et al., 2009). 

The mushroom crude extract is usually a combination of several compounds present in dif-
ferent amounts. Most of them have strong and unpleasant flavors (Ribeiro et al., 2015). Mostly, the 
unpleasant taste turns off healthy consumers from long-term use of mushroom nutraceuticals, also 
shown in the case of other functional foods, like beverages. Nguyen et al. (2019) used extracts of 
G. lucidum in the formulation of a novel Shiraz wine product. The increased amounts of mushroom 
extract (more than 2 g/L) appeared as less acceptable for the consumer due to the bitter taste 
originating from triterpene acids (Nguyen et al., 2020). 

Traditionally, mushroom nutraceuticals started their market life in the form of pills and capsules 
consisted of crude or refined extracts. As the market developed the need for resolving the problems 
like low stability, bioavailability, and sensory attributes became an important and integral part of new 
supplement formulations. The industry approached these issues with the implementation of tech-
nology through improved drug delivery systems. Put simply, the active compound should be ingested 
in the form that enables a safe route to the place of its action. The two most promising options are 
encapsulation and nanotechnology, also known as green technologies. 

4.8.1 Encapsulation of mushroom nutraceuticals 

Encapsulation enables the protection of an active compound from its surroundings by creating a 
physical barrier-wall material. In the case of a nutraceuticals environment, this is the package as well 
as the digestion route. Some compounds, like polyphenols, present in the mushroom extract are prone 
to oxidation when exposed to light and oxygen, or degradation under high temperature (e.g. spore oil), 
and have to be preserved until entering the digestive tract (Pettinato et al., 2020). The encapsulation 
methods are diverse: spray drying, spray chilling, extrusion coating, coacervation, fluidized bed 
drying, supercritical antisolvent precipitation, ionic gelation, as well as liposome entrapment (Dias 
et al., 2017; Santana & Macedo, 2019). In an industrial setting, factors like price, simplicity, and 
efficacy come as even more important than the preservation of active compounds, so the method of 
choice does not have to be the most efficient in maintaining the bioavailability. It should rather enable 
the competitive price with compounds that are efficient enough. Usually, a compromise has to be 
made, and in this case, spray drying appears as the most common technique in practice (Ribeiro et al., 
2015; Shao et al., 2019). The encapsulation materials have to fulfill physicochemical, safety, tech-
nological, and commercial requirements. The materials can be of natural or synthetic origin, like 
alginate, carrageenan, chitosan, gelatin, cellulose acetate phthalate, starches, whey proteins, and 
cashew gum (Dias et al., 2017). In the case of nutraceuticals, mushroom derived as well, maltodextrin 
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is among the most common encapsulating materials. Lately, promising materials, by-products of the 
food industry, are emerging as encapsulating agents (Comunian et al., 2021). Sometimes, a combi-
nation of encapsulating materials can be used, like in the case of a study conducted by Shao et al. 
(2019). Here, maltodextrin was combined with whey protein, soybean protein isolate, and sodium 
caseinate. These biomaterials were chosen due to their good emulsification and film-forming 
properties. It was shown that microcapsules of G. lucidum polysaccharide had better-controlled 
release ability and better stability after 10 weeks of storage. Petrovic et al. (2019) used calcium- 
alginate for the entrapment of chaga (I. obliquus) extract rich in phenolic compounds. The outcome 
was pH-responsive formulation with a prospect in the therapy of gastrointestinal conditions 
(Figure 4.4). 

4.8.2 Nanotechnology-mycosynthesis 

One of the most exploited and promising fields to apply nanotechnology is the improvement of 
drug delivery (Pandey et al., 2020). The minute size of particles (less than 100 nm) change ma-
terials attributes with the prevalence of quantum effects. When it comes to nutraceuticals, the main 
benefit of nanotechnology is improved bioavailability. Additionally, nanoparticles (NPs) enable 
targeted drug delivery thus eliminating acute toxicity. Active compounds are more easily absorbed 
by microvilli in the intestine while the small size of particles enables passage of the location- 
specific barriers (Delcassian & Patel, 2020). Classical NPs synthesis has its drawbacks and more 
efficient and environment-friendly green nanotechnology establishes in many fields, especially 
medicine and pharmacy (Nabipour & Hu, 2020; Pandey et al., 2020). If fungi, viruses, and bac-
teria, or extracts are used as reduction and stabilizing agents for metal NP synthesis the process is 

Figure 4.4 Flowchart of the production process of G. lucidum spore oil . By courtesy of GANOHERB GROUP.    
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called biosynthesis (Pandey et al., 2020). Specifically, mycosyntheis involves mushroom-derived 
extracts (Owaid, 2019). The benefits are eco-friendliness, reliability, and non-toxicity. The re-
search community readily accepted the prospects of this technology manifesting through a sig-
nificant number of original articles dealing with mushroom extract- or mycelium-based NPs. A 
thorough review of Pleurotus spp. exploitation for mycosynthesis was prepared by Owaid (2019), 
demonstrating the prevalence of Ag NPs. Aygün et al. (2020) used G. lucidum extract to prepare 
AgNPs. These NPs demonstrated improved biological activity accessed in terms of antioxidant, 
DNA cleavage, and antimicrobial activities. The authors suggested a synergistic effect valuable for 
the pharmaceutical and medicinal field. The popularity of silver NPs is due to their antibacterial 
properties expressed when destabilized AgNP releases silver ions. Besides, physicochemical 
characteristics contributed to the greatest marketing value of AgNPs in comparison with other 
metal NPs (Calderón-Jiménez et al., 2017). Jaloot et al. (2020) were the first to apply Inonotus 
hispidus mushroom’s extract for AgNPs which showed an antibacterial and antifungal effect. 
Another study, by Klaus et al. (2020), demonstrated improved antimicrobial properties of AgNPs 
obtained with extracts of three mushroom species (Agaricus bisporus, A. subrufescens (as A. 
brasiliensis), and P. linteus). In a study by Nagajyothi et al. (2014), green technology–based silver 
chaga NPs expressed cytotoxicity against several cancer cell lines. Other metal NPs included Au 
(Narayanan et al., 2015; Owaid et al., 2019; Dheyab et al., 2020), bimetallic Ag@Au (Bhanja 
et al., 2020), and zinc oxide (Rafeeq et al., 2021) in combination with different mushroom species 
and purposes. Despite an increasing number of mushroom-NPs, there is no data on toxicity. On the 
other hand, in vitro and in vivo studies demonstrated readily interaction with molecules in bio-
logical media. Some of the effects of high exposure to AgNP are apoptosis, oxidative stress, 
reduction in cell viability, DNA damage, and carcinogenicity (Calderón-Jiménez et al., 2017). It 
has been proven that nano-silver accumulates in different organs including the liver, kidneys, and 
spleen. However, the critical oral dose is still unknown. Without adequate studies accessing the 
toxicity, risks, and accumulation in prolonged use, this mycosynthesis cannot expect significant 
growth in the nutraceutical market (Figure 4.5). 

4.9 DOSING 

In creating a fair nutraceutical product, besides safety, efficacy comes as a prerogative. The 
compound(s) present in the formulation has to be added in a sufficient amount to express beneficial 
effect. So, how much is enough? The terminology, in this case, is adopted from pharmacology and 
includes efficient dose and efficient concentration. In both cases, the dose is the quantity of drug 
(substance) which produces a biological response. But there is a difference: if the testing was 
performed in vivo the correct term is effective dose. Otherwise, as in the case of in vitro experi-
ments, the term effective concentration is applied. In the field of mushroom nutraceutical, the 
difference between these two terms might point to the type of experiments used to support label 
claims. The clinically relevant dose will be the quantity of active ingredient which will express the 
specific effect supported by the scientific findings. Only in this case, the commercial product will 
be in line with the nutraceutical definition (Reis et al., 2017). In order to determine efficient/ 
clinically relevant dose there are two options: to perform a clinical study, following the protocols 
for pharmaceutical drugs, or to consult literature and search for the existing evidence in vitro or in 
vivo. The latter approach is a cheaper option but less reliable. The issues occur due to variations in 
the mushroom source, way of cultivation, and extraction technology. Many studies performed in 
vitro on cell cultures are not implemented at the product level by the industry. They are small- 
scale, highly specific, applying preparation techniques not adopted by raw material suppliers. In 
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general, a good rule of thumb is to use in vitro studies as a guide for more applicable clinical 
studies. Unfortunately, many nutraceutical-based products on the market today claim immune and 
against free radical protection, even though such claims are based on in vivo analyses conducted on 
mice solely. In some cases, their formulas include mushrooms known not to have such ther-
apeutical properties but probably included to be used as formula enhancers. A common practice by 
the industry is to use a very small quantity of a particular highly therapeutic medicinal mushroom. 
And state with big letters on the label its presence in the formula (fairy dusting). 

Complex combinations including several mushrooms and their body parts are even harder to 
evaluate due to a synergistic effect although an opposite might occur, like in the case of anti-
oxidants. Usually, mushroom compounds act synergistically as demonstrated by Ribeiro et al. 
(2015). When added into a cottage cheese extracts of Suillus luteus and Coprinopsis atra-
mentaria exhibited increased antioxidant activity. An adverse effect is also possible, when 
compounds are added in a high amount because antioxidants act like pro-oxidants, weather in 
food matrices or intracellular (Novakovic et al., 2020). This is the case with phenolic com-
pounds that are present in mushroom extracts (Jomová et al., 2019). Rather than species- 
dependent or brand of preparation-dependent intracellular reactive oxygen species generation is 
determined by the concentration of the mixture of mushroom polysaccharide and phenolics (Wei 
& Van Griensven, 2008). 

Figure 4.5 Soft-gel production line. By courtesy of GANOHERB GROUP.    
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Several of the mushroom polysaccharide compounds have passed through phase I, II, and III 
clinical trials and are used extensively and successfully as drugs in Asia to treat various cancers 
and other diseases. A new class of antitumor medicinal mushroom drugs is called biological re-
sponse modifiers, which have been used as a new kind of cancer treatment, along with surgery, 
chemotherapy, and radiotherapy. These treat cancers, focusing on improving the patient’s quality 
of life since they significantly reduce the side effects and help overcome cancer growth (Lam et al., 
2020). Most of them activate natural immune responses of the host and can be used as a supportive 
treatment for cancer prevention and, in some cases, alone with conventional therapies (Wasser, 
2011). Effects are described to be variable in a dose-dependent manner, according to the form 
used, or powder blend, being positively correlated to the administered time. Literature data on 
daily dose intake, side effects, drug/herb interactions, or long-term period effects in humans is 
scarce. The form in which the product is administered and its potency in humans and animals is 
still in debate and accurate data is missing; however, extracts are known to contain concentrated 
active ingredients and therefore the daily intake should be somewhat lower compared to powdered 
fruit body or mycelia unless there are no side effects in the case of an overdose. Caution should be 
taken on synergistic drug/herb interactions of some of the medicinal fungi but also their antag-
onistic effects with such herbs. The daily oral intake depends on the condition to be treated and this 
tells us the range of dosage recommended for best benefits. Data is also missing on the long-term 
intake of various forms of medicinal fungi or there is no data on safety regarding the intake of 
dietary supplements in young children (Table 4.1). 

Despite the lack of consistent data on human clinical trials for fungi like G. applanatum, G. 
tsugae, or C. militaris dietary supplements originating from these medicinal fungi are available on 
the markets across Europe, North America, or Asia and are gaining rapid popularity in other parts 
of the world. More and more products are formulated in combination with herbal adaptogens such 
as ashwagandha (Withania somnifera), different ginseng species (Panax ginseng, Eleutherococcus 
senticosus, etc.), schisandra (Schisandra chinensis), licorice (Glycyrrhiza glabra), or astragalus 
(Astragalus propinquus) and other medicinal herbs. Sometimes medicinal mushrooms are part of 
formulations of up to 100 herbs or more for one product – with a clear message that more variety is 
better. This is not necessarily true because of possible unknown antagonistic reactions that such 
herbs may cause in a dose and time-dependent manner. In medicinal mushrooms, we may observe 
similar therapeutic effects and very few mild side effects, which resonate with formulations using a 
blend (complex) of several medicinal mushrooms in one product. Among medicinal herbs there is 
a contrast among the therapeutic effects, the dosage needed for a particular response and some of 
them have serious side effects. This is why such medicinal mushroom-herb formulations should be 
carefully analyzed and evaluated before launching such products on the market. This point of view 
is also supported by Mehta (2010) and Helal et al. (2019). 

4.10 MUSHROOM DIETARY SUPPLEMENTS PRODUCTION AND ETHICS 

Like in any other branch of life and business, the nutraceutical industry is not free from ethics 
violations. Among already mentioned issues like mushroom identification, especially common is 
fairy dusting. The term is not present in the scientific literature, but it is very descriptive and may 
be used by both, producers and consumers. This term refers to cases where one or several in-
gredients are added in a formula in such small quantities that it disturbs the overall effectiveness of 
the final product. A double-blinded, placebo-controlled, cross-over intervention study of Wachtel- 
Galor et al. (2004) examined biomarkers for health parameters and conditions often used for 
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commercial purposes in mushroom nutraceuticals (antioxidant status, cardiovascular disease risk, 
DNA damage, inflammation, immune status, and markers of renal and liver toxicity). In this study, 
the beneficial effect of supplementation with a commercial product containing 1.44 g of G. lucidum 
extract was expressed after four weeks. In one example, a commercial product presenting a 
complex of different mushrooms, in which the amount of G. lucidum mycelium (not extract!) was 
110 mg only. The same product contained raw materials of 15 mushroom species and only one was 
produced from the fruit body. The amount of this ingredient was 16 mg in a total of 1,050 mg. A 
clinically relevant dose cannot be obtained by the consumption of this product. But, how is it 
possible that fairy dusting passes? This is more of a question to be addressed to psychologists and 
marketing teams of nutraceutical companies. The poor knowledge about mushroom dietary sup-
plements, the desperation and trust among consumers, the lack of proper legislation, and poor 
ethics leads to low-quality products. 

Some regulatory procedures important to ensure quality control standards are still missing in 
the process of obtaining dietary supplements from medicinal mushrooms. Attempts to establish 
such standards are currently ongoing and are the major focus of the International Medicinal 
Mushroom Conference scientific community interested to solve existing current issues. 
However, there is still work to do not only on setting up reliable standards that would work 
internationally, but also there is an effort to be invested in their implementation by regulatory 
organizations, in particular countries, as rules to be followed by producers. Until then, the chaos 
persists across the mushroom nutraceuticals industry and among the products available on the 
markets. Human philosophy and nature may be blamed for the existence of doubtful products on 
the market today. Products derived from sources with no respect for ethics and of questionable 
quality produced with the sole intent to market them are not few. On the other hand, we may 
notice very few companies in the world today that struggle to get on the market the best possible 
mushroom-based products, which in terms of potency and safety are at the top – such products 
are manufactured regardless of cost and the steps involved in labor, show solid production 
protocols, and highly skilled personnel together with production transparency, consistency in 
their product quality, and scientific proof supporting their claims and strain identification. The 
adulteration of medicinal mushroom products is common among producers and it was em-
phasized by Wasser (2011) – for example different Ganoderma species for G. lucidum; Stereum 
species for T. versicolor; teleomorphs of different Cordyceps species, and even different ana-
morphs for O. sinensis. This definitely puts particular mushroom-based producers in a doubtful 
position easily recognized by competitors due to bad publicity. Several companies look for 
obtaining raw material from China because of low cost and availability. Unfortunately, when it 
is about medicinal mushroom raw material, China has a bad reputation among the pharma-
ceutical industry but also product consumers. Not China has to be blamed for this, but those who 
purchase raw materials without knowing where they come from, the way they were produced 
and deposited. This is valid for any location in the world – this is another ethics violation by 
some companies involved with formulation, extraction and product launch on the market. Not 
few are the mushroom farmers interested to cut corners in order to get better yields with the risk 
of using non-organic substrates but with mushrooms sold as certified organic. Some of the 
substrates they use state as 100% natural, but not certified organic. Such practices when com-
bined with lack of knowledge and poor experience turn mushroom nutraceuticals, that ironically, 
should help the population, into a dangerous journey for those who purchase them. Of course, 
there will always be an ugly truth about these products and producers that want to risk, but the 
main point here is for the regulatory organizations to establish reliable protocols as part of their 
good manufacturing practice regulations able to reduce the number of such events. 
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4.11 PUSH IT TO THE MARKET: ARE WE READY FOR MUSHROOM 
NUTRACEUTICALS? 

Theoretically, we are. Just in the USA the nutraceutical market worth greatly exceeded 
pharmaceuticals in 2014 (250 billion and 150 billion US$, respectively) (Shinde et al., 2014). 
Globally, the worth of this market in 2019 was 382 billion US$ (Global Nutraceutical Market 
Growth Analysis Report, 2020–2027, 2020). Ten percent of the nutraceutical market belongs to 
mushroom nutraceuticals (Wasser, 2011; Morris et al., 2016). However, these are global numbers 
and peer into the reports enable an understanding of how the acceptance of macrofungi dietary 
supplements is distributed around the world. So, the exact answer depends on who are we, and 
where we come from. Asia Pacific is the major market followed by the USA and Canada. The same 
was confirmed by the chapter’s authors through the talk with nutraceutical market participants. 

At the beginning of May 2019, Geneva, Europe: with more than 1,300 exhibitors and 24,000 
visitors, the Vitafoods Europe expo was the biggest and most prestigious one for the nutraceutical 
and dietary supplement industry in the old continent. The exhibition hall was crowded with people, 
representatives of distributors, medical doctors, pharmacists, company owners, representatives, 
and R&D officials – all in search of new exotic ingredients, interesting, and potentially more 
effective products. The expo was so big and people were in a hurry to see as much as possible. But 
the sight of oval, shiny, brown-reddish, quite big object, lying on the booth showcase immediately 
attracted attention. People looked at it with curiosity and finally asked: – What is it? So strange… – 
It is a mushroom. – A mushroom? You must be kidding? The model you have is very interesting. – 
It is not a model, but the real fruit body. This mushroom is known as reishi, lingzhi, or G. lucidum. 
The astonishment grew in a second. – Can I touch it? – Yes, of course. It is harmless. – And what is 
it for? – It is medicinal. – Really? In three days of Vitafoods Europe expo, many similar con-
versations occurred. 

The same year, in October, a different continent, SupplySide West expo in Las Vegas, USA: 
again, more than 1,300 exhibitors displaying ingredients for nutraceuticals and dietary supple-
ments. Two days in crowded Mandalay Bay Convention Center. People were approaching the 
booth with a paper map: – I see you have medicinal mushrooms. Certified organic? What else do 
you have, except reishi? Do you have lion’s mane? Is it organic as well? Do you perform ex-
traction? What kind? … and many more specific questions showing that they know a lot of details 
concerning medicinal mushrooms. 

The situation is similar in retail stores. While in Europe only two or three mushroom-based 
supplements can be found on average, the retail racks in the USA offer a significant diversity in 
species, form of drug delivery, and producers (VanderMolen et al., 2017). In China, special shops, 
selling only mushroom-based supplements, already exist. There, a person can discuss its condition 
with a medical doctor in the shop, and with his help choose the right formulation. It appears that the 
stage of development of the mushroom nutraceutical market depends on which continent you look at. 
Europe seems to be in the infant stage of this knowledge. On the other hand producers and consumers 
from the USA and Asia are well informed and much engaged in mushroom exploitation. And al-
though the openness toward mushrooms as a preventive treatment in the West has progressed 
(personal observation based on commercial exhibitions and talk with visitors) the research dealing 
with this topic is scarce. As Lai et al. (2004) reported there is an increasing interest in the marketing of 
lingzhi (G. lucidum) dietary supplements in New Zealand. A telephone survey the authors had 
conducted showed how consumers use lingzhi nutraceuticals, for how long, and if the product met 
their expectations based on the efficacy. Interestingly, they observed the lack of public acceptance. 

Away from industry and research experts, general consumers are not knowledgeable enough 
about mushroom nutraceuticals. The main problems arise from vast terminology, poor knowledge 
and understanding of fungi, mycophobia, the lack of public acceptance, non-transparency in la-
beling, and marketing spinning. 
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4.12 GENERAL STRATEGIES WHEN FORMULATING MUSHROOM 
NUTRACEUTICALS 

Like in any other industry there is a difference between objective goals, recommended practice, 
and on-sight doing. The actual formulation depends on many parameters, with a strong influence of 
the economical aspect. Ideally, novel products should merge the raw material with scientific and 
clinical study supported background and technology that will minimally affect the beneficial 
characteristics. Moreover, the purpose of technology is to preserve and even potentiate the health- 
promoting effect of the starting material (Ribeiro et al., 2015). But the moment you step out from 
the research facility and enter the highly competitive world of this industry and market things are 
not that straightforward. Depending on resources as well as ethics, the strategies to consider when 
formulating a mushroom nutraceutical vary greatly. The cheapest option is to have the cheapest 
product. This does not mean that the product is not safe, but rather ineffective. Effectiveness, 
besides safety, is the most important aspect of the nutraceutical product. Getting high-quality raw 
material is the starting point. Which species to choose, which supplier, which part of the mushroom 
is the best, how much to add, bioavailability and stability, which drug delivery system to apply, 
and how to manage a safe product – are the issues to be addressed when developing any nu-
traceutical. After all, the product’s label will contain some health-regarding claims, so it is re-
commended to be able to support them. Another option is to make a fair product with effective 
ingredients, meaning to add it in a clinically relevant dose. Finally, nutraceutical may consist of 
one or more active ingredients, in this case derived from different parts of the organism (mycelium, 
fruit body, or spores). The diversity of the approach reflects on the number of products present on 
the market. As reported by Shinde et al. (2014), just in the USA 1,000 new dietary supplements 
appear on the market every year. The in-market search conducted by VanderMolen et al. (2017) 
disclosed 70 products with some version of chaga on its label, 315 products mentioning reishi, 223 
with shiitake (L.edodes), 267 containing maitake (Grifola frondosa) ingredient in some form, and 
39 with turkey tail (T. versicolor). 

4.13 OPPORTUNITIES AND PROSPECTS 

The nutraceutical market seems mature with well-established sub-categories and market ana-
lysis predicts its stable growth for about 8.4% in the next 6 years (Global Nutraceutical Market 
Growth Analysis Report, 2020–2027). Mushroom products are already a part of the nutraceutical 
market although not properly visible across the global scene. With competitive players from other 
categories of raw materials, what are the opportunities for mushroom dietary supplements? One of 
the focal points should be the mushroom’s exotic nature. This aspect, besides new delivery formats 
and improved bioavailability, represents one of the differentiation offerings. New mushroom 
species, eco-friendly cultivation techniques, and a unique story to tell are additional benefits for 
new products. With typical consumers being the aging population and millennials the focus is 
expanded from treatment to prevention of diseases (Childs, 2000). With mushrooms’ im-
munomodulatory ability substantiated by new clinical trials, it is the objective to expect to fulfill 
these needs. Advisable is to focus on further segmentation inside the product categories, like unmet 
consumer needs (e.g. menopause), female energy, and especially wellness and beauty. The latter 
exploded in the last couple of years since big players, such as Nestle and Unilever, entered the 
sector. Their new products are based on beauty from within, offering treatments for skin or hair 
through nutrition. Since mushrooms are already recognized as cosmeceuticals it should not be un- 
logical to expect their increased usage in these formulations (Taofiq et al., 2016). Mushrooms can 
reduce the severity of inflammatory skin disease and help in hyperpigmentation disorders. The 
additional prospect of beauty through food is that it is often presented as a powder that should be 
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mixed with food or beverage. This would rid the mushroom nutraceutical players of the need to 
pack their products inside of gel capsules, thus decreasing the overall cost. Also, mushrooms can 
be mixed with flavorings of natural origin. This can improve the consumption experience and make 
it more enjoyable, especially when mushrooms rich in bitter compounds like G. lucidum are part of 
the formulation. Macrofungi already contain umami compounds making them suitable as a sup-
plement or spice to be added to dishes. An interesting palette of mushroom nutraceutical serving 
the beauty and protection segments can derive from their melanin content. Melanin acts protective 
against UV light, an asset heavily exploited as a part of sun creams. A study conducted by Oak 
et al. (2021) demonstrated that consumption of grape for two weeks increased the natural pro-
tection of the skin by 74.8%. Prados-Rosales et al. (2015) reported that melanin pigment from 
Auricularia auricula-judae mushroom can protect mice against ionizing radiation. The authors 
even proposed mushroom-derived melanin in the design of edible electronic devices due to the 
semiconductor properties of melanin. 

Another still-under-developed sector for mushroom nutraceutical use is the field of neuro-
protection. Mushrooms’ ability to act neuroregenerative and neuroprotective was recently thor-
oughly reviewed by Remya et al. (2019). The main mechanisms of action are the effect on 
mitochondria and endoplasmatic reticulum, and the decrease of oxidative stress. Species Hericium 
erinaceus, G. lucidum, Pleurotus cornucopiae, Polyozellus multiplex, Armillaria mellea, and 
Pleurotus giganteus were noted as most promising in this regard. With neurological disorders 
being the second leading cause of death globally in 2016 (around 9 million/year) and an increasing 
burden on the economy, healthcare system, and society, there is a huge interest and market pos-
sibility for mushroom nutraceuticals (Naghavi, 2019). 

Another area of opportunity for mushroom-based supplements is their use in sleep deprivation 
disorders. The interest for nutraceutical solutions to sleeping disorders is quite significant, having in 
mind that 50% of just the U.S. population will suffer from it during their life span. No wonder that in 
the year 2020 the global market of sleep supplements reached 67.37 billion US$ worth (Sleep Aids 
Market Size, Share & Industry Growth, 2020–2025)! Some of the natural compounds already in use, 
but without a definite conclusion about their effectiveness, are caffeine, chamomile, cherries, L- 
tryptophan, marijuana, and valerian (Yurcheshen et al., 2015). Hu et al. (2018) described several 
natural ingredients with prospects of being used for treating different sleep disorders, like magnolia 
(Magnolia officianalis), rosemary (Salvia rosmarinus), longan (Dimocarpus longan), ginseng (P. 
ginseng), the dried seed of suanzaoren (Zizyphus jujube var. spinose), sinomenine, decursinol, api-
genin, and epigallocatechin-3-O-gallate. Among promising natural products, mushrooms were also 
evaluated. Hu et al. (2013) suggested that cordycepin (adenosine analogue from O. sinensis) may be 
helpful for sleep-disturbed subjects. In their study cordycepin reduced sleep-wake cycles and in-
creased non-rapid eye movement sleep. Sleep regulation was also improved by an increase in the 
protein levels of adenosine receptors in the rat hypothalamus. Another species, Wolfiporia cocos, is 
known as a TCM herb for treating sleeping problems like insomnia (Singh & Zhao, 2017). Pachymic 
acid, a triterpenoid from W. cocos, was tested in a mouse model, proving its hypnotic effect as an 
enhancer of pentobarbital-induced sleeping behaviors via GABAA-ergic mechanisms (Shah et al., 
2014). Furthermore, Vigna et al. (2019) found H. erinaceus to be effective in improving mood and 
sleep disorders tested on 77 volunteers who were also suffering from overweight or obesity. The 
same mushroom even finds its way as a component of a commercial product marketed in Canada 
(U~Dream®). A commercial product, Amyloban® 3399, based on H. erinaceus, was tested in a pilot 
study among eight postgraduate female students in Japan. The product has been administered for four 
weeks and the researchers reported an increase in salivary-MHPG, corresponding to an improvement 
in anxiety and quality of sleep (Okamura et al., 2015). Although the results from these studies are 
promising, there is a lack of evidence-based clinical studies and pilot studies involving a larger 
number of participants. 
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Scientific findings from the latest period point to the importance of gut microbiota, consisting 
of more than 1014 microorganisms (Thursby & Juge, 2017). Microbes living in the human gas-
trointestinal tract are affecting immune and metabolic homeostasis and neurobehavioural traits. 
Specific products of microbial fermentations directly affect human health. Dietary fibers and en-
dogenous intestinal mucus are substrates for microbial activity (Valdes et al., 2018). Besides 
depending on heritage, microbiota is strongly affected by environmental factors, especially diet 
(Rothschild et al., 2018). That is the reason for the emergence of many dietary supplements aiming 
to improve the content of microbiota as well as their number. These products are known as pro-
biotics and prebiotics. Since mushrooms and yeasts contain glucans, which are dietary fibers, 
mushroom nutraceuticals can offer benefits in this health-related area as well. For example, Chang 
et al. (2015) demonstrated the effectiveness of G. lucidum polysaccharide as a prebiotic agent to 
reduce obesity in mice by modulating their gut microbiota. The authors also suggested mushroom 
polysaccharides as a prebiotic agent in the prevention of gut dysbiosis and obesity-related meta-
bolic disorders in human subjects. Another study reveals that chaga’s polysaccharide induced 
change in the gut microbiota toward a healthy bacterial profile (Hu et al., 2017). A positive impact 
on gastrointestinal microorganism alterations was observed in the case T. versicolor, T. linteus, H. 
erinaceus, and L. edodes, as reviewed by Jayachandran et al. (2017). A study conducted by  
Sawangwan et al. (2018) investigated the prebiotic properties of several edible mushrooms (A. 
auricula-judae, L. edodes, Pleurotus citrinopileatus, P. djamor, P. pulmonarius, and P. ostretus). 
The prebiotic properties were evaluated based on probiotic growth stimulation, pathogenic in-
hibition, and gastrointestinal tolerance. The highest probiotic growth stimulation was observed for 
Lactobacillus acidophilus cultured with L. edodes as well as for Lactobacillus plantarum cultured 
with P. pulmonarius. The highest survival in gastrointestinal conditions was noted in the case of P. 
djamor extract cultured with L. acidophilus. 

People vary in gut microbiota, so the diet may not be universal but rather the individual in the 
coming era. As already discussed, mushrooms differ in their polysaccharide content and structure, 
which perfectly combines with the variations of microbiota in individuals. 

4.13.1 Mushroom nutraceuticals and COVID-19: Efficient antiviral or another 
murky field? 

With the emergence of the coronavirus pandemic at the beginning of 2019, the dietary sup-
plement market experienced a period of significant increase. Simultaneously, adverse sources of 
information (governments, nutritional associations, health organizations, supplement producers, 
and marketers) bombarded the population with nutritional information on how to prevent COVID- 
19 (de Faria Coelho-Ravagnani et al., 2020). However, the information appears to be deduced from 
the pre-pandemic knowledge rather than current evidence. The Food and Agriculture Organization 
of the United Nations stated that no food or dietary supplements can prevent COVID-19 infection 
while at the same time insisting on a healthy diet to support a strong immune system (Maintaining 
a Healthy Diet during the COVID-19 Pandemic, 2020). However, lockdown measures affected the 
nutrition behavior of young adults. As identified by Huber et al. (2020), food consumption in-
creased in the stressful time, and it was triggered by the consumption of bread and confectionery. 
This study demonstrated that although some nutritional recommendations exist, they are hard to 
follow concerning other aspects in connection with pandemic (e.g. lockdown and restricted social 
life). Due to vague information about disease prevention, restricted approach to the burdened 
public healthcare system, and strong marketing of alternative measures, the population turned to 
over-the-counter products, like nutraceuticals and dietary supplements. 

As stated by market analysis companies, two-thirds of the U.S. population have taken dietary 
supplements since the pandemic started (Largest Coronavirus-Related Growth in Dietary 
Supplements Use U.S. 2020, 2020). The same growing interest and use of supplements was 
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confirmed by Hamulka et al. (2020), who performed Google Trends analysis and cross-sectional 
studies during two waves of the pandemic. The researchers reported increased interest in the use of 
vitamins and nutraceuticals, which started during the first COVID-19 wave. Consumer’s main goal 
was to strengthen immune system since no proper or effective measures were identified toward the 
virus. These beliefs were not supported by any scientific evidence so far. It has been stated that 
such a situation increased the risk of elevated intake of supplements due to irrational behavior as a 
consequence of the non-existing education of consumers. 

SARS-CoV-2 belongs to β-coronaviruses, and infections caused by this group are characterized 
by cytokine storm and lymphopenia (Li, Liu, et al., 2020). In severe cases, which account for about 
20%, additional lung infections occur due to invasive devices, sedation, and impairment of mu-
cociliary clearance (Maes et al., 2021). Although no effective treatment has been developed, pa-
tients are treated with non-corticosteroid anti-inflammatory immunosuppressing agents and 
corticosteroids, whose aim is to lessen the uncontrollable release of pro-inflammatory cytokines 
(Shahzad et al., 2020). Since the infection is characterized by cytokine storm, different studies 
examined the significance of pro-inflammatory cytokines as well as the moment of their release. 
Therapeutic effect has been observed when IL-1 family members and IL-6 cytokines were sup-
pressed (Murphy et al., 2020). At the same time, in patients who did not survive COVID-19 
infection, an increased level of IL-6 was measured. 

To identify possible treatment, different approaches have been evaluated, among them Chinese 
medicine including compounds like glycyrrhizin, hesperetin, baicalin, and quercetin (Li, Liu, et al., 
2020). Moreover, a clinical study, based on Ayurvedic medicine, was registered at https:// 
clinicaltrials.gov/ct2/show/NCT04530617. In this case, the medicinal plant Artemisia annua was 
tested against COVID-19 in a randomized, double-blind, placebo-controlled, multi-arm, multi-
center, phase II trial. Known for its ability to inhibit viral entry this plant’s active compound, 
artemisinin was effective in decreasing a composite outcome of hospitalization and improve viral 
clearance after 14 days of treatment (Romero et al., 2006). 

Based on the evidence of these traditional herbs, it is logical to expect benefits from medicinal 
mushrooms too. Besides being a part of a long tradition in Asia, novel studies confirmed several 
crucial activities when it comes to COVID-19. Mushrooms, especially their β-glucans, are im-
munomodulators and anti-inflammatory agents. This fact brings them under the focus since they 
can possibly affect a delicate mechanism of virus-induced inflammation: up- and down-regulation 
of cytokine release. 

Based on this logic Murphy et al. (2020) tested the immunomodulatory and cytoprotective 
properties of lentinan (β-glucan) isolated from L. edodes and commercial lentinan. The study was 
performed using in vitro models of lung injury and macrophage phagocytosis. Both compounds 
expressed varying immunomodulatory activities, thus, becoming relevant as agents for targeting 
COVID-19 induced cytokine storm. Furthermore, patients with COVID-19 develop secondary 
bacterial infections (>10%), often caused by antibiotic-resistant bacterial strains (Mahmoudi, 
2020). At the same time, macrofungi act as antibacterial agents and in some cases interact with 
antibiotics creating a multidrug-resistance inhibiting effect, which is known as single or multi- 
target action (Yamaç & Bilgili, 2006; Pandey et al., 2020). Masterson et al. (2019) tested 
β-glucan’s (from L. edodes) ability to decrease the number of clinically isolated Klebsiella 
pneumoniae using in vivo lung infection model. Application of shiitake’s glucan reduced bacterial 
load and improved physiological parameters. 

Another biological activity expressed by mushrooms is antiviral. They have been tested against 
different viruses, like infectious hematopoietic necrosis virus, herpes simplex type 1 virus, he-
patitis B, HIV, and influenza. Due to significant antiviral effect, two studies performed screening of 
available literature evidence and hypothesized about mushrooms’ possible antiviral activity against 
COVID-19 (Hetland et al., 2020; Shahzad et al., 2020). As perspective mushroom candidates A. 
subrufescens (as A. blazei), I. obliquus, G. frondosa, and H. erinaceus were selected. From 
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experiments with other viruses, these species exhibited several mechanisms of action, e.g. direct 
inactivation and inhibition of virus replication, upregulation of antiviral cytokines (IFN-α and 
IFN-γ), synergy with IFN α-2b, bypassing the gap between innate and adaptive immunity (Hetland 
et al., 2020). 

Although scarce, the existing literature on mushroom prophylactic and therapeutic use in 
COVID-19 sounds promising. This creates an opportunity for the study-based commercialization 
of mushroom nutraceuticals. However, it can easily slip into the murky area of other clinical 
study–unsubstantiated claims related to these products, in which case the chance for fair market 
expansion can be missed if mushrooms prove ineffective. This sensitive balance has been ex-
amined by Louca et al. (2020), who surveyed 1.4 million users of the COVID Symptom Study App 
with a questionnaire concerning the use of supplements. The authors investigated whether the 
regular use of dietary supplements reduces the risk of testing positive for SARS-CoV-2 infection. 
Among reported supplements, 6%–14% or risk lowering was in the case of omega-3 fatty acids, 
multivitamins, or vitamin D, especially in women, but not in men. No effect was observed for 
vitamin C, zinc, or garlic supplements. On the other hand, Majeed et al. (2021) found that patients 
with COVID-19 from southern India have a significantly lower level of selenium in serum 
compared with the control population and suggested selenium supplementation. In another multi- 
center, placebo-controlled, randomized clinical trial, Ashraf et al. (2020) found that treatment with 
honey and black cumin alleviated COVID-19 symptoms within 6 days. These examples prove how 
sensitive the topic of nutraceuticals and disease is. This is also a matter of culture: while the USA 
increased consumption of vitamins and minerals during the pandemic, consumers from Asia placed 
more trust in Traditional Chinese Medicine (TCM) products based on a survey posted by the New 
Zealand Institute for Plant and Food Research (Daily News on Nutraceuticals, Functional Foods, 
Health Food and Ingredients in Asia and Oceania.). This correlates with the fact that the Chinese 
government has officially added three TCM preparations as part of standard therapy for COVID-19. 
All three were tested in a clinical setting (Lian-Hua Qing-Wen Capsule, 2020, http://www. 
chictr.org.cn/showproj.aspx?proj=48889). As for the mushrooms, all patented antiviral products were 
applied by Stamets (2006), comprising of mycelium, extracts, and derivatives of mushrooms from 
several genera, which are listed in the patent as Fomitopsis, Piptoporus, Ganoderma, and a blend 
of medicinal mushroom species. The combination is stated as effective for preventing and treating 
influenza, avian influenza, rhinovirus, New World and Old World arenaviruses, hantavirus, Orthopox 
viruses, Venezuelan equine encephalitis, yellow fever, West Nile, Dengue, Rift Valley fever, sandfly 
fever, SARS, and other viruses. However, the patent has been abandoned in 2016, and a similar one was 
registered in France. It included the same mushroom species as in the previous patent, but claiming to be 
effective only against two viruses, pox and HIV (Stamets, 2005). Korean inventors included the fruiting 
body of Porodaedalea pini in a form of pharmaceutical composition claiming it to be effective against 
Coxsackie, herpes simplex, and influenza viruses (Kim et al., 2011). 

With such scarce literature, evidence, and absence of clinical studies to support the effec-
tiveness of mushroom nutraceuticals against COVID-19, the existing formulations are hard to 
evaluate. Deductive speculations can generate review papers thus pointing to the direction for 
future studies while the real market prospects still have to wait for the trial data. An increased 
number of clinical trials is still needed in order to build a solid base for the medicinal mushroom 
market worldwide. 

4.14 CONCLUSION 

With the outlook of the existing mushroom nutraceutical commercialization and market, it is 
evident that this field has a dual nature. While being traditionally used by many cultures, mushrooms 
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have not been that welcome among Western world countries. The situation started to change among 
the US consumers driven by the expensive health-care system and greater awareness of preventive 
health approaches. The mushroom nutraceutical sector is about to open even more once definitive 
clinical studies elucidate their effect as well as the side effects. From an industry perspective, drug 
delivery systems have to be improved. However, maybe the most important is the transparency in the 
process of raw material production and formulations, followed by the quality control system de-
velopment and standardization. Otherwise, this young nutraceutical sub-sector might miss exploiting 
in total its starting positive assets. The chemical nature of mushrooms provides multiple applications 
as evident in the case of gut microbiota modulation, sleep and mood disorders, neurodegenerative 
conditions, as well as in the case of constantly emerging viruses. 
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5.1 INTRODUCTION 

Minerals are fundamentally metals and other inorganic substances, present in all body tissues and 
fluids, and necessary for the maintenance of certain physicochemical processes essential to life 
(Gupta & Gupta, 2014). These micronutrients constitute approximately 4% of animal body weight 
(Radwińska & Żarczyńska, 2014). They are also called essential nutrients because they cannot 
be synthesized in the body and therefore must be taken through foods, water, or, in rare cases, 
supplements (Awuchi, 2020). Thus, a poorly balanced diet such as low intake of cereals, vegetables, 
legumes, and fruit as well as inadequate health care represents the most important contributor for 
mineral deficiency. Apart from that, certain diseases leave individuals less able to absorb minerals 
and more vulnerable to further illness (Gómez–Galera et al., 2010; Bhandari & Banjara, 2015). The 
situation has become an endemic ailment in many countries, particularly in low- and middle-income 
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nations because animal protein is in short supply due to viral diseases, drought, scarcity, and high cost 
of feed (Ndimele et al., 2017). Such micronutrient deficit, also known as hidden hunger, afflicts 
billions of individuals, or one in six people, globally (FAO, 2009). The effect can be distressing, 
leading to poor health, mental impairment, low productivity, and even death. Besides, vitamin ab-
sorption and function would be hampered in the absence of the specific mineral in the appropriate 
amount (Gupta & Gupta, 2014). It is thus suggested that patients who have a subclinical shortage of 
minerals may be at risk of impaired immune function and an increased chance of viral infections 
including the novel coronavirus (Shenkin, 2006; Mahluji et al., 2021). Consequently, mushrooms are 
considered a “powerhouse of nutrition” as they contain a lot of essential minerals. Wild, edible 
macrofungi may contain a relatively high concentration of crucial elements, even better than in-
habiting soil due to a large surface area to volume ratio that promotes high nutrient uptake. This 
contrasts with vascular plants proving mushrooms as good sources of many mineral elements (Jedidi 
et al., 2017; Gałgowska & Pietrzak–Fiećko, 2020). Generally, the ash content of mushrooms that 
provides a measure of the total amount of minerals ranges between 60 and 120 g/kg dry matter, which 
is somewhat higher than or comparable to those of many vegetables (Kalač, 2013). A few minerals, 
like potassium (K), phosphorus (P), iron (Fe), and zinc (Zn) are abundantly present in mushroom 
fruiting bodies (Wang et al., 2017). The other detected elements include calcium (Ca), magnesium 
(Mg), sodium (Na), manganese (Mn) copper (Cu), and selenium (Se). Along with these benefits, 
some toxic minerals like chromium (Cr), lead (Pb), cadmium (Cd), and arsenic (As) may also be 
detected in wild-grown fruiting bodies. The contents of these detrimental elements in cultivated 
mushrooms are generally low, particularly due to the use of unpolluted substrates (Falandysz & 
Borovička, 2013; Egbuna & Tupas, 2020; Rasalanavhoa et al., 2020). Subsequently, it is worth 
mentioning that fruiting bodies not only accumulate bioelements but can release minerals effectively 
into artificial digestive juices, ideal for human consumption (Zajac et al., 2015; Kała et al., 2016; Kała 
et al., 2020; Muszyńska et al., 2020). Currently, knowledge on the mineral profile in wild and cul-
tivatable mushrooms is relatively extensive, although fragmented. In many countries, mainly from 
the Northern Hemisphere, numerous studies have been conducted on the elemental composition of 
various edible macrofungi to more accurately estimate their nutritional value demanding a systematic 
and efficient congregation. In this review, we have tried to compile all the previously published 
reports to make an overview that might help future scientists to think differently on the exploitation of 
mineral enriched mushrooms in a better and effective way. 

5.2 MINERALS 

Minerals are mainly located in the skeleton, enzymes, hormones, and vitamins. They usually 
function as cofactors of enzymes and their presence at a balanced concentration is needed for 
numerous physiological processes including muscle contraction, nerve conduction, heart rhythm, 
and acid-base balance homeostasis. They also have structural functions particularly important 
for teeth and bones (Varela-López et al., 2016). Minerals can be classified as either major mi-
nerals (that are required in the diet each day in amounts of >100 mg) or trace elements (that are 
required in the diet each day in amounts of <100 mg). The major minerals include sodium, 
potassium, calcium, magnesium, and phosphorus, which are present in edible mushrooms in 
sufficient quantity, as summarized in Table 5.1. On the other hand, the trace minerals encompass 
iron, zinc, iodine, selenium, copper, cobalt, chromium, manganese, and molybdenum (Gupta & 
Gupta, 2014; Varela-López et al., 2016; Awuchi, 2020). Among them, iron, copper, zinc, 
manganese, and selenium are essential metals since they play a vital role in biological systems 
(Sesli et al., 2008) and mushrooms stand out for being an imperative source of these components 
(Table 5.2). 
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5.2.1 Calcium 

Calcium, the most abundant mineral in humans, is associated mainly with the formation and 
metabolism of bone. More than 99% of total body Ca is found as calcium hydroxyapatite in teeth and 
bones, providing hard tissues. The element is also involved in muscle contraction, cell differentiation, 
enzyme activation, immune response, neuronal activity, programmed cell death, vasodilatation, in-
tracellular signaling, and hormonal secretion. However, the human body system cannot produce Ca, but 
expends up to 100 mg of Ca in a day resulting in the deficiency of the mineral (Ogidi et al., 2020). The 
scarcity could cause various diseases such as osteoporosis, rickets, hypertension, anemia, and colorectal 
cancer (Beto, 2015; Pu et al., 2016). Supplementation of Ca into various food products has been an 
advantageous way to improve mineral dose in humans (Ogidi et al., 2020). 

Based on previous publications, the mushroom could be considered as an excellent food 
concerning contribution with Ca for the human body. However, the amount varies considerably in 
wild samples ranging from 22.7 mg/kg dry weight (DW) in the case of Sparassis crispa (Mleczek, 
Gąsecka, Budka, Siwulski, et al., 2021) to 4,700 mg/kg DW in Morchella eximia (Sarikurkcu et al., 
2012). A similar trend has also been observed in cultivated samples where the amount ranged 
between 53.7 mg/kg DW in Pleurotus ostreatus (Sharif et al., 2016) to 6,190 mg/kg DW as found 
in Pleurotus eryngii (Krakowsk et al., 2020). 

5.2.2 Potassium 

Potassium, the third most abundant mineral in the body, plays an important role in assisting 
nerve function and maintaining the balance of the physical fluid system. The element is also related 
to heart activity muscle contraction (Martínez–Ballesta et al., 2010). However, nowadays, intake of 
K has decreased due to processing of food and reduction in consumption of fruit and vegetables 
that in turn has greatly increased salt intake elevating the risk of high blood pressure (He & 
MacGregor, 2008). The deficiency may also result in fatigue, muscle weakness, cramping legs, 
acne, slow reflexes, mood changes, dry skin, and irregular heartbeat. Moreover, a reduced level of 
K causes alkalosis that makes the kidney less able to retain the mineral (Martínez–Ballesta et al., 
2010). The danger can be diminished by an adequate intake of potassium that may help reduce the 
risk of cardiovascular disease and stroke (He & MacGregor, 2008). 

High potassium content is characteristic of mushrooms where the amount varied from 
20–40 g/kg DW, as reported by Kalač (2013). Keleş and Gençcelep (2020) reported mineral 
composition of 20 wild macrofungi where the amount was quite lower ranging from 5.2 g/kg to 
15.75 g/kg DW. In contrast, some other naturally grown mushrooms namely Agaricus cam-
pestris (Falandysz et al., 2001; Sarikurkcu et al., 2012), Armillaria mellea (Falandysz et al., 
2001), Craterellus cornucopiodes (Turhan et al., 2010; Liu, Sun, et al., 2012), Lepista saeva 
(Falandysz et al., 2001), Amanita ovoidea, Collybia dryophila, Lyophyllum decastes, M. eximia, 
Morchella angusticeps (Sarikurkcu et al., 2012), and P. ostreatus (Demirbaș, 2001) were re-
ported to contain the mineral higher than 50 g/kg DW. 

5.2.3 Magnesium 

Magnesium is the second and fourth most abundant cation in the intracellular compartment and 
the whole body respectively. It acts as a cofactor for over 300 enzymes, regulating several fun-
damental functions such as muscle contraction, glycemic control, neuromuscular conduction, 
energy production, nerve transmission, active transmembrane transport of other ions, synthesis of 
nuclear materials, myocardial contraction, and bone development (Al Alawi et al., 2018). The 
mineral deficiency is linked with aging and age-related disorders, insulin resistance, intensification 
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of the stress response, calcium cell overload, ischemic heart disease, and endothelial dysfunction 
(Martínez–Ballesta et al., 2010; Podkowa et al., 2021). Besides, the element shows antioxidant 
activity and thus the shortage is related to the development of oxidative stress (Podkowa et al., 
2021). The recommended daily intake is 200–400 mg; but fruits and vegetables contain, in general, 
Mg2+ in the range of 5.5–191 mg/100 g fresh weight. Moreover, the Western diet encompasses 
more processed food and refined grains where 80%–90% of Mg2+ is lost during food processing. 
As a result, a significant number of people suffer from Mg2+ deficiency, which may comprise 
around 60% of critically ill patients (de Baaij et al., 2015). 

Chen et al. (2010) has suggested that magnesium deficiency could be overcome, or prevented, 
by regular consumption of mushrooms. Indeed, the element has been found in every studied 
sample in appreciable quantity. A large amount of magnesium has been reported in Boletus edulis 
(Zhang et al., 2010), Podaxis pistillaris, Termitomyces heimii (Sai & Basavarju, 2020), and 
Russula vesca (Adejumo & Awosanya, 2005) where the content exceeded 4,000 mg/kg DW. 
However, the result contradicts Liu, Zhang, et al. (2012) depicting <200 mg/kg DW of Mg in the 
case of Boletus speciosus, Leucopaxillus giganteus, and Morchella deliciosa. 

5.2.4 Sodium 

Sodium is the main cation of extracellular liquid and intake of the mineral is undoubtedly 
indispensable for normal body functions. The essential nutrient is required for maintaining cellular 
homeostasis, controlling blood pressure, and regulating fluid as well as electrolyte balance 
(Ciudad-Mulero et al., 2021). Apart from that, the element is equally important for the excitability 
of muscle and nerve cells, carrying nutrients through plasma membranes and maintaining extra-
cellular fluid volume. However, a clinically relevant food deficit of sodium is extremely unlikely in 
healthy individuals due to the presence of added salt in commonly used food products (Strazzullo, 
2014; Chawla et al., 2019). 

In general fruit, vegetables, oils, and cereals are low in Na with their content ranges from traces 
to ~20 mg/100 g contributing negligible total sodium intake (Kilcast & Angus, 2007). Conversely, 
mushrooms may be considered a better reservoir of the element where the quantity varied from 
43.1 mg/kg DW (Mleczek, Budka, et al., 2021) to 6,780.4 mg/kg DW (Heleno, Barros, et al., 
2015). However, as shown in Table 5.1, the study on Na content in macrofungi is still limited. 

5.2.5 Phosphorus 

Phosphorus is another essential nutrient for the body and routinely consumed through 
food. In humans, 70% of ingested phosphorus is absorbed and the element makes up about 1% 
to 1.4% of fat-free mass. It is generally absorbed through the intestine, transported in the 
bloodstream, and deposited in bones and teeth (Elekes & Busuioc, 2010). The element is an 
indispensable component of bones, teeth, and nucleic acids. In the form of phospholipids, 
phosphorus is also an ingredient of cell membrane structure and ATP, the body’s key energy 
source. In addition, the nutrient plays a key role in the regulation of gene transcription, main-
tenance of normal pH in extracellular fluid, and activation of enzymes (Heaney, 2012). An 
increase in serum levels of inorganic phosphate diminishes serum levels of ionic calcium that 
usually leads to hypophosphatemia. In contrast, dietary phosphate deficiency, mostly due to 
malnutrition, can impair the bone mineralization process and eventually lead to the development 
of rickets (Chen et al., 2016). 

In this context, mushrooms could be considered as good sources of phosphorus, although 
the content of P varies in a wide range (1.2 g/kg–25 g/kg DW) in the analyzed species. Overall, 
the nutrient concentration was described to be the lowest in the case of Leccinum scabrum 
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(Rudawska & Leski, 2005), while the highest level was detected in the case of L. saeva 
(Falandysz et al., 2001). 

5.2.6 Copper 

As an essential metal, copper is required for adequate growth, development, and survival. It is 
associated with myriad functions including cardiovascular integrity, free radical eradication, 
lung elasticity, energy production, neovascularization, neuroendocrine function, alterations in 
cholesterol metabolism, connective tissue formation, and metabolism of oxygen and iron (Failla 
et al., 2001). Shortage of the mineral has been linked with bone deformity during development 
contributing osteoporosis in adults. Marginal copper deficiency may participate in increased car-
diovascular risk and alterations in cholesterol metabolism (Araya et al., 2007). Copper has also 
been related to Fe deficiency anemia, altered immune response and augmented rate of infections 
(Gupta & Gupta 2014; Mahluji et al., 2021). The deficiency also promotes development of oxi-
dative stress-related disorders due to inhibition of superoxide dismutase or ceruloplasmin. Shortage 
of the mineral has frequently been reported in developed countries addressing supplementation as 
the right approach (Podkowa et al., 2021). 

Previous publications have reported that mushrooms contain superior extent of Cu and thus can 
be a better option for the micronutrient supplementation as compared to that of products of plant 
origin (Mirończuk–Chodakowska et al., 2019). To date, minimum 163 macrofungal species have 
been reported to comprise the element where most of the values mainly varied between 10–80 mg/kg 
DW. However, a higher amount is also evident as reported in case of P. pistillaris, T. heimii (Sai & 
Basavarju, 2020), M. procera (Mleczek, Budka, et al., 2021), C. rugosa (Keleş & Gençcelep, 2020), 
and Calvatia utriformis (Alonso et al., 2003) where the amount exceeded 200 mg/kg DW. Opposite 
to that, a few mushrooms, A. auricula (Nnorom et al., 2020), A. polytricha (Teke et al., 2021), 
Pholiota nameko (Rubio et al., 2018), and Sarcodon squamosus (Gezer et al., 2015), have been 
depicted to contain less amounts of copper. 

5.2.7 Iron 

Iron is an essential element for almost all living organisms as it participates in a wide range of 
metabolic processes. As a component of hemoglobin and myoglobin, it functions as a carrier of 
oxygen in the blood and muscles. The metal also plays an important role during synthesis of DNA, 
electron transport, inflammation, and immune response to infection (Mahluji et al., 2021). Disorders 
related to Fe metabolism are among the most common health problems and cover a broad spectrum 
of diseases including iron deficiency and neurodegenerative disorders (Sousa et al., 2019). Iron- 
deficiency anemia may be caused due to low dietary intake, excessive blood loss, inadequate in-
testinal absorption, and/or increased needs. The shortage occurring particularly during pregnancy 
may represent a high risk for fetal growth retardation, preterm delivery, inferior neonatal health, and 
low birth weight (Gupta & Gupta, 2014). 

According to previous studies, mushrooms are good source of iron. Up to now, more than 157 
species have been investigated for iron content where around 140 taxa showed presence of the 
mineral in the range of 100–900 mg/kg DW. Rubio et al. (2018) reported quite lower value in case 
of A. bisporus, L. deliciosus, L. edodes, P. nameko, and P. ostreatus. The report of Gezer et al. 
(2015) described less extent of Fe in Morchella costata, S. crispa, and T. aestivum. In contrast, iron 
content greater than 1 g/kg DW has been found in Boletus appendiculatus (Turkekul et al., 2004), 
C. cibarius (Sesli et al., 2008; Turhan et al., 2010), Coprinus atramentarius (Bengu, 2019), 
Lactarius triviralis (Adejumo & Awosanya, 2005), S. variegatus (Falandysz et al., 2001), and 
Xerocomus spadiceus (Wang et al., 2017). 
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5.2.8 Manganese 

Manganese is an essential nutrient in the human body, necessary for a variety of metabolic 
functions including synthesis and activation of certain enzymes mostly antioxidants, catalysis of 
hematopoiesis, energy metabolism, regulation of endocrine, neurotransmitter synthesis, improve-
ment in immune function, and acceleration in synthesis of protein, vitamin B, as well as C (Li & 
Yang, 2018). The element also plays an essential role in the regulation of bone and connective 
tissue growth and blood clotting (Avila et al., 2013). Manganese deficiency is quite rare in humans; 
thus, symptoms of the shortage are relatively elusive. However, it has been suggested that lacking 
the metal might cause poor growth in children, bone demineralization, altered mood, decreased 
serum cholesterol, change in lipid and carbohydrate metabolism, abnormal glucose tolerance, and 
increased premenstrual pain in women (Nielsen, 2012). 

In this context, many macrofungal species have been reported to contain Mn. Generally, the 
amount ranged between 5–90 mg/kg DW. In turn, a lower extent of manganese was found in H. 
erinaceum (Heleno, Barros, et al., 2015), Tricholoma anatolicum, T. aestivum (Gezer et al., 2015), 
and Volvopluteus gloiocephalus (Heleno, Ferreira, et al., 2015). Sesli et al. (2008) analyzed the 
level of certain metals, including Mn, in several wild mushrooms growing in Turkey, where most 
of the members were found to contain the element at the level of >100 mg/kg DW. A similar 
observation has also been reported by some other groups (Adejumo & Awosanya, 2005, Ouzouni 
et al., 2007, Sai & Basavarju, 2020). 

5.2.9 Zinc 

Zinc, an essential nutrient for human, is extensively involved in lipid, protein, nucleic acid 
metabolism, cell division and transcription. It is required for the metabolic activity of over 300 
enzymes, including those exhibiting antioxidant effects such as zinc-copper superoxide dismutase 
and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. The mineral also plays an 
extensive role in reproduction, wound repair, immune function, and complement activity (Gupta & 
Gupta, 2014). Zinc deficiencies, prevalent in developing countries, are estimated to affect ap-
proximately 17% of the world’s population, encompassing around 82% of pregnant women with 
inadequate zinc intake (Das et al., 2019). The mineral shortage during early life stages causes 
growth failure as gastrointestinal, epidermal, immune, skeletal, central nervous, and reproductive 
systems become the most affected. Therefore, it is important to supplement this metal in the daily 
diet to diminish the risk of zinc depletion (Roohani et al., 2013). 

The level of zinc absorption has been found to be greater from protein-rich food and this is why 
vegetarians suffer from a deficiency of Zn. Consequently, studies revealed that edible mushrooms 
contain higher amounts of Zn than that of fruits, herbs, crops, and vegetables. Indeed, zinc is one of 
the dominant elements in macrofungi and thus intake of 100 g of dried fruiting bodies provides 
about half of the daily Zn requirement. These bioresources could be an alternative for a vegetarian 
diet (Zajac et al., 2015; Mirończuk–Chodakowska et al., 2019). Among mushrooms, C. atra-
mentarius (Bengu, 2019); P. pistillaris, T. heimii (Sai & Basavarju, 2020), H. leucopus, T. auratum 
(Sarikurkcu et al., 2012), L. versipelle, and T. flavovirens (Falandysz et al., 2001) have been 
characterized by a high content of zinc. 

5.2.10 Selenium 

Another essential trace element for human health is selenium which is an indispensable 
component for several enzymes, such as glutathione peroxidase, thioredoxin reductase, deiodi-
nases, and iodothyronine 5-deiodinase. Selenium has other vital beneficial health effects, parti-
cularly in relation to cancer prevention and immune response (Rayman, 2000). Recent studies have 
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indicated that Se intake level below 30 μg per day can lead to increased aging and risk of car-
diovascular and other degenerative disorders. Thus, proper dietary supplementation of Se could 
reduce the danger of these diseases (Dong et al., 2021). 

Studies of Se content in mushrooms is relatively scarce as most of the edible species 
examined until now are selenium-poor (<1 mg/kg DW) (Falandysz, 2008) amongst the studied 
taxa, P. florida, L. edodes, H. erinaceus, A. bisporus, and A. auricula are known to be good 
selenium accumulators that can transform inorganic selenium into abundant selenoamino acids 
(SeMet, SeCys, and MeSeCys) (Dong et al., 2021). In this context, an excellent review has been 
published by Falandysz (2008), presenting Se content in 190 species belonging to 21 families and 
56 genera, where most of the members are considered edible. 

5.3 FACTORS AFFECTING MINERAL PROFILE 

As presented previously, the mineral profile in mushrooms greatly varies in comparison to 
plants. Various fungal factors that control the composition include development of mycelium, 
fungal structure, nutritional need, substrate decomposition activity, and morphological portion 
(Kułdo et al., 2014; Wang et al., 2017; Jedidi et al., 2017). Since each fruiting body can develop 
after crossbreeding of different hyphae, thus it presents a distinct genotype resulting in a wide 
variation in mineral content (Gałgowska & Pietrzak–Fiećko, 2020). In the case of mycorrhizal 
species, mycelium is characterized by the dense interlacement of hyphae, high surface to volume 
ratio, and grow up to 50 cm deep in the soil covering an area up to 100 m2 (Falandysz et al., 2001). 
Sometimes this absorbing device has a life span of more than 100 years and it is suggested that the 
level of elements in the fruit body significantly augments with the age of mycelium (Kalač, 2013). 
Besides, most of the elements in mushrooms are not evenly distributed in the whole basidiocarps. 
For instance, the highest concentration of K has been found in caps, followed by stipes, spore- 
forming parts, and spores (Zocher et al., 2018). Chen et al. (2010) have reported that R. griseo-
carnosa contains Na, K, P, Mg, Zn, and Cu in abundance in the pileus except Ca and Fe, which are 
present predominately in the stipe. The observation was in accord with Rudawska and Leski 
(2005), revealing minerals except Ca are preferably being translocated into the cap in eight studied 
fungal species. A similar trend has also been reported in case of B. edulis where several minerals 
(K, Mg, Cu, Fe, and Zn) were found to be present in higher quantities in the cap than the stipe 
(Zhang et al., 2010). Wang et al. (2017) collected eight samples from the wild and performed a 
comparative study on mineral profiles. Their research depicted the presence of Cu, Fe, and Zn in 
superior quantity in the cap; while Co, Mn, and Ni were detected in higher amounts in the stipe. In 
another study, hymenophore in mushrooms under investigation showed better metal levels than the 
rest of the fruit bodies (Alonso et al., 2003). 

Apart from species types, environmental conditions greatly affect the trace element level in fruit 
bodies as well (Gałgowska & Pietrzak–Fiećko, 2020). Principal environmental factors influencing 
such accumulation are acidic and organic matter content, biochemical composition, metallic ele-
ments, metalloids, soil pH, environmental pollution and texture, and other chemical elements in 
abundance (Kułdo et al., 2014; Jedidi et al., 2017; Wang et al., 2017). As such, some macromycetes 
can absorb heavy metals and accumulate them in fruiting bodies at concentrations higher than the 
substrate on which they grew (Kojta et al., 2012). Special care, hence, should be taken during har-
vesting and subsequent consumption in places where metal ores have been mined and processed for 
several years, leading to severe environmental contamination (Pająk et al., 2020). Attention must also 
be paid when using industrial wastes/sludge for mushroom cultivation, as toxic substances can be 
translocated from substrates to mushrooms (Falandysz et al., 2012; Yildiz et al., 2019). Indeed, 
previous reports have shown that a correlation between heavy metal concentrations of wild fungi and 
sources of metal pollution such as smelters, metal ore mines, or polluted urbanized areas and 
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consumption of these foods could be noxious (Işıloğlu et al., 2001; Falandysz & Borovička, 2013;  
Mleczek et al., 2015; Mleczek et al., 2016). The content of these elements in the fruiting bodies thus 
may be a determinant of environmental purity (Mirończuk–Chodakowska et al., 2019). 

Eventually, mineral content in the fruiting body depends on the type of substrate used for 
mushroom cultivation. For development, fungi require macronutrients, including C, P, N, Mg, and 
K, along with some trace elements such as Se, Fe, Mn, Zn, Mo, and Cu (Mleczek, Gąsecka, Budka, 
Niedzielski, et al., 2021). Some elements (Zn, Cu, and Mn) play an important role in the elim-
ination of quinine, a substance that inhibits fructification, and thus their inclusion in compost 
stimulates fruit body production (Calvalcante et al., 2008). Generally, lignocellulosic materials are 
a weak source of mineral content, and to increase the efficiency of mushroom yield, minerals are 
added in form of mineral salt and/or fertilizer. A recent study showed that the macro elemental 
composition of different species of Pleurotus increased in the case of K, Mg, Na, and P when 
fertilizer was added (Mleczek, Gąsecka, Budka, Niedzielski, et al., 2021). Various studies have 
tested the effect of different types of substrate or their supplementation with mineral salts on the 
outcome of the cultivation of Pleurotus mushrooms. Pleurotus ostreatus cultivated on sawdust of 
Pycnanthus ongoleubis showed an increase in mineral content, such as K, Na, Ca, Mg, and P 
(Oyetayo & Ariyo, 2013). In another study, six species of Pleurotus were cultivated on the iron- 
fortified agro-waste substrate to enrich mineral content. Estimated iron uptake in the investigated 
taxa ranged from 37.8 μg/g to 96.6 μg/g indicating cultivation of edible macrofungi enriched with 
iron could improve the socio-economic status (Ogidi et al., 2016). A similar trend has also been 
reported by Miletić et al. (2020) depicting mineral enrichment in Coriolus versicolor during 
submerged cultivation in a selenium‐fortified medium. Machado et al. (2016) depicted enrichment 
of minerals in Lentinus citrinus when cultivated on Theobroma grandiflorum exocarp mixed with 
rice bran in the ratio of 2:1. Exogenous Se application mainly in form of selenite is useful for fruit 
body production of L. edodes (Zhou et al., 2018). Besides, the bioavailability of minerals also 
depends on the food processing method. Dried materials have been demonstrated to contain higher 
quantities of elements than fresh or frozen material, which is directly related to low water content. 
Lyophilization and sun-drying methods have been suggested to be more advantageous than that of 
drying in a dryer in terms of release of elements. Similarly, fresh material was found as a more 
valuable source of minerals than frozen material (Kała et al., 2020). Mineral content in mushrooms 
is linked to the cooking process as well. The highest reduction in mineral content (K, Mg, P, Mn, 
Na, and Cu) was observed in boiled shiitake mushrooms, followed by blanching and steaming. 
However, microwaving and roasting treatments resulted in greater retention of all minerals in 
comparison to other treatments. The observation could be justified as loss of minerals by leaching 
into cooking water which can be restored by microwaving or roasting in the case of L. edodes (Lee 
et al., 2019). Karun et al. (2018) depicted that cooking adversely affects sodium, potassium, 
calcium, magnesium, phosphorus, iron, and copper in A. auricula. Nevertheless, the Na/K ratio 
(0.32 uncooked, 0.47 cooked) and Ca/P ratio (2.01 uncooked, 1.88 cooked) in A. auricula were 
found to be favorable for human health. As such, Ca/P ratio >1 helps to prevent loss of calcium in 
the urine and Na/K ratio <1 helps to control high blood pressure. 

5.4 MINERAL FORTIFICATION 

Several strategies have been employed to supplement micronutrients to women and children. 
These include education, dietary modification, food rationing, supplementation, and fortification. 
Food fortification is the process of adding micronutrients to foods and has been practiced in de-
veloped countries for well over a century now (Das et al., 2019). Certain types of fortification are 
more accurately called enrichment in which micronutrients added to food are those that are lost 
during processing (Whiting et al., 2016). In recent times, scientists are emphasizing artificially 
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enriching mushrooms with different mineral compositions to make them a valuable product for 
patients suffering from different diseases and mineral deficiency. In this context, several re-
searchers have prepared mushroom fortified foods and evaluated the effect on the nutritional 
property (Salehi et al., 2016). Kumar and Barmanray (2007) reported that incorporation of 20% 
button mushroom powder into wheat flour could increase ash content by around three times. In 
separate research, quality characteristics of mushroom-wheat-oats enriched flour have been eval-
uated. Results showed that the use of different levels of P. ostreatus for the production of fortified 
food augmented the ash content of the preparation along with the elevated level of Na, Fe, K, Ca, 
and Mn (Farzana et al., 2019). A similar observation has also been reported by Parvin et al. (2020), 
reporting P. ostreatus fortified noodles contained a higher level of Fe, Ca, and K than the noodles 
made from wheat only as well as locally branded noodles. The same genus has been used by 
another group of scientists (Bello et al., 2017) to prepare biscuits and investigated nutrient com-
position and sensory characteristics of the fortified food. Results showed that the formula prepared 
by mixing the mushroom powder (P. sajur-caju) with wheat in the ratio of 3:7 contained a superior 
quantity of K, Na, Ca, Mg, P, Fe, Cu, Zn, and Mn. Alongside Ca/P ratio value was found to be 
within the range of 0.59–1.03, indicating that the preparation would be a good source of minerals 
for bone formation. Ibrahium and Hegazy (2014) performed an extensive study to evaluate the 
effect of partial replacement of wheat flour by different levels (10%, 20%, and 30%) of the mixture 
of mushroom (Pleurotus plumonarius) powder and sweet potato flour at equal rates on chemical 
and sensory characteristics for prepared biscuits. The outcome revealed that incorporation of the 
preparation into the formula caused escalation in total ash content, including Fe, Ca, K, and P.  
Singh et al. (2016) depicted that the addition of L. edodes powder for preparation of biscuits 
improved nutrient content (P and Ca). A novel formulation of sponge cake production with button 
mushroom has been developed where the mushroom powder was substituted at the 5%–15% 
elevated ash content (Salehi et al., 2016). In another study, P ostreatus and Calocybe indica were 
used at the level ranging from 0%–20% to substitute wheat flour in bread formulation. The attempt 
increased K, Na, Ca, Mg, Mn, Cu, Zn, and Fe content of the bread significantly with an increase in 
the mushroom powder (Oyetayo & Oyedeji, 2017). Dong et al. (2021) showed that Se bioforti-
fication increased biomass yield of the fruiting body of F. velutipes and an elevated content of 
several minerals (Fe, Ca, and Cu) and thus enhanced the nutritional value. Enrichment of growth 
medium with Se and Zn was also found to be effective in biofortification in both mycelium and 
fruiting bodies of P eryngii (Zięba et al., 2020). All these findings suggest that the fortified 
mushroom has the chance for improving nutritional values with consumer acceptance and com-
mercial preference for the manufacturers. 

5.5 CONCLUSION AND FUTURE PERSPECTIVES 

All in all, edible mushrooms could be considered as a reservoir of a range of minerals, as 
revealed by extensive studies from all over the world, particularly from the Northern Hemisphere. 
Several species were found to contain a significant quantity of major minerals presented mainly in 
the order of K> P> Mg> Ca> Na. Attention has also been paid to procure trace elements profile 
where Fe, Zn, and Cu remain mainly in focus; while studies on other essential elements such as Se 
are limited. Unreasonable use of pesticides and fertilizers, as well as extensive industrial and urban 
pollution, can affect the mineral composition of edible macrofungi, even though health risk has 
been assessed as negligible. Research should also be conducted to investigate the effect of sub-
strate type on mineral profiling of cultivatable species so that such nutrient-enriched taxa can 
further be utilized to develop fortified food as supplementary foods to the populations largely 
dependent on a cereal diet. In this context, the release of minerals from fruit bodies or bioac-
cessibility must be extensively investigated for effective downstream application. 
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6.1 INTRODUCTION 

Edible mushrooms are the delicacies in the different food cuisines because of its medicinal, 
nutritional, and organoleptic characteristics and the commonly consumed ones in the whole world 
are Agaricus bisporus, Pleurotus spp., and Lentinus edodes (Roncero-Ramos & Delgado-Andrade, 
2017). The largest producer of mushrooms in the world is China, followed by the United States, the 
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Netherlands, Poland, Spain, and France (Erjavec et al., 2012). Due to their high dietary fiber, low- 
fat content, and low-calorie content, edible mushrooms are considered good for human con-
sumption. The protein content in edible mushrooms varies from 19% to 37% of dry weight along 
with the presence of essential amino acids (Bach et al., 2017). The presence of enzymes and 
bioactive compounds in edible mushrooms other than nutritional and gastronomic value makes it 
valuable for pharmaceutical industries. Various researchers have explored the anti-hypertensive, 
anti-cancer, anti-microbial, anti-viral, anti-oxidant, anti-inflammatory, hypolipidemic, hypogly-
cemic, and immune-modulatory properties (Carrasco-González et al., 2017 and Rathore et al., 
2017). The increase in population worldwide has increased the demand for food and the estimated 
increase in population by 2050 is more than 9 billion, which demands an increase in agricultural 
production by 70% as stated by Food and Agriculture Organization. Henceforth, finding alternative 
sources of protein needs the production of high-quality protein in less space and time. Protein is an 
important nutrient for the human body and plays an important role in the maintenance of body 
tissues as enzymes and hormones (Bhutta et al., 2013). Edible mushrooms are considered a source 
of high-quality protein because of the presence of most of the essential amino acids and due to their 
fast production and low monetary expenditure on production other than that of animal and plant 
proteins. These can be grown on various substrates like waste from agricultural industries, paper, 
and wood, which makes them eco-friendly (Lavelli et al., 2018). Mushrooms possess anti- 
microbial properties because of the presence of secondary metabolites including steroids, terpenes, 
benzoic acid derivatives, and quinolones and primary metabolites like oxalic acid proteins and 
peptides. Lentinus edodes is the commonly studied species of mushroom for its anti-microbial 
action against both gram-positive and gram-negative bacteria (Alves et al., 2012). Various varieties 
of mushrooms have been utilized for the treatment and prevention of diseases due to their phar-
maceutical and immunomodulatory properties since ancient times (Patel & Goyal, 2012). The 
medicinal functions imparted by the mushrooms include anti-diabetic, anti-allergic, cardiovascular 
protector, anti-bacterial, anti-parasitic, hepato-protective, anti-cholesterolemic, anti-cancer, and 
also the protection from tumor development and anti-inflammatory processes (Chang & Wasser., 
2012; Finimundy et al., 2013; Zhang et al., 2011). 

6.2 VARIOUS SPECIES OF EDIBLE MUSHROOMS ALL OVER THE WORLD 

The different varieties of edible mushrooms grown worldwide are shown in Table 6.1. A. bis-
porus is the most cultivated mushroom in the world and is widely studied for its therapeutic and 

Table 6.1 Various species of edible mushrooms grown worldwide     

Name of the species Country/region References  

Agaricus bisporus Worldwide  Ho et al., 2020,  Wasser, 2002 

Lentinus edodes (shiitake 
mushroom) 

Worldwide  Al-Dbass et al., 2012 

Flammulina velutipes (enoki 
mushroom) 

Taiwan  Yeh et al., 2014 

Ganoderma sp.Omphalotus 
oleariusHebeloma mesophaeum 

NigeriaChinaJapanKorea  Aremu et al., 2009,  Valverde 
et al., 2015 

Tricholoma matsutake, Lactarius 
hatsudake and Boletus aereus 

China  Wang et al., 2014 

Agaricus blazei Brazil  Hakime-Silva et al., 2013 

A. subrufescens United States of America  Wisitrassameewong et al., 2012 

L. polychrous Northern and Northeastern 
Thailand  

Thetsrimuang et al., 2011    
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medicinal properties (Lee et al., 2013). A. blazei is grown in Brazil and is also cultivated in Japan. It is 
also known as “sun mushroom” and nowadays it is also used in tea and food due to its medicinal 
properties. It also possesses antimutagenic, immunostimulatory, and anticarcinogenic properties 
(Hakime-Silva et al., 2013). A. subrufescens is also known as “almond mushroom” for its almond 
taste and is grown in the USA. It is rich in bioactive compounds that help in treating diabetes, 
hyperlipidemia, arteriosclerosis, cancer, and hepatitis (Wisitrassameewong et al., 2012). L. edodes, or 
“shiitake mushroom”, has been used for many years for its excellent effect on human health. It has 
been proven to treat the common cold by Mattila et al. (2001). L. polychrous grown in Thailand is 
used in medicine to treat dyspepsia or envenomation caused by snake or scorpion bites. Pleurotus, or 
“oyster mushroom”, has approximately 40 species and is used for its health-promoting properties 
due to the presence of compounds like lectins which possess immunomodulatory and antitumor 
properties. It has also shown hematological, antibacterial, hypocholesterolemic, and antioxidant 
properties (Makropoulou et al., 2012). Ganoderma, also popular as the “mushroom of immortality”, 
has been used in Chinese medicine for the treatment of neurasthenia, carcinoma, hypertension, and 
hepatopathy (Mahajna et al., 2008). 

6.2.1 Nutritional profiling of edible mushrooms 

Edible mushrooms are high in protein and carbohydrates and are also a rich source of vitamins 
and minerals (Kayode et al., 2015; Han et al., 2016). They are considered useful for vegetarian 
people as they provide the essential amino acids and, besides that, they also contain different 
bioactive compounds with various health benefits (Valvarde et al., 2015). The nutritional value is 
highly influenced by growth conditions, characteristics, and postharvest conditions, and also the 
great variations are seen among and within species (Kalač, 2013; Reis et al., 2012). 

6.2.2 Energy 

The energy content of Ganoderma spp. and Hebeloma mesophaeum was calculated by Aremu 
et al. (2009) and the values reported were 1,476.7 kJ/100 g and 1,513.5 kJ/100 g, respectively, 
which indicated that the mushrooms are the denser source of energy as compared to cereals. 
Mushrooms are considered a low-calorie food, as they are low in fat content, i.e. 20–30 g/kg of dry 
matter (Guillamón et al., 2010). 

6.2.3 Carbohydrates 

Mushrooms are a good source of both digestible carbohydrates (glucose, glycogen, trehalose, 
and mannitol) and non-digestible carbohydrates (chitin, β-glucan, and mannans), which form the 
larger portion of total carbohydrates (Samsudin & Abdullah, 2019). The quality of powder pro-
cessed from an oyster mushroom, a variety of Pleurotus sajor-caju (PSC), was studied by Han 
et al. (2016) and the result stated that PSC powder showed high content of carbohydrates (60.47 g/ 
100 g). Polysaccharides including dietary fibers are present in PSC, which provides medicinal and 
pharmacological properties to it (Elleuch et al., 2011). 

6.2.4 Proteins 

Different parts of a mushroom, the cap, stalk, and cap with stalk, have a difference in nutritional 
content, especially protein. The cap of an oyster mushroom contains 34.19/100 g, cap with stalk 
contains 30.48 g/100 g, and stalk contains 20.96 g/100 g of protein (Oluwafemi et al., 2016). Three 
different varieties of edible mushroom grown in Nigeria, namely Ganoderma sp., Omphalotus 
olearius, and Hebeloma mesophaeum, as shown in Table 6.1, were studied by Aremu et al. (2009) 

EDIBLE MUSHROOMS: A SOURCE OF PROTEIN                                                                          171 



and reported the protein content in the range of 18–5–21.5/100 g. Maize flour was fortified with 
mushroom flour from Agaricus bisporus and Pleurotus ostreatus (Ishara et al., 2018) and the result 
reported the protein content of maize flour was increased from 6.9 g/100 g to 15.87 g/100 g (Agaricus 
bisporus) and up to 19.32 g/100 g (Pleurotus ostreatus). They also contain essential amino acids 
including threonine, histidine, glutamic acid, aspartic, lysine, phenylalanine, isoleucine, leucine, and 
methionine (Passari et al., 2016; Wang et al., 2014), and out of these, glutamic acids and aspartic 
acids are responsible for imparting umami taste to the mushrooms (Tsai et al., 2008). 

6.2.5 Lipids 

The major fatty acid reported in mushrooms is palmitic, oleic, and linoleic acids (Valverde 
et al., 2015). Polyunsaturated fatty acids are mostly found in edible mushrooms, which further 
helps in lowering cholesterol (Guillamón et al., 2010). Ergosterol is the major sterol produced by 
the edible mushrooms and it has been stated that sterol helps in preventing cardiovascular diseases 
(Kalač, 2013). 

6.2.6 Vitamins 

Various varieties of edible mushrooms, namely Pleurotus sp., Hygrocybe sp., Hygrophorus sp., 
Schizophyllum commune, and Polyporus tenuiculus, were studied for the distribution of vitamins 
including vitamin A, E, C, B1, and B2 by Chye et al. (2008). The result reported that Schizophyllum 
commune has the highest content of vitamin A (2,711.30 mg/g fresh weight) and vitamin E (85.08 
mg/g fresh weight). Keegan et al. (2013) have stated that edible mushrooms can act as a biological 
precursor to vitamin D2 due to the presence of ergosterol. 

6.2.7 Minerals 

Alexopoulos et al. (1996) stated that Marasmius oreades (fairy mushrooms) are a good source 
of zinc, folic acid, iron, and copper and Lentinula edodes have a low amount of glucose and 
sodium, which makes it the perfect choice for the diabetic population. Phosphorous, potassium, 
and magnesium are the minerals that were found abundantly in mushrooms with 497.35 mg/100 g 
in the cap, 340.59 mg/100 g stalk, and 466.24 mg/100 g caps with a stalk (Oluwafemi et al., 2016). 
Potassium is the major element found in mushrooms and is unevenly distributed too in different 
parts of the fruit body. The high concentration is found in the cap followed by the stipe, spore- 
forming part, and the least in spores. Magnesium is the second highest mineral found abundantly in 
mushroom species (Kalač et al., 2010). 

6.3 COMPARATIVE ANALYSIS OF EDIBLE MUSHROOMS WITH OTHER PROTEIN 
SOURCES 

The amino acid content from different sources should be balanced to meet the requirement of 
the consumer. The protein content of Terfezia claveryi (desert truffle) was found to be the highest 
(62.1 g/100 g) among the species provided in the data, while Letinus edodes (shiitake mushroom) 
had the lowest protein content (2.2 g/100 g) (Ho et al., 2020). When compared with other sources 
of protein, it was found that T. claveryi and Arthrospira platensis (spirulina) had almost the same 
amount of protein content, that is 62.1 g and 63 g, respectively (Roberto, 2015). Therefore, a 
complete analysis of protein content present in mushrooms is represented with different sources of 
proteins in Table 6.2. 
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6.4 PROTEIN DIGESTIBILITY OF EDIBLE MUSHROOMS 

Protein that contains all essential amino acids is termed a complete protein, while that lacks one 
or more essential amino acids is termed an incomplete protein. Protein digestibility mentions the 
amount of protein available for absorption after the digestion process has finished. It has been 
investigated that lysine, methionine, cysteine, threonine, and tryptophan are capable of limiting the 
quality of protein for human consumption as some essential amino acids can be synthesized from 
precursors, such as branched-chain keto acids and homocysteine (Reinert et al., 2020). The 
Essential Amino Acid Score (EAAS) measures the proportion of each essential amino acid in a test 
protein to determine if the protein is complete, where a score ≥ of 1.0 indicates that the mushroom 

Table 6.2 Comparative analysis of edible mushrooms with other protein sources      

Mushroom species 

S.no. Sources Protein content References   

1. Agaricus bisporus 3.09 g/10 0g  Ho et al. (2020)  

2. Flammulina velutipes 2.66 g/100 g  

3. Letinus edodes 2.2 g/100 g  

4. Pleurotus ostreatus 3.3 g/100 g  

5. Pleurotus djamor 22.5% d.m.  González et al. (2020)  

6. Agaricus brasilensis 33.3% d.m.  

7. Pleurotus eryngii 16.4% d.m.  

8. Pleurotus ostreatus (white oyster) 22.5% d.m.  

9. Pleurotus ostreatus (black oyster) 36.9% d.m.  

10. Terfezia claveryi 62.1 g/100 g  Dabbour and Takruri (2002)  

11. Tricholoma terreum 55.5 g/100 g  

12. Agaricus macrosporus 35.3 g/100 g  

13. Hypsizygus tessellatus 33.8 g/100 g  Chauhan et al. (2017)  

14. Calvatia gigantea 34.37% d.m.  Kivrak et al. (2016)  

15. Auricularia auricula-judae 12.5 % d.m.  Bandara et al. (2019)  

16. Sparassis crispa 13.4 g/100 g  Kimura (2013) 

Other protein sources 

S.no. Sources Protein content References  

1. Milk 3.2 g/100 g  Pereira (2014)  

2. Egg 12.5 g/100 g  Réhault-Godbert et al. (2019)  

3. Spirulina 63 g/100 g  Roberto (2015)  

4. Soybean 36.4 g/100 g  Rizzo and Baroni (2018)  

5. Chickpeas 20.4 g/100 g  

6. Fava beans 26.1 g/100 g  

7. Navy beans 22.3 g/100 g  

8. Kidney beans 23.5 g/100 g  

9. Lentils 24.6 g/100 g  

10. Peanuts 25.8 g/100 g  

11. Quinoa 15% d.m.  Filho et al. (2015)  

12. Walnuts 14.3 g/100 g  Cannella and Dernini (2004)  

13. Pumpkin seeds 30.23 g/100 g  Syed et al. (2019)  

14. Sesame seeds 18.35 g/100 g  Elleuch et al. (2007)  

15. Sunflower seeds 20.78 g/100 g  Anjum et al. (2012)    
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has all the essential amino acids. The limiting amino acids for A. brasilensis were isoleucine and 
valine, while for P. eryngii, P. ostreatus (black oyster), and F. velutipes was leucine. The species 
which contained all essential amino acids were A. bisporus (champignon and portobello), 
L. edodes, P. djamor, and P. ostreatus (white oyster) (Reinert et al., 2020). Some of the EAAS of 
certain edible mushroom species are provided in Table 6.3. 

The apparent digestibility (AD) measures the amount of protein available for absorption after 
the ingestion of food products. The fecal nitrogen loss in the case of adults is measured to be 
12 mg/kg/day while for infants it is as high as 20 mg/kg/day. True protein digestibility (TPD) 
measures the amount of fecal nitrogen that is derived from endogenous intestinal losses. The most 
protein assimilation was noted to be of Agaricus macrosporus with 80.50% score, while the least 
protein digestibility was measured in Pleurotus sajor-caju with a 43.38% score (Dabbour & 
Takruri, 2002). The biological value (BV) of protein is determined by measuring the amount of 
nitrogen consumed and excreted, which is mainly the consumption of amounts of urinary and fecal 
nitrogen followed by the losses of urinary and fecal nitrogen. The BV of Lentinus Lepidus was 
63.72, P. sajor-caju had 71.94, P. ostreatus had 74.82, and L. edodes had 77.18 (Cuptapun et al., 
2010). The protein digestibility corrected amino acid score (PDCAAS) is a scale that measures the 
nutritional quality of protein with the content and profile of essential amino acids in the test protein 
when compared with the reference protein. The PDCAAS value of 0.70 was found in Tricholoma 
terreum (in vitro), which had only tryptophan as the limiting amino acids. The lowest PDCAAS 
value of 0.38 was found in Lentinus edodes (in vitro), which also had only tryptophan as the 
limiting amino acid. When compared with the animal protein then, the meat had the PDCAAS 
value of 0.94 (Dıez & Alvarez, 2001; Cuptapun et al., 2010). 

Protein efficiency ratio (PER) refers to the assessment of the quality of proteins examined by 
the weight gain of the subject concerning protein intake (Gonzalez et al., 2020). The highest PER is 
shown by the species P. ostreatus (black oyster), while the lowest PER is shown by F. velutipes 
and L. edodes. PER of different species of edible mushrooms is provided in Table 6.4. 

6.5 HEALTH BENEFITS AND PHARMACOLOGICAL PROPERTIES OF 
MUSHROOMS 

Mushrooms offer different benefits, which are contributed by different bioactive compounds 
present in them such as β-D-glucans, grifolan, proteoglycan, heteroglycan, galactomannan, 
glucoxylan, agaricoglyceride, lentinan, hericenons, erinacines, hericerins, resorcinols, steroids, 
mono-terpenes, diterpenes, pyrogallol, hydroxybenzoic, and many more (Yeh et al., 2011; Sanchez 
et al., 2017). These compounds are responsible for various roles in the body, including antioxidant 
action, anti-carcinogenic property, immunomodulating property, antibacterial and antiviral 
mechanisms, hemagglutinating effects, hypolipidaemic properties, anti-diabetic effects, as an an-
ticoagulant, anti-tumor effect, anti-thrombotic activity, and anti-allergic actions (Wong et al., 2007;  

Table 6.3 Protein-efficiency ratio of different species of edible mushrooms     

Mushroom species PER Reference  

Agaricus bisporus (Champignon) 0.074  Bach et al. (2017) 

Agaricus brasilensis 0.090 

Flammulina velutipes 0.051 

Letinus edodes 0.051 

Pleurotus djamor 0.061 

Pleurotus ostreatus (black oyster) 0.098 

Pleurotus eryngii 0.059    
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Kim et al., 2008; Bisen et al., 2010; Moro et al., 2012; Cheung, 2013; Kozarski et al., 2015; Kivrak 
et al., 2016). They exhibit the power to scavenge free radicals, prevent lipid peroxidation, and chelate 
iron. Moreover, due to the presence of polysaccharides, they have been known to possess an anti- 
inflammatory mechanism and, therefore, prevent the risk of certain chronic diseases such as cardi-
ovascular diseases, atherosclerosis, cancer, rheumatoid arthritis, hypertension, and neurodegenera-
tive disorders as well (Deepalakshmi & Sankaran, 2014; Chien et al., 2016; Shah et al., 2018). A 
detailed description of various pharmaceutical and therapeutic roles exhibited by mushrooms is 
provided in Table 6.4. 

6.6 ROLE OF EDIBLE MUSHROOMS AS FUNCTIONAL FOODS 

Mushroom cultivation is global. Edible mushrooms are tasty food, a source of non-animal 
protein which fits well with the social and religious well-being of people (S Li et al., 2017). 
Various types of nutritious mushroom dishes are consumed around the globe. Mushrooms are 
excellent functional food. As per the Oxford Dictionary, functional foods are “food that has had 
substances that are good for your health, especially added to it”. Nutrients in natural foods make all 
food functional, yet in functional food, some processed foods are added with specific ingredients 
that benefit human health. Therefore, functional foods are foods with positive health benefits that 
exceed those attributable to the nutritional value of the food, promote optimal health, and reduce 
the risk of many diseases (Bains & Chawla, 2020). Evidence suggests that edible mushrooms 
contain many compounds with biological properties such as “antimicrobial, antioxidant, antitumor, 
antidiabetic, immunomodulatory, hepatoprotective and hypocholesterolemic activities” (Chang & 
Miles, 2004). Because of the nutritional and medicinally important components, mushrooms are 
functional foods. Mushrooms enhance the immune system and natural defenses against several 
diseases. (Raghavendra et al., 2017). They release bioactive compounds, for instance, b-glucans, a 
polysaccharide constituent of the cell wall of mushrooms, resists gastrointestinal enzymes, aiding 
in the increase of feces volume and intestinal mobility and resists peptides, chitinous substances, 
terpenes, sterols, and phenolic compounds as well as absorb less toxic and harmful chemicals; 
thereby cancer incidence is low (Wani et al., 2010; Cheung, 2013; Deepalakshmi & Sankaran, 
2014; Rosli et al., 2015; Ruthes et al., 2015). There is evidence that mushroom and polysaccharide 
intake improves cardiometabolic fitness, vitamin D status, and immune function (Fritz et al., 2015;  
Cashman et al., 2016; Dicks & Ellinger, 2020). Mushrooms contain glutamine and glutamate, 
which are raw material for functional foods (Raghavendra et al., 2017). According to Ahmad and 
Singh (2016), white bread nutritional quality improves by adding mushroom species A. bisporus 
with dried dates; also, Arora et al. (2017) found sponge cake nutritional quality and sensory ac-
ceptability improved with powdered A. bisporus. 

Not only that, mushroom intake could be inversely associated with cancer risk, particularly 
breast cancer (Shin et al., 2010; Li et al., 2014; Ba et al. 2020). Mushroom consumption can protect 
against obesity-related hypertension and dyslipidemia by mediating antioxidant and anti- 
inflammatory pathways (Ganesan & Xu, 2018; Grotto et al., 2019). Mushroom polysaccharides can 
function as prebiotics in the digestive system because they have antioxidative, anti-inflammatory, 
and immunomodulating properties (Friedman, 2016). Further, the Mushrooms and Health Summit 
Proceedings proposed benefits for memory, breast cancer risk reduction, weight loss, and oral 
health (Feeney et al., 2014). It is well known that consumption of edible mushrooms results in 
reduced plasma cholesterol, low-density lipoprotein, and increased high-density lipoprotein as the 
positive improvements in blood lipid levels (Turnbull et al., 1990; Ishikawa, 1994; Nakamura 
et al., 1994; Homma et al., 1995; Ruxton & McMilan, 2010). The plasma lipidome (the entirety of 
lipids in cells) is modulated by regular mycoprotein intake over a week, supporting the hypothesis 
that mycoprotein favorably modulates lipid regulation (Coelho, 2020). Research indicated that 
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glycemia and insulinemia markers improved, insulin levels decreased, and hyperinsulinemia and 
hyperaminoacidemia were maintained (Turnbull & Ward, 1995; Bottin et al., 2016; Dunlop et al., 
2017). Although more research is required to analyze habitual intake of mushrooms as protein 
sources in relation to specific health markers, as observational studies often neglect this significant 
dietary component, evidence shows that eating 226 g of roasted Agaricus bisporus mushrooms 
increases average stool weight and results in a greater abundance of Bacteroidetes (beneficial gut 
bacteria) and reduced levels of less favorable firmicutes (Hess et al., 2018). In healthy lean, 
overweight, and obese adults, mycoprotein consumption was linked to lower insulin levels and 
appeared to reduce ad libitum energy intake (Cherta-Murillo et al., 2020). 

6.7 ROLE OF EDIBLE MUSHROOMS AS A NUTRACEUTICAL SOURCE 

Mushrooms possess nutritional and nutraceutical properties because of their natural compo-
sition (Atri & Singh, 2017). They are high in vital nutrients such as carbohydrates, proteins, 
vitamins, minerals, antioxidants, and bioactive components (Nyman 1994; Chang & Miles, 2004;  
Voet &Voet, 2004; Prabu & Kumuthakalavalli, 2016). For instance, Ashraf et al. (2020) reported 
that cordycepsis is a rare, naturally occurring entomopathogenic fungus that can be found at high 
altitudes on the Himalayan plateau and is used in traditional Chinese medicine. Cordyceps contains 
several bioactive elements, the most important of which is cordycepin, which has tremendous 
therapeutic and nutraceutical potential. Cordycepin is also a bioactive component because of its 
structural similarity to adenosine. Nutraceuticals based on cordycepin would attract a lot of at-
tention and money in the global market. Nutraceuticals can dramatically reduce antibiotic use, 
which is becoming more prevalent as life expectancy increases and lifestyle diseases are also on 
the rise. Researchers can identify and characterize mushrooms for their bioactive compounds using 
advanced technologies such as attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 
spectroscopy. ATR-FTIR is a potential process analytical technology tool in the mushroom in-
dustry. Traditional analytical techniques/assays for measuring bioactive compounds in mushrooms 
can be time-consuming, labor-intensive, and costly. Such a tool (i.e. predicting the content of 
mushrooms in selected constituents) could be handy in the mushroom industry, both for farmers as 
a way of promoting a high-value nutraceutical commodity and for companies processing mush-
rooms to make health-promoting foods or drugs/cosmetics (Bekiaris et al., 2020). Venditti et al. 
(2016) identified 13 compounds in Suillus bellinii by using classical chromatographic methods as 
well as spectroscopic techniques (nuclear magnetic resonance and mass spectroscopy). S. bellinii 
has been used for health and nutraceutical purposes, based on the identified components and their 
nutritional/healthy properties. Suillus bellinii mushroom’s applications range from medicine (due 
to suillin’s high cytotoxic and antitumor properties) to nutrition (due to the presence of essential 
nutrients such as amino acids and pre-vitamin D2 (ergosterol), as well as low-calorie sweeteners). 
Cantharellus cibarius, another edible mushroom, contains bioactive properties contain useful 
phytochemicals such as phenols and flavonoids. The high flavonoid levels discovered could help 
protect against diseases caused by oxidative stress. In vitro, the Cantharellus cibarius mushroom 
has an antihypertensive function, selective cytotoxicity, antioxidant activities against lipid per-
oxidation, and antibacterial activity, making it a promising source of nutraceuticals (Kozarski 
et al., 2015). Bioactive mushroom-based ingredients should be integrated into stable food items 
that are eaten widely by the general population to optimize their possible health benefits (Yuan, 
Zhao, et al., 2017). In Odisha, in similipal biosphere reserve (SBR) variety of edible mushrooms is 
growing, for instance, Russula vesca, Russula delica, and Termitomyces eurrhizus which are rich 
sources of proteins (22.82–35.17 g/100 g) and carbohydrates (45.68–63.27 g/100 g) and low 
contents in fats (2.03–4.62 g/100 g). These mushrooms possess moderate antibacterial properties 
and can be used in the human diet as nutraceuticals/functional foods to preserve and promote 
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health, longevity, and life quality, because they are a source of nutrients and molecules with 
medicinal potential (Singdevsachan et al., 2014). Agaricus spp., Pleurotus spp., and Lentinula 
edodes are a few edible mushrooms that are commonly cultivated, and efforts are underway to use 
them in the development of selenium-enriched food or nutraceuticals (via mycelia). Lithium en-
richment is also attempted (Falandysz & Borovička, 2012). Although the white Agaricus bisporus 
is the world’s most common and widely consumed edible mushroom species, it is popular not only 
because of its flavor, but also because of its high nutritional content, which includes dietary fiber 
(chitin), essential and semi-essential amino acids, unsaturated fatty acids such as linoleic and 
linolenic acids, easily digestible proteins, sterols, phenolic, and indole compounds, and vitamins, 
especially provitamin D2 and B1, B2, B6, B7, and C. A. bisporus is also a rich source of selenium, 
zinc, and other elements such as magnesium, copper, iron, potassium, sodium, calcium, phos-
phorus, sulfur, and manganese. Antioxidant, antibacterial, anti-inflammatory, antitumor, and im-
munomodulatory activity are all found in the fruiting bodies of A. bisporus. The antioxidant 
ergothioneine (has antimutagenic, chemo-, and radioprotective properties) is present. The existence 
of these biologically active compounds and elements in A. bisporus fruiting bodies confirms their 
nutraceutical and medicinal properties (Muszyńska et al., 2017). 

6.8 PERISHABILITY OF EDIBLE MUSHROOMS 

Mushrooms are perishable products that begin to deteriorate soon after they are harvested. Due 
to the enzymatic activity of polyphenol oxidase, on mushroom caps’ surface a brown discoloration 
develops and quickly becomes soft at high temperatures. Mushrooms have a short shelf life, so 
dehydration tends to be a promising, cost-effective preservation option for Indian environments. 
Dehydrated mushrooms are easier to transport than dried, pickled, or frozen mushrooms (Chandra 
& Samsher, 2006). It is critical to developing adequate storage and post-harvest technologies to 
increase their marketability and availability to customers in both fresh and processed forms. 
Appropriate storage and preservation technology must be developed to increase their marketability 
and availability for consumption in both fresh and processed forms. Due to market gluts and the 
highly perishable nature of the commodity, its preservation into more value-added, stable goods is 
critical during production’s peak cycle. Mushrooms are a new edible fungus with a soft texture and 
a limited shelf life due to their high moisture content (91%) and perishability. To increase their 
marketability and availability for consumption in both fresh and processed forms, adequate storage 
and preservation technologies must be developed. Dehydration, steeping in a chemical solution, 
blanching in boiling water and chemical solution, canning, freezing, freeze drying, vacuum 
cooling, osmotic dehydration, pickling, dielectric heating, irradiation, micro-oven heating, low- 
temperature storage, and adjusted and regulated atmospheric packaging are some of the techniques 
for the preservation of fresh mushrooms in various processed ways. It is well established that low- 
temperature storage of produce is critical for preventing post-harvest losses. The use of refrigerated 
vans to collect produce directly from farmers and distribute it to local markets and processors will 
increase mushroom production and make high-quality products more accessible to consumers. 
Individual fast freezing, freeze drying, and vacuum drying are all essential technologies for the 
export of processed mushrooms. Many export-oriented units with modern preservation and 
packaging methods have sprung up in recent years, generating considerable interest among en-
trepreneurs. Compared to some industrialized countries, proper infrastructure construction for 
post-harvest handling of these perishable commodities is almost non-existent (Chandra & Samsher, 
2006). Interestingly, thermal (drying/freezing), chemical (edible coatings, films, and cleaning 
solutions), and physical (packing, irradiation, pulsed electric field, and ultrasound) processes are 
the three types of mushroom preservation methods. The nutritional value and bioactive properties 
of this product can be altered as a result of these processes (Marcal et al., 2021). Further, extending 
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the shelf life of mushrooms can be done in a variety of ways, including using modified atmosphere 
packaging (Kim et al., 2006), controlled atmosphere storage (Briones et al., 1992), vacuum cooling 
technology, coating (Nussinovitch & Kampf, 1993), and refrigeration (Mau et al., 1993). Coatings 
add sheen and luster to products, making them more desirable and appealing to customers, in 
addition to extending shelf life and delaying senescence. The use of aloe vera and gum tragacanth 
edible coatings on mushrooms is effective in increasing shelf life and limiting post-harvest losses 
(Mohebbi et al., 2011). Therefore, the edible coating is the most prevalent method that can increase 
the shelf life of mushrooms along with conserving their quality characteristics (Thakur et al., 
2021). Pre-cooling is in essence the removal of heat or the reduction in the temperature of the 
mushrooms as soon as possible after harvest. Packaging technology can improve the shelf life of 
mushrooms (Singh et al., 2010). 

6.9 CONCLUSION 

Mushrooms are widely consumed across the world by all age groups. Mushrooms are con-
sidered one of the superfoods as they are rich in protein, fiber, vitamins, and minerals. The amount 
of bioactive components in edible mushrooms is also high, which imparts health-promoting 
properties like anti-viral, anti-hypertensive, and anti-hypercholesterolemic. The findings men-
tioned have investigated their ability in applications in food. The addition of mushrooms in food 
products increases the nutritional value and their physical properties. Future studies on the me-
chanism of action of the component present in edible mushrooms responsible for treating the health 
problems will help the researcher for better utilization of the mushrooms in making medicines and 
value-added products. Further investigations on novel properties of edible mushrooms are still 
deficient, which can be conducted to enhance their use in the food and pharmaceutical industries. 
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7.1 INTRODUCTION 

According to the scientific community, there are more and more results that prove and reveal 
the health benefits of several food categories that influence the development and evolution of the 
market in the domain of agricultural and biotechnological industries. Moreover, the attention of the 
consumers has been shifted from the food products enriched with different beneficial bioactive 
compounds to wild ones grown and produced in uncontaminated, wild areas that can offer a high- 
quality, natural food (Martins & Ferreira, 2017; Melinda et al., 2020). 

There are large numbers of wild, edible food categories including annual and perennial herbs, 
forbs, ferns, as well as mushrooms, algae, lichens, vines, sedges, rushes, grasses, broad-leaved and 
needle-like or scale-like leaved shrubs, and trees (Mocan et al., 2018). Among the previously 
mentioned, wild mushrooms represent an important category considering their medicinal and health- 
promoting properties. Probably, for this reason, many refer to mushrooms as “flesh of the Gods” or 
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“the elixir of life”. In modern days, a lot of studies highlighted the potential implications of mush-
rooms in the human diet, considering their nutritional and chemical properties (Valko et al., 2007;  
Rathore et al., 2017; Reis et al., 2017; Roncero-Ramos & Delgado-Andrade, 2017). It was found that 
wild edible mushrooms also provide an important amount of fiber and proteins together with other 
valuable components like essential amino acids, but in contrast to other food products, they have a 
low-fat content and do not contain cholesterol (Vamanu & Nita, 2013; Bains & Tripathi, 2017; Nagy 
et al., 2017a; Fogarasi et al., 2018). Due to their flavor and texture, wild edible mushrooms are 
recognized as a delicacy, especially in mountain areas where they are widely collected considering 
that many studies pointed out their important nutritional value and the fact that amino acids found in 
mushrooms are comparable with those of animal origin (Barros et al., 2007). 

Based on the literature data, the bioactive compounds identified in wild edible mushrooms, like 
compounds, terpenoids, unsaturated fatty acids, and carotenoids, make them one of the best natural 
raw materials for the development of different functional foods. Also, their exceptional chemical 
characteristics can be valorized in the fabrication of nutraceuticals or pharmaceutical products, 
exploring the synergies of the large group of bioactive compounds (Barros et al., 2007; Barros 
et al., 2008b; Reis et al., 2012; Taofiq et al., 2015; Mocan et al., 2018). 

The medical interest for the biologically active compounds found in wild edible mushrooms was 
underlined by many studies. For instance, Ramos R. et al. presents in a few studies the applications of 
fractions or isolated compounds, extracted from an edible mushroom, in the prevention and treatment 
of major health issues such as cancer, obesity and hyperlipidemia, hypercholesterolemia, diabetes, 
hypertension, and neurodegenerative disease (Roncero-Ramos & Delgado-Andrade, 2017). Also, 
Ramos R. et al. defined the mechanism that involves the stimulating effect of polysaccharides on the 
immune system inhibiting tumor growth. 

It was found that regular consumption of wild edible mushrooms can boost the production of 
secretory immunoglobulin A, leading to the enhancement of the immune system (Roncero-Ramos & 
Delgado-Andrade, 2017). The full potential of wild edible mushrooms is not unlocked yet in terms 
of dietary and medicinal value, considering the numerous biologically active and health-promoting 
compounds. Figure 7.1 gives a summary of the range of beneficial properties of wild edible 
mushrooms, such as antioxidative, antibacterial, antiviral, anticancer, and anti-inflammatory proper-
ties, strengthening the immune system as well as the ability to improve the functioning of the cardio-
vascular system (Kalač, 2009; Bains & Tripathi, 2016; Bains & Tripathi, 2017; Muszynska et al., 2018). 

Figure 7.1 Properties of wild edible mushrooms.    
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This is the reason why wild edible mushrooms are becoming more and more important in the definition 
of a balanced diet for humans all over the world, achieving exploitation of the health benefits and 
functioning mechanisms of mushrooms which give good results in the prevention of major diseases, 
such as cancer, heart, and nervous problems (Ma et al., 2018; Martinez-Medina et al., 2021). The 
nutraceutical properties assigned to edible mushrooms stand out in Parkinson’s or Alzheimer’s treat-
ment, inhibition of the tumors’ development; reducing inflammatory processes; and through anti-
allergic, antiviral, antiparasitic, and hepatoprotective effects (Valverde et al., 2015). Among all these 
nutritional and biological benefits of edible mushrooms, there is one undesirable aspect of edible 
mushrooms represented by their ability to accumulate heavy metals and radioactive substances. 
Regarding the occurrence and toxicity of chemical elements, arsenic, mercury, nickel, and cadmium 
have been detected in wild edible mushrooms. These elements are frequently accumulated from the 
natural environment (soil and water) (Zou et al., 2019). Based on the previous discussions, we aim at 
giving an overview of the nutritional and therapeutic benefits of mushrooms, including the bioactive 
properties of wild edible mushrooms which could be conducive to better understanding of the corre-
lations between the mushroom consumption and health improvement, and evaluate the advantages of 
the insertion of mushrooms into the human diet. 

7.2 MOLECULES OBTAINED FROM MUSHROOMS WITH BIOACTIVE FUNCTION 

Considering the global trends in biotechnology and the features of molecules obtained from 
mushrooms with bioactive function, many researchers focused on the preparation methods and 
structure characterizations of these compounds such as polysaccharides, proteins, terpenes, phe-
nolic compounds, and unsaturated fatty acids, to provide the necessary data for the industrial-scale 
applications in diverse biotechnological processes, even for the development of new intelligent 
drugs (Wang et al., 2014; Valverde et al., 2015). Bioactive compounds isolated from wild edible 
mushrooms are gaining interest due to their benefits for human health, considering that they offer 
protection against chronic-degenerative diseases, cardiovascular and cancer diseases, diabetes 
mellitus, and neurodegenerative diseases. However, the content of bioactive compounds in wild 
edible mushrooms depends on a series of factors including the strain, cultivation, developmental 
stage, age of the fresh mushrooms, storage conditions, and the extraction method (Pérez Montes 
et al., 2021). In the case of shiitake mushrooms, based on their physicochemical assessment, 
Lakhanpal et al. found that in addition to proteins, lipids, carbohydrates, fibers, and minerals, they 
also contain vitamins (B1, B2, C, E, D). Their enzymatic activity helps the infancy leukemia 
treatment, and minerals as zinc or selenium restore the skin, improve testosterone levels, and have 
an antioxidant effect (Lakhanpal & Rana, 2007). Results also revealed that the inclusion of 
L. edodes in nutrition can promote blood circulation, preserves health, and prevents cardiovascular 
diseases. Similarly, another type of mushroom, A. bisporus, proved to be a rich source of B- 
complex vitamins and minerals and act as a hypocholesterolemic agent (Lakhanpal & Rana, 2007). 
Because of the previous discussions related to the association of different mushrooms with various 
medical and nutritional applications, it is important to note that there is a keen interest in recent 
years all over the world, among researchers, to unveil the bioactive compositions and nutritional 
values of different mushrooms with the ultimate goal to help the elaboration of potential functional 
foods with the high content of dietary fiber and low level of fat (Ma et al., 2018). 

7.2.1 Proteins 

It is well known that protein represents an important class of macronutrients for the healthy 
development and maintenance of the human body, considering its key physiological roles, such as 
vital performance of hormones and enzyme action. Wild edible mushrooms used as a protein-rich 
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food may be an attractive alternative to conventional protein sources considering their abundance 
and the fact that there is a growing interest to replace animal proteins with proteins from plant 
sources as an alternative (Sá et al., 2020; Gonzalez et al., 2021). Recently, proteins of fungal origin 
have gained the attention of food industry players and the scientific community, due to their high 
nutritional values associated with the rich level of essential amino acids when compared to ve-
getables (Bach et al., 2017). An interesting discovery was made by Barros et al. (2008b) when 
comparing wild edible mushrooms and commercial ones, revealing that wild edible mushrooms 
possess higher protein and lower fat content than commercial mushrooms (Barros et al., 2008b). 
According to the literature, edible mushrooms have a protein content on a dry basis between 19% 
and 39%, being part of a complex fungal cells network (Sánchez, 2017). Among these large 
numbers of proteins and peptides with remarkable biological performances, wild edible mush-
rooms contain lectins, fungal immunomodulatory proteins, ribosome-inactivating proteins, anti-
microbial proteins, ribonucleases, and laccases (Xu et al., 2011). 

Proteins and peptides are significant bioactive nutraceuticals in mushrooms with multiple 
health benefits, such as the enhancement of the digestion and absorption of exogenous nutritional 
ingredients, the modulation of the immune function to help the host defending the invasion of 
pathogens, and the activities’ inhibition of some enzymes (Valverde et al., 2015). 

7.2.2 Lectins 

Lectins found in mushrooms are glycated proteins that can be coupled with high specificity, in 
a reversible form to carbohydrates (Martinez-Medina et al., 2021). Besides mushrooms, these 
glycated proteins are present in various species, including plants, algae, other invertebrates, or 
fungi, but it is important to note that they do not act as an immunological source nor represent 
catalytic activity (Mishra et al., 2019). 

Results indicate that lectins are mainly present in the fruiting bodies of mushrooms and only in 
very rare cases in mycelia and stem (Singh et al., 2014). Their biological function in mushrooms is 
associated with the recognition of key structures relating to fungal-host interactions, pathogenic 
fungal and mycorrhizal processes, and the viral and insect protection system (R¨udiger & Gabius, 
2001). Mushrooms constitute at least 82% of the lectins which have a molecular weight that varies 
between 12 and 68 kDa (Varrot et al., 2013). Commonly, lectins are weakly bonded to carbohydrates. 
Although multiple and identical monomers could be bound to the same carbohydrate to strengthen 
the bond of lectin-carbohydrate, which could be combined with different types of carbohydrates, such 
as glucose, lactose, raffinose, turanose, N-acetyl glucosamine or inline (Singh et al., 2014). 

7.2.3 Carbohydrates/polysaccharides 

Mushroom carbohydrates are polyhydroxylated aldehydes or ketones and their derivatives which, 
depending on their degrees of polymerization, can be divided into mono-, di-, oligo-, or poly-
saccharides. They are constituted as one of the main components in higher fungi and typically in the 
range from 35% to 80%. Most of the carbohydrates in mushrooms are including monosaccharides 
such as glucose, fructose, maltose, rhamnose, arabinose, sucrose, mannitol, threalose, and cell wall 
polysaccharides such as chitin, β-glucans, and mannans (Cheung, 2013; Wang et al., 2014). 
However, one important fraction in mushrooms is glucans; these are lineal or lineal polysaccharides 
integrated by glucose with linkage β(1–3), β(1–6), or α(1–3) present as part of fruiting bodies 
(Martinez-Medina et al., 2021). Nevertheless, the most prominent effectors are the β-glucans, with 
β (1–3) linkage in its main structure and β (1–6) branching linkage (Wasser, 2002). Carbohydrates 
mostly occur in the form of polysaccharides in nature. A variety of polysaccharides from different 
natural sources, such as mushrooms plants, and bacterial extracellular polymeric substances are 
gaining recognition as supplements to increase the health benefits (Maity et al., 2021). 
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Lakhanpal et. al. associated certain polysaccharides with immune-modulating and anti-cancer 
properties, triterpene compounds with the decrease of LDL, and blood pressure; certain peptide 
fractions to antitumor and anti-angiogenic properties (Lakhanpal & Rana, 2007). 

Specific polysaccharides from Agrocybe aegerita, Armillriella mellea, edible Auricularia spp., 
Boletus edulis, Calvatia gigantea, Dendropolyporus umblettus, Flammulina veluptipes, Hericium 
erinaceous, and Phellinus linteus are considered active constituents with medicinal value for a 
wide range of ailments (Lakhanpal & Rana, 2007). 

Mushroom polysaccharides have been proved to have an extensive range of antitumor activ-
ities. Biological active polysaccharides from diverse edible and medicinal mushrooms such as 
Lentinus edodes, Grifola frondosa (Grifolan), Schizophyllum commune (Schizo-phyllan), and 
Pleurotus ostreus (Pleuran) have been extensively studied, considering their immune-regulatory 
activity and anticancer potential (Meng et al., 2016). 

Yuan et al. (2020) report the immune stumolator effect in polysaccharides extracted from 
Pleurotus fertus an edible and medicinal mushroom, in their wild and cultivated forms, both 
polysaccharides possess different compositions and the wild form exhibit a higher immune sti-
mulant effect, promoting the maturation and activation of dendritic cells and macrophagues (Yuan 
et al., 2020). In addition, Yuan et al. (2020) demonstrated the potential use of mushroom poly-
saccharides in immune-suppressed people to enhance their response against estranger antigens. Li 
et al. (2020) performed an in vivo and in vitro study with polysaccharides derived from 
Ganoderma lucidum spores that shows that their consumption could reduce the adverse effects in 
traditional cancer therapies (Li et al., 2020). 

Polysaccharides perform their action against tumor cells mostly through triggering the immune 
response of the host organism for which they are considered as biological response modifiers 
(BRMs) (Heleno et al., 2015; Hsin et al., 2016). BRMs has been defined as those agents that 
modify the host’s biological response by stimulation of the immune system, which may result in 
various therapeutic effects. 

Other functionality attributed to polysaccharides consists of their antioxidant potential, which 
also could indirectly contribute to their anticancer potential (Mingyi et al., 2019). Zhang et al. 
(2020) report that the selenium quantities present in Ganoderma sp. polysaccharide fraction 
contribute to their scavenging potential (Zhang et al., 2020). Nevertheless, the antioxidant prop-
erties also could be related to the fact that selenium acts as a co-factor in enzymes related to control 
oxidative stress (Li et al., 2019). Finally, their antioxidant properties also could be present in 
proteoglycan fractions and attributed to the presence of certain amino acids (Mingyi et al., 2019). 
Crude fiber is a group of indigestible carbohydrates that can improve the function of the alimentary 
tract and also lower blood glucose and cholesterol levels (Wang et al., 2014). 

7.2.4 Lipids/polyunsaturated fatty acids 

Fatty acids (FAs) are considered to play a major role in the function of the immune system and 
the balancing of hormonal levels. The lipid profile of mushrooms reveals highly variable fatty acid 
profiles, palmitic (16:0), oleic (9-cis 18:1), and linoleic (9-cis,12-cis 18:2) acids are the main FAs 
found in members of the Basidiomycetes (Borthakur & Joshi, 2019). Nutritionally, linoleic and 
α-linolenic (9-cis,12-cis,15-cis 18:3) acids are essential for basal metabolism in humans, while 
long-chain polyunsaturated FAs have many beneficial effects on human health, especially con-
tributing to the reduction of serum cholesterol (Karine et al., 2006). Mushrooms have lipid-based 
compounds at a percentage between 1.18% and 8.39% on a dry weight basis (Martinez-Medina 
et al., 2021). Mushrooms from the genus Boletus are an excellent source of both fatty acids and 
neutral and polar lipids. The concentrations of oleic acid are higher in Boletus edulis, Boletus 
piperatus, Boletus subglabripes, Boletus erythropus, Boletus subtomentosus, and Boletus variipes 
than in other mushrooms, as reported by Hanus et al. (2008). The major sterol produced by 
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mushrooms was detected as ergosterol, which displayed significant antioxidant properties. Moreover, 
researches have demonstrated the critical role of a sterols-rich diet in the prevention of cardiovascular 
diseases (Guillamon et al., 2010; Kalac, 2012). Another polyunsaturated fatty acid was detected as 
tocopherols, which were considered as novel and effective natural antioxidants because their free 
radical scavenging peroxyl components produced from different reactions. These antioxidants have 
high biological activity for protection against degenerative malfunctions, microbial, and cardiovas-
cular diseases (Heleno et al., 2015). From the human nutritional point, long-chain polyunsaturated 
linoleic acid and α-linolenic acid are important for basal metabolism in humans, and mushrooms are 
known to contain all these nutritional values (Barros et al., 2008b). 

7.2.5 Other compounds (vitamins/minerals) 

Besides the other molecules previously mentioned, mushrooms have been reported as a source 
of other compounds with nutritional properties as vitamins and minerals. Mushrooms contain 
several primary vitamins such as thiamine, riboflavin, pyridoxine, pantothenic acid, nicotinic acid, 
folic acid, cobalamin, ergosterol, biotin, phytochinone, and tocopherols. Nevertheless, inside their 
composition, a set of molecules with biological potential are distributed in their structures. Among 
the bioactive mushrooms’ constituents are sterols, with the predominance of ergosterol, the pre-
cursor of vitamin D. In mushrooms, ergosterol is converted to vitamin D2 (ergocalciferol) when 
exposed to UV radiation. Vitamin D2 from fungi and mushrooms serves as the only available 
dietary source of vitamin D for those who eat no animal products. The crucial role of vitamin D for 
bone health is well established, while during the last decade its role in immune system modulation 
and cancer prevention has been recognized (Kalogeropoulos et al., 2013). Another important class 
of compounds is polyphenols, which normally are developed by mushrooms due to their protective 
effect against UV and consumers like animals or insects (Martinez-Medina et al., 2021). The 
phenolic compounds present in macrofungi are classified as phenolic acids, flavonoids, hydro-
xybenzoic acids, hydroxycinnamic acids, lignan, tannin, stilbene, and oxidized polyphenols 
(Nowacka-Jechalke et al., 2018). These compounds intervene in mushroom organoleptic properties 
like flavor or color and also possess the capacity to interact with some macromolecules conferring 
interesting biological properties (Valdez-Morales et al., 2016). 

7.3 FUNCTIONAL AND BIOLOGICAL PROPERTIES OF MUSHROOMS 

Mushrooms contain several chemical compounds of nutraceutical importance, such as ter-
penes, bioactive proteins, and antioxidants, which make them a therapeutically stronger foodstuff 
in the battle against various degenerative diseases (Rathore et al., 2017). 

Mushrooms have a wide variety of compounds operating in their natural environment, but they 
can be used to ensure or promote human health in the form of nutraceuticals, additives, functional 
foods, and others. Thus, the creation of a research-oriented field of study for the scientific and 
novel use of edible or medicinal mushrooms, the exploitation, and promotion of their full use is 
necessary. Mushrooms have been shown to have antioxidant, antibacterial, antifungal anti- 
inflammatory, anti-tumor, and anti-viral properties. Some of the major properties of the mushroom 
have been described in the following (Table 7.1). 

7.3.1 Prebiotic properties 

The human intestine represents one of the most complex microbiologic environments in the 
digestive system, where to co-exist a large number of microorganisms, which according to many 
studies, could include more than 1,000 different species (Roberfroid et al., 2010). Considering its 
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Table 7.1 Health benefits of different wild edible mushrooms       

Species Health benefits References   

1 Agaricus bisporus Hepatoprotective, immuno-stimulatory, and 
antitumor activities;anti-aging activity, protect 
hepatic and nephric by improving serum enzyme 
activities, biochemical levels, lipid contents, and 
antioxidant status 

( Huang et al., 2016;  Li et al., 
2018;  Ma et al., 2018)  

2 Agaricus campestris Enhance the secretion of insulin, treatment of 
ulcers 

( Popa et al., 2014)  

3 Cantharellus cibarius Excellent source of polysaccharides like chitin 
and chitosan, reduce inflammation, and lower 
the risk of developing certain cancers 

( Barros et al., 2008a)  

4 Hypsizygus 
marmoreus 

Antifungal and anti-proliferative activities, inhibit 
the growth of several fungal 

( Lam & Ng, 2001)  

5 Lactarius piperatus Reduce atherosclerosis, diabetes, cancer, and 
cirrhosis 

( Barros et al., 2007)  

6 Lepista nuda Antioxidant and antimicrobial properties, 
immunologic effects 

( Lin et al., 2011)  

7 Leucopaxillus 
giganteus 

Provide an inhibitory effect in angiotensin I- 
converting enzyme (ACE), providing 
hypotension of blood pressure in spontaneously 
hypertensive rats (SHR) 

( Vieira et al., 2016)  

8 Lycoperdon molle Antioxidant, antimicrobial, anticancer, 
antiproliferative, DNA-protective, antiallergic, 
analgesic, antitumor, immunosuppressive, 
antiatherogenic, hypoglycemic, anti- 
inflammatory, hepatoprotective activities 

( Bal et al., 2019)  

9 Lyophyllum shimeiji Antitumor activity suppresses the proliferation of 
hepatoma cells and breast cancer 

( Zhang et al., 2010)  

10 Macrolepiota procera Antioxidant properties, antitumor activity ( Popa et al., 2014;  Žurga 
et al., 2017)  

11 Ramaria botrytis Antioxidant, antitumor, and antimicrobial 
properties 

( Kumar Sharma & Gautam, 
2017)  

12 Sparassis latifolia Antibacterial and antifungal activities against 
Escherichia coli, resistant strains of 
Staphylococcus aureus, Pseudomonas 
aeruginosa, and Candida and Fusarium species 

( Ma et al., 2018)  

13 Tricholoma acerbum Antioxidant and immunomodulating effects, 
reduce the risk of coronary heart disease 

( Zhou & Hu, 2010)  

14 Tuber indicum 
(truffle) 

Antitumor activity, inhibits the proliferation of 
hepatoma and human breast cancer cell lines 

( Ma et al., 2018)  

15 Lentinula edodes 
(shiitake) 

Immunoregulatory activity and anticancer 
potential; lung protection activity, regulate the 
antioxidant and inflammation status, antitumor 
activity 

( Thangthaeng et al., 2015)  

16 Volvariella volvacea Reducing free radicals, strengthening bones, 
prevent anemia 

( Lakhanpal & Rana, 2007)  

17 Pleurotus ostreatus Cardiovascular, hypertensive, 
hypercholesterolemia antioxidant and 
antimicrobial activities, antidiabetic activity 

( Wasser, 2002;  Zhang et al., 
2010;  Vamanu & Nita, 
2013)  

18 Pleurotus eryngii Hypolipidaemic and hypoglycaemic activities, 
increase the level of high-density lipoprotein 
cholesterol and liver glycogen 

( Chen et al., 2016)  

19 Pleurotus 
cornucopiae 

Antiviral and antitumor activities ( Wu et al., 2014) 

(Continued) 
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Table 7.1 (Continued) Health benefits of different wild edible mushrooms       

Species Health benefits References   

20 Aspergillus 
panamensis 

Immuno-modulatory activity, against 
trinitrobenzene sulphonic acid-induced 
ulcerative colitis 

( Singh et al., 2017)  

21 Auricularia auricular- 
judae 

Anticoagulant effects, anti-cholesterol, and 
cardioprotective effects 

( Muszynska et al., 2018)  

22 Coprinus comatus Antiviral and antitumor activities, suppress 
proliferation of tumor cell lines, and inhibit 
human immunodeficiency virus reverse 
transcriptase 

( Zhao et al., 2014)  

23 Boletus edulis Antiviral, antiinflammatory, antimicrobial, 
antioxidant 

( Popa et al., 2014)  

24 Calocybe indica Antioxidant and anti-aging activities, 
neuroprotective activity 

( Yuan et al., 2019)  

25 Flammulina velutipes Regulation of the immune system, cancer 
immunotherapy, antioxidantimmuno-modulating 
activity, stimulate the proliferation of mouse 
spleen lymphocytes and B lymphocytes 

( Popa et al., 2014;  Feng 
et al., 2016)  

26 Morchella fertus Antioxidative and anti-inflammatory bioactivities, 
in addition to immunostimulatory and antitumor 
properties 

( Muszynska et al., 2018)  

27 Morchella elata Antioxidants, essential minerals, and vitamins- 
required for blood cell production 
(hematopoiesis), and neurotransmission, work 
as co-factors for enzymes during cellular 
substrate metabolism inside the human body. 

( Beluhan & Ranogajec, 
2011)  

28 Lyophyllum decastes Antitumor activity, sugar-lowering effects ( Grangeia et al., 2011)  

29 Armillariella mellea Meniere’s syndrome, vertigo, epilepsy, 
neurasthenia and hypertension, antioxidant, 
antimicrobial properties 

( Popa et al., 2014)  

30 Schizophyllum 
commune 

Immune-regulator activity and anticancer 
potential 

( Meng et al., 2016)  

31 Bovista plumbea Head affections, diabetes, ovarian cysts, acne ( Popa et al., 2014)  

32 Fistulina hepatica Antibacterial, antioxidant potential ( Ribeiro et al., 2006)  

33 Hericium coralloides Antibacterial and nematicidal activities, 
antiinflammatory properties, anti- tumours, nerve 
regenerator in muscular dystrophy, Parkinson’s 
disease, Alzheimer’s, and dementia 

( Popa et al., 2014)  

34 Lepista nebularis Stops leukemia T cells from proliferating, 
antimicrobial activity 

( Kim et al., 2008)  

35 Laetiporus 
sulphureus 

Hemolytic and hemagglutination activities, 
antimicrobial and antioxidant activities 

( Popa et al., 2014)  

36 Stropharia sp. Edible, but undesirable due to mildly spicy taste, 
medicinal, antitumor, neuromodulatory effects 

( Popa et al., 2014)  

37 Ganoderma lucidum Antidiabetic activity, improve insulin sensitivity by 
regulating inflammatory cytokines and gut 
microbiota composition, anti-inflammatory 
activity 

( Nagai et al., 2017;  Xu et al., 
2017)  

38 Ganoderma 
applanatum 

Antitumor activity, cytotoxic and pro-apoptotic 
activities against HT-29 colon adenocarcinoma 
cells 

( Kumar Sharma & Gautam, 
2017)  

39 Ganoderma atrum Antitumor activity induces growth inhibition and 
cell death in breast cancer cells 

( Li et al., 2017)  

40 Inonotus baumii Antitumor activity ( Sun et al., 2014)    
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complex microbiologic features, the human intestine has an important effect on human health that 
can be influenced by a series of factors and compounds like prebiotics (Yamashiro, 2017). It is well 
known that prebiotics are substances of varied nature that have the potential to selectively promote 
the development and function of a select group of bacterial species that exist in the human intestine 
and which beneficially influence the metabolic process (Gibson et al., 2017). The prebiotic 
compounds can stimulate some important philological processes such as immune response in the 
intestine, leading to interaction with certain receptors, or with microorganisms that generate 
molecules like butyrate or propionate that could influence the expression of cytokines related to 
diverse proinflammatory procedures. Furthermore, they proved to enhance the absorption of some 
nutritional components while their long-term consumption could be involved in lipid and carbo-
hydrates metabolism (Khangwal & Shukla, 2019). Recently, many studies revealed that prebiotics 
obtained from different mushroom species such as Ganoderma lucidum and Poria cocos and also 
from co-products derived from Lentinula edodes, P. eryngii, and Flammulina velutipes could 
positively influence the processing of polysaccharides (Chou et al., 2013; Khan et al., 2018). 

7.3.2 Antioxidant properties 

Antioxidants are compounds or systems that can safely interact with free radicals and terminate 
the chain reaction before vital molecules are damaged. Antioxidants (e.g. flavonoids, phenolic 
acids, tannins, vitamin C, vitamin E) have diverse biological properties, such as anti-inflammatory, 
anti-carcinogenic, and anti-atherosclerotic effects that reduce the incidence of coronary diseases 
and contribute to the maintenance of gut health by the modulation of the gut microbial balance 
(Oroian & Escriche, 2015). Free radicals induce oxidative stress, which is balanced by the body’s 
endogenous antioxidant system with input from cofactors and by the ingestion of exogenous an-
tioxidants. When the generation of free radicals exceeds the protective effect of antioxidants and 
some cofactors, it can cause oxidative damage, which can result in aging and other diseases such as 
cardiovascular, cancer, and neurodegenerative disorders (Valko et al., 2007). Recently, many re-
view papers regarding antioxidants from mushrooms and different extraction and quantification 
procedures have been published (Barros et al., 2009; Keleş et al., 2011; Boonsong et al., 2016;  
Islam et al., 2016; Kaewnarin et al., 2016). 

Their radical scavenging activity has been extensively studied and documented; species like 
Pleurotus spp., Agaricus spp., G. lucidum, B. edulis, and L. edodes are known for their profound 
antioxidant activities (Da Silva & Jorge, 2011; Gonzalez-Palma et al., 2016; Ramos et al., 2019). 
The range of antioxidant activity of these edible mushrooms with their DPPH radical-scavenging 
and chelating activities ranged from 13.63% to 69.67% and 60.25% to 82.7%, respectively 
(Martinez-Medina et al., 2021). Variations in concentrations of these substances have been in-
fluenced by the type of strains, materials, method of cultivation, stage of growth and development, 
age and freshness of the mushrooms, storage conditions, and method of extraction; in particular, 
the type of solvent used for extraction (Fogarasi et al., 2018). Generally, mushrooms contain 
ergothioneine, a naturally occurring and powerful antioxidant that protects the body’s cells from 
generated free radicals as well as boosts immunity (Ming et al., 2015; Kalaras et al., 2017). 
Ergosterol obtained from fruiting bodies of edible mushrooms, such as A. bisporus and Imleria 
badia have been reported to have anti-cancer and anti-inflammatory properties (Baur et al., 2019). 

Overall, the mushroom phenolic compounds, mainly including the phenolic acids, flavonoids, 
hydroxybenzoic acids, hydroxycinnamic acids, lignans, tannins, stilbenes, and oxidized poly-
phenols, were considered as aromatic hydroxylated compounds with one or more aromatic rings 
and one or more hydroxyl groups (D’Archivio et al., 2010). Elhadi M. Yahia et al. analyzed the 
phenolic compounds of seventeen species of wild mushrooms and detected their antioxidant ac-
tivities by FRAP and DPPH assays, suggesting an effective nutritional and health value of different 
mushroom species (Yahia et al., 2017). Qiuhui Hu et al. investigated the neuro-protection of six 
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components from F. velutipes, which were mainly phenolic compounds, on H2O2-induced oxi-
dative damage in PC12cells, and demonstrated that most of the components displayed neuropro-
tective effects, along with their antioxidant activities (Hu et al., 2017). Darija Cor et al. evaluated 
the anti-acetylcholinesterase activity of Ganoderma lucidum extracts, which were mainly com-
posed of phenolic compounds (Cör et al., 2017). 

7.3.3 Antimicrobial properties 

The term antimicrobial comprises a wide variety of pharmaceutical agents that include anti-
bacterial, antifungal, antiviral, and anti-parasitic medicines (Reis et al., 2017). The use of anti-
biotics is the single most crucial factor leading to increased resistance of pathogenic 
microorganisms around the world (Borges et al., 2013; Román et al., 2020). Another major factor 
in the growth of antibiotic resistance is the spread of the resistant strains of bacteria from person to 
person, or from the non-human sources in the environment, including food (Ashbolt et al., 2013). 
Natural resources have been taken advantage of over the years, and among them, wild edible 
mushrooms have vast diversity of active compounds with nutritional and antimicrobials properties 
(Ren et al., 2014; Smolskaitė et al., 2015; Liu et al., 2017). Mushrooms have long been playing an 
essential role in several aspects of human activity, like food and medicinal properties (Alves et al., 
2012; Bach et al., 2017). Current researches have been focused on searching for new antimicrobial 
therapeutically potential compounds of edible mushrooms, recognizing that some of these mole-
cules have health beneficial effects, including antimicrobial properties (Borges et al., 2013). 
Recently, Kosanić et al. state that acetone extract of Craterellus cornucopioides has a strong 
minimum inhibitory concentration (MIC) against gram-positive (Staphylococcus aureus, Bacillus 
cereus, and Bacillus subtilis) and gram-negative (Escherichia coli and Proteus mirabilis) bacteria 
with a range of 0.1–0.2 mg/mL. Interestingly, the effect of feeding C57BL/6 mice Agaricus bis-
porous (white button mushroom) in mice to evaluate the bacterial microflora, urinary metabolome, 
and resistance to a gastrointestinal (GI) pathogens along with control untreated mushrooms 
(Kosanić et al., 2019). Chaiharn et al. reported that different types of extracts such as ethyl-acetate, 
methanol, and ethanol and aqueous solvent of Flammulina velutipes, Ganoderma lucidum, 
Pleurotus ostreatus, and Pleurotus pulmonarius showed significant antibacterial activity against 
gram-positive and gram-negative bacteria pathogens (Chaiharn et al., 2018). 

7.4 APPLICATION OF MUSHROOMS IN FOOD AND HUMAN HEALTH 

When we think of a balanced diet and the healthiest means by which to achieve it, plants and 
plant products immediately come to mind as well as mushrooms. Although their use has been 
reported for thousands of years, it has only been in recent years that the consumption of mush-
rooms has increased, mainly due to the increasing awareness that a stable and balanced diet exerts 
a key role in normal body functioning and sustaining health (Reis et al., 2017). Based on the recent 
socioeconomic trends, the substitution of edible mushrooms as an essential source of functional 
ingredients in food products could become a natural adjuvant for the prevention and alleviation of 
several lifestyle-related diseases. This information could be beneficial for the development of food 
products with health functionalities, which are of great interest to the medical nutrition industry, 
which is an industry that emerged from the convergence between the food and pharma industries 
(Ho et al., 2020). Mushrooms and their extracts have long been used in folk medicine and food due 
to their low calorific value and pleasant taste and are also reported to have beneficial biological 
activities; thus, applications in nutraceutical and pharmaceutical products (Mingyi et al., 2019). 

Mushroom-based functional foods have gained much attention, particularly in the last few 
decades; hence, it gives a clear scientific impression towards the increasing demand for mushroom 
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fruit bodies and their mycelia (Rathore et al., 2019). In recent years, mushroom ingredients were 
incorporated in various food products to obtain fortified functional foods (Figure 7.2). 

Despite the ancient knowledge of mushroom benefits, their use as an ingredient in the ela-
boration of processed foods is quite recent, mainly as meat, fat, phosphates, salt, and nitrite re-
placers (Table 7.2). Since countless research was focusing on the investigation of novel and 
efficient products based on the bioactivities of mushrooms, deeper research is still needed for the 
demonstration of the correlation between the functional activities and mechanisms, as well as their 
safety evaluation and safe range of intake. 

Figure 7.2 Potential uses of wild edible mushrooms.    

Table 7.2 Application of mushrooms in functional foods       

Mushroom species Product References  

1 Shiitake powder Frankfurter ( Pil-Nam et al., 2015) 

2 Mix of Suillus luteus and Coprinopsis 
atramentaria 

Cottage cheese ( Ribeiro et al., 2015) 

3 Mix of Lentinula edodes, Pleurotus eryngii, and 
Flammulina velutipes 

Yogurt ( Chou et al., 2013) 

4 Suillus luteus Cottage cheese ( Ribeiro et al., 2015) 

5 Schizophyllum commune Cheese ( Okamura-Matsui et al., 2001) 

4 Pleurotus sajor-caju stems Chicken nuggets ( Wan Rosli & Mohsin, 2011) 

5 Tremella fuciformis Pork patties ( Cha et al., 2014) 

6 Pleurotus eryngii Pork sausages ( Wang et al., 2019a) 

7 Lentinula edodes Emulsion-type 
sausage 

( Wang et al., 2019b) 

Beef burgers ( Qing et al., 2021) 

Pork patties ( Chun et al., 2020) 

8 Boletus edulis Frankfurters ( Pérez Montes et al., 2021)  

Cantharellus cibarius Frankfurters ( Pérez Montes et al., 2021) 

9 Agaricus bisporus Meat emulsion ( Kurt & Gençcelep, 2018) 

Beef patties ( Cerón‐Guevara et al., 2019) 

Smoke sausages ( Nagy et al., 2017b) 
(Continued) 
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7.5 CONCLUSION 

Due to the diverse habitats and varied ecological zones across the world, varieties of mushrooms 
emerge as the next generation’s nutraceutical food. Mushrooms are considered to be a complete 
health food and suitable for all age groups due to their rich protein, mineral, dietary fiber, and vitamin 
content and because they are a source of biologically active compounds of medicinal importance. 
Such bioactive molecules are polysaccharides, terpenoids, low molecular weight proteins, glyco-
proteins, and antioxidants, etc., which have a great role to play in boosting immune strength, lowering 
risks of cancers, inhibition of tumoral growth, blood sugar maintenance, and much more. 
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8.1 INTRODUCTION 

Molds of the genus Penicillium did become the most important fungi in medicine and pharmacy 
during the 20th-century antibiotic revolution, but mushrooms have been used in traditional medicine, 
particularly in the Far East, for thousands of years. Recent studies confirmed that many mushroom 
species possess biological potential. Mushrooms are reported to exhibit 126 different medicinal prop-
erties (Wasser, 2010), including antitumor, immunomodulating, antimicrobial and antiviral, anti-
oxidative, anti-inflammatory, hepatoprotective, anti-neurodegenerative, antihyperglycemic, and 
antihyperlipidemic, as well as wound healing activity (Lindequist et al., 2005; Vunduk et al., 2015;  
Petrović et al., 2019a, Petrović, Vunduk et al., 2019). Basidiomycetes, a major group of mushroom- 
forming fungi, produce a vast number of secondary metabolites (Schüffler & Anke, 2009; Schüffler, 
2018), although only a relatively small number of these metabolites have been studied thoroughly. In 
this chapter, the most important and well-defined pharmacological properties of mushrooms will be 
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reviewed, as well as compounds produced by mushrooms that have found use in modern medicine or 
are promising candidates for future treatment of various disorders. 

8.2 ANTITUMOR PROPERTIES OF MUSHROOMS 

Cancer remains one of the leading causes of death globally, claiming nearly 10 million victims 
only in 2020 (Sung et al., 2021). The outcome of this disease depends on many factors and the 
immune response of the organism may be crucial (Maehara et al., 2011). Mushrooms are a source of 
immunomodulating polysaccharides – β-glucans and products based on β-glucans have been widely 
studied as adjuvants in cancer treatment, some being clinically proven to be effective in combination 
with conventional chemotherapeutics. Although β-glucans seem to exhibit various effects on the gut 
microbiome, lipid and sugar metabolism, etc. (Murphy et al., 2020), their immunomodulatory ac-
tivity, which is associated with their antitumor activity is the most studied and regarded as the most 
important. Mushrooms are also a source of secondary metabolites with cytotoxic effects, some of 
which are promising new compounds for the next generation of antineoplastic drugs. 

8.2.1 Immunomodulating activity of mushrooms – β-glucans 

Glucans – glucose polymers – are the most abundant polysaccharides in nature and the most 
abundant organic compounds as well. According to the type of glycosidic bond, they are divided into 
two large groups, α-D- and β-D-glucans (Ruiz-Herrera & Ortiz-Castellanos, 2019), although mixed α 
and β-D-glucans are also known (Synytsya & Novák, 2013). They can be further categorized based 
on the position of the carbon atoms involved in the glycosidic bond formation (Synytsya & Novák, 
2013; Ruiz-Herrera & Ortiz-Castellanos, 2019). They can be simple, linear, or branched, and may 
form complexes with proteins or other polysaccharides like chitin. α-D-glucans, which include starch 
and glycogen, are mostly energy-reserve polysaccharides, while β-D-glucans, such as cellulose, are 
structural polysaccharides (Ruiz-Herrera & Ortiz-Castellanos, 2019). 

Fungal β-D-glucans, together with chitin and mannans, are the main structural polysaccharides 
of fungal cell walls (Gow et al., 2017). Although made entirely of glucose units, β-glucans show a 
great structural variety. The presence of branching, branching degree, the position of glycosidic 
bonds in the backbone, and the position of branching, size, quaternary structure, and solubility in 
water are some of the glucan characteristics. 

They can be linear but branched β-glucans are the most abundant type, the majority of described 
being (1→3)(1→6)-β-D-glucans, meaning they have a backbone consisting of glucose units con-
nected via β-(1→3) glycosidic bonds, with branches attached via β-(1→6) linkage; branches may 
consist of a single glucose unit or may represent small glucose chains (Synytsya & Novák, 2013). 
Lentinan, isolated from shiitake (Lentinula edodes) is probably the best known (1→3)(1→6)-β-D- 
glucan; it consists of a β-(1→3) backbone with a single glucose unit attached via β-(1→6) linkage. 
Other well-known and named (1→3)(1→6)-β-D-glucans include schyzophyllan from Schyzophyllum 
commune, grifolan from Grifola frondosa, scleroglucan from Athelia rolfsii (syn. Sclerotium rolfsii) 
(Viñarta et al., 2007), pleuran from Pleurotus ostreatus (Selvamani et al., 2018), but many more were 
characterized from numerous mushroom species such are Ganoderma lucidum, Hericium erinaceus 
(Friedman, 2016), Flammulina velutipes (Smiderle et al., 2006), Pleurotus sajor-caju (Carbonero 
et al., 2012), Sparassis crispa (Tada et al., 2007), Amanita muscaria (Kiho et al., 1992), Lactarius 
rufus (Ruthes et al., 2013), etc. 

(1→6)(1→3)-β-D-glucans are on the other hand somewhat rarely reported; such β-glucan is 
known from Agaricus subrufescens (syn. A. brasiliensis, A. blazei) and its structure is proposed to 
consist of a β-(1→6) backbone with a chain of two β-(1→3) linked glucose units attached at O-3 of 
every third backbone unit (Dong et al., 2002). Apart from grifolan, another β-glucan fraction 
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isolated from G. frondosa (“MT-2”) was shown to be a (1→6)(1→3)-β-D-glucan (Adachi et al., 
1987; Hishida et al., 1988). Some rather unusual structures were also reported; although β-(1→4) 
linkage is a characteristic of cellulose (Klemm et al., 2005), Dong et al. (2012) described a 
(1→6)(1→4)-β-D-glucan isolated from G. lucidum, for which they proposed a structure of a 
β-(1→6) backbone with two β-(1→4) linked glucose units attached to every second backbone unit.  
Ma et al. (2008) reported (1→4)(1→6)-β-D-glucan isolated from Auricularia auricula-judae, with 
a β-(1→4) backbone; a significant part of glucose units was found to be oxidized to glucuronic acid 
(19%). Liu and Wang (2007) further reported a β-glucan from Phellinus ribis with a mixed (1→4), 
(1→6)-linked backbone and β-(1→3) linked branches, and Dai et al. (2012) described a similar 
structure from Polyporus umbellatus. A branched, mixed α, β-glucan was described by Mandal 
et al. (2012) from Calocybe indica. Linear β-glucans can have either β-(1→3) or β-(1→6) 
structure. Linear glucans are mostly water-insoluble and are usually obtained by alkaline extrac-
tion. Pachyman, isolated from Wolfiporia cocos sclerotium (syn. Poria cocos ) is a linear (1→3)-β- 
D-glucan (Jin et al., 2003). Alquini et al. (2004) characterized another (1→3)-β-D-glucan from 
Laetiporus sulfureus and Chakraborty et al. (2006) from Termitomyces eurhizus. Linear (1→6)-β- 
D-glucans were reported from both A. subrufescens (Kawagishi et al., 1989; Kawagishi et al., 
1990; Gonzaga et al., 2005) and A. bitorquis (Nandan et al., 2008), the latter one being isolated 
from the water-soluble mushroom extract fraction. 

Camelini et al. (2005) found that during maturation of A. subrufescens fruiting bodies, β-glucan 
fraction changes significantly; glucans of young fruiting bodies contain both β-(1→6) and β-(1→3) 
linkages, but the amount of β-(1→3) linked glucose increases with age. They suggested that, 
according to the previous research, A. subrufescens contains (1→6)(1→3)-β-D-glucans and that 
during maturation β-(1→3) branching increases. The most common glucan structures found in 
mushrooms are given in Figure 8.1. 

Figure 8.1 Mushroom glucan structures: (1→6)-β-D-glucan (1), (1→3)-β-D-glucan (2), (1→3) (1→6)-β-D-glucan 
(3), (1→6) (1→3)-β-D-glucan (4), (1→4),(1→6)-α-D-glucan (5).    
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β-glucans can form complexes with proteins and some of the most studied mushroom- 
derived immunostimulating products are β-glucan-protein complexes. Linear (1→6)-β-D- 
glucan described from A. subrufescens is a part of such complex, which was found to be very 
stable; as it is water-insoluble, proteolytic enzymes are ineffective in degrading it (Kawagishi 
et al., 1989; Kawagishi et al., 1990). “Fraction D” or “D-fraction”, isolated from G. frondosa 
(“maitake”) is a high molecular-weight-β-glucan-protein complex (1,000 kDa), the glucan part 
(“MT-2”) being a (1→6)(1→3)-β-D-glucan (Adachi et al., 1987; Hishida et al., 1988; Deng 
et al., 2009). “Protein-bound polysaccharide”, “Krestin”, or simply PSK and poly-
saccharopeptide (PSP), isolated from mycelium of Trametes versicolor (syn. Coriolus versi-
color) are known to represent complexes between polysaccharides and proteins/polypeptides 
(Ng, 1998), but polysaccharide fractions of these complexes are not fully characterized yet. 
PSK and PSP both have a molecular weight of about 100 kDa, they contain (15) 25%–38% 
(Maehara et al., 2011; Friedman, 2016) and ~31% of proteins (Man-Fan Wan, 2013), re-
spectively, which are rich in acidic amino acids, glutamic, and aspartic acid (Ng, 1998). The 
structure of the PSK polysaccharide fraction has been variously interpreted. The earliest 
structural studies found that protein fraction could not be eliminated by the Sevag method, 
precipitation with trifluorotrichloroethane, digestion with pronase, or column chromatography. 
No sugars other than glucose were detected upon hydrolysis of PSK and the polysaccharide 
part of the complex was suggested to be of β-glucan structure. Presence of β-(1→3), β-(1→4), 
and β-(1→6) linkages were detected and it was proposed that glucan part consisted of β-(1→4) 
backbone with both β-(1→3) and β-(1→6) side chains (Hirase et al., 1976a; Hirase et al., 
1976b; Tsukagoshi et al., 1984), though experimental data was limited from today’s point of 
view since the configuration of anomeric carbons was not determined using NMR spectro-
scopy. Smaller amounts of other sugars (mannose, fucose, xylose, and galactose) were later 
also found to be part of the PSK carbohydrate fraction (Tsukagoshi et al., 1984). This minor 
sugar fraction is sometimes said to distinguish PSK and PSP; PSP does not contain fucose, but 
rhamnose and arabinose instead (Ng, 1998; Man-Fan Wan, 2013). Some sources state that α- 
(1→4) and β-(1→3) linkages are present in both PSK and PSP (Ng, 1998), while others report 
the presence of β-(1→3), β-(1→6), α-(1→4), and α-(1→2) glucosidic linkages in both of these 
complexes (Man-Fan Wan, 2013). PSP was however reported to contain (1→4), (1→2) and 
(1→3) linked glucose units (anomeric carbon not specified), together with smaller amounts of 
galactose, mannose, and arabinose (Ng, 1998). PSK was also cited/misinterpreted in literature 
as a (1→6)(1→3)-β-D-glucan (Yang et al., 2019), which however refers to an exopoly-
saccharide produced by T. versicolor during submerged cultivation (Rau et al., 2009). 

β-glucans can be extracted in several ways; a pretreatment of fungal material with organic 
solvents such as methanol or ethanol is usually required to remove liposoluble compounds. Water- 
soluble glucans can be then extracted with water, at room or high temperature. The process of 
extraction may be repeated several times until exhaustion, to maximize the yield of extraction. 
High pressure, microwave, and ultrasound-assisted extraction are newer techniques that are shown 
to be more efficient. Alkaline extraction using aqueous solutions of strong bases (2% NaOH, 
KOH), at high temperatures is often used. Purification of the isolated β-glucan fraction may be 
needed and the process may include dialysis, to remove salts and small molecules, as well as 
deproteinization, although these steps often lead to losses. Removal of proteins can be obtained by 
using the Sevag method, precipitation with trichloroacetic acid, or by enzymatic deproteinization 
(Ruthes et al., 2015). Using HCl solution as a solvent was reported to be efficient in β-glucans 
extraction from P. ostreatus with simultaneous deproteinization (Szwengiel & Stachowiak, 2016). 
The best way to obtain pure β-glucan fraction from the crude extract is by size exclusion chro-
matography (Ruthes et al., 2015). 
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Photograph 8.1. Trametes versicolor, one of the best known mushroom species used in cancer 
treatment. Bor district, Serbia, 2014. Photo: P. Petrović 

The mechanism of β-glucans’ immunomodulatory activity is not completely understood. 
Studies on glucans primarily involved glucans with a β-(1→3) backbone. β-glucans are active 
when administered both systemically and orally (Hino et al., 2020). It is known for certain that they 
act stimulatory on the host’s immune system. β-glucans primarily activate innate immunity but 
affect adaptive immunity as well (Vannucci et al., 2013; Hino et al., 2020). They produce re-
sponses in various types of immune system cells, primarily dendritic cells, macrophages/mono-
cytes, NK (“natural killer”) cells, neutrophils, as well as T lymphocytes (Chan et al., 2009) by 
binding to specific receptors expressed by these cells. Many receptor types are reported to re-
cognize β-glucans: TLR (“Toll-like receptor”), CR3 (“complement receptor 3”), NLR (“NOD-like 
receptor”), RLR (“RIG-I-like receptor”), lactosylceramides (LacCer), scavenger receptors (Sc), 
and especially Dectin-1 receptor, considered to be the main β-glucan receptor. These receptors 
initiate an immune response during infection of fungal origin (Vannucci et al., 2013; Dalonso 
et al., 2015) which is not a coincidence, since β-glucans are the universal building blocks of fungal 
cell walls, including pathogenic fungi, and are recognized by the immune system as “pathogen- 
associated molecular patterns” (PAMPs) (Hino et al., 2020). Among these receptors, most studied 
and best understood are Dectin-1, TLR and CR3. Dectin-1 is found on various immune cells but 
plays a major role in β-glucan recognition by macrophages and dendritic cells. Once β-glucan 
binds to Dectin-1, it gets internalized by phagocytosis and induces several signaling pathways 
(such as NF-κB), leading to activation of reactive oxygen species (ROS) generation. Production 
and release of proinflammatory cytokines, such as TNF-α and IL-12 is mediated by a collaboration 
between Dectin-1 receptors and TLRs (Kim et al., 2011; Camilli et al., 2018; Legentil et al., 2015;  
Hino et al., 2020), although it was shown that in certain immune cell populations Dectin-1 
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activation alone can induce cytokine production (Goodridge et al., 2009). Cytokines are small 
signal proteins that represent intercellular messengers of the immune system; they integrate the 
function of various cell types from different parts of the organism in a coherent response (Gulati 
et al., 2016; Chawla et al., 2019). 

CR3 receptors seem to be crucial for the antitumor activity of β-glucans; these receptors are 
expressed by NK cells, neutrophils, and lymphocytes. The binding of β-glucans to CR3 receptors 
enhances the cytotoxic activity of immune cells towards iC3b-opsonized target cells, including 
tumors that are otherwise resistant to CR3-dependent cytotoxicity (Chan et al., 2009; Camilli et al., 
2018; Hino et al., 2020). 

Glucans derived from different sources may show great variability in affinity for certain re-
ceptors and thus exhibit a weaker or stronger effect on immune cells (Vannucci et al., 2013); for 
example, it was shown that Dectin-1 receptor can bind glucans with an affinity that ranges from 
very low (3 × 10−3 M) to very high (2 × 10−12 M), depending on their size and structure 
(Goodridge et al., 2009, Adams et al., 2008). Zymosan, a (1→3)(1→6)-β-D-glucan, exhibits a 
higher affinity to Dectin-1 than curdlan, a (1→3)-β-D-glucan, and pustulan, a (1→6)-β-D-glucan 
(Hino et al., 2020). Not only the presence of branches but branching degree as well can affect β- 
glucans’ activity. A lower degree of branching of 0.2–0.33 (branching at every third to fifth 
backbone glucose unit) is associated with better activity than a high degree of 0.67–0.75. Solubility 
of β-glucans is also important for their activity; some studies showed that both water-soluble and 
water-insoluble β-glucans can bind to Dectin-1 receptors, but only insoluble forms stimulate 
phagocytosis. β-glucans are known to have a quaternary structure under certain conditions and 
lentinan, a (1→3)(1→6)-β-D-glucan possesses antitumor activity in triple-helical conformation, 
while unfolded, in the single-chained confirmation it doesn’t have this effect (Ruthes et al., 2015). 

Many products of medicinal mushrooms have shown antitumor activity in animal models, but 
only a few were tested in human clinical trials. Complexes of β-glucans with proteins have shown 
superior activity to pure β-glucans (Wasser, 2017). The most important mushroom-derived 
β-glucan containing products include those obtained from L. edodes, T. versiclor, G. lucidum, G. 
frondosa, and others (Zhou et al., 2014). Lentinan is probably the most used pure β-glucan derived 
from mushrooms. It was first isolated back in 1969 (Murphy et al., 2020) and has been approved in 
both Japan and China as adjuvant agent in cancer treatment since the 1980s. It can be taken both 
orally, or by intravenous injection (Zhang et al., 2019); a superfine dispersed lentinan is a newer 
lentinan formulation that was found to have better bioavailability in humans (Vannucci et al., 2017). 
Clinical trials that evaluated lentinan’s efficacy and safety mostly showed a positive effect of lentinan 
inclusion in the cancer therapy, especially for some lung and gastrointestinal cancers; positive effects 
include improved response rate, longer survival, reduction of side effects of chemotherapy/radiation 
therapy, and improvement of life quality (Ina et al., 2013; Vannucci et al., 2017; Antonelli et al., 
2020). In clinical trials in China, which included near 10,000 patients, lentinan was used mostly in 
the treatment of lung cancer, followed by gastric and colorectal cancers. Lentinan was found to 
promote the efficacy of chemotherapy and radiation therapy, with few side effects (Zhang et al., 
2019). However, more studies are needed that would include a broader population, as well as 
standardization of lentinan production, quality assessment, therapeutic protocols, etc. (Vannucci 
et al., 2017; Antonelli et al., 2020). Several clinical trials that involved another (1→3)(1→6)-β-D- 
glucan with a higher branching degree, schizophyllan, were conducted in the 1980s and 1990s; 
schizophyllan was also used in patients with recurrent and inoperable gastric cancer, together with 
chemotherapy, leading to increased median survival. It extended survival time in patients with head 
and neck cancers and had a limited effect on cervical cancer (Zhang et al., 2013). 

T. versicolor-derived PSK and PSP have been extensively studied. PSK has been registered as a 
drug in Japan and is used as an immunotherapeutic adjuvant in cancer treatment. There have been 
multiple clinical trials in which PSK was used together with chemotherapy in the postoperative 
treatment of gastric, colorectal, and lung cancer. It was found that patients who received both 
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chemotherapy and PSK lived longer, with a lower incidence of cancer recurrence and/or prolonged 
remission periods, comparing to those who received chemotherapy alone. PSK was reported to improve 
the quality of life in patients and is considered to be safe, with few, mild side effects. PSK also showed 
positive effects as an adjuvant in the treatment of other types of cancers: nasopharyngeal, esophageal, 
bladder, and breast cancer (Maehara et al., 2011). Numerous studies reported direct cytotoxicity of T. 
versicolor polysaccharide-containing preparations towards cancer cell lines in vitro, via apoptosis; these 
cell lines include breast, cervix, gastric, colon, hepatic, lung cancer cells, etc. (Maehara et al., 2011;  
Man-Fan Van, 2013; Habtemariam, 2020). D-fraction, another protein-bound polysaccharide isolated 
from G. frondosa, containing (1→6)(1→3)-β-D-glucan (“MT-2”), was evaluated in many animal 
studies and was reported to repress cancer progression and prevent metastasis, as well as to decrease the 
effective dose of chemotherapeutics in tumor-bearing mice. Several studies suggested that D-fraction is 
more effective in combination with vitamin C (He et al., 2019). Inoue et al., (2002) reported that D- 
fraction can potentiate the activity of helper T cells and affect the balance between Th-1 and Th-2 
subtypes. However, clinical studies in humans are still scarce and limited by a low number of parti-
cipants. A phase I/II clinical trial in 34 breast cancer patients showed that orally administered D-fraction 
was associated with changes of certain immunological parameters and that D-fraction acted stimulatory 
on some and suppressive on others in a dose-dependent way. The “optimal dose” for most studied 
functional parameters was found to be 5–7 mg/kg/day. The authors of the study, however, commented 
that the clinical significance of the observed changes in immunological parameters was unknown. They 
noted the increase of both anti-inflammatory IL-10 and immunostimulatory IFN-γ and IL-2; the clinical 
effect of the balance of pro- and anti-inflammatory cytokines remains to be uncovered. Although G. 
lucidum is one of the most widely used “medicinal mushroom” species, known for its im-
munostimulating effects, the potential positive effects of G. lucidum products on lung cancer, liver 
cancer, melanoma, leukemia, and colon cancer are known mostly from preclinical studies (Cao et al., 
2018) and clinical trials in humans are very limited. A meta-analysis performed by Jin et al. (2016) 
found that the use of G. lucidum as the only cancer treatment option cannot be supported as its 
antitumor effects were negligible (which is why mushroom products are used in combination with 
chemoterapeutics).There is evidence that G. lucidum may be helpful in the treatment of lung cancer, as 
part of the therapeutic protocol, improving response to conventional therapy. However, there is a lack 
of evidence that improvement of tumor response is associated with prolonged survival of the patients. 
Like in other β-glucan-containing products, the use of G. lucidum enhanced the immune system of 
cancer patients, suggesting that it could be very useful in fighting the common immunosuppressive side 
effect of chemotherapeutics. G. lucidum–based products that have been used in research do not re-
present standardized, purified glucans, or glucan-protein complexes, but extracts that contain other 
compounds as well, making it difficult to compare different studies. 

Besides β-glucans, α-glucans have been recently reported to exhibit immunostimulatory effects 
as well. Branched α-glucans are referred to as “glycogens” and may differ in branching degree, 
depending on the source, and may also form complexes with proteins (Synytsya & Novák, 2013).  
Masuda et al. (2017) isolated a highly branched (1→4)(1→6)-α-D-glucan from G. frondosa (“YM- 
2A”), which showed immunostimulation-associated antitumor effects in mice with colon and 
melanoma cancer when administered orally. The authors suggested that YM-2A was resistant to 
digestive enzymes because of the high branching degree. Glycogens of other plant and animal 
origins were also tested in the study but did not show the same effect. In vitro studies confirmed 
that YM-2A stimulated proinflammatory cytokine production in macrophages, although mechan-
isms of its action are yet to be understood. Stimulation of production of TNF-α in the macrophage 
cell culture was also reported for (1→4),(1→6)-α-D-glucan fraction obtained from L. edodes 
(Kojima et al., 2009), while in vivo studies in mice showed that similar α-glucan, isolated from A. 
subrufescens (as A. blazei) stimulated the increase of CD4+ and CD8+ lymphocytes (Mizuno et al., 
1998). Mannose receptors may also have a similar function as studies in Dectin-1 deficient 
macrophages showed they were capable of recognizing fungi (Goodridge et al., 2009). 
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Photograph 8.2. Ganoderma lucidum; despite being one of the most popular traditional med-
icinal mushrooms, it is still insufficiently characterized. Crni vrh, Serbia, 2014. Photo: P. Petrović 

8.2.2 Cytotoxic compounds of mushrooms 

Mushrooms contain compounds that exert direct cytotoxicity. Numerous species are reported to 
possess cytotoxic activity (Bézivin et al., 2002; Tomasi et al., 2004; Petrović et al., 2016), and a 
relatively great number of cytotoxic/antitumor compounds derived from mushrooms have been 
isolated. Most of them are however still poorly characterized in respect to their activity, which is, 
in most cases, known from scarce and limited in vitro studies on cancer cell lines or studies in 
animal models and xenografts. These compounds belong to different classes and include terpenoids 
(sesqui-, di-, and triterpenoids), polyketides, styrylpyrones, fatty acid derivatives, as well as other 
polyphenolic and amino compounds of uncertain biogenetic origin (Schüffler & Anke, 2009; Lee 
& Yun, 2011; Schüffler, 2018). Most of the antitumor mushroom-derived compounds act through 
apoptosis induction, although other mechanisms of action are seen as well. Some of the best- 
known cytotoxic compounds isolated from mushrooms, as well as some of the compounds with 
interesting/unusual mechanisms of antitumor activity, are reviewed below. Mushroom-derived 
terpenoids have been studied extensively and the great majority of reported cytotoxic compounds 
from mushrooms belong to this class of molecules. 

Illudins are sesquiterpenes isolated from the poisonous mushrooms Omphalotus lludens and O. 
japonicus (Figure 8.2) and are among the most powerful natural cytotoxic compounds, active 
against multi-drug resistant experimental human cancers (Kelner et al., 1997). Illudin M and S 
were first isolated and named in 1950 as the main responsible antibacterial agents of O. illudens (as 
Clitocybe illudens) (Anchel et al., 1950), and their structures were elucidated independently by  
McMorris and Anchel (1965) and Nakanishi et al. (1965), who coined the name “lampterol” to a 
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previously isolated cytotoxic compound from O. japonicus, identical to illudin S (Nakanishi et al., 
1963). More related compounds were later isolated from Omphalotus spp., named illudin A, B, D, 
F, G, H. Interestingly, species of the distantly related genus Coprinopsis (previously included in 
Coprinus), such are C. episcopalis and C. gonophylla, are also able to produce this class of 
compounds and several illudins were isolated from them: illudin C, C2, C3, I, I2, J2 and illudinic 
acid (Gonzalez Del Val et al., 2003). Most studied, in respect to their antitumor abilities, are 
however illudin M, and particularly illudin S. 

Illudins have a characteristic structure with a cyclopropane ring and a highly reactive α, β- 
unsaturated ketone group (Tanaka et al., 1994). They act via unstable intracellular metabolites which 
bind covalently to DNA (Kelner et al., 1994), causing a still poorly characterized lesion in the DNA 
strain. These lesions are highly specific in the way that they are ignored by all known cell repair 
systems and can only be repaired when trapped in stalled replication or transcription complexes 
(Jaspers et al., 2002). The first screening of illudins’ antitumor activity was in animal models, where 
they were shown to significantly prolong the life of rats with leukemia, but had a narrow therapeutical 
index in the treatment of solid tumors (Kelner et al., 1990). In vitro studies showed that both Illudin S 
and M have very pronounced cytotoxic activity towards various human leukemia cell lines, being active 
in the range of concentrations between 6 and 100 nM. Myeloid and T-lymphocyte leukemia cells were 
found to be particularly sensitive to illudin S, which showed inhibitory activity towards certain types of 
these cells at the same concentrations as ricin, one of the most toxic compounds of plant origin (Kelner 
et al., 1987). Both healthy bone marrow progenitors and some solid tumors were relatively resistant. 
Selectivity towards certain leukemias, as well as breast, colon, lung, and ovarian carcinomas is seen in 
shorter exposure times of cells to illudins (≤2 h); this selectivity is based on an active transport me-
chanism present in sensitive cells, but absent in cells resistant to illudin S (Kelner et al., 1990; Kelner 
et al., 1994). Illudins inhibit DNA synthesis, causing a block at interphase (G1-S phase) of the cell 
cycle. Ketone moiety was determined to be crucial for the activity, as reduction to the alcohol group 
leads to 10,000 times lower activity towards HL60 cells. The main problem for the use of illudins in 
vivo is that they have a narrow therapeutic index, meaning there is a little difference between ther-
apeutic and toxic dose (Kelner et al., 1987), and it was soon realized that potential antitumor drugs 
should be looked for among the semi-synthetic analogues of illudins (Kelner et al., 1994). This led to 
discovery of a related compound family named acylfulvens (Puyo et al., 2014). Irofulven was ulti-
mately developed and entered several clinical trials to evaluate its efficacy for certain cancer types. 
Although marked as a promising new agent, it showed no effects in patients with advanced or me-
tastatic renal cell cancer (Berg et al., 2001; Amato et al., 2002), relapsed, or refractory non-small-cell 
lung cancer (Sherman et al., 2004). It did not demonstrate significant activity for the continuation of 

Figure 8.2 Chemical structures of illudin S (1) and irofulven (2). 

Source: http://www.chemspider.com.    
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research in patients with advanced melanoma (Pierson et al., 2002) and was found to be minimally 
active in patients with recurrent or persistent endometrial carcinoma while exhibiting significant 
toxicity (Schilder et al., 2004). No complete or partial responses were observed in pediatric patients 
with solid tumors treated with irofulven (Bomgaars et al., 2006). Irofulven showed only modest activity 
in patients with recurrent or persistent intermediately platinum-sensitive ovarian or primary peritoneal 
cancer (Schilder et al., 2010). The effect of irofulven in patients with acute leukemia was mixed in 
phase I trial, and at the time, the authors of the study proposed a second phase in patients with better 
prognosis (Giles et al., 2001). In the phase II trial, irofulven showed activity in patients with metastatic 
hormone-refractory prostate cancer and had an acceptable safety profile (Senzer et al., 2005), sug-
gesting that it may have at least limited use in the future. The possibility of the use of irofulven with 
other cytostatics was also explored. Irofulven was shown to be active in the treatment of advanced solid 
tumors in combinations with cisplatin (Hilgers et al., 2006) and capecitabine (Alexandre et al., 2007) in 
phase I clinical trials, leading to in vitro and in vivo studies of the interaction between irofulven and 
other antitumor drugs against lung carcinoma; it was shown that anti-metabolites gemcitabine, cy-
clocytidine, cytarabine, fludarabine phosphate, cladribine, and 5-fluorouracil have strong synergistic 
activity with irofulven when combined (Kelner et al., 2008). 

There are numerous examples of mushroom triterpenoids that exhibit antitumor activity. 
Lignicolous mushrooms seem to be particularly potent producers of a vast variety of triterpenoids 
and those isolated from cultivated lignicolous mushrooms have been extensively studied. 
Ganoderic acids are probably the most studied mushroom-derived triterpenoids (Figure 8.3), re-
garding their antitumor activity. They represent highly oxygenated lanostan-type triterpenoids and 
are abundant in the genus Ganoderma (Min et al., 2000). More than 130 ganoderic acid derivatives 
and other triterpenoids have been isolated from various Ganoderma spp., both from fruiting bodies 
and mycelium cultures (Keypour et al., 2010), as well as spores (Liang et al., 2019). 

Photograph 8.3. Omphalotus olearius, a poisonous mushroom species containing powerful 
cytotoxins, illudins. Bor district, Serbia, 2017. Photo: P. Petrović 
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Ganoderic acids and related compounds seem to induce mitochondria-mediated apoptosis of 
cancer cells, but other antitumor mechanisms have been implicated in their in vivo activity. 
Ganoderic acid X (G. amboniense) was found to induce apoptosis in human hepatoma HuH-7 cells. 
The authors noted mitochondrial membrane permeability dysfunction and consequent release of 
cytochrome-c into cytosol and activation of caspase-3. Levels of the anti-apoptotic protein Bcl-xL 
were found to be decreased (Li et al., 2005). Ganoderic acid T was found to induce mitochondria- 
mediated apoptosis in lung cancer cells via the same mechanism; the authors further concluded that 
the apoptotic mechanism does not include caspase-8 activation. Ganoderic acid T caused the 
upregulation of p53 protein and Bax (while not affecting Bcl-2, another protein involved in 
apoptotic mechanisms), which consequently lead to changes in the potential of mitochondrial 
membrane and its dysfunction, causing the release of cytochrome-c into cytosol and activation of 
caspase-3. The same study confirmed the growth inhibition of implanted solid tumors by ganoderic 
acid T in mice (Tang et al., 2006). Chen et al. (2010) further found that it can effectively inhibit 
cancer cell invasion in vitro and metastasis in vivo. Chen and Zhong (2009) also suggested p53 
protein to be the target of ganoderic acid Me in an in vitro study, while Wang et al. (2007) studied 
the mechanism of in vivo antitumor action of systemically administered ganoderic acid Me in mice 
bearing Lewis lung carcinoma and suggested that it may also exert an antitumor effect through 
immunostimulation. They noticed enhanced activity on NK cells in mice treated with the com-
pound and increased expression of IL-2 and INF-γ, as well as upregulation of NF-κB, involved in 
the production of cytokines. Ganoderic acid Mf and S, two positional isomers, both decreased 
growth of various human cancer cell lines, but Mf isomers were more selective towards tumor cells 
when compared to their activity to normal cells. These isomers were further investigated on human 
cervical carcinoma cells (HeLa) to see whether they act through the same mode of action. They 
both caused mitochondria-mediated apoptosis, which was characterized by the activation of both 
caspase-3 and caspase-9, with increased Bax/Bcl2 ratio, but they differed concerning their spe-
cificity to cause cell cycle arrest at a certain phase. It was found that ganoderic acid S caused the 
arrest of cells in the S phase, while ganoderic acid Mf caused the arrest in the G1 phase. Whether 
this has a clinical significance is yet to be elucidated (Liu & Zhong, 2011). Ganoderic acid A was 
reported to suppress the proliferation of human hepatocellular carcinoma, by inducing cell cycle 
arrest at the G0/G1 phase and apoptosis (Wang et al., 2017). Apart from exhibiting cytotoxic 
activity via apoptosis towards human breast cancer cells (Wu et al., 2012), ganoderic acid DM was 
found to have anti-androgenic activity and thus to be potentially effective in prostate cancer 
treatment (Liu et al., 2009). It acts as a 5α-reductase inhibitor, an enzyme that catalyzes the 
transformation of testosterone to the more active dihydrotestosterone, involved in the development 
and progression of hormone-dependent prostate cancer. It further binds to androgen receptors, 
suppressing associated signaling pathways. Apart from being active against both androgen- 
dependent and independent prostate cancer, ganoderic acid DM was also shown to inhibit os-
teoclast differentiation, which might be useful in preventing bone metastases that may accompany 
prostate cancer and which are responsible for a significant percentage of prostate cancer–related 
deaths (Johnson et al., 2010). 

Liu et al. (2012) tested in vitro cytotoxicity of several semi-synthetic derivatives of ganoderic 
acid T towards HeLa cells; they didn’t find a difference in the activity of ganoderic acid T and its 
methyl, ethyl, and propyl esters, but amide analog was shown to be significantly more active, 
suggesting that carboxylic group is not crucial for the activity of ganoderic acids. This is further 
backed up by the fact that ganoderic alcohols are also reported to have cytotoxic activity in vitro, 
towards certain cell lines; lucidumols, ganoderiol F, and ganodermanondiol were found to be even 
more effective against Meth A sarcoma and Lewis lung carcinoma (LLC) cells than ganoderic 
acids in the study performed by Min et al. (2000). 

222                                                                                                                  WILD MUSHROOMS 



Betulinic acid is a lupan-type pentacyclic triterpene that has been drawing increasing attention 
due to its various biological activities, including cytotoxic and antitumor effects (Dehelean et al., 
2021; Lou et al., 2021). It is found in the outer bark of birches (Betula spp.), but also in various other 
plant species, although in relatively low amounts (Hordyjewska et al., 2019). On the other hand, 
betulin, an alcohol-analog and a precursor of betulinic acid, a potent cytotoxic compound as well, can 
account for up to 30% of bark dry weight of some birch species (Green et al., 2007; Hordyjewska 
et al., 2019). Both betulin and betulinic acid can however be found in a very specific fungus – 
Inonotus obliquus or Chaga, which grows as a parasite mostly on birch trees (Lee et al., 2008); these 
compounds have been thought to originate from the host. Chaga causes rupturing of the tree bark and 
exposes a dark-colored mycelium mass – sclerotium. This sterile “conk” has been used in the folk 
medicine of northern nations, particularly Russians to treat stomach diseases, liver and heart ail-
ments, as well as different kinds of cancer (Lee et al., 2008; Kim et al., 2011; Petrović et al., 2019b). 
Chaga extracts were reported to exhibit cytotoxic effects on cervical, colon, and liver cancer cell 
lines, as well as tumor growth reduction in a melanoma xenograft model, by induction of apoptosis 
(Blagodatski et al., 2018). Some of Chaga’s activity may be associated with the content of betulin 
and betulinic acid, which however seems to vary with its geographical origin, production/accumu-
lation capacity of the host tree species, and probably other factors as well; thus one study found that 
French specimens of Chaga contained a significant amount of these compounds, unlike those col-
lected in Ukraine and Canada (Géry et al., 2018). Betulinic acid induces apoptosis in tumor cells by 
mitochondrial-mediated pathways (Zeng et al., 2019; Dehelean et al., 2021) characterized by dis-
turbance of mitochondrial membrane potential, cytochrome-c release, caspase activation, and DNA 
fragmentation (Fulda et al., 1997; Fulda & Debatin, 2000; Thurnher et al., 2003). Although the first 
reports on betulinic acid’s activity marked it as a melanoma-selective agent (Pisha et al., 1995), 
consequent research has shown that it is active in vitro against several tumor cell lines, including 
head and neck squamous cell carcinoma (Thurnher et al., 2003), Ewing’s sarcoma, neuroblastoma, 
medulloblastoma, and glioblastoma (Fulda et al., 1997; Fulda et al., 1999), and in vivo, in mice 
ovarian and breast tumor models (Hordyjewska et al., 2019). Betulin was also found to exhibit in 
vitro toxicity towards cell lines of various tumors: neuroblastoma, thyroid, breast, cervical, and skin 
epidermoid carcinoma, colorectal adenocarcinoma, T lymphoblast leukemia, and others; it was 
proposed to share the same mode of action as betulinic acid (Król et al., 2015). Betulin’s poor 
solubility in water limits its potential use in cancer treatment, so betulinic acid is regarded as a more 
suitable candidate for further research (Hordyjewska et al., 2019). Although assumed that betulin and 
betulinic acid found in Chaga conk are absorbed from the host, several studies on the submerged- 
cultivated mycelium of I. obliquus have demonstrated that these compounds can be produced by the 
fungus (Bai et al., 2012; Xu et al., 2016); in these studies, however, the identification of the com-
pounds was done using HPLC with UV detector, only by comparing the retention times to those of 
the standards. Lou et al. (2021) provided more solid evidence of the presence of betulinic acid in the 
mycelial culture of I. obliquus by using HPLC-MS and showed that the production of betulinic acid 
may be greatly enhanced by altering culturing media and fermentation conditions. If I. obliquus is 
truly confirmed to be a potent producer of betulinic acid, it would make it a much reliable source of 
this compound, as mycelium is relatively easily grown in laboratory conditions. The fact that I. 
obliquus is capable of producing betulin and betulinic acid may not come as a surprise as it had been 
already established that some fungal plant pathogens, as well as endophytic fungi, produce the same 
compounds that are found in the associated plants, probably as a result of genetic exchange between 
these organisms; the most notable example of such relationship are pacific yew (Taxus baccata) and 
Taxomyces andreanae, an endophytic fungus that lives in the tree’s bark and can synthesize pacli-
taxel, the same powerful cytostatic produced by pacific yew (Stierle et al., 1995). Chaga is a source 
of other biologically active triterpenoids that were found to exhibit in vitro antitumor effects: in-
otodiol, inonotodiol, inonotsuoxides, etc, although these compounds are yet to be thoroughly studied 
(Blagodatski et al., 2018). 
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Clavaric acid is a triterpenoid isolated from Clavariadelphus truncatus and it inhibits farnesyl- 
protein transferase (IC50=1.3 µM), which catalyzes the specific transfer of farnesyl group to Ras- 
peptides, an action that is essential for oncogene-mediated tumors. Inhibition of farnesyl-protein 
transferase was confirmed to reduce tumor development in mice, thus marking this enzyme as a 
potential target of antitumor agents (Jayasuriya et al., 1998). Other triterpenoids that were shown to 
possess cytotoxic activity in vitro were isolated from Lactarius volemus, Antrodia camphorata, 
Ophiocordyceps sinensis (Jin-Ming, 2006), Irpex sp., Perenniporia fraxinea, Leucopaxillus gen-
tianeus (Schüffler & Anke, 2009), Hypholoma fasciculare (Schüffler, 2018), Tricholoma pardinum 
(Zhang et al., 2018), and many more. 

Styrilpyrones (Figure 8.4) are an interesting class of yellow polyphenol pigments that are 
known primarily from lignicolous mushrooms, most of them being characterized from Phellinus 
and Inonotus spp. (P. igniarius, P. linteus, P. ribis, I. hispidus, I. obliquus, I. xeranticus, etc). They 
are thought to have similar functions as plant phenylpropanoids and flavonoids. They are powerful 
antioxidants, but exhibit other activities as well, such as anti-inflammatory, anti-platelet ag-
gregation, and anti-diabetic. Some styrilpyrones, hispidin, hispolon, and phelligridins are also 
shown to possess cytotoxic activity. Hispidin and hispolon have shown significant inhibitory ac-
tivity towards certain tumor cell lines, while the activity of phelligridins was only moderate. 
Hispidin was shown to be more cytotoxic towards tumor pancreatic duct cells and keratinocytes 
than normal cells. Hispolon’s cytotoxic ability was further investigated and it was found that it acts 
through mitochondria-mediated apoptosis induction (Lee & Yun, 2011). 

Various amino compounds from mushrooms were reported to possess antitumor activity, with 
a great variety of mechanisms of action (Figure 8.5). 

Clitocine was first isolated from the North American population of Paralepista flaccida (as 
Clitocybe inversa) as the main insecticidal principle of the mushroom extract, constituting about 

Figure 8.4 Chemical structures of selected styrilpyrones: hispidin (1), hispolon (2), phelligridin C (3), phelligridin 
E (4). 

Source: http://www.chemspider.com.    
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0.001% of the mushroom fresh weight. It represents an amino exocyclic nucleoside, which has 
structural similarities to adenosine (Kubo et al., 1986). Clitocine was later reported from 
Leucopaxillus giganteus as well (Ren et al., 2008). First studies of clitocine’s potential cytotoxic 
activity towards tumor cell lines were carried by Moss et al. (1988); they tested the compound 
against murine lymphocytic leukemia cell line (L1210), as well as human B lympho-blastic leu-
kemia (WI-L2) and T lymphoblastic leukemia  (CCRF-CEM) and determined relatively low IC50 

value against all lines of 30 nM. Almost 20 years later, the interest in clitocine rose again as Fortin 
et al. (2006) isolated the same compound from Paralepista flaccida as the compound responsible 
for the mushroom’s pronounced cytotoxic activity. Clitocine exhibited very strong activity towards 
all tested cancer cell lines, murine (3LL and L1210) and human (DU145, K-562, MCF7, and 
U251), with IC50 values in the nanomolar/sub-millimolar range; the strongest activity was obtained 
against murine 3LL and L1210 cell lines, with IC50 values being 33.1 nM and 22.6 nM, respec-
tively, similar to the values obtained by Moss et al. (1988), establishing clitocine as one of the most 
potent cytotoxic compounds isolated from a basidiomycete (Fortin et al., 2006). Clitocine has two 
anomers (α and β) and there was no significant difference in the activity of the mixtures with 
different anomer ratios. The anomer mixture with α:β ratio 1:4 was further tested for toxicity in 
healthy mice, as well as 3LL and L1210 tumor-bearing mice. As a daily dosage of ≤6.25 mg/kg 
was found to be safe during two-week treatment, both tumor-bearing mice lines were treated with 
clitocine with daily doses of 0.5, 3, or 5 mg/kg. While no effects were noted during the treatment of 
the 3LL tumor-bearing mice, there was evident prolongation in the survival of L1210 tumor- 
bearing mice, which was the most pronounced for dosage regime of 3 mg/kg; the in vivo ex-
periments confirmed the in vitro obtained better activity towards L1210 cell line. The authors 
proposed that clitocine acts via apoptosis induction; Ren et al. (2008), who investigated clitocine’s 
activity towards HeLa cells, confirmed that it induces apoptosis by activating multiple pathways 
including death receptor and mitochondrial pathways. 

Figure 8.5 Examples of mushroom amino-compounds with citotoxic/antitumor activity: clitocine (1), agaritine 
(2), calvatic acid (3), 4,6-dihydroxy-1H-isoindole-1,3(2H)-dione (4). 

Source: http://www.chemspider.com.    
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Photograph 8.4. Paralepista flaccida, one of the mushroom species clitocine was isolated 
from. Crni vrh, Serbia, 2013. Photo: P. Petrović 

Clitocine was recently found to be a highly potent readthrough agent, allowing the normal 
translation of a functional protein despite the presence of a nonsense mutation in the DNA which 
consequently results in a premature stop codon in the mRNA. Nonsense mutations in the p53 
tumor suppressor protein are one of the causes of its inactivation, which is one the most prevalent 
underlying mechanism of human cancer development; mutations in p53 protein may also lower the 
efficacy of chemotherapeutics. Reactivation of p53 protein would thus have a positive effect on 
tumor treatment. Clitocine was shown to be able to induce the production of fully functional p53 
protein in cells with p53 protein nonsense mutations and consequently prevented the growth of 
nonsense-containing human ovarian cancer tumors in xenograft tumor models. Incorporation of 
clitocine in RNA, as adenosine replacement, seems to be the key point of its mechanism of action; 
when incorporated at the third position of a nonsense codon, it allows the read-through of RNA. 
The discovery of readthrough agents which allow translation of functional proteins in a presence of 
a nonsense mutation led to a novel approach in the treatment of both genetic disorders and cancer; 
ataluren, was the first such drug to be conditionally approved by the European Medicines Agency 
and clitocine may one day soon find the use for the same indications (Friesen et al., 2017). 

Calvatic acid is a phenylazoxycyanide isolated from puffballs Calvatia lilacina (Gasco et al., 
1974), C. craniiformis (Umezawa et al., 1975), and some other related species. Calvatic acid bears 
a unique azoxycyano-moiety (Blair & Sperry, 2013) and has been a subject of extensive studies 
concerning its potent antimicrobial activity (see section 8.3). However, it was also found that it 
possesses antitumor properties as well. It inhibited the growth of Yoshida sarcoma cells, with an 
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IC50 value of 1.56 µg/mL, and prolonged survival of mice with leukemia 1210 when given sys-
temically (Umezawa et al., 1975). Calvatic acid was suspected to inhibit the polymerization of 
tubulin, the main protein of microtubules, parts of the cytoskeleton, involved in the cell shape 
maintenance, cell division, and other vital cell processes. While calvatic acid was shown to 
possess only weak tubulin-polymerization inhibitory activity in vitro, it led to the synthesis of 
compounds with much more pronounced activity, namely a derivate with a p-carboxylic group 
replaced with Cl – p-chlorophenylazoxycyanide. Azoxycyano-moiety was shown to be crucial for 
the activity and mechanism of inhibition might involve reaction with sulfhydryl groups of tubulin 
(Gadoni et al., 1995). Agaritine, another diazo compound found in members of the genus 
Agaricus, has been suspected to have genotoxic properties by some researchers, although these 
claims have been heavily criticized by others (Roupas et al., 2010). Endo et al. (2010) then found 
that agaritine was the responsible agent for the direct antitumor activity of A. subrufescens (as A. 
blazei) extracts. It inhibited the proliferation of several leukemia cell lines with IC50 values 
ranging between 2.7 and 16.0 µg/mL, while normal lymphatic cells were not significantly affected 
when subjected to agaritine concentrations up to 40 µg/mL. Agaritine was shown to induce 
apoptosis of tumor cells via caspase activation through cytochrome c release from mitochondria 
(Akiyama et al., 2011). 

Lü et al. (2013) isolated a simple isoindolone, 4,6-dihydroxy-1H-isoindole-1,3(2H)-dione from 
Lasiosphaera fenzlii; this compound was tested in vitro for its potential cytotoxic activity and it did 
not have any effect on several cancer cell lines. Instead, it inhibited the secretion of vascular 
endothelial growth factor (VEGF) from human alveolar basal epithelial adenocarcinoma cells 
(A549). VEGF is of great importance in tumor development as it promotes the growth of new 
blood vessels and enables the vascularization of tumor tissue (Lugano et al., 2019). It showed 
better inhibitory activity than thalidomide, which shares a similar structure (Lü et al., 2013). The 
same compound was isolated from Calvatia nipponica and its antiangiogenic activity was also 
confirmed by Lee et al. (2017). The authors also identified N-(4-hydroxyphenyl)-acetamide and 
nicotinamide as the active principles of the C. nipponica extract, although they exhibited less 
pronounced antiangiogenic activity. 

8.3 ANTIBIOTIC COMPOUNDS FROM MUSHROOMS 

The search for antimicrobials from Basidiomycetes started more than half a century ago when 
in a period of 10 years (1940–1950) about 2,000 species were screened (Schüffler 2018). During 
that period, the antibiotic compound pleuromutilin has been discovered. However, it needed to 
wait another half a century to regain interest (de Mattos-Shipley et al., 2017). Another group of 
microorganisms, streptomycetes, attracted research focus, as being more productive and easier to 
manipulate. Recently, interest in macrofungi as a source of antibiotics has been revived mainly 
because of omnipresent antibiotic resistance. The ability of bacteria to adapt to the presence of 
antimicrobial compounds was ever-present as an evolutional asset; however, cheap and easily 
accessible antibiotics, as well as improper use, enabled speeding up the acquired resistance. The 
pharmaceutical industry was of little help since it was not willing to indulge in the laborious and 
expensive bioprospection. The industry’s answer was a chemical modification of already present 
antibiotics (Zaman et al., 2017). Still, 2019 started the age of fungiceuticals, which are drug 
candidates originating from edible fungi (Pandey et al., 2020). In the meantime, techniques for 
identification, genetic engineering, metabolomics, and cultivation of mushrooms were developed 
and improved (Anke, 2020; Klaus et al., 2021). One of the problems with natural antibiotics is that 
in the material of their origin (mycelium or mushroom fruiting body) they are mostly present in 
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relatively low concentrations (Beattie et al., 2010). So, genetic engineering has to be applied to 
increase the yield. 

The first steps in antibiotic discovery are extraction and screening and the majority of research 
papers dealing with basidiomycetes examine antimicrobial activity of different types of extracts 
(Klaus et al., 2015; Klaus et al., 2016; Vunduk et al., 2019; Pandey et al., 2020); those which are 
promising undergo compound isolation and identification of its active chemical constituents. Suay 
et al. (2000) published the results of antimicrobial screening of 204 mushroom species from Spain 
and 109 of them expressed mainly antibacterial activity (against G + species). The strongest effect 
was observed among the genus Ganoderma, Collybia, Polyporus, and Psathyrella. Isolates from 
these species were active in a range from 75%–100%, with isolates from family Ganodermataceae 
being effective in most of the cases (73% of isolates). Antifungal activity was observed in isolates 
mostly from order Agaricales. 

One of the first promising mushroom-derived antimicrobial candidates was calvatic acid. As it 
was already stated in section 8.2, it is a phenylazoxycyanide derivate, discovered at the same time 
by two separate research groups, and from two different mushroom sources, Calvatia lilacina and 
C. craniiformis  (Gasco et al., 1974; Umezawa et al., 1975). Further research went toward calvatic 
acid analogs, and phenylazoxycyanide and its synthetic derivatives expressed wider antimicrobial 
activity (Umezawa et al., 1975; Calvino et al., 1986). At the beginning of the 21st century, Sorba 
et al. (2001) examined the potential of calvatic acid and some of its analogs as a possible solution 
for the unresponsive treatment of Helicobacter pylori infection. Calvatic acid was found to be very 
active against metronidazole-resistant H. pilori strains, but besides antibiotics, the existing therapy 
for H. pilori infection includes H2-receptor antagonists or proton pump inhibitors. The authors thus 
designed a series of compounds by combining calvatic acid with a lamtidine pharmacophoric 
group, with varying lengths of aliphatic chain spacer between the two moieties. The compounds 
were tested for their antimicrobial activity and for the ability to irreversibly inactivate H2-binding 
sites in vitro (using histamine H2-receptors of guinea pig right atria). The inhibitory activity of the 
compounds on H. pilori growth was significantly lowered in comparison to calvatic acid, but was 
still similar or better than that of metronidazole; longer spacers were associated with better anti-
microbial activity. The compound with the shortest spacer was on the other hand the most efficient 
as an irreversible H2-receptor antagonist; the increase of spacer length was accompanied by the 
decrease of irreversible action. The irreversible activity, which is not seen in lamtidine itself, was 
explained by the presence of a cyanoazoxy functional group of the calvatic acid moiety which is 
under physiological condition capable of reacting with the SH group of the receptor, thus cova-
lently binding to it. Moreover, the shorter the spacer, the better is the placement of the reactive 
cyanoazoxy function for the SH addition. 

A widespread and widely studied group of compounds with antibiotic activity isolated from 
mushroom-producing fungi includes β-methoxyacrylic acid derivatives, strobilurins, and oude-
mansins (Clough, 1993), first isolated from Strobilurus tenacellus and Oudemansiella mucida, 
respectively. These compounds were found to be very active at inhibiting the growth of both yeasts 
and filamentous fungi by interfering with their respiration process. Both strobilurins and oude-
mansins are produced by several mushroom species and many different structures have been 
characterized to date (Anke & Steglich, 1981; Clough, 1993: Sauter et al., 1999). Strobilurin A was 
found to be the same compound as mucidin, which had been previously isolated from O. mucida 
and patented in 1970, although its structure had not been proposed at the time. “Mucidin” found its 
use in Czechoslovakia as an antifungal ointment (Mucidermin “Spofa”), but strobilurins have 
become more important as agricultural fungicides (Sauter et al., 1999). 
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Photograph 8.5. Strobilurus tenacellus; strobilurins, β-methoxyacrylic acid derivatives with an-
tifungal activity were first isolated from this species. Brestovačka banja, Serbia, 2014. Photo: P. Petrović 

Other compounds with antibiotic activity isolated from basidiomycetes include scorodonin, a 
member of the rare group of C7-acetylenes, produced by Marasmius scorodonius (Anke et al., 
1980); pterulones and pterulinic acid found in Pterula sp., which represent halogenated derivatives 
of 2,3-dihydro-1-benzoxepine (Lemaire et al., 2003); merulidial, a sesquiterpene dialdehyde from 
Merulius tremellosus; and many others (Anke & Steglich, 1981). Chemical structures of selected 
mushroom compounds with antibiotic activity are given in Figure 8.6. 

Antibiotic compounds are in most cases isolated from culture broth or auxenic cultures (Gasco 
et al., 1974; Umezawa et al., 1975; Engler et al., 1998). This seems logical having in mind that 
mycelium develops in soil or substrate where it has to compete with other microorganisms. In the 
experiment by Engler et al. (1998), it has been proved that mediums richer in glucose and amino 
acids, like yeast malt glucose medium, provide a wider spectrum of compounds with antibiotic 
activity. Transferred to natural habitat this means that more competitors are likely to occur when 
the substrate is abundant in nutrients. 

Basidiomycetes can be good sources of compounds effective against so-called superbugs, highly 
resistant bacteria like methicillin-resistant Staphylococcus aureus (MRSA). As discovered by Jin and 
Zjawiony (2006), eight benzendiols isolated from Merulius incarnatus mushroom were highly ef-
ficient in inhibiting the growth of MRSA. On average IC50 values were less than 10 µg/mL. 

Compounds isolated from mushrooms can be active against Mycobacterium tuberculosis, which is 
one of the leading causes of infectious disease-related deaths. Multi-drug resistance and a long recovery 
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are the main problems in the treatment of this pathogen. Two chlorinated coumarins,  6-chloro-4-phenyl- 
2H-chromen-2-one and ethyl 6-chloro-2-oxo-4-phenyl-2H-chromen-3-carboxylate were isolated from 
Fomitopsis officinalis. These compounds were tested against several pathogenic microbes but showed no 
activity against S. aureus, Escherichia coli, Enterococcus faecalis, Pseudomonas aeruginosa, or Candida 
albicans at the concentration of 100 µg/mL; however, the latter compound was shown to be active 
against M. tuberculosis, as well as synthetic 7-chloro analogs of both of these compounds. The authors 
noted that these coumarins may have the potential for shortening the duration of therapy due to their 
efficiency against non-replicating persistor cells (Hwang et al., 2013). 

As reviewed by Schüffler (2018) and Pandey et al. (2020), most of the mushroom-derived 
antibiotics are phenolic compounds, terpenoids – sesquiterpenoids, diterpenoids, sesterpenes, and 
triterpenoids. Although some of them are very potent in inhibiting microbial growth, they also 
express cytotoxic activity that prevents their use as commercial antibiotics. 

So far, the only antibiotic from a basidiomycete that led to the synthesis of novel drugs ap-
proved for use in humans is pleuromutilin (Figure 8.7). It was first isolated in 1951 from 
Omphalina mutila (as Pleurotus mutilis, hence the name) and Clitopilus passeckerianus (as 
Pleurotus passeckerianus), but it was not until the end of the 20th century that it regained interest 
as an alternative antibiotic when semi-synthetic derivatives were developed for commercial use 
(De Mattos-Shipley et al., 2017). Pleuromutilin and its derivatives act as ribosomal protein 
synthesis inhibitors, by binding to the 50S ribosomal subunit of bacteria (Poulsen et al., 2008) and 
are mainly active against gram-positive bacteria (Kavanagh et al., 1951). Before the possibility of 
use of pleuromutilin derivatives in the treatment of human bacterial diseases was explored, semi- 
synthetic pleuromutilin-derived compounds such as tiamulin and valnemulin became important 
antibacterial agents in the veterinary practice (Poulsen et al., 2008). 

Figure 8.6 Selected mushroom compounds with antibiotic activity: strobilurin A (1), strobilurin B (2), oude-
mansin (3), scorodonin (4), merulidilal (5), pterulone (6). 

Source: http://www.chemspider.com.    
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There are currently two pleuromutilin-class antibiotics with permission for human use. The first one, 
retapamulin was approved in 2007, by both FDA and EMA, for topical treatment of impetigo caused by 
Staphylococcus aureus and S. pyogenes, as 1% ointment (Butler, 2008). Just recently, in the first part of 
2020, the Committee for Medicinal Products for Human Use of the European Medicines Agency gave a 
positive opinion and approved lefamulin (under commercial name Xenleta) (https://www.ema.europa. 
eu/en/medicines/human/EPAR/xenleta). The approval states that Xenleta is allowed for adult use only to 
treat community-acquired pneumonia. Lefamulin thus became the first pleuromutilin-type antibiotic 
approved for systemic administration in humans. The results of a clinical trial reported by Alexander 
et al. (2019) showed that the early response rate of patients with community-acquired pneumonia was 
the same for lefamulin and moxifloxacin (90.8%). The administration period of five days with lefamulin 
was not inferior to seven days of moxifloxacin. In a small number of patients who received lefamulin 
adverse effects as diarrhea and nausea occurred. Another clinical trial confirmed the efficacy of lefa-
mulin as well as its non-inferiority to moxifloxacin (File et al., 2019). An important difference between 
these two studies was the primary endpoint for the clinical response (five to seven days and 96 ± 24 
hours, set by EMA and FDA). Moreover, in the latter study, a lower percentage of drug discontinuation 
due to adverse events was observed for lefamulin in comparison with moxifloxacin (2.9% and 4.4%, 
respectively). When Tang, Lai, and Chao (2020) extracted clinical data for elderly patients from two 
clinical studies and performed a meta-analysis of the data, the researchers showed that lefamulin has a 
high potential in being used for treating non-hospital-acquired bacterial pneumonia. This class of an-
tibiotics seems promising for multi-drug resistant and extensively drug-resistant tuberculosis as ex-
plained by De Mattos-Shipley, Foster, and Bailey, (2017), since they do not show cross-resistance with 
other antibiotics. 

The synthesis process of products with antibiotic activity when the starting material is 
mushroom extract is called mycogenesis or mycosynthesis (Pandey et al., 2020). Mushroom 

Figure 8.7 Chemical structures of pleuromutilin (1), retapamulin (2), and lefamulin (3). 

Source: http://www.chemspider.com.    
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products can be used to synthesize silver nanoparticles, which are widely used due to their strong 
antimicrobial activity, acting both as stabilizing agents as well as active principles (Petrović et al., 
2018; Klaus et al., 2020). Silver nanoparticles prepared with crude polysaccharide extracts of A. 
bisporus, A. brasiliensis, or Phellinus linteus expressed a significantly more pronounced anti-
bacterial effect than that of amoxicillin. The obtained minimal inhibitory concentrations were in 
some cases up to 100 times lower than those of antibiotics (Klaus et al., 2020). A recent review by  
Bhardwaj et al. (2020) summarized progress in this area with various mushroom species including 
the antibacterial activity of mycosynthesized nanoparticles. 

Natural compounds with antimicrobial activity can even contribute to the decrease of the 
danger of antibiotic resistance acquired through the food chain as one of the main sources of 
bacterial resistance to antibiotics. This was demonstrated by Muchaamba, Stephen, and Tasara 
(2020) with Listeria monocytogenes introduced on bologna-type sausage and smoked salmon. The 
same was claimed by Pandey et al. (2020). 

8.4 MUSHROOMS IN THE TREATMENT OF METABOLIC DISORDERS 

Hypertension, obesity, insulin resistance, and atherogenic dyslipidemia have become major 
health problems of modern society that are often manifesting together and are together referred to 
as metabolic syndrome. The development of diabetes and cardiovascular disease, which are among 
the leading causes of death worldwide (Grover & Joshi, 2014) is strongly as-sociated with me-
tabolic syndrome (Kaur, 2014; Rochlani et al., 2017). Functional foods, such are mushrooms, are a 
source of biologically active components like vitamins, ω-3 fatty acids, antioxidants, and dietetic 
fibers, which are recognized as important factors in both prevention and the treatment of chronic 
diseases (Padmavathi, 2013; Raghavendra et al., 2018). Mushrooms also produce specific com-
pounds that can interfere with metabolic pathways associated with the pathogenesis of these 
disorders, some of which are reviewed below. 

8.4.1 Anti-hypercholesterolemic activity of mushrooms 

In addition to antibiotics, fungal metabolites that have found a place in official medicine are also 
statins – a group of drugs used in the treatment of hypercholesterolemia. High levels of total and LDL 
cholesterol are one of the main risk factors for the development of diseases of the cardiovascular 
system and consequent mortality. Statins act as competitive inhibitors of 3-hydroxy-3-methyl- 
glutaryl CoA reductase (HMGCR), which is a rate-limiting enzyme in cholesterol synthesis, i.e. it 
dictates the speed of its synthesis. Lovastatin (Figure 8.8), a natural statin, belongs to the polyketide 
family (Atlı et al., 2015), and is mainly known to be produced by many soil fungi, although 
Aspergillus terreus is the most potent producer. It is also isolated from the mold Monascus purpureus 
(as monacolin K) (Gunde-Cimerman et al., 1993), which is used in the fermentation of red yeast rice, 
a traditional Asian food (Seenivasan et al., 2018). However, lovastatin has also been found to be a 
secondary metabolite of some macromycetes as well. Gunde-Cimerman, Plemenitaš, & Cimerman 
(1993) were first to identify the lovastatin in the fruiting bodies of oyster mushroom (Pleurotus 
ostreatus), using several detection methods (thin layer chromatography, HPLC, and mass spectro-
scopy). Alarcón et al. (2003) further reported (by HPLC-UV) that lovastatin content in wild-growing 
P. ostreatus fruiting bodies from Chile can reach 2.8% of the dry weight. Some other studies however 
failed to detect lovastatin in P. ostreatus (Gil-Ramírez et al., 2013), while Tsiantas et al. (2021) 
reported only 1.11 mg/kg dry weight. Gunde-Cimerman et al. (1993) had previously reported great 
variability in the production of lovastatin by different P. ostreatus strains. They cultured the 
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mycelium of 15 P. ostreatus strains and found that production of lovastatin ranged between 0.4 and 
27.3 mg/L. In the same study, they confirmed that other species of the genus Pleurotus also produce 
lovastatin, P. saca, and particularly P. sapidus (41 mg/L). Traces of lovastatin (<1 mg/L) were found 
in the fermentation broths after submerged cultivation of Agrocybe aegerita, Trametes versicolor, 
Agaricus bisporus, and Volvariella volvacea. Subsequent studies reported various content of lo-
vastatin from several mushroom species (mycelium and/or fruiting bodies), including Agaricus 
blazei, Boletus edulis, Hypsizigus marmoreus, Ophiocordyceps sinensis (as Cordyceps sinensis), 
Omphalotus olearius, and Bovistella utriformis (as Handkea utriformis), although the identification 
of the compound was based on HPLC analysis using a UV detector (Chen et al., 2012; Atlı et al., 
2015, Petrović, Vunduk et al., 2019). A standardized method for isolation and determination of 
lovastatin from mushrooms is needed to obtain reliable information in the future. 

Lovastatin acts as a prodrug, meaning that it needs to be metabolized to its active, β-hydroxy 
acid form (“lovastatin acid”) (Valentovic, 2007). However, extracts of many mushroom species 
were shown to inhibit 3-hydroxy-3-methyl-glutaryl CoA reductase (HMGCR) in vitro, in a purified 
enzymatic system. This action cannot be associated with lovastatin, suggesting that there are other 
active principles with HMGCR inhibitory activity present in mushrooms. Gil-Ramírez et al. (2013) 
tested extracts obtained from 26 different mushroom species and found that most of them, mainly 
water extracts, exhibited some HMGCR inhibitory activity. There was no correlation between the 
phylogenetic relationship of the species and their activity, thus P. ostreatus was one of the most 
active species, while P. eryngii showed only slight inhibitory activity. Other species, besides P. 
ostreatus, that exerted significant inhibition of the enzyme included Lentinula edodes, Amanita 
ponderosa, and Craterellus cornucopioides. Petrović, Vunduk et al. (2019) tested methanol ex-
tracts of mycelium, and both immature and mature fruiting bodies of B. utriformis (as H. utri-
formis) and found that the HMGCR inhibitory activity decreased dramatically with the maturation 
of the fruiting bodies. The activity of all three samples correlated with lovastatin content (de-
termined by HPLC-UV), so the authors suggested that it might be present in the β-hydroxy acid 
form as well, as seen in Aspergillus terreus (Jahromi et al., 2012), and that the correlation between 
lovastatin and the in vitro activity resembled correlation between lovastatin and lovastatin acid 
content in the extracts. 

Figure 8.8 Chemical structures of lovastatin (1), and its active form, lovastatin acid (2). 

Source: http://www.chemspider.com.    
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Photograph 8.6. Pleurotus ostreatus, an unexpected natural source of lovastatin. Crni vrh, 
Serbia, 2015. Photo: P. Petrović 

Recently, triterpenoids isolated from Ganoderma leucocontextum, named ganoleucoins 
(Figure 8.9), were shown to exhibit HMGCR inhibitory activity, and some of these compounds were 
reported to be more active than atorvastatin. In the same study, some other previously known tri-
terpenoids were identified in G. leucocontextum and tested for HMGCR inhibitory activity as well 
and some of them showed the same activity. These include ganoderiol J, ganoderic acid DM, SZ, Y, 
and ganodermanontriol (Wang et al., 2015; Zhang, Ma et al., 2018). Several meroterpenoids, isolated 
from G. leucocontextum and related species, were also found to be potent inhibitors of this enzyme, 
particularly the compound named ganomycin I (Wang, Bao et al., 2017). 

Since statins inhibit the synthesis of mevalonate, which is a precursor to all isoprenoids, they 
can cause some side effects, and finding other potential inhibition sites in the cholesterol synthesis 
pathway has been the focus of research. Apart from their cytotoxic/antitumor activity, oxygenated 
lanosterol derivatives from Ganoderma lucidum were also investigated for their potential hy-
pocholesterolemic ability. Some of the ganoderic alcohols, aldehydes, and acids (ganoderols A and 
B, ganoderal A, and ganoderic acid Y) were found to be very potent inhibitors of lanosterol 14α- 
demethylase, which converts 24,25-dihydro-lanosterol to cholesterol, thus being recognized as a 
promising new group of cholesterol-lowering drugs (Hajjaj et al., 2005). 

Other mushroom metabolites were also found to have a cholesterol-lowering effect, which does 
not include inhibition of cholesterol synthesis. Eritadenine is an acyclic sugar adenosine analog 
isolated from L. edodes and was shown to have potent hypocholesterolemic activity in animal 
models. It inhibits S-adenosylhomocysteine hydrolase, an enzyme that indirectly affects phos-
pholipid and fatty acid metabolism and consequently lipoprotein metabolism as well. It was shown 
that eritadenine causes the decrease of concentrations of, both plasma LDL and HDL, with no 
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effect on VLDL, suggesting that it stimulates tissues to take up cholesterol and phospholipids from 
higher-density lipoproteins. Many analogues of eritadenine have been synthesized and tested in 
vivo, leading to the discovery of compounds with even higher activity, primarily esters with short- 
chained hydroxy alcohols. Replacing the carboxyl/ester group with amide moiety leads to an in-
active derivative. The analogs where N3 of the adenine moiety was replaced by CH to prolong the 
half-life of eritadenine were found to have lower S-adenosylhomocysteine hydrolase inhibitory 
activity, but the same in vivo effects, probably due to prolonged effect (Yamada et al., 2007). 

Mushrooms are rich in fibers, such as chitin and β-glucans, and thus may also lower the amount 
of absorption of exogenous cholesterol, leading to a decrease in LDL. Many mushroom species 
have shown hypocholesterolemic activity in vivo studies (Gil-Ramírez et al., 2013), which prob-
ably involves several mechanisms of action. 

8.4.2 Anti-hyperglicemic properties of mushroom products 

Although essential for human organisms carbohydrates can exhibit detrimental effects if 
consumed in large quantities combined with an unhealthy lifestyle. Processed food makes a 
dominant part of the diet in many developed countries and even areas characterized by high 
consumption of local and healthy ingredients (like in Asia and Africa) are exposed to the explosion 
in consumption of food rich in carbohydrates (Ramachandran et al., 2012; Gill, 2014; Khan et al., 
2020). In the long-term run, these life choices disrupt glucose homeostasis. There are two possible 
scenarios; a) pancreatic cells being unable to produce insulin which is a characteristic of type I 
diabetes mellitus also known as insulin-dependent type and b) impairment of insulin secretion or 
ineffective use of insulin are typical for type II diabetes. The latter occurs in 90%–95% of diabetes 
cases and is characterized by insulin resistance usually appearing after having a meal. As a con-
sequence glucose concentration in blood overgoes its normal level which is known as hypergly-
cemia. Since type II diabetes usually does not require the administration of insulin, oral medicines 
are used. There are several types of drugs in use with different mechanisms of action like the 
increase of insulin sensitivity of target organ, gene expression modulation, the decrease of glucose 
absorption in the small intestine, attenuation of insulin signaling pathways, β-cell regeneration, and 
proliferation (Marín-Peñalver et al., 2016). Based on their study with polysaccharide fraction from 
Coprinus comatus on mice induced by alloxan Zhou et al. (2015) proposed that hypoglycemic ac-
tivity is a consequence of immune stimulation. However, all existing treatments have side effects 
ranging from mild inconveniences to weight gain to heart failure (Kalsi et al., 2014). To provide 
effective and safe treatments natural sources are being constantly screened for their anti- 
hyperglycemic activity and mushrooms present a promising option. Most research papers are still 
dealing with this activity in vitro and by using crude extracts. As a result, there is still an urgent need 
for mushroom-based studies coupled with active compound isolation, identification, and character-
ization. So far, only one review paper gathered studies aiming at specific mushroom-derived com-
pounds with anti-hyperglycemic activity dividing them into two major groups: polysaccharides and 
terpenoids (Aramabašić Jovanović et al., 2021). The same authors discussed mechanisms of 
mushroom-derived compounds known so far. Polysaccharides are known to act through the en-
hancement of pancreatic β-cell mass, an increase of insulin signaling, and inhibition of glucose 
absorption. When it comes to terpenoids anti-hyperglycemic effect is obtained via α-glucosidase 
inhibition and as insulin sensitizers. Inhibition of enzymes employed in carbohydrate metabolism is 
one of the most efficient strategies in managing blood level glucose (Su et al., 2013; Stojkovic et al., 
2019). Thus, this ability of mushroom extracts became an interesting area of research in connection 
with diabetes. Mainly, there are two directions, one is to exploit mushrooms as a whole and integrate 
them into a healthy diet especially in a population with chronic health issues like diabetes type II. 
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Another one is the development of medications capable of treating the condition, alone or as a 
combination therapy. 

While examining changes of selected functional characteristics of commercial A. bisporus 
(white and brown strain) stored in modified atmosphere packaging, Vunduk et al. (2021) dis-
covered that methanol extracts of this widely popular species exhibit inhibition of two enzymes 
connected with the digestion of carbohydrates, α-amylase, and α-glucosidase. Contrary to other 
studies dealing with this topic, commercial button mushroom was better in inhibiting α-amylase 
(the maximal measured percentage of inhibition was 92.97). However, inhibition activity was 
dependable on the type of modified atmosphere as well as the storage period, and strain. For clear 
diet recommendations which will include the strain, moment of purchase, conditions of storage, 
and preparation method, more studies are necessary. Kumar et al. (2018) demonstrated the same 
ability of A. bisporus to inhibit α-amylase, but in this study the compounds of interest were 
polysaccharides. On the other hand, Su et al. (2013) reported that different types of extracts from 
Grifola frondosa medicinal mushrooms were better at inhibiting α-glucosidase. The most effective 
was n-hexane extract and connected the anti-hyperglycemic effect with oleic and linoleic acid. The 
authors proposed that the activity of these compounds occurred through retardation of the ab-
sorption of glucose from food. Other authors who examined the same species pointed to its glucans 
as being responsible for the anti-diabetic effect. Hong, Xun, and Wutong (2007) demonstrated the 
anti-diabetic ability of glucan from G. frondosa in a mice model with type II diabetes and proposed 
that it might be related to the effect on insulin receptors/insulin sensitivity. A thorough review of 
mushroom polysaccharide’s antidiabetic activity was published by Ganesan and Xu (2019) with a 
discussion of the mechanisms of their activity. Mushrooms whose polysaccharides proved to be 
effective in glucose blood regulation are L. edodes, Ganoderma atrum, G. frondosa, Agaricus 
subrufescens, Ganoderma lucidum, Pleurotus tuber-regium, and Trametes gibbosa. Similarly,  
Fatmawati, Shimizu, and Kondo (2011) reported strong inhibition activity of G. lucidum extract 
toward α-glucosidase. The authors identified ganoderol B (Figure 8.10), a triterpenoid compound 
from CHCl3 extract as responsible for the anti-hyperglycemic effect. Some novel approaches 

Figure 8.10 Selected mushroom compounds with anti-hyperglicemic activity: fomentariol (1), ganoderol B (2), 
sarcoviolinβ (3). 

Source: http://www.chemspider.com.    
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concerning diabetes treatment include polyphenols so mushrooms fit into this category as well 
(Marín-Peñalver et al., 2016). The same anti-α-glucosidase activity was also reported for Sarcodon 
leucopus from Tibet (Ma et al., 2014). This study revealed the connection between the active 
compound (sarcoviolin β) and its chemical structure. Components with more expressed activity in α- 
glucosidase inhibition had cis configuration on N-1β and C-2β. In addition, the number of phenolic 
groups in the molecule’s structure of p-terphenyl derivates was the most important for α-glucosidase 
inhibition. The most recent study exploring the ability of mushrooms to inhibit α-amylase and α- 
glucosidase activity was published by Stojkovic et al. (2019). In this study, methanol extracts of six 
mushroom species were examined (A. blazei, C. comatus, Cordyceps militaris, Inonotus obliquus, 
Morchella conica, and Phellinus linteus). Activity toward both diabetes-connected enzymes was 
reported with C. comatus being the strongest inhibitor of α-amylase and I. obliquus of α-glucosidase. 
When it comes to the active components present in these extracts the authors proposed phenolic 
acids, organic acids, and fatty acids. Two more novel compounds with the ability to inhibit α- 
glucosidase were identified. Fomentariol, a benzotropolone compound isolated from tinder fungus 
Fomes fomentarius, was reported by Maljurić et al. (2018). Another one, phallac acid A and B, 
isolated from Phallus luteus became a new sesquiterpene from mushrooms capable to inhibit α- 
glucosidase (Lee et al., 2020). 

In an extensive review, Gulati, Singh, and Gulati (2019) gave a chart of mushroom species 
whose antidiabetic properties were examined and, for the majority of species, polysaccharides 
were the active component. 

Photograph 8.7. Panaeolus cinctulus, one of the psilocybin containing mushrooms, Zlot, 
Serbia, 2016. Photo: P. Petrović 
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Concerning the market, commercial products based on mushrooms and claiming to be effective 
in blood-glucose-lowering are rare. It is no wonder having in mind that clinical reports are scarce 
and cover several genera including Agaricus, Coprinus, Ganoderma, Grifola, and Pleurotus 
(Lindequist & Haertel 2020). One of the products with a relatively long commercial life is based on 
C. comatus. Its active substance was investigated in 2010 by Ding et al. and named comatin. The 
authors used several instrumental techniques like mass infra-red spectroscopy, nuclear magnetic 
resonance, und UV analysis, to elucidate the compounds’ chemical nature, and identified it as 4,5- 
dihydroxy-2-methoxy-benzaldehyde. Comatin was tested in an animal model and was effective in 
maintaining low blood glucose levels as well as improving glucose tolerance. 

8.5 MUSHROOM PRODUCTS IN THE TREATMENT OF MAJOR  
DEPRESSION – PSILOCYBIN 

Since its modern-age rediscovery during the 1950s, psilocybin-containing mushrooms faced a 
scientific and public roller coaster. The reason was its powerful active compound, alkaloid psi-
locybin, and its analogs. An encounter with Western society attracted scientific pioneers who 
suspected that this alkaloid might find its place among contemporary pharmacological arsenals in 
combating psychiatric disorders like depression. Indeed, the research into this field restarted in the 
early 1990s after several successful experiments with human subjects conducted at the beginning 
of the second half of the 20th century (Reiche et al., 2018). 

Psilocybin (Figure 8.11) is a naturally occurring substance from the tryptamine/indolamine 
hallucinogens group. Unlike other tryptamines, psilocybin is active when orally ingested since it is 
a prodrug of psilocin that is formed when psilocybin is hydrolyzed (Nichols, 1986). Psilocybin is a 
hydrophilic molecule but, once ingested, it undergoes dephosphorylation and, as a result, an in-
crease in lipophilicity enables it to overcome the blood–brain barrier (Nichols, 1986; Tylš, 
Páleníček, & Horáček, 2014; Patra, 2016). There are several genera of mushrooms that contain this 
tryptamine: Agrocybe, Conocybe, Weraroa, Galerina, Gymnopilus, Hypholoma, Inocybe, Pluteus, 
Panaeolus, Pholiotina, and particularly Psilocybe (Wieczorek et al., 2015). From a biological 
perspective, psilocybin is a serotonin agonist, which binds to serotonin as well as dopamine re-
ceptors with different degrees of affinity. Its activity in humans is mainly expressed through the 
increase of dopamine release via the 5-HT2A receptor (Tylš, Páleníček, & Horáček, 2014; Reiche 
et al., 2018). Those findings founded the direction in which to go with further studies. There are 
several directions in which psilocybin use might be found beneficial, chronic long-term-persistent 
depression, addiction to alcohol/tobacco, and possessive compulsive disorder (Carhart-Harris 
et al., 2017). The majority of research currently goes into the direction of treating depression. 

According to the WHO, 264 million people are suffering from depression on a global level (https:// 
www.who.int/news-room/fact-sheets/detail/depression). Treatments are currently based mainly on the 
use of antidepressants, which are often without effect or not efficient enough or express a wide range of 
side effects and psychotherapy. Under this setting, a new glimpse of hope came from the world of 

Figure 8.11 Chemical structure of psilocybin. 

Source: http://www.chemspider.com.     
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mushrooms. As Carhart-Harris et al. (2017) emphasized, if taken in a clinical setting, under strict 
professional guidance, and affirmative environment psilocybin treatments, show fast and long after- 
effects on mental health, even in healthy individuals. When 12 participants with mild to severe de-
pression and a pre-history of failed medicaments-based therapy received psilocybin orally throughout a 
two-session with guidance and seven days pause between the sessions, a significant decrease in scores 
for the assessment of depression symptoms was observed (Carhart-Harris et al., 2016). In a later 
experiment, Carhart-Harris et al. (2017) went further in proving the psilocybin-based therapy of de-
pression. The researchers used neuroimaging to confirm the changes present in the brain cortex. Brain 
functions were recorded with the help of an MRI scanner before and after psilocybin administration. As 
reported, all 19 patients had a positive reaction to the therapy. Finally, the reset mechanism of psilo-
cybin treatment has been proposed in the meaning that the neuronal network goes through disin-
tegration and desegregation. So, the old unhealthy mental patterns are broken and new healthy ones are 
established during these guided sessions. More importantly, a long-term effect was confirmed. In 
addition, treatment efficiency correlated with the increased right amygdala responsiveness to fearful 
faces one day after the oral ingestion of psilocybin (Roseman et al., 2018). In an extension of this study,  
Mertens et al. (2019) explained that changes in the functional connectivity between the amygdala and 
ventromedial prefrontal cortex are the proof of the revival of emotional responsiveness after psyche-
delic therapy. In a support of this finding, another group of researchers reported that psilocybin therapy 
affected the change in patients’ mindfulness and openness based on the individual change in 5-HT2AR 
(serotonin receptor) (Madsen et al., 2020). According to the authors, this might represent the possible 
mechanism of psilocybin’s long-term positive effects. Another study, by Barrett et al. (2020), provided 
the first empirical evidence that psilocybin alters the functional connectivity of a subcortical nucleus 
(claustrum) with brain networks supporting perception, memory, and attention. This study provided an 
additional mechanism of psilocybin action. 

Most recently, Romeo et al. (2021) summarized the findings of psychedelic clinical studies 
involving psilocybin and hypothesized several mechanisms of psilocybin action: modulation of the 
serotoninergic system by 5-HT2A receptors agonism, modulation of the default mode network 
with an acute modular disintegration of the same network and its subsequent re-integration ending 
with normal functioning, and anti-inflammatory activity. Benville et al. (2021) conducted a ran-
domized, double-blind, placebo-controlled, crossover-design trial of psilocybin use in cancer pa-
tients with a risk factor for suicidal ideation, and reported that even a single dose of psilocybin may 
cause persisting anti-suicidal effects. 

Based on the controlled psilocybin studies, Germann (2020) proposed a bold medical hypothesis 
that connects psilocybin and genetic aging. Namely, beneficial effects on mental health can be 
connected with longer telomeres, further implying longer life expectancy. Since brain alterations with 
psilocybin are proven and on the mental level, it causes life-changing transformative experiences the 
author postulated that we can expect measurable changes on a genetic level. Furthermore, he pro-
poses the inclusion of quantitative telomere analysis in future psilocybin studies. 

8.6 MUSHROOM COMPOUNDS WITH VITAMIN ACTIVITY 

The statement mushrooms are rich, good, or abundant (even excellent) source of vitamins is often 
to be found throughout popular literature, marketing purposes, and scientific literature (Mattila et al., 
2002; Fulgoni & Agarwal, 2021). These claims are connected with mainly two vitamin groups: 
vitamins B and D. The question is whether or not these statements are scientifically supported. The 
answer is not straightforward and depends on the preciseness of the definition of vitamin and its 
metabolic active form. Moreover, it is not the same if we speak about an average amount of (pro) 
vitamin in mushroom’s fruit body, transformation rut when ingested, and its bioavailability. 
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Vitamin D is important for many functions in the human body and is directly connected with 
calcium homeostasis  and bone formation and health (Jasinghe et al., 2005). Its deficit occurs in 
populations all over the world, being more often in areas with little sun and with air pollution 
(Sławińska et al., 2016; Ložnjak & Jakobsen, 2018). The incidence of the deficiency of vitamin D is so 
severe that it can be classified as a pandemic, and is certainly connected with the fast industrialization of 
underdeveloped countries, sunscreen usage, and worldwide air pollution. Classical dietetic supplements 
are one type of solution but more and more natural sources and fortified food present a good alternative 
(Salemi et al., 2021). It is well known that food of animal origin serves as a source of vitamin D 
(Jasinghe & Perera, 2005). However, there are different diet groups, like vegetarian and vegan, as well 
as people with health conditions like food allergies or lactose intolerance, where this type of food 
cannot be used (Jasinghe & Perera, 2005). For many people, dietetic supplements (which are mainly 
based on vitamin D3 originating from animals) are of no use due to their cost, hypercalcemic effects, 
and personal principles; thus, other approaches have to be developed (Wu & Ahn, 2014). Mushrooms 
can be a viable solution to all mentioned issues since they are the only non-animal natural source of 
vitamin D. The kingdom of fungi synthesizes ergosterol (via mevalonate pathway), which is a pro-
vitamin of vitamin D2 (Hashim et al., 2016). Similar to humans, whose skin synthesizes vitamin D3 

(cholecalciferol) from cholesterol when exposed to the sun’s UV light, mushroom’s ergosterol trans-
forms to ergocalciferol (vitamin D2) as a result of UV exposure and thermal reaction (Salemi et al., 
2021). Although some mushroom species are rich in ergosterol this does not necessarily mean that they 
will contain vitamin D2. Species growing in nature and exposed to the sun will contain this vitamin, but 
the amount will depend on the initial ergosterol level, geographical location, species and strain, duration 
of sun exposure, maturity level, and temperature (Barreira, Oliveira, & Ferreira, 2013; Villares et al., 
2014; Jiang, Zhang, & Mujumdar, 2020). Interestingly, Barreira, Oliveira, and Ferreira (2013) reported 
that cultivated mushrooms tend to synthesize more ergosterol, especially Agaricus bisporus. Among 
cultivated species, A. bisporus, Lentinula edodes, and Pleurotus spp. are considered as having the 
highest content of ergosterol (Jiang, Zhang, & Mujumdar, 2020). To use this potential of mushrooms a 
UV-irradiation technique has been widely explored. Different authors reported the use of UV light 
within several wavelength ranges with UV-B as the most effective in transforming ergosterol to er-
gocalciferol (Salemi et al., 2021). Other important factors in the photothermal transformation of er-
gosterol are the time of exposure, distance from the irradiation source, mushroom specific surface, 
humidity, fruit body part and orientation, as well as pretreatment (Jasinghe & Perera, 2005; Jiang, 
Zhang, & Mujumdar, 2020). Moreover, it has been proven that irradiating sliced and dried mushrooms 
are even more effective since conditions present during drying are naturally beneficial for ergosterol 
transformation (Sławińska et al., 2016). Exposure of ergosterol to UV light stimulates a photochemical 
reaction in which previtamin D2 is created. Finally, thermal reaction provides isomerization to vitamin 
D2. However, the process does not necessarily stop here. If the conditions are inadequate degradation 
will occur. Irradiating mushrooms during the first phase of drying (while the humidity level is still high) 
prevents unwanted enzyme-induced (monooxygenase) vitamin transformation (Sławińska et al., 2016). 

As being highly efficient and safe, mushroom irradiation even became recognized and ac-
cepted, so it is a part of EU regulative for novel food, Regulation (EC) No. 258/97. The regulation 
applies for commercially grown A. bisporus specifically. Defined by this regulation mushrooms are 
irradiated after being harvested, with UV light within the range of 200–800 nm. The regulation 
also defines the maximum vitamin D2 level and labeling requirements. 

Another still not thoroughly explored issue is mushroom-originating vitamin D2 bioavailability 
. There are not many studies dealing with this topic and the results are still not conclusive. The 
majority of them indicate that D2 from mushrooms is bioavailable in most of the examined cases. 
Vitamin D2 bioavailability indicator is 25-hydroxyvitamin D. This is its main form in blood serum 
and has a half-life of seven days (Jasinghe, Perera, & Barlow, 2005; Keegan et al., 2013). A study 
on rats showed that a diet based on irradiated mushrooms stimulated an increase in 25- 
hydroxyvitamin D serum level (Babu et al., 2013). Studies with humans reported both positive 
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outcomes as well as the lack of indicator serum level increase. In the first case, mushrooms were 
prepared as soup and administered to 26 healthy young subjects over a five weeks course. Urbain 
et al. (2011) reported that vitamin D2 from irradiated mushrooms was bioavailable. Moreover, it 
was not different from the vitamin D2 supplement. The same has been confirmed by Keegan et al. 
(2013), but in this study, L. edodes was used instead of a white button mushroom. The authors also 
proved that mushrooms can produce vitamin D4, which is obtained from the UV irradiation of 
provitamin D4 or 22,23-dihydroergosterol. Studies conducted by Stephensen et al. (2012) and  
Bogusz, Pagonis, and Holick (2013) also confirmed an increase in indicator serum level after 
consumption of irradiated mushrooms. In the case of a review of randomized controlled trials 
conducted by Cashman et al. (2016) increase in 25-hydroxyvitamin D serum level appeared in 
cases with previously low vitamin D status. For those individuals with a high level of vitamin D, 
supplementation with irradiated mushrooms did not show any significant increase. Another study 
dealing with vitamin D2 bioavailability examined 25-hydroxyvitamin D serum levels in prediabetic 
adult subjects over 16 weeks (Mehrotra et al., 2014). Mushrooms were given in a form of a meal 
with no effect on indicator serum increase. However, as the authors stated by themselves, the study 
had many limitations like the meal preparation and administration procedure which included meal 
freezing and reheating in a microwave. In addition, the study had a small sample size, an unknown 
amount of vitamin D2 level in the dish after being cooked, and one group of subjects received a 
supplement with a significantly higher dose of vitamin D3.  

It should be mentioned that orally taken ergosterol does not possess vitamin D activity, since it 
is metabolized to brassicasterol and not transported to skin where it could be transformed to its 
active form by UV light (Tsugawa et al., 1992). 

Tocopherols (vitamin E) are also present in mushrooms, but the information about their content is 
limited. Barros et al. (2008) and Heleno et al. (2010) examined tocopherol profile and concentration in 
various wild-growing mushrooms and found that total tocopherol content was only 0.016–8 mg/kg of 
mushrooms fresh weight. β-tocopherol was found to be the main tocopherol in most mushroom 
samples, while µ-and α-tocopherol were found in lesser amounts. Petrović, Vunduk et al. (2019). There 
are several vitamins from this group that examined α-tocopherol content in Bovistella utriformis (as 
Handkea utriformis), as the biologically most active form, and found that during maturation of this 
puffball species the extractable α-tocopherol content increases. The authors suggested that this is due to 
the specific maturation process of puffballs as they go through autolysis, which may lead to the lib-
eration of tocopherols and other lipid membrane constituents and easier extraction. 

Although there is a general opinion that mushrooms are good sources of vitamins of the B 
complex, particularly B1 and B2, there are very few studies devoted specifically to these physiolo-
gically important molecules. There are several vitamins from this group that were identified in 
mushrooms: thiamine (B1), riboflavin (B2), pyridoxine (B6), and cyanocobalamin (B12). Pleurotus 
ostreatus is considered as having the highest level of vitamin B1, 0.9–4.25 mg/100 g of dry matter 
(Bernaś, Jaworska, & Lisiewska, 2006). In another study, thiamine level was assessed in six cultivated 
Pleurotus species (Krakowska et al., 2020). Contrary to the previous report significantly lower 
amounts of vitamin B1 were measured, ranging from 0.15 to 1.08 mg/100 g of dry weight. Moreover, 
the same study showed that mycelium of the same species had a bit higher thiamine content, 0.17–2.01 
mg/100 g of dry weight. According to Chye et al. (2008), wild mushrooms are not so abundant in 
vitamin B1. On the contrary, fresh Suillus luteus contained a very high amount of this vitamin (11.2 
mg/100 g of dry weight) (Jaworska et al., 2014). Even blanched, these samples still had more thiamine 
than reported for other species in other studies. However, other processes like canning, storage, and 
freezing, significantly lowered the content of vitamins B1, B2, B3, and B6 in cultivated mushrooms 
(Furlani & Godoy, 2008). In general, mushrooms are modest sources of thiamine, comparable to most 
vegetables. Similarly, mushrooms might contribute as sources of riboflavin, better than most vege-
tables. B2 content varies from species to species, and the type of substrate also affects it (Chye et al., 
2008; Furlani & Godoy, 2008; Jaworska et al., 2014). This vitamin undergoes degradation when 
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mushrooms are exposed to heat (like during cooking) or just by being stored. Freezing did not show a 
negative effect on the B2 level in S. luteus (Jaworska et al., 2014). 

Vitamin B12 (cobalamin)vegetables and fermented food is produced by bacteria exclusively 
and appears mainly in food of animal origin and insignificant amounts in plant-based food. It acts 
as a co-enzyme. Deficiency might occur in the elder population andvegetarians and among solu-
tions are consumption of fortified cereals or vegetables and fermented food (Watanabe et al., 
2014). In addition, it might be taken via mushroom-based meals. Research showed that species like 
L. edodes, Craterellus cornucopioides, or Cantharellus cibarius might contain this vitamin, 
probably originating from their surrounding area, substrate, or soil (Bito et al., 2014). When food 
containing B12 is chewed it mixes with saliva containing protein R, which binds to vitamin B12. 
Next, parietal cells of the stomach secrete intrinsic factor which binds to vitamin B12 until it is 
reabsorbed by the distal ileum (Zik, 2019). There are also inactive forms like B12[c-lactone] which 
has low specific protein binding affinity. 

The bioavailability of B12 from animal sources varies from 40% to 89% (Banjari & Hjartåker, 
2018). There are several biologically active forms of vitamin B12, denosylcobalamin, cyanocobalamin, 
hydroxocobalamin, and methylcobalamin. Mushrooms mainly contain active forms but inactive B12[c- 
lactone] was also identified in Hericium erinaceus (Watanabe et al., 2014). A study conducted by ) 
showed that vitamin B12 maintained high bioavailability when subjects consumed bread prepared from 
fortified flour. Recently, it was also pointed that B12 bioavailability can be improved by using delivery 
systems like poly(acrylic acid)-cysteine (Sarti et al., 2013). However, no studies deal with mushroom 
origin  B12 bioavailability. Selected (pro)vitamins found in mushrooms are given in Figure 8.12. 
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9.1 INTRODUCTION 

International trade in edible wild mushrooms has grown spectacularly in recent years. An in-
creasing number of scientific study results show that the driver behind these changes seems to be the 
shift in world demand for these products, with changes in consumption habits that entail a major 
diversification in demand (de Frutos, 2020). Deficiencies of antioxidants, vitamins, anti- 
inflammatory elements (zinc, selenium), as well as physiological processes, such as the age of a 
person, may cause inefficient resolution of inflammation. Chronic inflammation characterizes au-
toimmune diseases and it also accompanies diseases of the cardiovascular system, metabolic and 
neurodegenerative diseases, and cancers (Okin & Medzhitov, 2012). Mushrooms have been used for 
their nutritional and medicinal properties for centuries. Edible species constitute a good source of 
carbohydrates, mainly chitin that fulfills the role of dietary fiber. They are valuable sources of 
proteins containing essential amino acids, and thus they may be considered an alternative to animal 
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products. Mushrooms are also rich in anti-inflammatory components, such as polysaccharides, 
phenolic and indolic compounds, mycosteroids, fatty acids, carotenoids, vitamins, and biometals 
(Muszyńska, Grzywacz-Kisielewska, et al., 2018). Wild edible mushrooms are also regarded as a 
cheap food source, while also rich in bioactive compounds, especially in phenolic compounds 
(Vamanu, 2018). Moreover, mushrooms are low in calories, which is due to their low-fat content, yet 
they are rich in poly-unsaturated fatty acids (PUFAs) that are beneficial for health. The dietary and 
medicinal value of edible mushrooms is further supported by the fact that they are sources of nu-
merous biologically active and health-promoting compounds (Muszyńska, Grzywacz-Kisielewska, 
et al., 2018). Nowadays, consumers are interested in those food bioactive compounds that provide 
beneficial effects to humans in terms of health promotion and disease risk reduction (Salanta et al., 
2020). Recently, several studies have shown there has been a growing interest in understanding 
food’s digestion to strengthen the possible effects of food on human health. The quantification of the 
amount of bioavailable bioactive compounds is more important than determining the quantity of 
these compounds existent in the foods (Santos et al., 2019). It has been reported that the bioavail-
ability of bioactive compounds may change due to their combination with macronutrients, namely the 
fiber content of low-processed foods and beverages and the polysaccharides and proteins of pro-
cessed foods (Dupas et al., 2006). The bioavailability of each polyphenol is distinct and there is no 
relationship between the amount of polyphenol in the food and its bioavailability in the human body 
since bioavailability depends on digestive stability, food matrix release (bioaccessibility), and effi-
ciency of the transepithelial passage. In bioavailability tests, it must be confirmed that the compound 
is efficiently digested, assimilated, and after absorption, that it promotes a positive influence on 
human health. Bioaccessibility may be characterized as the amount or portion of a compound that is 
released from the food matrix in the gastrointestinal tract and becomes accessible for absorption 
(Santos et al., 2019). Moreover, it has been reported by the same authors that methods for measuring 
bioavailability and/or bioaccessibility of nutrients imply research in humans, mice, pigs, and other 
animals (in vivo) or simulation in laboratory assays (in vitro). In vitro models are preferred instead of in 
vivo experiments when studying the effects of digestion on different bioactive compounds, the 
bioaccessibility of these compounds, and their degree of absorption (Socaci et al., 2019). The fate of 
food in the GIT (gastrointestinal tract) can be studied using several methods or models including static 
and dynamic in vitro models, various cell and ex vivo cultures, animals, and humans. Recently, such 
models have also been suggested as valuable tools for investigating digestion in various populations 
(Bohn et al., 2018). There are static digestion models, where the quantities and concentrations of 
materials are preestablished, and dynamic, where continuous digestion is simulated with the implied 
changes of conditions. The second type manages to identify much better with the in vivo models, even 
though it is more expensive and laborious (Alminger et al., 2014; Martinez-Medina et al., 2021). 
Evidence shows that despite the simplicity of in vitro models, they are often very useful in predicting 
outcomes of the in vivo digestion. Overall, static in vitro digestion methods are particularly popular 
because they are easy to use, cheap and do not require specific equipment. However, a huge number of 
protocols differ in terms of experimental conditions (pH and duration of the different steps, amount of 
digestive enzymes and bile, etc.). However, this relies on the complexity of in vitro models and their 
tuning towards answering specific questions related to human digestion physiology, which leaves vast 
room for future studies and improvements (Bohn et al., 2018). 

9.2 IN VITRO AND IN VIVO ANTIOXIDANT POTENTIAL OF EDIBLE MUSHROOMS – 
BIOACTIVE COMPOUNDS ASSOCIATED 

9.2.1 Polyphenols, phenolic acids, and flavonoids 

Mushrooms are a rich source of polyphenols and phenolic acids, compounds that are known as 
secondary metabolites with powerful antioxidant potential. These compounds have been extensively 
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identified and studied in plant species but represented the focus of researchers’ attention for the 
valuable bioactivity of wild mushrooms, as well. Phenolic acids belong to the polyphenols family, 
while from a chemical point of view, they contain at least one aromatic ring in which one or more 
hydrogen is substituted by a hydroxyl group (Heleno et al., 2015). Hydroxybenzoic acids and hy-
droxycinnamic acids are the two major groups of phenolic acids. Nowadays, it is well known that due 
to the phenolic hydroxyl groups which are attached to ring structures, they possess important 
properties like reducing agents, hydrogen donators, singlet oxygen quenchers, superoxide radical 
scavengers, and metal chelators over hydroxyl and peroxyl radicals, as well as superoxide anions and 
peroxynitrites (Heleno et al., 2015). 

Boletus is a genus of mushrooms, comprising over 100 species and is one of the most harvested 
wild mushrooms in Europe, North America, and Asia (Heleno et al., 2011). The popularity of 
Boletus ssp. mushrooms are due to their sensorial characteristics, as their aroma, taste, and texture 
are widely appreciated (Jaworska & Bernaś, 2009). However, alongside the consumers’ sensory 
preference, it is their content in primary and secondary metabolites that must also be known to the 
general public, especially due to Boletus beneficial health effects. In agreement with this, Heleno 
et al. (2011) identified p-hydroxybenzoic acid, protocatechuic acid, p-coumaric acid, and cinnamic 
acid in six edible and non-edible Boletus species. As for edible mushrooms, B. aereus contained 
the highest concentration of total phenolic acids and cinnamic acid. Even if other authors did not 
find phenolic compounds in B. edulis, probably due to the different methods of extraction, Heleno 
et al. (2011) reported the presence of all the analyzed phenolic acids, but in much smaller amounts. 
In the same study, in vitro antioxidant activity was investigated by several assays such as 
scavenging activity on DPPH radicals, reducing power, and inhibition of lipid peroxidation. A 
strong correlation was found between the content of phenolic acids and the antioxidant activity, 
emphasizing that B. aerus, B. edulis, B. reticulatus, and the non-edible species revealed significant 
antioxidant properties. Using a different extraction method, Özyürek et al. (2014) studied the 
antioxidant/antiradical properties of B. edulis mushroom. This approach led to methanolic extracts 
being obtained by using microwave-assisted extraction (MAE), a technique considered advanta-
geous over others because of its capability to enhance extraction efficiency. In B. edulis methanolic 
extract, the authors identified valuable concentrations of phenolic compounds (gallic acid, pro-
tocatechuic acid, vanillic acid, rutin, hesperidin, quercetin, naringenin, apigenin, etc.) that were 
found in strong positive correlation to the antioxidant/antiradical properties, which were tested by 
several assays such as: free radical scavenging activity, hydroxyl radical scavenging activity, 
hydrogen peroxide scavenging activity, superoxide anion radical scavenging activity, EC50 values 
in antioxidant activity, and total antioxidant capacity. B. edulis, along with 16 other species of wild 
mushrooms, were analyzed by Yahia, Gutiérrez-Orozco, and Moreno-Pérez (2017) in order to 
determine the total content of phenolics, flavonoids, anthocyanins, and antioxidant capacity. As 
such, liquid chromatography coupled to mass spectrometry (HPLC-MS) was used for the identi-
fication and quantification of phenolic compounds. As other studies reported, B. edulis was found 
to possess good antioxidant capacity in vitro, determined by DPPH and FRAP assays, due to its 
content in total soluble phenols (55.6 mg of GAE/100 g fw) and total flavonoid (23.66 mg ca-
techin/100 g fw) compounds. In the case of B. edulis, HPLC-ESI-MS analyses of the extract 
revealed the following phenolic compounds: caffeic acid hexoside, sinapic acid hexoside, cinnamic 
acid derivatives, the dimer of p-hydroxybenzoic acid, and traces of protocatechiuc acid hexoside. 
P-Hydroxybenzoic acid was found in the highest content among phenolic compounds of B. edulis, 
while organic acids such as malic, citric, and quinic were not detected, as in the case of other 
analyzed species of wild mushrooms. 

Moreover, wild fruiting bodies of Lactariuspiperatus (L.) at different stages of maturity were 
analyzed by Barros, Baptista, and Ferreira (2007) to monitor the dynamics of the phenolic, flavonoid, 
ascorbic acid, β-carotene, and lycopene contents, as well as their antioxidant activity during these 
stages. Total phenols, followed by flavonoids, were found in the highest concentrations comparing to 
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ascorbic acid and β-carotene and lycopene, in all stages of fruiting body maturity (Chawla et al., 
2019). An interesting result was that the stage of immature spores contained the highest amount of 
phenols and flavonoids and no the mature ones. The authors concluded that the aging process might 
induce the reduction of the antioxidant compounds that are reactive oxygen species. According to 
these results, the highest antioxidant activity was found in the mature stage with immature spores. 
Different biochemical assays: reducing power, scavenging activity on DPPH radicals, inhibition of 
the erythrocyte hemolysis mediated by peroxyl free radicals, and lipid peroxidation inhibition by the 
b-carotene-linoleate system were carried out to evaluate the antioxidant activity of L. piperatus 
extracts. All the correlations reported by the authors support that the antioxidant compounds and the 
antioxidant activity of the wild mushrooms (i.e. L. piperatus) are dependent on the stage of fruiting 
body maturity. This result underlines the necessity to obtain qualitative functional food or nu-
traceuticals from mushrooms with high content in phenols and flavonoids (Barros, Baptista, & 
Ferreira, 2007). 

Kosanić and Ranković (2016) studied the in vitro antioxidant activity of the acetone and 
methanol extracts of the Amanita rubescens and Russulacyanoxantha mushrooms. The antioxidant 
activity was evaluated by performing several assays: free radical scavenging, reducing power, and 
determination of total phenolic compounds. Amanita rubescens was found with the highest re-
ducing power and strong antioxidant activity. The IC50 values were 114.21 µg/mL, for the acetone 
extract and 185.70 µg/mL in the case of methanol extract. The phenolic contents (μg of pyr-
ocatechol equivalent) were 4.86 and 5.22, respectively. 

As for Ganoderma species, they are very popular wild mushrooms in Taiwan due to their 
demonstrated therapeutic effects. The study conducted by Mau et al. (2005) aimed to assess the 
antioxidant properties of methanolic extracts from Ganoderma tsugae by comparing mature and 
young fruit bodies, mycelia, and filtrate from the submerged culture. Ascorbic acid, β-carotene, 
tocopherols, and total phenols were quantified to obtain an image of the antioxidant compounds. 
However, total phenols were found as the major fraction of the analyzed group of compounds with 
values exceeding 24 mg/g for each tested sample. The rest of the antioxidant compounds were 
identified in much smaller amounts, with mycelia and filtrate having the smallest or no detected 
values. Results indicated good antioxidant properties for the tested samples of G. tsugae. 
According to these results, the authors also concluded that G. tsugae, in different forms (mature 
and young fruit bodies, mycelia, and filtrate) could be included in the human diet as a food or food 
ingredient and could fight against oxidative damage. 

Rahman et al. (2018) evaluated in vitro bioactive potential of Lentinula edodes (shiitake 
mushroom) using its solvent–solvent partitioned fractions that consisted of methanol:di-
chloromethane (M:DCM), hexane (HEX), dichloromethane (DCM), ethyl acetate (EA), and aqueous 
residue (AQ). The results of this study demonstrated the hexane fraction of L. edodes extract pos-
sesses bioactive food components (α-tocopherol-vitamin E, oleic acid, linoleic acid, ergosterol, and 
butyric acid) capable of conferring anti-oxidative defense and curtailing LDL oxidation, as well as 
being potent in inhibiting the activity of the rate-limiting enzyme in cholesterol biosynthesis, thus 
supporting its use as an anti-atherosclerotic agent. 

Additionally, Sasidharan et al. (2010) completed an in vitro investigation on the antioxidant 
activity and the effects of the methanol extracts of Lentinula edodes on liver function markers in 
the serum, as well as on hepatic histopathology of mice liver showing paracetamol-induced 
hepatotoxicity. The authors reported the amount of total phenolics was estimated to be 70.83 mg 
gallic acid equivalent (GAE) per gram of dry extract, and the antioxidant activity of the L. 
edodes extract was 39.0% at a concentration of 1 mg/mL. Moreover, the effects of the Lentinula 
edodes extract on serum transaminases (SGOT, SGPT), alkaline phosphatase (ALP), and bi-
lirubin were measured in the paracetamol-induced hepatotoxic mice, and was noticed that it 
produced significant (p < 0.05) hepatoprotective effects by decreasing the activity of serum 
enzymes and bilirubin. 
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The study conducted by Vamanu and Nita (2014), aimed to assess in vitro antioxidant and anti- 
inflammatory activities of fluidized bed ethanol extracts of three species of Pleurotusostreatus 
(PQMZ91109, PBS281009, M2191 – obtained from a laboratory greenhouse), comparatively to a 
commercial species (Agaricus bisporus) and three wild edible mushrooms (Marasmiusoreades, 
Craterelluscornucopioides, and Tuber melanosporum). Following the results, the presence of more 
tocopherols than polyphenol carboxylic acids and flavones was demonstrated, while tocopherol le-
vels are positively correlated with anti-inflammatory activities and inhibition of lipid peroxidation. 
Also, HPLC showed that Tuber melanosporum extracts had high correlation values between levels of 
different active compounds and antioxidant assay results. Similarly, aqueous and ethanolic extracts of 
Pleurotus giganteus fruiting bodies were investigated in vitro by Phan et al. (2012) for their effects in 
neurite outgrowth of rats pheochromocytoma (PC12) cells. It was found that aqueous and ethanolic 
Pleurotus giganteus extracts have a high content of phenolic compounds and triterpenoids. The study 
shows that these extracts have induced neurite outgrowth of PC12 cells in a dose and time-dependant 
manner with no detectable cytotoxic effect (Phan et al., 2012). 

Biological properties of Portuguese wild mushrooms (Cantharellus cibarius, Hypholoma- 
fasciculare, Lepista nuda, Lycoperdonmolle, Lycoperdonperlatum, Ramaria botrytis, and 
Tricholomaacerbum) were evaluated in vitro by Barros et al. (2008) as they contain very useful 
phytochemicals such as phenolics, tocopherols, ascorbic acid, and carotenoids. Phenols were the major 
antioxidant components found in the extracts (1.75–20.32 mg/g), followed by flavonoids (0.47–16.56 
mg/g). Ascorbic acid was found in small amounts (0.09–0.40 mg/g), and β-carotene and lycopene were 
found in only vestigial amounts (<0.08 mg/g). The antioxidant activity measured by four different 
methods (Table 9.1), has been proven for all species while being more significant for Romaria botrytis. 

Armillaria melleais one of the well-known wild edible mushrooms, with a rich chemical com-
position in bioactive compounds such as polysaccharides, vitamins, proteins, aminoacids, and mi-
nerals (S. Chen et al., 2020). In a study conducted by R. Chen et al. (2020), two fractions were 
extracted and purified from the Armillaria mellea, AMPs-1-1, and AMPa-2-1, respectively, through 
anion exchange and gel chromatography. The antioxidant activity of these fractions was determined 
using FRAP assay (µM/L), DPPH radical scavenging activity (%), ORAC (µM TE/g), and ABTS+ 

(%). The quantitative differences in antioxidant activity between the aforementioned fractions could 
be due to their different molecular weight, structure, and chemical composition, highlighting that 
AMPs-2-1 fraction showed the highest antioxidant activity compared with AMPs-1-1. The study 
reported that AMPs-2-1 could be successfully used and explored as a novel potential antioxidant 
insuch industries aspharmaceutical one or even in functional food manufacturing. Marasmiusoreades 
antioxidant activity was analyzed through different methods such as DPPH (2,2-diphenyl-1- 
picrylhydrazyl) radical-scavenging activity, lipid peroxidation by using TBARS (thiobarbituric acid 
reactive substances) assay, reducing power and ß -carotene bleaching inhibition (Table 9.1) com-
bined with different proportions of Boletus edulis extracts (Vieira et al., 2012). The results showed 
that the proportion between the combined mushroom samples could influence the antioxidant ac-
tivity. For instance, the radical scavenging activity reached the highest value (6 mg/mL) when 
mushroom extracts were combined in a 1:1 ratio (50% Marasmiusoreades extract and 50% Boletus 
edulis extract), while the reducing power (1.6 mg/mL) and TBARS inhibition (3 mg/mL) showed the 
highest value when 100% Boletus edulis extract was used. The study concluded that combined 
methanol extract from Marasmiusoreades and Boletus edulis could be successfully used as an im-
portant source of bioactive molecules. The antioxidant activity of Marasmiusoreades extracts was 
also proved by Shomali et al. (2019), through radical scavenging activity assayed by using the DPPH 
method. In short, Marasmiusoreades ethanolextracts showed a strong radical scavenging activity of 
80%, which could be related to its higher polyphenolic content (especially gallic, ferulic, and ca-
techin, vanillic acids). Similarly, to highlight the antioxidant activities of Marasmiusoreades, anti-
oxidant enzyme assays likeglutathione-S-transferase (GST), glutathione peroxidase (GPx), catalase 
(CAT), and superoxide dismutase (SOD) were used. The results showed that 10 mg/mL 
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Marasmiusoreades ethanol extract proved inhibitory effects on CAT, GPx, and GST activities with 
values such as 19%, 20%, and 7%, respectively. Furthermore, the extract’s inhibitory activity on cell 
lines was measured as the IC50 and suggested that Marasmiusoreades could have anticancer effects 
on the aforementioned cells. Volvariellavolvacea represents one of the six mushroom species cul-
tivated for food, all over the world. ATCC62890 and R83 Volvariellavolvacea strains were extracted 
in methanol and the scavenging activity was evaluated through DPPH assay-TLC analysis. The 
inhibition percentage of the mushroom strains was expressed by their capacity to scavenge DPPH. 
The TLC chromatograms identified five to six subfractions of the V. volvacea ATCC62890 and R83 
strains with DPPH. ATCC62890 Volvariellavolvacea strain exhibited the highest radical scavenging 
activity (higher than 80%), meanwhile, R83Volvariellavolvacea strain reached a value of 65% (da  
Silva et al., 2010). Furthermore, Nowacka et al. (2014) studied the chemical composition of 19 
Poland mushrooms species, highlighting their phenolic composition. The fruiting bodies of the edible 
mushrooms were extracted in pure ethanol, analyzedusing the Folin Ciocalteu method for the total 
phenolic amount and LC-ESIMS/MS (Reversed-Phase High-Performance Liquid Chromatography 
and Electrospray Ionization Mass Spectrometry) for individual phenols, respectively. The radical 
scavenging activity was assessed through a DPPH assay. Leccinumscabrum extract had a total 
phenols content of 3.80 mg gallic acid/g dry weight meanwhile protocatechuic, caffeic, ferulic, and 
salicylic acids were individual phenolic compounds identified in the Leccinumscabrum extract. IC50 

of Leccinumscabrum extract registered a value of 23.89 mg dry extract/mg DPPH and the antiradical 
efficiency was 0.04. In conclusion, the 19 Poland mushrooms species could be successfully used as 
natural antioxidants in the human diet. Seventeen mushrooms species from Poland were analyzed 
regarding their chemical composition in bioactive compounds such as minerals, ergosterol (D2), 
phenolic acids, and ascorbic acid (Gąsecka, Siwulski, & Mleczek, 2018). Leccinumscabrum was one 
of the analyzed Poland mushrooms through methods like Folin Ciocalteu for total phenol content, 
spectrophotometric aluminum chloride method for total flavonoid content, chromatographic analysis 
for individual phenolic acids, individual flavonoids, and ergosterol, respectively. The radical 
scavenging activity was measured through a DPPH assay. From the seventeen mushrooms, 
Leccinumscabrum registered the highest total phenol content (9.24 mg/g extract), the highest radical 
scavenging activity (87%), and total content of 0.77 mg/g extract of total flavonoids. The highest 
radical scavenging activity of Leccinumscabrum is mainly due to its rich chemical composition in 
bioactive compounds 2,5-Dihydroxybenzoic, 4-Hydroxybenzoic, Protocatechuic, t-Cynnami phe-
nolic acids, ergosterol, catechin, kaempferol, and rutin, respectively. One of the most easily re-
cognizable and studied species of mushrooms in the world is Morchella esculenta (L.) Pers. 
(Morchellaceae), commonly known as morel mushroom or sponge morel. It is also one of the most 
highly prized wild edible mushrooms. Its widest distribution covers the fields and mountains of 
Korea, China, Japan, and Europe, as well. It is used in gourmet cuisine due to its special favor and 
nutrition (S. R. Lee et al., 2018). The latter group of researchers demonstrated that compounds 1, 3, 
and 5, which are derivatives of ergosterol and octadecanoic acid that were first identified in M. 
esculenta fruiting bodies, are highly cytotoxic to human lung cancer cells (Table 9.1). The activity of 
compounds 1, 3, and 5 was mediated by the induction of apoptosis. Their cytotoxicity is further 
supported by previous studies reporting that ergosterol and octadecanoic acid derivatives from 
natural resources, including mushrooms, are cytotoxic to various human cancer cell lines in vitro 
(Lee et al., 2015; Lee et al., 2018). 

The antioxidant activity of the Leccinumscabrum mushroom was also confirmed in vitro by 
(Koca, Keleş, & Gençcelep, 2011) who reported that the extract of Leccinumscabrum showed the 
biggest radical scavenging activity (96.96%) out of 24 wild edible mushrooms analyzed. (Koca, 
Keleş, & Gençcelep, 2011) explained this high value due to the high phenolic bioactive compounds 
of Leccinumscabrum. Similarly, three different polysaccharide fractions were isolated from 
Tricholomagiganteum (Fa, Fb, and Fc) and their antioxidant activity has been studied by Chatterjee 
et al. (2011), following the methodology described in Table 9.1. Concerning the scavenging ability 
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of hydroxyl radicals, IC50 highest value was registered by Fa polysaccharide fraction, followed by 
Fc and Fb, respectively. On the other hand, regarding the superoxide radical scavenging activity, 
the Fb fraction showed the biggest inhibitory concentration 50% of superoxide radical scavenging 
activity, followed by Fc and Fa, respectively. From the three fractions, Fa showed the highest 
radical scavenging activity value and could be used in medicine, while also possessing a ther-
apeutic value. Morchellaelata antioxidant activity was evaluated by Gursoy et al. (2009). Seven 
species (Morchella rotunda, Morchella crassipes, Morchella esculentavar. umbrina, Morchella 
deliciosa, Morchellaelata, Morchellaconica Pers, Morchellaangusticeps) were considered in the 
study and analyzed by using the methodology briefly described in Table 9.1. The highest 
scavenging effect was registered by Morchellaconica Pers., with a value of 85.36%, followed by 
Morchella crassipes and Morchella esculentavar. umbrina with values of 65.56% and 62.57%, 
respectively. The antioxidant activity is correlated with the chemical composition of mushrooms, 
such as phenolic compounds and flavonoids. Alternatively, the antioxidant potential of 
Rusulladelica mushroom has been intensively studied. For instance Koca, Keleş, and Gençcelep 
(2011) showed that the radical scavenging activity of Rusulladelica methanolic extract was 
37.10%, the total phenolic content reached a value of 2,020 mg/kg and FRAP (Ferric Antioxidant 
Reducing Power) registered a value of 1,160 µmol/g. The high antioxidant potential of 
Rusulladelica extract could be linked to its higher phenolic content (Koca, Keleş, & Gençcelep, 
2011). In this respect, Yaltirak et al. (2009) showed that the ethanolic extract of Rusulladelica 
reached an antioxidant activity of 44 mg/mL DPPH IC50 and the metal chelating activity IC50 was 
4 mg/mL. These values are linked to the higher value of total phenols content of the extract (6.23 
mg/g) and probably to ascorbic acid content (2.93 mg/g). These results are also supported by  
Khatua et al. (2013) who reported values of superoxide radical scavenging, reducing power, and 
chelating ability of ferrous ion assays of 0.465 mg/mL, 0.56 mg/mL, and 0.59 mg/mL, respec-
tively. An EC50 of 1.2 mg/mL for the DPPH radical scavenging method was reported and a strong 
correlation (R2 = 0.987) between the total phenols content and antioxidant activity was established. 

The antioxidant activity of Rusulladelica methanolic extract was also highlighted by Gursoy 
et al. (2010), who tested the total antioxidant activity by β-carotene/linoleic acid method and its 
radical scavenging effect on DPPH. They determined a linoleic acid inhibition capacity of 80.97% 
and a moderate radical scavenging activity (27.43%), emphasizing once again the strong re-
lationship between antioxidant activity and total phenol content. In this line, Kalogeropoulos et al. 
(2013) showed that Rusulladelica is a rich source in phenolic acids (p-OH-Benzoic acid, p-OH- 
Phenylacetic acid, syringic acid, vanillic acid, chlorogenic acid, ferulic acid, o-Coumaric acid, 
tyrosol, vanillin), flavonoids, ergosterol, and an in vitro antioxidant properties of 26.37 µmol TE/ 
100 g fresh weight. 

Suillusbovinus antioxidant activity was emphasized by Robaszkiewicz et al. (2010) and L.  
Zhang et al. (2018). The polyphenols, lycopene, flavonoids, and β-carotene were the mainly 
bioactive secondary metabolites identified in Suillusbovinus extracts, and a strong correlation 
between phenolic compounds and antioxidant potential was established (Robaszkiewicz et al., 
2010). Furthermore, L. Zhang et al. (2018) showed that the content in polysaccharides and 
especially monosaccharides could exhibit the higher antioxidant activity of the Suillusbovinus 
extract. In addition, the Suillusgranulatus antioxidant potential was studied by Ribeiro et al. (2006) 
who identified such phenolic acids as fumaric, malic, quinic, citric, and oxalic in the 
Suillusgranulatus extract. These authors explained the antioxidant potential of the mushroom 
extract through its high amount in the aforementioned phenolic acids and also due to its quercetin 
content. Tricholomaequestre is another mushroom where chemical composition underwent sig-
nificant study by Muszyńska, Kala, et al. (2018). As such, the authors showed that the 
Tricholomaequestre extract showed strong antioxidant potential, while gallic acid exhibited the 
highest antioxidant activity. Moreover, the total phenolic content of the methanol extract (14.07 µg 
gallic acid/mg of extract) could also play a key role in improving its antioxidant potential. The 
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antioxidant properties of Tricholomaequestre fruiting bodies were also studied by Pessoa et al. 
(2020). Pessoa et al. (2020) concluded that the antioxidant potential of Tricholomaequestre extract 
could be due to their polysaccharide content. The authors stated that polysaccharides do not have 
any effect on the reactive oxygen species signal, but, were able to decrease the signal amplitude 
and the concentration. On the other hand, Ragupathi et al. (2018) studied the antioxidant potential 
of Tricholomaequestre methanolic extract through nitric oxide scavenging activity. The methanol 
extract of Tricholomaequestre recorded a percentage of 92% nitric oxide scavenging activity at a 
concentration of 50 µg/mL. Armillaria mellea (Vahl) P. Kumm. (AM) is a fungus that belongs to 
Basidiomycota, also named honey mushroom, while used for centuries in the treatment of head-
aches, insomnia, neurological disorders, anxiety, and depression (Y. E. Lin et al., 2021). The study 
of Y. E. Lin et al. (2021) aimed to prove the possible antidepressant effect of water extract from 
Armillaria mellea (Vahl) P. Kumm. Forced swimming tests and unpredictable chronic mild stress 
were protocols used on rats that were orally administrated with AM water extract. To monitor the 
effect of the AM water extract, the cerebral serotonin and metabolites from rats’ frontal cortex 
weremeasured. Lin et al. (2021) validated the antidepressant action of AM water extract and 
explained that the mechanism could occur via anti-inflammatory activities of the bioactive com-
pounds ergothioneine and adenosine. 

9.2.2 Polysaccharides 

Polysaccharides from wild mushrooms drew increased attention in many research reports, 
especially due to their properties and bioactivities. Polysaccharides are the most abundant primary 
metabolites in wild mushrooms and a large body of scientific literature reports about their structure 
and antioxidant potential (D. Wang et al., 2014; L. Zhang et al., 2018). Nowadays, mushroom 
polysaccharides are considered low-cost compounds with a great potential for the food industry as 
functional ingredients, as well as in the prevention or treatment of the diseases induced by oxi-
dative stress (Jiao et al., 2017). The antioxidant properties of polysaccharides appear to be related 
to their structural characteristics, especially to the ratio between the different constituent mono-
saccharides (L. Zhang et al., 2018). Thirteen species belonging to Boletus family were subjected to 
extraction to obtain and characterize their water-soluble polysaccharides. For a complex and 
complete characterization, several analytical methods were used, such as gas chromatography 
(GC), high performance, liquid chromatography (HPLC), and Fourier-transform infrared spec-
troscopy (FT-IR). The higher contents in the analyzed monosaccharide samples were arabinose, 
xylose, mannose, glucose, and galactose. In the case of B. edulis, the polysaccharides had mannose 
as the major constituent (27%–37%), while for B. aereusarabinose was found in the higher pro-
portion (10%–12%). It was reported that the monosaccharide content varied with the geographic 
and climatic conditions but also between the cap and stripes of mushrooms (L. Zhang et al., 2018). 
The analysis of the FT-IR spectra revealed that B. edulis polysaccharides did not contain a pyr-
anose ring, as it was found for the rest of the tested mushrooms. The molecular weight (Mws) of 
polysaccharides is another important parameter in relation to their bioactivity. High-Mw poly-
saccharides have less antioxidant activity than low-Mw polysaccharides. It seems that this last 
feature is caused by poor penetration capability on cell membranes in case of the high-Mws 
polysaccharides but also, due to the fact that lower Mw have more reductive hydroxyl groups able 
to donate hydrogen to reduce the free radical species and therefore have a higher antioxidant 
capacity (Sheng & Sun, 2014; D. T. Wu et al., 2016). The tested polysaccharides were able to 
scavenge DPPH radicals, but a lower scavenging ability in the case of one sample of B. aereus was 
noticed. It was concluded that DPPH radical scavenging activity showed significant correlations 
with the arabinose and galactose content. Regarding the ferrous ion reducing power, the results 
correlated with the radical scavenging activity. For the metal chelating activity, most of the 
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polysaccharides from Boletus mushrooms had relatively poor results but it was considered that a 
hot water extract of B. edulis was effective in ferrous ions chelating (L. Zhang et al., 2018). 

Due to their valuable biologically active potential, polysaccharides from mushrooms have 
gained research interest in studying the capability of exopolysaccharides (EPS) to produce 
bioactive metabolites in submerged cultures. J. Q. Zheng et al. (2014), proposed a method for the 
isolation and purification of the EPS from the culture broth of B. aereus by gel filtration chro-
matography. The GC-MS analysis of the three fractions (Fr-I, Fr-II, and Fr-III) of EPS revealed 
that glucose was the major monosaccharide in Fr-I, while a combination of glucose and mannose 
was found in the other fractions (Fr-II,III). Regarding the molecular parameters of EPS, results 
pointed out that such fractions do not form large aggregates in an aqueous solution. For Fr-I, a 
random coil form, while for Fr-II, Fr-III rigid rod forms were attributed. As previously mentioned, 
these characteristics are relevant due to their influence on polysaccharides bioactivity. Concerning 
the in vitro antioxidant activity assay, it was found that the polysaccharide fraction (Fr-I) con-
taining mainly glucose, with the highest molecular weight showed a superior antioxidant potential 
among EPS fractions. 

Recent studies have reported that polysaccharide’s functionality could be increased sig-
nificantly by replacing the hydroxyl group from the branched-chain with a free phosphate group. 
The reaction is called phosphorylation and it was proved that the modified polysaccharides are not 
non-toxic (Huaping Li et al., 2021). A lyophilized powder of phosphorylated mycelia poly-
saccharide (PMPS) from Pleurotusdjamor with a content of 15.22% phosphate was obtained to test 
its invitro and in vivo antioxidant ability. The analysis performed to characterize the compositional 
structure of PMPS showed α-pyranose structure and the presence of glucose (85.82%) and ga-
lacturonic acid (13.01%) as the majority of constituents. The reducing power, scavenging DPPH, 
and superoxide anion radical rates were the assays performed for in vitro analysis of antioxidant 
activity and the results were compared to a control sample (BHT antioxidant). PMPS showed good 
antioxidant properties in vitro but a dose-dependent effect. For the in vivo antioxidant activity, the 
superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and catalase (CAT), as well as the 
malondialdehyde (MDA) content of the kidneys were monitored on Kunming mice. These assays 
were also performed on un-phosphorylated polysaccharides (MPS). According to the authors, the 
PMPS group showed a better antioxidant effect in vivo than MPS. Zinc-enriched polysaccharides 
were studied by J. Zhang et al. (2016) as modified polysaccharides, extracted from P. djamor, with 
higher antioxidant activities than the regular polysaccharides. By submerged fermentation with 
zinc acetate, a complex compound was obtained, which multiplies the antioxidant effect of the 
polysaccharides with the numerous health benefits of zinc. Structural investigations revealed that 
mycelia zinc polysaccharides (MZPS) and their fractions were composed of high rhamnose and 
xylose contents (in the case of one fraction). Both monosaccharides were found to be effective 
antioxidants due to their ability to transfer electrons and reduce the reactive oxygen species. 
Furthermore, FT-IR analysis showed that bond types of C-H, S=O, and C=O had an impact on-
bioactivity. Assays performed to explore the in vitro antioxidant effect of MZPS indicated good 
antioxidant capacity but one that is dose-dependent. For in vivo studies, it was also revealed that 
MZPS could be effective against toxicity and could block the oxidative chain reaction. Sulfation of 
(1–3)-β-D-glucan extracted from fruiting bodies of Russulavirescens was proposed by Hui Li et al. 
(2020) as a way to enhance the bioactivity of the water-soluble polysaccharide due to the presence 
of sulfated groups which may increase the ability to provide hydrogen atoms and exhibit anti-
oxidant potential. The sulfated derivatives demonstrated improved results in the case of ABTS 
radical scavenging, superoxide radical scavenging, and hydroxyl radical scavenging activities. The 
compound with more sulfate groups was more effective in scavenging activity against hydroxyl 
radicals. In the case of the superoxide radical, the derivative with a moderate degree of sulfation 
showed a higher capacity. 
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Due to the limitation of the traditional extraction method of mushroom polysaccharides, 
enzyme-assisted extraction (EAE) was proposed, which was found to be more advantageous in 
terms of extraction yield, costs, and energy requirements. By this approach, Jiao et al. (2017) 
obtained an enzymatic-extractable polysaccharide (EnPPs) from the mycelium of Pleurotusdjamor 
mushrooms, composed of rhamnose, xylose, mannose, galactose, and glucose (with a molar ratio 
of 7.96:1.00:2.05:5.90:2). In vivo inhibiting, activities against oxidative stress were measured for 
EnPPs. For this purpose, the enzymatic activities of SOD, GSH-Px, and CAT, and the non- 
enzymatic activities of total antioxidant activity in the brain, liver, kidney, and pancreas homo-
genate were determined. Results indicated that the EnPPs could protect the tissues against the 
induced lesions preventing oxidative stress. 

A comparison of the antioxidant activity for hot water extracted and hot alkali extracted 
polysaccharides from G. tsugae was run by Tseng, Yang, and Mau (2008). The polysaccharides 
from Ganoderma tsugae Murrill were obtained from four forms: mature, young Ling Chih, my-
celia, and fermentation filtrate. The hot alkaline treatment led to a degradation of the cell wall and 
water-insoluble components and an increment of the extracted polysaccharides molecular weight 
was found. Both extracts of polysaccharides showed good antioxidant properties and the authors 
concluded that these extracts could be used as functional food ingredients/supplements due to their 
capability to reduce oxidative damage in the human body. The efficiency of the hot-water extracted 
polysaccharide from Hericiumerinaceum was investigated by H. Xu et al. (2010) to determine its 
antioxidant properties in vivo on rats’ skin. The outer layer of the skin accumulates organic per-
oxide during the aging process and antioxidant supplementations could be a way to restore skin 
properties. The HPLC analysis revealed that the polysaccharide was formed from glucose and 
galactose as major monosaccharides, while xylose and fucose were present in small contents. In 
vivo tests showed that H. erinaceum polysaccharide increased the enzyme’s antioxidant activity 
significantly, as well as collagen production and, thus, it was concluded that this polysaccharide 
may delay skin aging. Polysaccharides isolated from the residue of Lentinula edodes by enzymatic 
(ERPS) and acidic (ARPS) hydrolysis were investigated by Ren et al. (2018) to establish their 
antioxidant potential in vivo on lipopolysaccharide-induced lung injured mice. Previously, the 
authors showed that polysaccharides modified by enzymatic or acidic approach possess superior 
antioxidant activity compared to the unmodified form. Structural differences were found between 
the two modified polysaccharides. As such, ERPS was composed of rhamnose, arabinose, man-
nose, galactose, and glucose, while ARPS contained rhamnose, arabinose, galactose, and glucose 
and the mass percentages were significantly different. For both polysaccharides, rhamnose was the 
main monosaccharide, present in a content of 81.97% for ERPS and 32.47% for ARPS. The results 
showed significant decreases in pulmonary SOD, CAT, GSH-Px, and total antioxidant activities, as 
well as increases in pulmonary lipid peroxidation in surveyed mice. As it was reported by other 
studies (X. Xu & Zhang, 2015), rhamnose is associated with important antioxidant properties and 
could contribute to the antioxidant activity of the polysaccharides. Chemically modified maitake 
polysaccharide-peptides (MPSP) and their adjuvant effect (in vivo, on rats) and anticancer activity 
(in vitro growth inhibitory effect) compared to crude MPSP from Grifolafrondosa were in-
vestigated by Chan et al. (2011). The authors showed that chemical phosphorylation could 
markedly enhance both adjuvant effects and growth inhibitory effects.Furtheremore, Lin et al. 
(2016), studied the effects of the cold-water extract of Grifolafrondosa (GFW) and its active 
fraction (GFW-GF) on autophagy and apoptosis, and the underlying mechanisms in vitro and in 
vivo. Grifolafrondosa is known for its antitumor activity, which has been targeted by scientific and 
clinical research. The present study showed that GFW and GFW-GF inhibited cell proliferation. 
Moreover, in vivo results showed that GFW inhibited cancer growth, activated the mitochondria- 
dependent apoptotic pathway, and promoted autophagy. The results demonstrate that GFW and 
GFW-GF may represent remarkable cytotoxic agents at low concentrations, both in vitro and in 
vivo. Also, GFW and GFW-GF can serve as promising anticancer agents that target both autophagy 
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and apoptosis. In addition, Li (2017), studied the purification of the fractions of water-soluble 
Ramaria botrytis polysaccharides (RBP) considered an efficient natural antioxidant. Crude 
Ramaria botrytis polysaccharide was eluted and purified by two-column chromatography of 
DEAE-52 and Sephadex G-100 successively, four purified fractions resulted. RBP-1, RBP-2, RBP- 
4 were mainly composed of glucose, while RBP-3 contained 41.36% mannose and 28.96% glu-
cose. These four fractions were tested for antioxidant activities in vitro, where RBP-4 exhibited a 
strong assay of reducing power and high scavenging activity on DPPH radical, while RBP-3 
showed the stronger ability of hydroxyl radical scavenging activity (Hua Li, 2017). Another study 
by He et al. (2016), shows the antioxidant activity of the spent substrate of Pleurotuseryngii. A 
crude polysaccharide (CPS) was obtained by extraction with hot alkali liquor. This polysaccharide 
purified itself and resulted in the polysaccharide-protein complex (RPS). Monosaccharide com-
position analysis by GC–MS confirmed that RPS is a novel acid heteropolysaccharide and it is 
mainly composed of xylose, glucose, and arabinose. Moreover, FT-IR spectral analysis of RPS 
revealed prominent characteristic polysaccharide and protein groups. By using different in vitro 
models (ABTS, superoxide, hydroxyl, and DPPH), this study shows that both CPS and RPS exhibited 
strong antioxidant activities in a dose-dependent manner. Also, the antioxidant activities for three 
isolated and purified fractions of polysaccharides of Grifolafrondosa (GFP-1, GFP-2,and GFP-3) 
were investigated in vitro by Chen et al. (2012). In this study, the results from different in vitro assay 
systems, including the scavenging effects on DPPH radical, hydroxyl radical, and superoxide radical, 
the reducing power, the ferrous ions chelating effect, and the ability to inhibit the rat liver lipid 
oxidation, demonstrated that the purified fractions of Grifolafrondosa polysaccharides (GFP), 
especially GFP-2, have effective antioxidant activities. The antioxidant activity of hydrolysates of 
Grifolafrondosa protein (GFP) was obtained with six different proteases (papain, neutrase, alcalase, 
trypsin, pepsin, and Protamex) and of fractionated hydrolysates (GFHT-1, GFHT-2, GFHT-3, 
GFHT-4) prepared using ultrafiltration (UF) membranes was investigated by Dong et al. (2015). 
Among the six proteases, the trypsin hydrolysate possessed the strongest antioxidant potential. The in 
vitro antioxidant activities of the four fractions were evaluated, in this study, including the 
scavenging effect on DPPH, ferrous ion chelating effect, reducing power, and ability to inhibit the 
autoxidation of linoleic acid. The results demonstrated that all fractions are effective antioxidants and 
comparably GFHT-4 has the highest antioxidant activity (Dong et al., 2015). 

Yuan et al. (2019), studied the immunomodulatory activities of iron-chelating Grifolafrondosa 
peptides on immunocytes proliferation and cytokine (IL-6 and TNF-α) secretion were determined 
using an in vitro digestion model. The Grifolafrondosa protein hydrolysates were purified using 
ultrafiltration and Sephadex gel chromatography. Two main fractions (GFP-1 and GFP-2) resulted. 
CGFP-Fe and GFP-Fe were synthesized using ferrous chelation. This study reported that the iron- 
chelating peptide of Grifolafrondosa still maintained its immune-enhancing activity after in vitro 
gastrointestinal digestion and suggested that GFP-Fe might be beneficial as a new iron supplement 
and asan immunological enhancement. 

Sulfated low molecular-weight Tremella fuciformis polysaccharides (SLTP) with different 
sulfate contents were synthesized by Wu et al. (2007) to monitor their antioxidant activities in 
vitro, including superoxide anion radical, 1,1-diphenyl-2-picryl-hydrazyl (DPPH), radical and 
hydroxyl radical scavenging activities. The authors claim that the degradation of Tremella fuci-
formis polysaccharides (TP) could improve its water solubility and radical scavenging activity. 
Sulfation of low molecular-weight Tremella fuciformis polysaccharides (LTP) results in more 
increased antioxidant activity than the natural LTP and TP. The results of this study support the 
fact that modification of LTP by sulfation will augment the antioxidant activity and LTP and SLTP 
can be considered as potential natural resources of antioxidants.In the study conducted by Zhang 
et al. (2014), the free-radical degradation and antioxidant activity of polysaccharides from 
Tremella fuciformis were investigated. The combination of Fe2+, ascorbic acid, and H2O2 was used 
as a degradation agent to obtain the lower molecular weight product. The authors selected five 
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degraded polysaccharides to evaluate their antioxidant activities in vitro and found that the de-
graded sample with lower molecular weight possessed the higher antioxidant activities. Zhang, 
Chen, et al. (2017) used Grifolafrondosa as a vector of zinc biotransformation to produce the 
intracellular zinc polysaccharides (IZPS). IZPS antioxidant and antibacterial activities in vitro, as 
well as their anti-aging properties in vivo, were investigated compared to intracellular poly-
saccharides (IPS). IZPS had superior antioxidant and anti-aging activities., al. by scavenging the 
hydroxyl and DPPH radicals, increasing enzyme activities, decreasing the malondialdehyde 
(MDA) contents, and ameliorating the anile condition of mice. Moreover, IZPS showed potential 
antibacterial activities. Also, the results of this study showed that zinc-enrichment enhanced the 
antibacterial activities of IPS, and the superior performance of IZPS might be attributed to its 
monosaccharide compositions.One of the most common phenomena in the world is senescence, 
often named aging, as well. It seems that aging is a result of cellular stress and ROS (Reactive 
Oxidative Species) generated by NADPH (Nicotinamide Adenine Dinucleotide Phosphate) oxi-
dase, which could play an important role in positively influencing the senescence process (Yan 
et al., 2020). The NADPH encoding genes vvnoxa, vvrac1, vvbema, and vvcdc24 extracted from 
Volvariellavolvacea complete the genomic sequence and might be positively involved in the aging 
response. Gene identification of Volvariellavolvacea NADPH oxidative-encoding genes was made 
by DNA sequences and bioinformatics analysis was used to predict the transmembrane helix re-
gions. RT-PCR assay was used to identify the gene expression patterns. DPI (diphenyleneiodo-
nium chloride) and GST (glutathione) were used to highlight the relationship between NADPH, 
ROS signaling molecules, and mechanical injury stress. DPI and GSH were able to eliminate ROS 
during mechanical injury and lead to repressing the oxidative subunit genes NADPH. Therefore, 
ROS could positively influence the NADPH oxidative subunit genes. Similarly, Xylosyl 1,3- 
galactofucan (AMPS-III) polysaccharide was isolated and purified from Armillaria mellea. The 
sugar composition (PS) of Armillaria mellea polysaccharides was analyzed through acid hydrolysis 
(Chang et al., 2018) and an important galactose and fucose amount was highlighted. To determine the 
effects of fractioned PS, RAW264.7 macrophages were used in the study. The results demonstrated 
that AMPS-III was able to significantly reduce the release of tumor necrosis factor-α (TNF-α) and 
cytokine monocyte chemotactic protein in the aforementioned macrophages. TNF-α plays an es-
sential role in anti-inflammatory activities and it might have been inhibited by the AMPS-III which 
consisted of a novel 1,3-linked α-D-galactosyl-interlaced α-L-fucan with partial 4-O-xylosyl sub-
stituents. Two polysaccharides extracted from C. versicolor (PSP and PSK) have shown important 
biological properties and can be a useful adjunct to cancer therapy. In certain cases, however, further 
research is necessary to prove some of the effects that have been observed in vitro and experimental 
animal studies (Table 9.1). The antidiabetic, antimicrobial, and antioxidant activity demonstrated by 
studies carried out in C. versicolor indicate that this is a potential source of bioactive compounds that 
can bring important health benefits (Cruz et al., 2016). 

9.2.3 Proteins 

Lectins are proteins that possess the property to selectively bind carbohydrates without any 
enzymatic modification. Lectins from mushrooms were found to have important bioactive prop-
erties due to their capacity to bind carbohydrates and form glycoproteins. In this regard, an an-
tineoplastic lectin (BEL) was isolated from B.edulis. After purification on a column of the human 
erythrocytic stroma, it was incorporated into a polyacrylamide gel and its structure was in-
vestigated by X-ray (Bovi et al., 2013). This investigation revealed that there is a β-trefoil fold 
configuration present in the form of two protein monomers. It was also found that BEL β-trefoil 
lectin has a distinct structure compared to other lectins isolated from B. edulis, for example, the 
saline soluble one. Using the X-ray diffraction of single crystals, the interaction of the lectin with 
lactose, galactose, N-acetylgalactosaminewas studied, alongside the interaction with the T-antigen 
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disaccharide and the T-antigen, the disaccharide linked to serine, which is considered the most 
probable mediator of the anti-proliferative effect in the case of this compound. The interactions 
between these saccharides and lectin forming crystals were found similar, revealing the ligand 
properties of the BEL β-trefoil lectin. The antitumor proliferation activity of the lectin isolated 
from B. edulis was tested on nine different human cancer cell lines. Potent antineoplastic activity 
of BEL β-trefoil lectin was found, which was attributed to its capacity to penetrate the cell. 
Furthermore, A 16.7-kDa protein (BEAP) was isolated by Yang Zhang et al. (2021) from fruit 
bodies of B. edulis mushroom. In terms of molecular weight, it is considered to be a smaller protein 
than lectin isolated by B. edulis. BEAP exhibited anti-proliferation activity against A549 non-small 
cell lung cancer in vitro and stopped the growth of A549 solid tumors in vivo. As such, a 
Marasmiusoreades extract was highly studied by Winter, Mostafapour, and Goldstein (2002) and  
Grahn et al. (2009) due to its lectin content, a novel heterodimeric protein of 50 kD molecular 
weight, with novel carbohydrate-binding activity. They concluded that lectin could have a high 
general affinity for α -galactosides and could also react with murine laminin from the Engelbreth- 
Holm-Swarm sarcoma and bovine thyroglobulin, respectively. Furthermore, lectin was involved in 
the human B erythrocytes agglutination. In this regard, Shao et al. (2019) proved that FIP-SJ75, a 
novel fungal immunomodulatory protein from G. lucidum, F. velutipes, and V. volvacea, could act 
as a possible activator of mouse macrophages. Modern methods such as liquid chromatography 
coupled with quadrupole time-of-flight mass spectrometry (LC/Q-TOF MS) were used for re-
combinant protein identification (rFIP-SJ75). The immunomodulatory effect of rFIP-SJ75 on 
macrophage RAW264.7 cells was studied through RT-qPCR and showed that rFIP-SJ75 might be 
a potential immunomodulatory agent for some inflammatory diseases. 

9.2.4 Other bioactive compounds 

A lanostanoid, called tsugaric acid, and a palmitamide were obtained from the CHCl3 extract 
of Ganodermatsugaefruit bodies. Also, to enhance the bioactive properties, an investigation was 
conducted into 3-oxo-5α-lanosta-8,24-dien-21-oic acid which was used to synthesize lanostoid 
derivatives tested for anticancer activity against human prostate cancer cells. The lanostoid deri-
vatives showed weak cytotoxic activities and the author concluded that they may be used as 
chemopreventive agents (C. H. Lin et al., 2016). 

9.3 ANTITUMOR, ANTI-CANCER, ADJUVANT EFFECT, AND 
IMMUNOSTIMULATORY ACTIVITY DUE TO POLYSACCHARIDES FROM EDIBLE 

MUSHROOMS 

Among other bioactive properties, polysaccharides were found and used as anticancer agents 
because of their effect to activate various immune responses in the host. Therefore, a lot of sci-
entific studies were conducted on the immunostimulating properties of polysaccharides from wild 
mushrooms. Generally, the polysaccharides with antitumor properties are homo/heteroglycans, 
which are transformed into glycoproteins or their derivative forms when interacting with proteins 
(Meng, Liang, & Luo, 2016). In this regard, Wang et al. (2014) have isolated a water-soluble 
polysaccharide from the fruiting bodies of B. edulis. The structural characterization of the poly-
saccharide was performed by gas chromatography and revealed that the component mono-
saccharides were glucose, galactose, rhamnose, and arabinose. Glucose was the principal 
constituent. The anticancer effect of the polysaccharide was tested in vivo by using a renal cancer 
cell line (Renca) which was implanted subcutaneously into the rump of BALB/c mice. It was found 
that the oral administration of 100 and 400 mg/kg polysaccharides extracted from B. edulis could 
significantly inhibit the growth of tumor cells in mice. Also, up to a concentration of 2000 mg/kg 
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body weight, no toxicity was reported. The hot-water extract of B. edulis was also investigated by  
Lemieszek et al. (2013) aiming to examine its anti-proliferation action on human colon cancer 
cells. It was found that the extract (WSB) contained a polysaccharide fraction. Its main constituent 
is monosaccharide glucose, followed by galactose, fucose, and mannose. Furthermore, WSB 
waspurified by anion exchange chromatography, thus resulting in five fractions (BE1, BE2, BE3, 
BE4, BE5). BE1 was not retained by the column and was mainly composed of polysaccharides 
with a lower amount of mannose than WSB. BE2 was a glycoprotein. BE3 and BE4 contained 
lower amounts of sugars but with relatively similar compositions. The fractions isolated from B. 
edulis showed a significant antiproliferative effect in colon cancer cells but the best results were 
obtained in the case of the BE3 fraction of the polysaccharide. A recent study by Zheng et al. 
(2020) suggested that the polysaccharide extracted from the stalk residue of Pleurotuseryngii has a 
similar structure and bioactivities as that from the fruitbody of the mushroom. The results showed 
that it was a heteropolysaccharide mainly composed of glucose (82.4%). Furthermore, in vitro 
antioxidant assay showed effects on the hydroxyl radical, while the in vitro antitumor assay 
showed it had a dose-dependent antiproliferative effect against human gastric MGC-803 cancer 
cells and human epithelial Hela cancer cells. The hypolipidemic and hypoglycaemic activities of 
polysaccharides extracted from Pleurotuseryngii (PEP) were investigated in vivo by Chen et al. 
(2016). The studies were performed on KKAy mice, which were divided into control and PEP 
groups. The latter were fed with high fat and PEP + high fat, respectively, for six weeks. Oral 
administration of PEP decreased body weight gain, the levels of plasma insulin, serum triglyceride, 
cholesterol low-density lipoprotein cholesterol, and blasting blood glucose in mice. In addition, the 
PEP diet increased the level of high-density lipoprotein cholesterol and liver glycogen. The authors 
claim that Pleurotuseryngii polysaccharide extract could be explored as a possible therapeutic 
agent for hyperlipidemia and hyperglycemia. In the study by W. Zhang et al. (2016), the exo-
polysaccharides extracted from liquid-culture Grifolafrondosa (EPS) were first successfully che-
mically modified to obtain its carboxymethylated (CM-EPS) and selenylizing derivatives (Se- 
EPS). Also, the antioxidant and antitumor activities of EPS and two derivatives were evaluated. 
The results indicated that carboxymethylated and selenylation modification of EPS could sig-
nificantly enhance the antioxidant activity in vitro. Moreover, the authors argued that Se-EPS 
exhibited stronger inhibitory activity and can be considered a promising antioxidant or antitumor 
agent with potential value for food and pharmaceutical industries. Moreover, Chen et al. (2019), 
optimized the technology of extraction of polysaccharides from Grifolafrondosa, through an 
ultrasonic-assisted and microwave-assisted process, followed by an evaluation of the antioxidant 
and antitumor activity. Upon analyzing the antioxidant activity of DPPH radical scavenging, as 
well as the reducing power and hydroxyl radical scavenging, the authors reported that poly-
saccharides from GgrifolaFrondosa had powerful antioxidant activities. Also, in this study, in vitro 
antitumor activity of polysaccharides was evaluated proving that polysaccharide extract can inhibit 
the proliferation of HepG2 cells. Furthermore, in vitro antitumor and antioxidant activities of 
alcohol-soluble polysaccharides from the Grifolafrondosa (GFAP) fungus have been studied by Ji 
et al. (2019). The polysaccharides extraction process has been optimized by the orthogonal test. 
The results of this study assay showed that GFAP could significantly inhibit the proliferation of 
Hepatocellular Carcinoma cell line (HepG2) in time- and dose-dependent manners. Furthermore, 
in vitro antioxidant results showed that GFAP possessed excellent scavenging effects on ABTS+, 
DPPH, and HO at 2 mg/mL. concentration. As well, Chen (2010), investigated the in vitro anti-
oxidant and antitumor activities of Tremella fuciformis polysaccharides. The authors used response 
surface methodology (RSM) to determine the optimum extraction conditions (extraction tem-
perature, time, and ratio of solvent to raw material) for maximum polysaccharides yield. The 
authors reported that Tremella fuciformis polysaccharides could scavenge superoxide anion and 
hydroxyl radicals. Moreover, it was found that antitumor activities of Tremella fuciformis poly-
saccharides increased from 73.4% to 92.1% with an increasing concentration of polysaccharides. 
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Moreover, the authors claim the pharmacology experiment indicated that Tremella fuciformis 
polysaccharides were useful to the therapy of free radical injury and cancer diseases. A novel 
polysaccharide isolated from Lactarius deliciosus Gray was studied in vivo by Ding, Hou, and Hou 
(2012), as a possible valuable source that contributes to exhibit unique antitumor properties. 
According to the results of this study, it was concluded that the novel polysaccharide obtained from 
Lactarius deliciosus Gray was a heteropolysaccharide, namely LDG-A, while the purified poly-
saccharide (LDG-A) was confirmed to be of high purity. Moreover, the study showed that LDG-A 
consisted of two monosaccharides, namely l-mannose (l-Man) and d-xylose (d-Xyl) and their ratio 
was 3:1 by GC–MS. To detect the antitumor activity of LDG-A in vivo, mice transplanted S180 
were used. It was concluded that LDG-A exhibited significant antitumor activates in vivo (Ding, 
Hou, & Hou, 2012). 

The immune activities of a novel polysaccharide (LDG-A) isolated from Lactarius deliciosus 
Gray were investigated in vivo by Hou et al. (2013) on mice. This study claims that the antitumor 
activity of the LDG-A was believed to be a consequence of the stimulation of the cell-mediated 
immune response because it can significantly promote the lymphocyte. S180 tumor cells (3 × 106) 
were implanted subcutaneously into the right hind groin of the mice and one day following in-
oculation, LDG‑A was dissolved into distilled water and administered intraperitoneally to the mice 
at doses of 20, 40, and 80 mg/kg, respectively. The authors state that the inhibitory rate in mice 
treated with 80 mg/kg LDG-A can reach 68.422%, purified polysaccharide of Lactarius deliciosus 
Gray, being a potential source of natural immune-stimulating substances. In vitro antitumor ac-
tivity of the Grifolafrondosa (GFP) polysaccharides was recently investigated by Li & Liu (2020). 
Theyevaluated their inhibitory effects on SPC-A-1 human lung cancer cells. Additionally, the 
relationship between heat treatment on structural properties and antitumor activity of poly-
saccharidesunderwent evaluation. For this aim cold-water-soluble polysaccharides from 
Grifolafrondosa were extracted at 4°C (GFP-4) and purified. GFP-4-30, GFP-4-60, and GFP-4-90 
were obtained from GFP-4 after treatment at 30°C, 60°C, or 90°C, respectively, for 6 hours. The 
results of this study showed that after heat treatment, different levels of degeneration and de-
gradation occurred in GFP-4-30, GFP-4-60, and GFP-4-90, and their degrees of branching were 
reduced to different levels, resulting in lower antitumor effects. Furthermore, Zhou et al. (2017), 
conducted an in vitro investigation of a novel ubiquitin-like antitumor protein (RBUP), isolated 
from fruiting bodies of the Ramaria botrytis edible mushroom by a purification protocol involving 
ion-exchange chromatography on DEAE-Sepharose fast flow and gel filtration on Sephadex G-75. 
SDS-PAGE, Native-PAGE, and ultracentrifugation analysis disclosed that RBUP is a monomeric 
protein, while ESI–MS/MS demonstrated that it shared 69% amino acid sequence similarity with 
Coprinellus congregates ubiquitin. The authors reported that this protein exhibited strong antic-
ancer activity towards A549 cells. Also, RBUP displayed hemagglutinating and deoxyribonuclease 
activities (DNase) at a temperature of 40°C and pH of 7.0, where DNase activity is optimal. In an 
in vitro assay, J. Wu et al. (2012) demonstrated that Armillaria mellea, a famous traditional 
Chinese edible mushroom could exhibit an inhibitory action against A549 cells (human nonsmall- 
cell lung cancer), through a water-soluble polysaccharide (AMP). Briefly, the AMP was extracted, 
purified, and analyzed using methods like DEAE anion exchange cellulose and gel-permeation 
chromatography. The chemical composition of AMP has mainly formed of 94.8% carbohydrate 
(D-glucose), 2.3% uronic acid, and 0.5% protein. According to J. Wu et al. (2012), AMP was able 
to show an inhibition effect on A549 cells through apoptosis and cell cycle arrest of A549. A 
symbiotic relationship between Armillaria mellea mushroom and Gastrodia elata Blume, an 
orchid was intensively studied in Chinese medicine, as Tianma, literally translated “heavenly 
hemp”. Also, Chen et al. (2014) identified armillarikin, a bioactive compound from Armillaria 
mellea as possessing antiproliferative and apoptotic activities on human leukemia K562, U937, and 
HL-60 cells. Briefly, Armillaria mellea fermented mycelia were purified in ethanol extracts and the 
armillarikin fraction was identified through silica gel and Sephadex LH-20 columns. The 
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armillarikin growth inhibition on leukemia cells was measured by alamar Blue assay. Furthermore, 
ROS (reactive oxygen species) production was identified inside the armillarikin-treated cells, 
playing a mediating key role in the apoptosis process. Another fungus species, Marasmiusoreades, 
a delicious edible mushroom, showed a moderate effect on HT-29 cells (colorectal carcinoma), and 
MCF-7, MDA-MB-231 cells (breast cancer) respectively, through MTT colorimetric assay (Shao 
et al., 2019). 

Cancer is one of the main threats to human health, due to cancer cells’ ability of mutation and 
resistance to available drugs. Nuclear transcription factor kappa B (NF-kB) has been identified as 
one of the responsible factors for the cells’ chemoresistance ability. In this line, Petrova et al. 
(2009) proved that Marasmiusoreades could have a positive influence on the MCF7 human breast 
cancer cell line thanks to SiF2 and SiF3 low molecular fractions through the inhibition of IKK 
(major cellular signaling pathway) activity. SiF2 and SiF3 fractions showed the highest negative 
influence on the growth of MCF7 cells. The SiF3 fraction is more efficient in inhibiting the IKK 
activity and enhancing by 60% the apoptotic cells. In addition, Jung et al. (2014) studied the 
influence of Lyophyllum shimeji protein extract on the KB human oral squamous cell carcinoma 
and hinted that the extract could exhibit cell cytotoxicity, mainly through apoptosis. To achieve this 
goal, methods such as Western blotting, DNA fragmentation, and LIVE-DEAD cell staining were 
used. Cleaved caspases-7 and -9 and cleaved poly-ADP-ribose polymerase were activated through 
Lyophyllum shimeji extract and the LIVE-DEAD cell staining method suggested that dead cell 
staining was positively influenced by the extract. Volvariellavolvacea is another mushroom spe-
cieswherecold alkali-extracted glucan was identified as exhibiting antitumor activity against Sarcoma 
180, a solid tumor implanted in rats (Misaki et al., 1986).Furthermore,a polysaccharide-protein 
complex (PSPC) was successfully isolated from Tricholomagiganteum culture filtrates, followed by 
in vitro study on mice investigate to study its influence on the development of different tumors. 
Briefly, Ooi and Liu (2000) and Moradali et al. (2007) showed that the growth of Sarcoma 180 in 
mice, HL-60, H3B, PU5-1.8 melanoma could be inhibited by Tricholomagiganteum PSPC, without 
any toxicity effect. It was also able to release nitric oxide (NO) and tumor necrosis factor alfa (α), 
which could act as mediators by activating macrophages and exhibiting indirect cytotoxicity against 
P815 and L929, respectively. Moreover, the Tricholomagiganteum apoptogenic effects were studied 
by Chatterjee et al. (2013) who showed that Fa fraction could induce an apoptogenic signal in 
Ehrlich’s ascites carcinoma, acting as a chemopreventive agent in cancer therapy. Fa also positively 
influenced the growth inhibition, cell cycle deregulation, leading to EAC cells apoptosis. 

The Rusulladelica fruiting body contains an antiproliferative ribonuclease with a unique N- 
terminal sequence. It was proved by Zhao, Zhao, Li, Zhang, et al. (2010) that the newly identified 
ribonuclease could have positive effects on cell lines MCF7 (breast adenocarcinoma) and hepa-
toma (HepG2), inhibiting their proliferation. 

In another study by Zhao, Zhao, Li, Zhao, et al. (2010), a novel lectin with 60 kDa molecular 
weight has been isolated from the Rusulladelicafruiting body. Lectin is a non-immunogenic 
protein, also called glycoprotein which could have antitumor, antiproliferative, and im-
munomodulatory effects. The proliferation of MCF-7 and HepG2 cancer cells was extensively 
inhibited by 2 µM lectin with a percentage of 90.4% and 71.1%, respectively. Similarly, 
Tricholomaequestre exhibited antiproliferative activity against human adenocarcinoma colorectal 
Caco-2 cells due to the presence of flavomannin-6,6’-dimethylether (Pachón-Peña et al., 2009), 
without a genotoxic effect. Tricholomaterreum, a wild mushroom, has been studied by Yin et al. 
(2013) for its positive effect on five human cancer cell lines, as follows: lung cancer A-549 cells, 
MCF-7 breast cancer, hepatocellular carcinoma SMMC-7721, colon cancer SW480, and human 
myeloid leukemia HL-60, respectively. The authors identified four new meroterpenoids, such as 
terreumols A−D (1−4): terreumol A (1), terreumol B (2), terreum C (3), terreum D (4), where-
compounds 1, 3, and 4exhibitedinhibitory effects on the aforementioned cancer cell lines. The 
anticoagulant activity of a chemically sulfated polysaccharide of Grifolafrondosa (S-GFB), which 
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was derived from water-insoluble polysaccharide of Grifolafrondosa (GFB) but soluble in ethanol, 
was studied by Cao et al. (2010). In this study, the anticoagulant activity was investigated for the 
first time, by measuring activated partial thromboplastin time (APTT), thrombin time (TT), and 
prothrombin time (PT), and fibrinolytic activities of the sulfated polysaccharide preparations from 
Grifolafrondosa. Results have proven that S-GFB had an important effect on decompounding 
fibrin polymerization through a fibrinolytic. Another polysaccharide isolated from another type of 
edible mushroom, Lentinula edodes is Lentinan, which was used as an immune adjuvant for 
stomach cancer treatment along with chemotherapy in Japan since 1985. To the relation between 
its structure and antitumor activity, it was reported that lentinan is a β-glucan type molecule that 
impairs the immunostimulating activity through the helix structure and especially the distribution 
of the branch units along the chain (Ooi & Liu, 2012). The lentinan degree of branching (DB) was 
found to be 40%. This aspect is important in view of recent findings which are reported for 32%DB 
a maximal antitumor activity. Regarding lentinan’s immunomodulating and antitumor properties, 
results showed its capacity to stimulate the production of the biologically active compounds re-
sponsible for the body’s resistance to malignant transformation (i), to activate the immune cells at a 
normal level, stimulating the production of cytokines (ii) and to inhibit Treg cells activity (iii) 
(Meng, Liang, & Luo, 2016). 

Furthermore, Xu et al. (2012) reported the extraction of a novel heteropolysaccharide (L2) with 
immunostimulating activity, which was isolated from the fruit body of L. edodes. L2 (26 kDa) was 
composed of glucose, galactose, and arabinose with glucose as the major monosaccharide (87.5%). 
Although L2 does not have a triple-helical conformation as it was found in the case of lentinan and 
other polysaccharides extracted from L. edodes, L2 showed significant immune activity. Another 
study conducted by Cui et al. (2015), started from L2 polysaccharide and prepared the L2-calcium 
complex. The immunostimulating activity was assessed by determining the two cytokines pro-
duction, TNF-α, and IL-6 in RAW264.7 cells. Results showed significant stimulation of these 
cytokines compared to L2 (control sample). Furthermore, polysaccharides isolated from the re-
sidue of L. edodes by enzymatic (ERPS) and acidic (ARPS) hydrolysis were investigated by Ren 
et al. (2018). Alongside its antioxidant properties, good anti-inflammatory and lung-protective 
effects were found on the lipopolysaccharide-injection-induced injured lung. A recent in vivo study 
on Lentinula edodes, conducted by Chen et al. (2020) aimed at the effects of polysaccharide 
Lentinula edodes on cellular immunity, humoral immunity, and cytotoxicity in NK cells from 
immunosuppressed mice. Three polysaccharide fractions (F1, F2, and F3) were isolated from 
Lentinula edodes water extracts. The authors concluded that F1 had significant effects only in 
enhancing cellular immunity, while F2 and F3 improved cellular immunity, humoral immunity, 
and innate immunity. Also, the immunomodulatory effects became more significant in the order F1 
< F2 < F3, inferring that molecular weight was an important factor for the bioactivity of the 
Lentinula edodes polysaccharide fractions (Chen et al., 2020). Hericiumerinaceus mushroom was 
another species used to isolate powerful antitumoral polysaccharides. The investigation of their 
bioactivities revealed the immunostimulant effect in the case of HEB-AP Fr I, a polysaccharide 
fraction with β-mannan conformation (J. S. Lee & Hong, 2010) and a good antitumor property 
(Meng, Liang, & Luo, 2016). As in the case of other properties (i.e. antioxidant capacity) the 
molecular weight of the polysaccharide is considered a critical parameter for higher bioactivity. In 
this regard, the glucan fraction (>100 kDa) isolated from H. erinaceus demonstrated high anti-
tumor and immunostimulating activity in the case of an artificial pulmonary tumor. A water- 
insoluble polysaccharide was also isolated from Pleurotusdjamor and its anti-proliferation effect 
against ovarian carcinoma PA1 cells was tested. Regarding the chemical structure, it was con-
cluded that the isolated polysaccharide is a β-glucan with a molecular weight of 9.16 × 104 Da and 
with a linear (1→3)-β-D-glucan configuration. The cytotoxic effect against ovarian carcinoma cell 
line from Caucasian ethnicity was tested by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazoliumbromide] method and compared with the soluble β-glucan effect in similar 
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conditions. Results for the insoluble β-glucan showed the lack of toxicity at a concentration of 250 
µg/mL, with cell survival at a 102.9% level. Furthermore, the insoluble polysaccharide revealed a 
significant anticancer effect on PA1 cells. This assay was also performed in comparison to the 
soluble β-glucan (2 × 105 Da) and the significant difference which was found was attributed to the 
high molecular weight of the insoluble polysaccharide (Maity et al., 2019). A large body of re-
search indicates that Ganoderma mushrooms possess antitumor effects due to their various 
bioactive compounds such as polysaccharides, triterpenes, immunomodulatory proteins (Hsu et al., 
2008; Ko et al., 2008; Chien et al., 2015; K. W. Lin et al., 2016; Hseu et al., 2019). A methanolic 
extract from fruiting bodies of Ganoderma tsugae showed antitumor effects in vitro and in vivo on 
colorectal adenocarcinoma cells by inducing G2/M cell cycle arrest and no toxicities were noticed 
on the animal model (Hsu et al., 2008). Recently, Hseu et al. (2019) used the ethanolic extract of G. 
tsugae to investigate its antitumor activities on human chronic myeloid leukemia cells. Results 
showed that the extract induced apoptosis and autophagy in human leukemic cells. Another ap-
proach in testing the anticancer activity of G. tsugae was to isolate polysaccharides by hot-water 
and hot-alkali extractions (Chien et al., 2015). As in the case of other studies, mature and young 
Ling Chih, mycelium and filtrate were used for extraction and eight samples were obtained to be 
studied. Mannitol, myoinositol, and trehalose were found in higher amounts in all samples, with 
mannitol as the major component. Due to the different cultivation conditions, between the hot- 
water and hot-alkali samples, differences in molecular weight and polysaccharides composition 
were noticed. The hot-alkali extracted polysaccharides showed a higher efficiency against the anti- 
proliferation of human neuroblastoma IMR 32 cell line. But the hot-water extracts demonstrated 
effectiveness against anti-proliferation of human hepatoma SK-Hep-1 cell line. The results also 
showed that samples from fruiting bodies were more powerful. 

Z. Sun et al. (2009) proposed the modification by sulfation of (1-3)-β-D-glucan extracted as a 
water-insoluble polysaccharide from fruiting bodies of Russulavirescens. This approach relied on 
other studies reporting the enhancement of the biological activity of polysaccharides by sulfation. 
By varying reactionconditions, six sulfate derivatives with different molecular weights and degrees 
of sulfation were obtained. For five of these compounds in vitro and in vivo antitumor activities 
against Sarcoma 180 tumor cells were investigated. The tested hypothesis proved to be true and the 
sulfate derivatives showed improved antitumor activities. Hui Li et al. (2020) conducted a similar 
study on the bioactivity of the water-soluble polysaccharide (RVP) extracted from R. virescens and 
its sulfated derivatives (SRVP). RVP was identified as a heteropolysaccharide with a molecular 
weight of 4 × 105 Da and composed of xylose, mannose, glucose, galactose, arabinose, and fucose. 
Glucose was the major component of the identified monosaccharides. The sulfated derivatives 
(SRVP) showed decreases in the molecular weight and contents of glucose and galactose, probably 
due to the chain modifications. In vitro assays revealed that SRVP was more effective as antitumor 
agents again CaCo-2 cancer cells than RVP. These findings suggest that sulfate modification of 
polysaccharides extracted from wild mushrooms may serve biomedical use. 

Water extract of Cordyceps sinensis (WECS) with a content of 20.63% polysaccharide was tested 
in vivo and in vitro against breast cancer. Results indicated that WECS could inhibit tumor growth by 
promoting macrophage polarization and producing inflammatory cytokines (J. Li et al., 2020). 

Cordyceps sinensis was also used by J. Wang et al. (2017) to isolate a water-soluble poly-
saccharide (NCSP-50) to test its immunostimulatory activity. The molecular weight of NCSP-50 was 
found to be 9.76 × 105 Da, while from a structural point of view, a homogenous glucan containing 
only glucosewas considered. The immunostimulatory activity of NCSP-50 was analyzed in vitro on 
murine macrophage cell line RAW 264.7. It was reported that NCSP-50 significantly stimulates the 
proliferation of macrophages, promotes nitric oxide production, and enhances cytokine secretion. 
Recently, another group of researchers isolated a polysaccharide from mycelial strains of C. sinensis 
(by the same extraction method proposed by J. Wang et al. (2017) and its antitumor effect was tested 
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against human colon cancer cells (Qi et al., 2020). The capacity of CSP to inhibit colon cancer cells 
proliferation by inducing apoptosis and autophagy was reported. 

In a recent study led by Morales et al. (2020), a polysaccharide-enriched extract obtained from 
Lentinula edodes (LPS) was submitted to several purification steps to separate three different D- 
glucans with β-(1→6), β-(1→3), (1→6) and α-(1→3) linkages, being characterized through GC- 
MS, FT-IR, NMR, SEC, and colorimetric/fluorometric determinations. These extracts were tested 
for hypocholesterolemic, antitumoral, anti-inflammatory, and antioxidant activities, in vitro. The 
authors concluded that isolated glucans showedHMGCR (3-hydroxy-3-methylglutaryl coenzyme 
A reductase) inhibitory activity, but only β-(1→6) and β-(1→3), (1→6) fractions showed DPPH 
scavenging capacity. Also, glucans were able to lower IL-1β and IL-6 secretion by LPS activated 
THP-1/M cells and showed a cytotoxic effect on a breast cancer cell line that was not observed on 
normal breast cells (Morales et al., 2020). 

The possible anti-cancer effect on Tricholomaequestre was further supported by Feng et al. 
(2015) who isolated saponaceolides Q–S (1–3), three rare triterpenoids, where compound 1 
showed moderate activity on MCF-7 (breast cancer), SW480 (colon cancer), SMMCC-7721 
(carcinoma) and HL-60 (human myeloid leukemia) cells. 

Agrocybeaegerita is a popular delicacy edible mushroom with unique flavor and taste, with 
reported antitumor properties. A bioactivity-guided investigation by Diyabalanage et al. (2008) 
gave isolation of ceramide from A. aegerita and its COX and tumor cell proliferation inhibitory 
activities. Their structure elucidation was accomplished by NMR and mass spectral methods. It 
was reported that ceramide (1) inhibited cyclooxygenase enzymes, COX-1 and -2, by 43% and 
92.3%, respectively at 25 lg/mL (34.4 lM). The 50% inhibition concentration (IC50) of compound 
1 against COX-2 was 5.3 lg/mL (7.3 lM). Similarly, its anti-cancer potential was investigated 
against five human cancer cell lines in vitro and it was found to inhibit the proliferation of stomach, 
breast, and CNS cancer cell lines at 26.9%, 23.2%, and 39.1%, respectively, at 100 lg/mL (139 lM) 
concentration. This research group suggested that the consumption of A. aegerita would assist in 
alleviating inflammatory conditions, as well as reducing the development of the above-mentioned 
cancers. 

9.4 ANTI-INFLAMMATORY, THROMBOTIC, AND GENOPROTECTIVE EFFECT OF 
EDIBLE MUSHROOMS 

Inflammation is a natural response of the immune system to damaging factors, e.g. physical, 
chemical, and pathogenic. Deficiencies of antioxidants, vitamins, and microelements, as well as 
physiological processes, such as aging, can affect the body’s ability to resolve inflammation 
(Muszyńska, Grzywacz-Kisielewska, et al., 2018). Three types of sequential extractswere obtained 
from Echinodontiumtinctorium wild mushroom, using 80% ethanol, 50% methanol, and 5% NaOH 
to investigate its immuno-stimulatory and anti-inflammatory activities. Firstly, the anti- 
inflammatory effect was assessed in vitro on a lipopolysaccharide-induced RAW264.7 mouse 
macrophage cell line. The best results were obtained for 5% NaOH, from which a polysaccharide 
was extracted as the compound with an anti-inflammatory effect. It was characterized as containing 
glucosein its majority (88.6%) and smaller amounts of galactose, mannose, xylose, and fucose. 
Therefore, it exhibited the main conformation of β-glucan. In vivo anti-inflammatory effect of 
purified polysaccharide confirmed its potential on the animal model (Javed et al., 2019). 

Lyophyllum shimeji is one of the famous Japanese edible mushrooms with a novel fibrinolytic 
enzyme able to be successfully used in thrombolytic therapy and prevention of thrombotic disease, 
respectively (Moon et al., 2014). Several materials and methods were used for the purification, 
molecular weight and fractionation of the extracts such as SDS-PAGE and Fast Protein Liquid 
Chromatography (FPLC), respectively. The study hinted that the purified enzyme was able to act as 
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a fibrinolytic agent, having a key role in the prevention and formation of abnormal blood clots in 
veins and arteries. Genoprotective effects of edible mushrooms produced by Pleurotuseryngii, 
Pleurotusostreatus,and Cyclocybecylindracea (Basidiomycota) were investigated for the first time 
by Boulaka et al. (2020). The authors fermented the mushrooms in vitro from selected species 
using fecalinocula from eight elderly (>65 years), healthy volunteers. The production of several 
fermentation-specific metabolites (acetate, propionate, and butyrate, aromatic amino acids (Phe, 
Tyr), trimethylamine (TMA), and gamma-aminobutyric acid) was considerably enhanced, pre-
senting a protective effect against BOOH-induced DNA damage. Moreover, this study provides 
substantial evidence that edible mushrooms may contain ingredients protecting genome integrity, 
which is fundamental, especially for healthy aging. 

9.5 ANTIMICROBIAL AND ANTIFUNGAL ACTIVITY OF EDIBLE MUSHROOMS 

The antibacterial effectsof native and sulfated polysaccharides extracted fromR.virescensagainst 
gram-negative (E. coli) and gram-positive (S. aureus) bacteria were tested by Huaping Li et al. 
(2021). As in the case of other bioactivities, the sulfate derivatives showed better activity. While the 
native polysaccharide was ineffective against the abovementioned bacteria, the introduction of the 
sulfate groups into the polysaccharide structure improved the antibacterial activity. It was also-
noticed, that sulfate derivatives could have a higher antibacterial effect against gram-positive bac-
teria. Even if the exact mechanism of the antibacterial effect is not well known, the authors 
considered that sulfated polysaccharides may lead to cell death by disruption of the cell walls and 
cytoplasmic membranes, leading to the dissolution of the essential molecules. 

Kosanić (2016) tested acetone and methanol extracts of the mushrooms Amanita rubescens and 
Russulacyanoxantha for their antimicrobial activity. The results showed that these extracts had 
strong antimicrobial activity against the tested microorganisms (Staphylococcus aureus (ATCC 
25923), Escherichia coli (ATCC 25922), Klebsiella pneumoniae (ATCC70063), Pseudomonas 
aeruginosa (ATCC 27853), Enterococcus faecalis (ATCC 29212) and Aspergillus flavus (ATCC 
9170), Aspergillus fumigatus (DBFS 310), Candida albicans (IPH 1316), Paecilomycesvariotii 
(ATCC 22319), and Penicillium purpurescens (DBFS 418). However, the results indicated stronger 
antibacterial rather than an antifungal activity for the tested mushroom extracts. 

Alves et al. (2012), claim that phenolic compounds, from mushroom extracts, could be used as 
antimicrobials against pathogenic micro-organisms resistant to conventional treatments. Fistulina 
hepatica, Romaria botrytis, and Russuladelica are the most promising species used to this end. The 
authors studied in vitro antimicrobial activities of aqueous methanolic extracts of 13 mushroom 
species, collected in Bragança, against several clinical isolates obtained in Hospital Centre of Trás- 
os-Montes and Alto Douro, Portugal. For minimum inhibitory concentration, the authors showed 
that Russuladelica and Fistulina hepatica extracts inhibited the growth of gram-negative 
(Escherichia coli, Morganellamorganni, and Pasteurella multocida) and gram-positive 
(Staphylococcus aureus, methicillin-resistant (MRSA), Enterococcus faecalis, Listeria mono-
cytogenes, Streptococcus agalactiae, and Streptococcus pyogenes) bacteria. Also, a bactericide 
effect of both extracts was observed in Pasteurella multocida, Streptococcus agalactiae, and 
Streptococcus pyogenes. Regarding Ramaria botrytis extract, this study showed that it presents 
inhibitory activity against Enterococcus faecalis and Listeria monocytogenes, as well as abacter-
icide for Pasteurella multocida, Streptococcus agalactiae, and Streptococcus pyogenes. 

Barros et al. (2008), conducted a screening of mushroom extracts against gram-positive bac-
teria (Bacillus cereus CECT148, Bacillus subtilis CECT 498, Staphylococcus aureus ESA 7 
isolated from pus), bacteria gram-negative (Escherichia coli CECT 101, Pseudomonas aeruginosa 
CECT 108, Klebsiella peumoniaeESA 8 isolated from urine), and fungi (Candida albicans CECT 
1394 and Cryptococcus neoformans ESA 3 isolated from vaginal fluid). Extracts of Lycoperdon 
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mole and Lycoperdonperlatum were resistant to all the tested microorganisms, and the other 
samples revealed antimicrobial activity selectively against gram-positive bacteria, with very low 
minimal inhibitory concentration. The authors of this study claim that there is no relationship 
between phenol content and antimicrobial properties but there are other compounds such as 
steroids, oxalic acid, sesquiterpenoids, and epipolythiopiperazine-2,5- diones isolated from 
mushrooms, that proved to have antimicrobial activity (Lindequist, Niedermeyer, & Jülich, 2005). 

Lyophyllum shimeji is a well-known Asian mushroom that contains a new ribosome-inactivating 
antifungal protein with 14 kDa molecular weight (Lam & Ng, 2001). The purification of the new 
antifungal protein (lyophyllin) from the Lyophyllum shimeji fruiting body was made through the 
following steps: mixing the mushroom fruiting body with ammonium acetate, centrifuging the 
mixture, applying the supernatant on a CM-cellulose column, and chromatographing it on a Affi-gel 
Blue Gel column. The antifungal activity was tested against several fungal species, such as 
Coprimuscomatus, Colletotrichum gossypii, Physalosporapiricola, Mycosphaerellaarachidicola, 
and Rhizoctonia solani. From the quantitative point of view, the antifungal activity was tested by 
using IC50, with three different doses of antifungal protein. To antifungal activity, Lyophyllum shi-
meji was efficient against Physalosporapiricola (IC50 = 70 nM) and Coprimuscomatus but not toward 
Mycosphaerellaarachidicola or Rhizoctonia solani, respectively. 

Similarly, Volvariellavolvacea R83 and ATCC62890 strains were studied regarding their an-
timicrobial activity by using the paper disc diffusion method (da Silva et al., 2010). Different 
reagents such as methanol, chloroform, and hexane fractions, as well as ethyl acetate fraction, were 
used to extract Volvariellavolvacea mushrooms. Crude methanol extracts exhibited low to mod-
erate activity against S. aureus, while chloroform and hexane extracts showed moderate to high 
inhibition against S. aureus growth. Volvariellavolvacea R83 strain showed higher antimicrobial 
activity against S. aureus, compared to Volvariellavolvacea ATCC62890 strain, probably due to its 
active fractions with antimicrobial effects (RFH4-6, RFH7-10, RFH14-19, RFH46-58, RFC2-11). 

Leccinumscabrum antibacterial assay was analyzed by Nowacka et al. (2014), through the 
micro-broth dilution method. The Leccinumscabrum extract exhibited antimicrobial activity 
against gram-positive bacteria such as S. epidermis and M. luteus but also against gram-negative 
bacteria such as E. coli, K. pneumoniae, and P. aeruginosa. 

From Tricholomagiganteum var. golden blessings, an antifungal protein (trichogen), was isolated 
for the first time, using the methods mentioned in Table 9.1. The trichogen antifungal activity was 
tested against Fusarium oxysporum, Physalosporapiricola, and Mycosphaerellaarachidicola, re-
spectively by using Petri plates with potato dextrose agar (Guo, Wang, & Ng, 2005). The results 
showed positive effects against the mentioned fungus species. Furthermore, it seems that 
Tricholomagiganteum might inhibit HIV-1 reverse transcriptase, highlighting an IC50 = 83 nM 
potency (Guo, Wang, & Ng, 2005). 

Rusulladelica mushroom ethanolic extract could also exhibit antimicrobial activity (Yaltirak 
et al., 2009) against Shigella sonnei, Yernisia enterocolitica, Bacillus cereus, Listeria mono-
cytogenes, Escherichia coli, Staphylococcus aureus, and Proteus vulgaris with an inhibition zone 
diameter (mm) ranging from 17 to 7 mm. The antimicrobial activity of Rusulladelica extract could 
be related to its phenolic compounds amount, where catechin, rutin, and caffeic acid showed 
antimicrobial activity (Yaltirak et al., 2009). 

Tricholomaequestre was studied by Venturini et al. (2008) for its antimicrobial activity and it 
was stated that the extract could exhibit growth of Listeria monocytogenes and Staphylococcus 
aureus, having an inhibition zone diameter of 17.9 and 16.8 mm, respectively. 

Volvariellavolvacea mushroom belongs to the phylum Basidiomycota and it is currently found 
in Ghana together with Trametes gibbose, Schizophyllum commune Fr., and Trametes elegans, 
respectively (Appiah, Boakye, & Agyare, 2017). The fruit body of Volvariellavolvacea was ex-
tracted with methanol and the antimicrobial activity was analyzed through the agar well diffusion 
method. The study showed that 30 mg/mL Volvariellavolvacea extract could have a positive effect 
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on the development of gram-positive and gram-negative bacteria, highlighting the mean zone of 
grown inhibition in a range of 19.50 to 16.50 and 22.50 to 21.17, respectively. However,there was 
no influence against Candida albicans. Herein, Volvariellavolvacea extract negatively influenced 
the growth of S. aureus, P. aeruginosa, S. pyogenes, and K. pneumoniae. 

Tricholomaequestre fruiting bodies extract could also have moderate antimicrobial effects 
(Muszyńska, Kala, et al., 2018) against Staphylococcus aureus and Klebsiella pneumoniae strains. 

Conversely, Stadler et al. showed that Tricholomaterreum could impart nematocidal activity and 
it was able to produce important amounts of linoleic acid and S-coriolic acid. The identified fatty 
acids are accompanied by antibiotic effects and seem to be responsible for nematocidal effects. 

9.6 ANTI-HIV AND POSSIBLE INHIBITORS OF SARS-COV-2 MAIN PROTEASE 

In a recent study by Rangsinth et al. (2021), it was reported that in the race for developing a 
treatment for coronavirus disease 2019 (COVID-19) anti-HIV protease drugs have tablebeen ex-
tensively studied. To find natural sources that could replace conventional drugs, the researchers’ 
attention was focused on mushrooms with anti-HIV protease activity. Bioactive compounds iden-
tified in Rusulladelica such as oleanolic and ursolic acids could be potential candidates for anti-SAR- 
CoV-2 agents, but mainly colossolactone VIII, colossolactone E colossolactone G, ergosterol, he-
liantriol F, and velutin were highlighted to be the best bioactive compounds to fight COVID-19. 

9.7 CONCLUSIONS 

As reported in this chapter, the statements are similar to statements in other specialized studies, 
which demonstrates that mushrooms are a rich source of biologically valuable components that offer 
great therapeutic potential for the prevention and control of several diseases (Gupta et al., 2019). The 
potential therapeutic implication of mushrooms is tremendous, demonstrated by in vitro digestive 
models, but more research and clinical trials on in vivo digestion models need to be carried out to 
validate wild edible mushrooms as a source of bioactive molecules with medicinal applications. Edible 
mushrooms produce a vast diversity of bioactive compounds and may be classified as peptides and 
proteins, phenolic compounds, polysaccharides protein complexes, terpenes, terpenoids, steroids, and 
lectins, etc. These compounds have a wide range of therapeutic effects, where one can include im-
munomodulatory, anticarcinogenic, antiviral, antioxidant, and anti-inflammatory agents. Some specific 
bioactive compounds in edible mushrooms are responsible for improving human health in several 
ways. Bioactive compounds can be found in mushrooms, as well as their cell wall components as 
polysaccharides (B-glucan) and proteins or as secondary metabolites such as phenolic compounds, 
terpenes, and steroids. Phenolic compounds are aromatic hydroxylated compounds. It was been re-
ported that a positive correlation was found between the total phenolic content in the mushroom extract 
and their antioxidative properties for some edible wild mushroom species: Pleurotusostreatus, 
Agaricus bisporus, Imleriabadia, Agaricus blazei, Boletus edulis, Boletus Aereus, Lactarumpiperatus, 
Amanita rubescens, Lentinus edodes, Romania botrytis, Lactariudeliciosus, Lentinula edodes, Fistulina 
hepatica, Tuber aestivum, Marasmiusoreades, Leccinumscabrum, Morchellaelata, Russuladelica, 
Suillusgranulatus, and Tricholomaequestre, which confirms that edible mushrooms have a potential of 
a natural antioxidant demonstrated in vitro digestion models. β-glucan is one of the key components of 
several mushrooms cell walls. It was reported that β-glucan is able to enhance the immune system and 
prevent and treat several common diseases and overall promote the health effect, which was observed 
in some edible mushrooms such as: Pleurotusdjamor, Russulavirescens, Lentinula edodes, 
Echinodontiumtinctorium, Auricularia auricula-judae, Pleurotuseryngii, Pleurotusostreatus, 
Cyclocybecylindracea. Lentinus edodes, etc. As such, this chapter represents a comprehensive 
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bioactivity-based analysis of selected edible wild mushroom species from around the world, as they 
represent a growing segment for their medicinal and therapeutic application potential. 
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10.1 INTRODUCTION 

The holistic concept of oxidative stress was developed in the 80s of the last century and is 
defined as any imbalance between prooxidants and antioxidants (Sies, 1985). It is connected with 
increasedproduction of oxidizing species or a significant decrease in the effectiveness of normal 
antioxidant defense mechanisms, leading to a disruption of redox signaling and control, andin-
molecular damages (Sies, 1985). Following this concept, the pathogenesis and progression of 
many diseases, including cardiovascular and neurodegenerative diseases, immune disorders, and 
cancer as well as of the aging process, have been linked, directly or indirectly, to increased oxi-
dative damage (Dalle-Donne et al., 2006; Liu & Zhang, 2018; Dhama et al., 2019). The impact of 
oxidative stress depends upon the magnitude of thereactive oxygen and nitrogen species (RONS) 
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status changes. Oxidative misbalance is a normal phenomenon in the body and cells are being able 
to overcome small disorders by antioxidant defense systems and regain their original state 
(Kozarski et al., 2015a; Dhama et al., 2019). If antioxidant defenses are deficient then damage 
mayoccur in a variety of tissues. However, moderate oxidation can induce ferroptosis and apop-
tosis, intense may lead to necrosis (He et al., 2017; Liu & Zhang, 2018; Dhama et al., 2019). 

RONS are products of cellular aerobic metabolism and are primarily formed during oxidative 
phosphorylation by electron leakage of mitochondrial electron carriers and enzymes (Giustarini 
et al., 2009). Under pathophysiological conditions, RONS can be endogenous by produced at 
increased rates by numerous different processes, as shown in Figure 10.1. Likewise, oxidative 
species may be generated in the body in response to exposure to environmental stressors as 
electromagnetic radiation, oxidizing pollutants such as ozone and nitrogendioxide, and toxic 
chemicals (Figure 10.1). Foreign microbes invading the body and ingested foods with low nutrient 
value can lead to the production of cell-damaging oxidants by disturbing immune responses 
(Herman et al., 2018). 

Oxidative stress levels can be monitored by the quantitative andqualitative measurement of 
biomarkers. RONS are reactive, having a short half-life and they cannot be measured directly in 
cells and body fluids (Giustarini et al., 2009). On the other hand, molecular products formed from 

Figure 10.1 Various endogenous and exogenous factors act as stressors and lead to the generation of RONS 
and oxidative harm to (1,3) DNA/RNA, (2,3) proteins, and (3) lipids.    
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the reaction of RONS with various biomolecules are generally stable, and oxidative species have 
been traced by measuring their oxidation products/biomarkers (Figure 10.2), and/or active anti-
oxidants levels, e.g. thiols, antioxidant enzymes. RONS can stimulate the generation of numerous 
inflammatory mediators that might stimulate immunological body defense systems and also serve 
as stress biomarkers (Dhama et al., 2019; Yatoo et al., 2019). 

10.2 MUSHROOM STRATEGIES TO PREVENT OXIDATIVE STRESS AND 
PROLONG CELLULAR LONGEVITY 

Mushrooms have been proposed as a novel therapy that may prevent oxidative stress damages, 
improve cellular longevity, and life span (Stamets & Zwickey, 2014; Kozarski et al., 2015a, Hyde 
et al., 2019; Podkowa et al., 2021). They represent a unique branch of medicine. Mushrooms 
demonstrate a magnitude and diversity of pharmacological effects that appear far greater than the 
responses to plants (Stamets & Zwickey, 2014). Phylogenetically, the animal kingdom is more 
closely related to mushrooms than it is to plants, and it can be speculated that this relationship is 
responsible for the enhanced medicinal benefits observed (Crespo et al., 2014). 

Mushrooms metabolites: phenolics, flavonoids, glycosides, polysaccharides, sterols, terpe-
noids, tocopherols, ergothioneine, carotenoids, ascorbic acid, and various others exert numerous 
beneficial bioactive actions for humans and animals in the prevention and treatment of oxidative 
stress harms (Chang & Miles, 2004; Van Griensven, 2009; Ferreira et al., 2009; Khatua et al., 
2013; Klaus et al., 2015; Kozarski et al., 2015b; Vunduk et al., 2015; Gargano et al., 2017;  
Sanchez, 2017). They can demonstrate their protective properties at different stages of the oxi-
dation process and by different mechanisms:  

1. As primary antioxidants (chain breaking), they can directly scavenge reactive RONS (Hunyadi, 2019);  
2. As secondary antioxidants, they are involved in deactivation of metals, inhibition or breakdown of 

lipid hydroperoxides, regeneration of primary antioxidants, singlet oxygen (1O2) quenching, etc. 
(Hunyadi, 2019);  

3. Having the potential to interact with various redox signaling pathways by modulation of the activity 
of redox enzymes and the generation of bioactive secondary metabolites (Hunyadi, 2019);  

4. Having the potential of immune regulatory activity. The disruption of oxidative balance may be 
linked to the immune system since oxidative stress and inflammatory damage are multistage pro-
cesses. Mushroom antioxidants may produce significant immunomodulatory mechanisms to confer 

Figure 10.2 Biomarkers of oxidative stress commonly used in the study of the role of oxidative stress in diseases.    
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a better oxidant/antioxidant profile. Strategic modulation of Th1/Th2 immune responses by anti-
oxidant molecules may be used in therapeutic as well as prophylactic management of diseases (Ajith 
et al., 2017). 

Various methods are used to measure the antioxidative properties of mushroom compounds or 
extracts that are appropriate for various levels of antioxidative activity, such as methods based on 
the transfer of electrons and hydrogen atoms, measurement of thermodynamic parameters: bond 
dissociation enthalpy, ionization potential, proton dissociation enthalpy, proton affinity, and 
electron-transfer enthalpy, the ability to chelate transition metal ions, the electronspin resonance 
(ESR) method, erythrocyte hemolysis, monitoring of enzymes activity e.g. superoxide dismutase 
(SOD), catalase (CAT) and glutathione peroxidase (GPx), and the quantitative and qualitative 
measurement of biomarkers (Markovic,2016; Dhama et al., 2019; Yatoo et al., 2019). 

Figure 10.3 Diversity of mushrooms, painting author Dr. Jovana Vunduk.    
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10.2.1 Regulation of redox imbalance 

Edible mushrooms, wild or cultivated, might be used in direct interactions with RONS as 
enhancers of cell antioxidant defenses and to reestablish redox balance through the primary and 
secondary mechanisms. The importance of mushroom antioxidant compounds is related to both 
their concentration and reactivity (Kozarski et al., 2015a; Bains & Chawla, 2020). The polarity of 
the environment and the pH value play an important role in these reactions (Markovic, 2016). In 
this regard, different RONS can react via different primary and secondary mechanisms in different 
physiological media. 

10.2.1.1 Primary mechanism of action of mushroom antioxidants 

The anti-RONS properties of mushrooms primary antioxidants are based on several mechan-
isms of the scavenging actions of free radicals (•R): hydrogen atom transfer (HAT), proton-coupled 
electron transfer (PCET), radical adduct formation (RAF), sequential electron-proton transfer 
(SEPT), sequential proton loss electron transfer (SPLET), and sequential proton loss hydrogen 
atom transfer (SPLHAT) (Ferreira et al., 2009; Khatua et al., 2013; Kozarski et al., 2014b;  
Kozarski et al. 2015a). In these reactions, a newly formed •R, which is more stable and less 
reactive than the previous one, is generated. In a primary mode, mushrooms act as •R deactivating 
antioxidants, that inhibit the initiation stage and interrupt the propagation stage by capturing •R 
before they reach target cells (Butnariuand Grozea, 2012). 

Table 10.1 Some studies of antioxidative properties of wild and commercially cultivated mushrooms     

Mushroom species Active constituents References  

Agaricus bisporus polyphenols, flavonoids, ascorbic acid, 
nano-coated mushrooms  

Zhai et al., 2021;  Sami 
et al., 2021;  Vunduk et al., 
2021 

Agaricus brasiliensis aqueous extract polyphenols, glucans, 
polysaccharides  

Kozarski et al., 2014a;   
Navegantes-Lima et al., 
2020;  Zhai et al., 2021 

Cantharellus cibarius polyphenols, flavonoids, vitamins, 
proteins, β-carotene, lycopene, sterols, 
tannins, terpenoids, anthraquinones  

Kozarski et al., 2015b;   
Fogarasi et al., 2020;   
Ozturk et al., 2021 

Cordycepsspp. (among most 
famous: Cordyceps sinensis grows 
on insect pupae at high altitude in 
Tibet, Cordyceps militaris grows on 
different substrates in vitro) 

polysaccharides, proteins, plyphenols, 
flavonoids, water and ethanol extracts, 
nucleosides, sterols, cyclic peptides; 
bioxanthracenes; polyketides, alkaloids  

Yamaguchi et al., 2000;  Li 
et al., 2001;  Fogarasi 
et al., 2020;  Das et al., 
2021 

Ganoderma lucidum polyphenols, polysaccharides, 
triterpenoids, sterols, α-tocopherol  

Kozarski et al., 2019;  Yang 
et al., 2019;  Liu et al., 2020 

Grifola frondosa polyphenols, polysaccharides, 
ergothioneine  

Klaus et al., 2015;  Yu et al., 
2020;  Meng et al., 2021 

Hericium erinaceus erinacine A, polyphenols, flavonoids, 
polysaccharides  

Chang et al., 2016;  Lew 
et al., 2020;  Valu et al., 
2020 

Lentinula edodes polysaccharides (e.g. lentinan) 
polyphenols, flavonoids, triterpenoids, 
tocopherols, sterols, vitamin D2, 
ergothioneine  

Kozarski et al., 2011;  Chien 
et al., 2017;  Spim et al., 
2017;  Song et al., 2020 

Pleurotus ostreatus polyphenols, ergosterol, 
polysaccharides, proteins  

Barbosa et al., 2020;   
Doroski et al., 2021;   
Sabino Ferrari et al., 2021    
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10.2.1.1.1 Hydrogen atom transfer (HAT) and proton coupled electron transfer (PCET) 
mechanisms 

In the HAT and PCET mechanisms, a hydrogen atom (H) is transferred to a •R, and the reaction 
can be schematically represented as: 

A XH + R AX + RH• • (10.1)  

where A-XH represents an antioxidant,-XH a bond or group that supplies the Hatom,•R represents 
free radical,•AX and RH represent the obtained products, respectively. •AX isa newly formed radical, 
which is more stable and less reactive than the previous one. The reaction mechanism of HAT and 
PCET is characterized by the homolytic bond dissociation enthalpy (BDH) of the selected -XHgroup. 
A higher BDE value is attributed to a lower ability for donating an H atom (Markovic, 2016). 

The HAT and PCET is the most likely mechanism for the hydroxyl radical (•OH) scavenging 
with mushroom polysaccharides. •OH is the most reactive •R and can be formed from superoxide 
radical (•O2

–) and hydrogen peroxide (H2O2) in the presence of metal ions such as copper (Cu) or 
iron (Fe) (Santos-Sanchez et al., 2019). Electron paramagnetic resonance (EPR) spin trapping 
demonstrated high antioxidative activity against •OH and •O2

− of Agaricus brasiliensis linear 
(1→6)-β-D-glucan (Kozarski et al., 2014a). The results indicated that antioxidant activity against  
•OH radicals in the Fenton system was achieved through direct scavenging. The direct RONS 
scavenging with carbohydrates may occur in vivo in higher aerobic organisms, e.g. at gastro-
intestinal (GI) tract cells (Van den Ende et al., 2011). RONS are produced within the GI tract. 
Despite the protective barrier provided by the mucosa, ingested materials, and microbial pathogens 
can induce oxidative injury and GI inflammatory responses involving the epithelium and immune/ 
inflammatory cells. High antioxidative capacities of polysaccharides from edible mushrooms can 
prevent lipid peroxidation (LPO) (Kozarski et al., 2011) and the pathogenesis of various GI dis-
eases including peptic ulcers, GI cancers, and inflammatory bowel disease which is in part due to 
oxidative stress (Cipriani et al., 2006). Furthermore, mushroom polysaccharides via direct RONS 
scavenging could strengthen the skin’s barrier function. It is known that despite their considerable 
molecular weight, they enter the stratum corneum and epidermis, penetrating deep into the dermis 
(Pillai et al., 2005). Polysaccharides do not directly enter the cell but penetrate the skin via the 
intercellular space. It has been suggested that they form a thin film above the stratum corneum and 
epidermis and within the dermis, they can protect from harmful effects of RONS (Pillai et al., 2005). 

The ability of the polysaccharide molecules to scavenge •R via HAT mechanism is conditioned 
by the presence of hydrogen from specific, certain monosaccharide units, and the type of their 
binding in sidebranches of the main chain (Tsiapali et al., 2001). The enhanced antioxidant activity 
of the polymers over the monomeric form may be due to the greater ease of abstraction of the 
anomeric hydrogen from one of the internal monosaccharide units rather than from the reducing 
end, shown in Figure 10.4. The HAT reaction is occurring in the neutral polysaccharides, while the 
PCET mechanism usually occurs in the acidic polysaccharides (Kishk & Al-Sayed, 2007). The 
major antioxidant effects of mushrooms are attributed to β-glycans. Except for reported antioxidant 
properties, α-glycans are eukaryotic nutrient components and are easily degraded by mammalian 
enzymes (Kozarski et al., 2015a). 

Mushroom phenolic antioxidants might also be scavenging •R through HAT and PCET me-
chanism (Urbaniak, Molski, & Szelag 2012). HAT is often assumed to be the predominant me-
chanism. O-H bond of hydroxyl group directly connected to a benzene ring is a preferred place of •R 
attack, shown in Figure 10.5 (Urbaniak, Molski, & Szelag 2012;Badhani & Kakkar, 2018). The 
additional investigation suggested that the •O2

− scavenging reaction of the natural poly-
phenoliccompounds proceeds efficiently with the one-step concerted PCET or sequential PCET 
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mechanism (Nakayama & Uno, 2015). It has been demonstrated that the catechol moiety in the 
polyphenols is essential to scavenge •O2

− via PCET (Nakayama & Uno, 2015). 
The main antioxidant phenolic compounds found in mushrooms are phenolic acids (Ferreira 

et al., 2009). Mushroom phenolic acids can be divided into two major groups, hydroxybenzoic and 
hydroxycinnamic acids derivates. Hydroxybenzoic acid derivatives commonly occur in the bound 
form and are typically a component of a complex structure like lignins and hydrolyzable tannins. 
They can also be found linked to sugars or organic acids. Hydroxycinnamic acid derivatives are 
mainly present in the bound form, linked to cell-wall structural components, such as cellulose, 
lignin, and proteins, as well as associated with organic acids, such as tartaric or quinic acids (i.e. 

Figure 10.4 Proposed model for the increased antioxidant ability of β-1,3 glucan vs. β-D-glucose.    

Figure 10.5 HAT route for free radical scavenging activity of gallic acid.    
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chlorogenic acids), through ester bonds (Ferreira et al., 2009, Kozarski et al., 2015a). The most 
common benzoic acid derivatives with antioxidant potential found in mushrooms are reported to be 
p-hydroxybenzoic, protocatechuic, gallic, gentisic, homogentisic, vanillic, 5-sulphosalicylic, syr-
ingic, veratric, vanillin (Ferreira et al., 2009). The majority of identified cinnamic acid derivatives 
with antioxidant potential in mushrooms are p-coumaric, o-coumaric, caffeic, ferulic, sinapic, 3-o- 
caffeoylquinic, 4-o-caffeoylquinic, and 5-o-caffeoylquinic (Ferreira et al., 2009). Besides, the 
presence of ellagic and tannic acids is observed (Ferreira et al., 2009). 

10.2.1.1.2 Radical adduct formation (RAF) 

Opposed to the HAT and PCET mechanisms, the antioxidant does not provide its H atom but 
forms the radical adduct with the •R. The RAF mechanism of the reaction between antioxidant and 
the •R is schematically represented as: 

A XH + R [ XH R]• • (10.2)  

where •[А-XH-R] represents the obtained radical adduct, respectively. 
This mechanism depends on the structure of the mushroom antioxidant and •R. If the mush-

room antioxidant has multiple bonds e.g. phenolic acids and flavonoids (Ferreira et al., 2009), then 
the RAF is a possible reaction path. In addition, the properties of the •R play an important role; the 
electrophilic •R has the greatest potential for participation in this type of reaction. The RAF is the 
most likely mechanism for the scavenging of •OH with gentisic acid (Puttaraju et al., 2006; Joshi 
et al., 2012) and mushroom melatonin shown in Figure 10.6 (Reiter et al., 2003, Galano, 2011;  
Meng et al., 2017). Scavenging of a single •OH by melatonin generates the indolyl radical, which 
then detoxifies a second •OH to produce cyclic 3-hydroxymelatonin, as shown in Figure 10.6. The 
quantity of this product formed in vivo represents the number of •OH scavenged in vivo. After its 
formation in vivo, cyclic 3-hydroxymelatonin is excreted in the urine and is used as a biomarker of  
•OH generation (Reiter et al., 2003). Evidence is suggesting that melatonin can protect cell 

Figure 10.6 RAF pathways for the scavenging of the •OH by melatonin.    
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membranes against LPO twofold as effective as vitamin E, and it is five times superior to glu-
tathione (GSH) in scavenging •OH (Solkoff et al., 1998). It has been shown that melatonin can 
increase the efficiency of mitochondrial electron transport chain (ETC) and, as a result, reduce 
electron leakage and •R formation (Reiter et al., 2003; Anisimov et al., 2006). 

Melatonin may also scavenge H2O2 with the production of N1-acetyl-N2-formyl-5- 
methoxykynuramine (AFMK) which is then enzymatically converted, by CAT, to N1-acetyl-5- 
methoxykynuramine. These are also potential urinary excretionproducts (Reiter et al., 2003). 

10.2.1.1.3 Sequential electron proton transfer (SEPT) 

This mechanism is characteristic of mushrooms’ phenolic antioxidants and the presence of 
hydroxyl groups (-OH). In the first step of this mechanism a phenolic compound loses an electron 
(e−), and yields the corresponding radical cation, Ph-OH•+: 

Ph OH Ph OH + e•+ (10.3)  

The second step of this mechanism is deprotonation of Ph-OH•+: 

Ph OH Ph O + H•+ • + (10.4)  

The polar solvent is necessary for the first step of this mechanism to stabilize the resulting radical 
cation; the polar solvent should be also protic due to the nature of thesecond step of this me-
chanism. Protic solvent has O-H or N-H bonds and can serve as a source of H+. This mechanism is 
much less present among mushroom antioxidant compounds in comparison to HAT and PCET 
mechanisms because the first step is very slow. On the other hand, the radical cation can easily lose 
H+ in the second step e.g. quercetin, Figure 10.7 (Justino & Vieira, 2009; Markovic, 2013). SEPT 
mechanism plays an important and main role in the oxidative damage of biomolecules by highly 
reactive radicals such as •OH (Litwinienkoand Ingold, 2007; Justino & Vieira, 2009). 

Electron removal from the neutral quercetin, leading to the formation of the radical cations, is 
the first step of the SEPT mechanism shown in Figure 10.7. Ionization of quercetin requires an 
electron acceptor, thus being more likely to occur in the presence of such acceptors, as are proteins, 
or, in the presence of polar solvents, preferentially those able to establish H bonds with the fla-
vonoid molecules, thus further stabilizing the radical cation (Litwinienko & Ingold, 2007). 
The radical cations of quercetin undergo favorable deprotonation in an aqueous solution in the 
second step. The protons involved in deprotonation in quercetin occur from the 4’-OH and the 
3’-OH groups (Justino & Vieira, 2009). It is accepted that the capacity of flavonoids to scavenge 
RONS is governed by the presence and position of the multiple-OH groups in their structure. A 
double bond and carbonyl function in the heterocycle or polymerization of the nuclear structure, as 
it occurs in condensed mushroom tannins, increases activity by affording a more stable flavonoid 
radical through conjugation and electron delocalization (Kozarski et al., 2015a; Gonzalez-Paramas 
et al., 2018). 

Flavonoids as natural mushroom antioxidants are among the essential components of the human 
diet. A genome-wide survey across the genome sequences of the fungal kingdom shows the presence of 
all the gene/protein sequences associated with the biosynthesis of flavonoids (Mohanta 2020). They 
included phenylalanineammonia-lyase, chalcone synthase, chalcone isomerase, flavonol reductase, 
dihydroflavonal-4-reductase, isoflavone reductase, leucoanthocyanidin reductase, quercetin 2,3- 
dioxygenase, quercetin 3-O-methyltransferase, dihydrokaempferol 4-reductase, myricetin O-methyl 
transferase, naringenin, naringenin 3-dioxygenase, naringenin 2,oxoglutarate 3-dioxygenase, gallate 
precursor, rutin-alpha-L-rhamnosidase, caffeoyl-CoA-O-methyltransferase, etc. (Mohanta, 2020). 
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10.2.1.1.4 Sequential proton loss electron transfer (SPLET) 

Except for SEPT, the SPLET mechanism is particularly important for the explanation of the 
antioxidant activity of phenolic compounds (Foti, 2007). The SPLET mechanism is a two-step 
mechanism (Markovic, 2013; Litwinienko & Ingold, 2004; Litwinienko & Ingold, 2005). The first 
step is deprotonation of the corresponding antioxidant, followed by the antioxidant anion 
formation: 

Ph OH Ph O + H+ (10.5)  

The anion on further on loses an electron: 

Ph O Ph O + e• (10.6)  

There are two important characteristics of mushroom’s phenolic antioxidants acting by SPLET: it 
is acid dissociation constant (Ka) and the electron-donating ability of the deprotonated antioxidant 
(Markovic et al., 2012). The solvent in SPLET should be polar and protic and be able to provide 
good solvation of the anion formed. It is expected that the SPLET mechanism is dominant in water 
but not in the lipid phase characteristic for biological systems (Markovic et al., 2012). SPLET has 
being identified as a crucial mechanism in the scavenging activity exerted by numerous mushroom 
phenolic and flavonoid compounds in polar environments e.g. hydroxybenzoic and dihydrox-
ybenzoic acids (Ferreira et al., 2009; Markovic et al., 2014; Gonzalez-Paramas et al., 2018), morin 

Figure 10.7 Hypothetical SEPT mechanism for •R scavenging activity of quercetin.    
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(Markovic et al., 2012; Saltarelli et al., 2015), quercetin (Markovic et al., 2010; Nimseand Pal, 
2015), kaempferol (Markovic, 2016), gallic acid (Badhaniand Kakkar, 2018; Djorovic et al., 2014), 
and vitamin E (Markovic, 2016). •R scavenging activity of gallic acid by SPLET mechanism is 
shown in Figure 10.8. 

10.2.1.1.5 Sequential proton loss hydrogen atom transfer (SPLHAT) 

The first step of this mechanism is identical to that one of the SPLET mechanisms (Markovic, 
2016), deprotonation of the corresponding antioxidant[A-(OH)OH], followed by the antioxidant 
anion formation: 

A (OH)OH A (OH)O + H+ (10.7)  

while the second one differs. In this step the antioxidant anion further loses an H atom: 

A (OH)O + R A OO + RH• • (10.8)  

Free radical scavenging activity of gallic acid by the SPLHAT mechanism (Badhani & Kakkar, 
2018) is shown in Figure 10.9. 

10.2.1.2 Secondary mechanism of action of mushroom antioxidants 

The secondary mushroom antioxidant mechanisms may include the deactivation of metals, 
inhibition of lipid hydroperoxides, regeneration of primary antioxidants, elimination of singlet 
oxygen (1O2) by acting as an oxygen capture, and inhibition of some oxidative enzymes such as 
polyphenol oxidase or lipoxygenase, which prevent oxidation reactions catalyzed by these en-
zymes (Ferreira et al., 2009; Butnariuand Grozea, 2012; Kozarski et al., 2015a). 

10.2.1.2.1 Deactivation of metals 

Mushroom antioxidants acting as metal chelators may be of beneficial use in the treatment of 
neurodegenerative diseases, such as Alzheimer’s disease (Collin, 2019). Transition metal ions such 
as Cu+ and Fe2+ are known to aggravate oxidative stress. These metal ions react with H2O2, which 
is a product formed by the dismutation of the •O2

− by enzyme SOD, to produce the highly 
reactive•OH (Collin, 2019). 

Figure 10.8 Free radical scavenging activity of gallic acid by SPLET mechanism.    
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Fe (or Cu ) + H O Fe (or Cu ) + OH + OH2+ +
2 2

3+ 2+ • (10.9)  

Cu2+ generates more 1O2 than •OH upon its reaction with H2O2. 1O2 is generated via two single- 
electron oxidation steps from HO2

−, product of H2O2 deprotonation, by Cu+ where •O2
− is an 

intermediate (Carrier et al., 2018). 

Cu + HO Cu + O + H2+
2

+
2

• + (10.10) 

Cu + O Cu + O2+
2

• + 1
2 (10.11)  

Prooxidative transition metal reactivity may be inhibited by different mushroom chelators e.g. 
phenolic acids, flavonoids, proteins, ascorbic acid, ergotheneine, and carbohydrates (Kozarski 
et al., 2015a). Mushroom chelators that exhibit antioxidative properties inhibit metal-catalyzed 
reactions by one or more of the following mechanisms: the deactivation of metals by the occu-
pation of all-metal coordination sites thus inhibits the transfer of electrons, prevention of metal 
redox cycling, formation of insoluble metal complexes, stearic hindrance of interactions between 
metals, and oxidizable substrates (e.g. peroxides). The antioxidative properties of chelators can 
often be dependent on both metal and chelator concentrations (Kasprzak et al., 2015; Gonzalez- 
Paramas et al., 2018). 

The most potent chelators of the transition metals among edible mushroom compounds are 
flavonoids and phenolic acids (Ferreira et al., 2009). Due to the presence of carbonyl (>C=) and -OH 

Figure 10.9 R scavenging activity of gallic acid by SPLHAT mechanism.    
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groups can coordinate metal ions and form complexes (Figure 10.10) (Kasprzak et al., 2015). In the 
case of flavonoids, chelating complexes with divalent cations may be formed between the 3-OH or 5- 
OH and 4-oxo group, or between the 6- and 7-OH in A ring or 3’-and 4’-OH in B ring, shown in 
Figure 10.10 (Gonzalez-Paramas et al., 2018). These complexes do not necessarily render flavonoids 
inactive, as the complexes retain ROS scavenging activity (Gonzalez-Paramas et al., 2018). 

Quercetin, common mushroom flavonoids (Ferreira et al., 2009), possess iron-chelating 
andiron-stabilizing properties due to their potential binding sites via the 3-hydroxyl and 4- 
carbonyl group of the C ring, the 4-carbonyl-5-hydroxyl site of the A and C rings, or via the 
catechol moiety of the B ring (Figure 10.11), suggesting little difference between aglycones and 
glycosides in the ability to complex metals (Gonzalez-Paramas et al., 2018). The catecholmoiety in 
the B ring of quercetin is the majorcontributory site for Cu2+-chelate formation. The binding of 
Cu2+ to the quercetin leads to the rapid reduction of Cu2+ to Cu+accompanied by the oxidation of 
the quercetin tobenzoquinone-type products (Pekal et al., 2011). The preferred binding site de-
pends on the flavonoid, the metal ion, and the pH value (Kasprzak et al., 2015). 

Additional to polyphenols, ergothioneine, the betaine of thiolhistidine i.e. a compound which 
has both + and – charge in its structure, is an effective chelator of divalent metal ionsi ncluding 
Cu2+, Hg2+, Zn2+, Cd2+, Co2+, Fe2+, and Ni2+ (Cheah & Halliwell, 2012). Mushrooms are a pri-
mary source of ergothioneine containing from 400 to 2,500 mg/kg DW (Kozarski et al., 2015a). 
The most stable ergothioneine complex is with Cu2+ and has the highest complex formation 
constant (Cheah & Halliwell, 2012). In contrast to the generation of RONS by GSH in the presence 
of Cu2+ via the formation of a redox-active Cu(I)-[GSH]2 complex, the complex of ergothioneine 
with Cu2+ is relatively stable and hence does not decompose to generate radicals (Zhu et al., 2011). 
Ergothioneine is concentrated in mitochondria, suggesting a specific role in protecting mi-
tochondrial components, such as DNA, from oxidative damage associated with the mitochondrial 
generation of •O2

− (Kozarski et al., 2015a). 

Figure 10.10 Structural requirements associated with antioxidant 
activity of flavonoids as metal chelators.     

Figure 10.11 Possible chelating sites of quercetin; flavonoids can 
coordinate metal ions in their neutral (as shown) or 
anionic form.     
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10.2.1.2.2 Inhibition of oxidative enzymes 

Mushroom polyphenols can also regulate the oxidative status of the cell by inhibiting oxidative 
enzymes responsible for •O2

− production, such as cyclooxygenase, lipoxygenase, microsomal 
succinoxidase, and NADPH oxidase (Gonzalez-Paramas et al., 2018). For example, the inhibition 
of protein kinase C was suggested to be amechanism of inhibition of NADPH by flavonoid mo-
lecules possessing a planar benzopyrone ring system with freehydroxyl substituents at the 3′, 4′ and 
7-positions, such as quercetin (Gonzalez-Paramas et al., 2018). 

10.2.1.2.3 Inhibition of lipid peroxidation (LPO) 

LPO has been implicated in various diseases and aging, including atherosclerosis, cataract, 
rheumatoid arthritis, and neurodegenerative disorders (Dalle-Donne et al., 2006; Dhama et al., 
2019). Consequently, the role of antioxidants has received extensive attention. 

Mushrooms are a rich source of antioxidative vitamins E, D, and C, and carotenoids which are 
effective inhibitors in a process of LPO (Kozarski et al., 2015a). The term “vitamin E” does not refer 
to a single molecule. It is a family of chemically related compounds, namely tocopherols and to-
cotrienols, which share a common structure with a chromanol ring and isoprenic side chain. α, β, γ, 
and δ Tocopherols were identified and quantified in edible mushrooms (Kozarski et al., 2015a). 
Biologically the most active form of vitamin E in humans is α tocopherol whose main role is to 
protect cell membranes from LPO (Mustacich et al., 2007). The other forms of vitamin E are poorly 
recognized by the hepatic α tocopherol transfer protein (TTP), and they are not converted to α 
tocopherol by humans (Mustacich et al., 2007). α Tocopherol terminates the activity of LPO by 
scavenging lipid peroxyl radical (•LOO), but during this reaction is itself converted into a less re-
active radical (•α Tocopherol) (Mustacich et al., 2007; Traber & Stevens, 2011): 

LH + Oxidant initiator L + H O•
2 (10.12) 

L + O LOO•
2

• (10.13) 

LOO + Tocopherol LOOH + Tocopherol• • (10.14)  

Ascorbic acid has been shown as an effective inhibitor of LPO. In studies with human plasma 
lipids, it appeared that ascorbate was far more effective in inhibiting LPO initiated by a •LOO 
initiator than other plasma components, such as protein thiols, urate, bilirubin, and vitamin E 
(Traber & Stevens, 2011). In the aqueous phase, ascorbic acid can protect biomembranes against 
peroxidative damageby efficiently trapping •LOO before they can initiate LPO (Traber & Stevens, 
2011). Ascorbic acid was detected among cultivated and wild mushrooms (Kozarski et al., 2015a). 

β-carotene and lutein were found in several mushroom species (Echavarri-Erasunand Johnson, 
2002; Ferreira et al., 2009). Carotenoids found in the pink-red Cantharellus cinnabarinus and the 
orange Cantharellus friesii contain high amounts of canthaxanthin, a pigment also found in salmon 
(Pilz et al., 2003). It might explain the use of chanterelles by Chinese herbalists in treating night 
blindness (Pilz et al., 2003). Canthaxanthin is reported to protect human tissues from oxidative 
damage and is sold as an antioxidant (Pilz et al., 2003). 

Carotenoids act as chain-breaking antioxidants in a lipid environment, especially under low 
oxygen partial pressure. The extensive systems of double bonds make carotenoids susceptible to 
attack •LOO, resulting in the formation of inactive products (Fiedor & Burda, 2014). Carotenoids 
reactivity depends on the length of the conjugated double bonds chain and the characteristics of the 
end groups (Fiedor & Burda, 2014). Carotenoid radicals are stable by virtue of the delocalization 
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of the unpaired electron over the conjugated polyene chain of the molecules. This delocalization 
also allows additional reactions that occur at many sites on the radical. The carotenoid radicals are 
very short-lived species (Fiedor & Burda, 2014). 

Vitamin D2 and its active metabolite 1,25-dihydroxycholecalciferol are membrane antioxidants 
and inhibit Fe-dependent liposomal LPO (Outila et al., 1999). These highly lipophilic compounds 
may accumulate in membranes and inhibit LPO. Furthermore, decreasing membrane fluidity by the 
membrane interaction is thought to lead to the observed inhibition of iron-dependent liposomal 
LPO (Outila et al., 1999). Vitamin D2 is derived predominantly from mushrooms and yeast (Outila 
et al., 1999; Phillips et al., 2012). The vitamin D2 content of mushrooms can be increased dra-
matically by ultraviolet (UV) irradiation, whereby it is formed from ergosterol that is present in 
large amounts in its cell wall (Phillips et al., 2012). It was already shown that ergocalciferol was 
well absorbed in humans from lyophilized and homogenized wild edible mushrooms (Outila et al., 
1999). Some recent literature reports have demonstrated a possible relationship between vitamin 
D2 deficiency and the severe course and lethal consequences in coronavirus disease 2019 (COVID- 
19) (Laird et al., 2020). 

10.2.1.2.4 Singlet oxygen (1O2) quenching 

Carotenoids are very potent natural 1O2 quenchers (Rao & Rao, 2007; Fiedor & Burda, 2014). 
Due to their energy levels lying close to that of 1O2, they belong to the most efficient physical 
quenchers of 1O2, both in vitro andin vivo (Fiedor & Burda, 2014). The process of 1O2 quenching is 
very efficient, especially for carotenoids having 11 conjugated double bonds as well as lycopene, 
astaxanthin, β- and γ-carotene common carotenoids in Basidiomycetes mushrooms (Echavarri- 
Erasun & Johnson, 2002). In general, 1O2 deactivation is based on the conversion of an excess of 
energy to heat via the carotenoid lowest excited triplet state (3Crt*). The possible damaging effects 
of excited carotenoids might be ignored mostly because of their low energy and short lifetimes 
(Fiedor & Burda, 2014). 

O + Crt O + Crt1
2

3
2

3 (10.15) 

Crt Crt + heat3 (10.16)  

where Crt represents carotenoids. Carotenoids can also act as chemical quenchers of 1O2, un-
dergoing modifications, such as oxidation or oxygenation (Fiedor & Burda, 2014). 

Furthermore, lycopene was shown to cross the blood-brain barrier and be present in the central 
nervous system in low concentrations as a potential 1O2 quencher (Rao & Rao, 2007). 

10.2.1.2.5 Synergism-regeneration of primary antioxidants 

Some mushroom antioxidants when acting in synergism are more effective than acting alone. 
Synergism means that the antioxidant effect of two or several antioxidant close molecules is higher 
than the arithmetical sum of the effects of all molecules (Butnariu & Grozea, 2012). 

α Tocopherols, the main/primary lipid-soluble antioxidant, could be regenerated by ascorbic 
acid. Ascorbic acid reacts rapidly with the α tocopherol radical by reducing the ascorbate radical, 
via semidehydroascorbate, to ascorbate by NADH and NADPH dependent semidehydroascorbate 
reductase (Butnariuand Grozea, 2012; Kozarski et al., 2015a): 

Ascorbic acid + Tocopherol Ascorbate + Tocopherol• • (10.17) 

OXIDATIVE STRESS PREVENTION                                                                                              333 



Ascorbate + NADH + H Ascorbate + NAD• + + (10.18)  

The mechanism of synergistic action of the two antioxidants involves one that reacts with the •R 
and a second that regenerates the first, effectively sparing. Besides synergistic action of toco-
pherols and ascorbic acid, mushrooms phenolic antioxidants and ascorbic acid appear to work 
synergistically in this way (Brewer, 2011): 

R + Ph H R H + Ph• • (10.19) 

Ph + Asc H Ph H + Asc• • (10.20)  

where Ph-H represents a phenolic antioxidant, Asc-H ascorbic acid, Ph• phenolic radical, and Asc• 

stable ascorbic radical, more stable and less reactive than the previous one. 
Additionally, mushroom anthocyanins can prevent the oxidation of ascorbic acids by metalions 

such as Cu+ (Brewer, 2011). Anthocyanins not only chelate metal ions but also form an ascorbic 
acid complex that may be the basis for its antioxidative activity. The antioxidative capacity of 
anthocyanin is dependent on the anthocyanin itself, number and location of -OH groups, the pH of 
the surrounding environment, and the components of the system e.g. metals, continuous phase 
(Brewer, 2011). 

10.2.1.3 Interaction with various redox signaling pathways 

Besides the chemical structure of mushroom antioxidants that makes them able to directly 
scavenge RONS, the in vivo antioxidant action of these molecules can also be linked to their 
potential to interact with various redox signaling pathways by modulation of the activity of redox 
enzymes and/or molecules (Li et al., 2013; Lee et al., 2019). 

10.2.1.3.1 Activation of nuclear factor (erythroid-derived 2)-like 2 

Mushroom bioactive compounds, e.g. glucans, triterpeneganodermanondiol, ferulic acid, and 
quercetin, have the potential to stimulate the synthesis ofendogenous antioxidant molecules in cells 
via activating the nuclear factor (erythroid-derived 2)-like 2/antioxidant response element (Nrf2/ 
ARE) pathway (Li et al., 2013; Smith et al., 2016; Meng et al., 2021). Nrf2 serves as the chief 
transcription factor orchestrating antioxidant response in terms of binding to ARE located in the 
promoter region, transcribing genes encoding phase II detoxifying antioxidant enzymes and several 
detoxifying proteins, shown in Figure 10.12. This upregulation includes several antioxidant en-
zymes such as CAT, GPx (glutathione-S-transferase), GST, paraoxonases (PONs), glutathione 
reductase (GR), and γ-glutamylcysteine synthetase (γ-GCS) (Lee et al., 2019). 

Kelch-like enoyl-CoA hydratase-associated protein 1 (Keap1) is the redox sensor of the Nrf2/ 
ARE system (Smith et al., 2016). The reactive sulfhydryls in the cysteine residues of Keap1 can 
sense oxidative stress (Figure 10.12). Once it is released from the cytosolic complex with Keap1, 
Nrf2 becomes phosphorylated, and it can enter the nucleus. 

Cells respond to mushrooms’ bioactive compounds mainly through direct interactions with 
receptors or enzymes involved in signal transduction, which may result in modification of the 
redox status of the cell and may trigger a series ofredox-dependent reactions (Kozarski et al., 
2015a). Antioxidants derived from Nrf2 are defined as indirect antioxidants in that their physio-
logical effects last longer than those being exerted by direct antioxidants, suggesting that with a 
relatively low dosage, they can exert sufficient efficacy. Among mushroom compounds activating 
the Nrf2/ARE pathway are: ergothioneine (Hseu et al., 2015; Hseu et al., 2020), many polyphenols, 
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e.g. catechin, epicatechin, quercetin, coumaric acid, ferulic acid (Ferreira et al., 2009), and bio-
logically actively triterpenes e.g. ganodermanondiol isolated from Ganoderma lucidum and 
Ganoderma tsugae (Li et al., 2013). Treatment with ganodermanondiol (Figure 10.13) gradually 
increased GSH levels in human hepatoma cell line HepG2 via antioxidant enzyme-heme 
oxygenase-1 (HO-1) expression (Li et al., 2013). Ganodermanondiol significantly increased 
Nrf2 levels and efficiently promoted the translocation of Nrf2 into the nucleus in HepG2 cells, 
inducing HO-1 expression (Li et al., 2013). 

10.2.1.3.2 Activation of sirtuin1 (SIRT1) 

Mushrooms polyphenolic and flavonoids e.g. quercetin, and catechin, can modulate the activity 
of SIRT1which exerts neuroprotective effects (Chung et al., 2010). SIRT1 acts as a “rescue gene”, 
able to repair damages caused by the action of free radicals and preventing premature death of 
cells. The gene also affects the mitochondria to produce greater amounts of energy what is typical 
for the metabolism of younger cells (Villalba & Alcain, 2012). 

SIRT1 is a crucial component of multiple interconnected regulatory networks that modulate 
dendritic and axonal growth, as well as survival against stress. This neuronal cell-autonomous 
activity of SIRT1 is also important for neuronal plasticity, cognitive functions, as well as 

Figure 10.12 Activation of Nrf2, the chief transcription factor orchestrating antioxidant response; ARE-antioxidant 
response element, Maf (musculoaponeurotic fibrosarcoma) protein-transcription factor.    

Figure 10.13 Ganodermanondiol from Ganoderma lu-
cidum and Ganoderma tsugae activates 
Nrf2/ARE pathway.     
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protection against aging-associated neuronal degeneration and cognitive decline (Ng et al., 2015). 
As a result, SIRT1 is believed to be a principal regulator of life span. 

10.2.1.3.3 Suppression of nuclear factor kappa B 

Among the pleiotropic activity of mushroom phenolic compounds is a modulation activity of nu-
clear factor kappa-light-chain-enhancer of activated B cells (NF-κB). They possess the potentiality to 
suppress the NF-κB signaling pathway and may suppress oxidative stress effects (Chang et al., 2016). 

Inflammatory responses to a wide variety of stimuli mainly attribute to the upregulation of the 
proinflammatory transcription factor, NF-κB. Since it is a kind of redox-sensitive transcription 
factor, NF-κB responds to several stimuli including RONS (Lee et al., 2019). During homeostasis, 
NF-κB is sequestered in the cytoplasm by binding to the inhibitory protein called inhibitor of 
kappa B (IκB) (Figure 10.14). The IκB kinase (IKK) complex is the signal integration hub for NF- 
κB activation. It catalyzes the phosphorylation of various IκB, which leads to activation of NF-κB. 
After being activated by stress, e.g. diet alteration, RONS, inflammatory stimuli, cytokines, and the 
presence of carcinogens, NF-κB translocates to the nucleus and then induces the expression of 
different inflammatory cytokines and chemokines, enzymes such as cyclooxygenase 2 (COX2) and 
nitric oxide synthase (iNOS), and many other genes related to cellular transformation, invasion, 
metastasis, and inflammation (Lee et al., 2019). 

Figure 10.14 Mushroom compounds with a modulation potential of NF-κB transcription.    
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Mushroom phenolics and flavonoids might regulate tumor necrosis factor (TNF)-α-induced 
nuclear translocation and transcriptional activation of NF-κB followed by suppression of IκB 
degradation (Singh et al. 2013). As an example, Hericium erinaceus ethanol extract in a dose- 
depend manner remarkably inhibits the increase of the intracellular ROS production upon TNF-α- 
stimulation (Chang et al., 2016). H. erinaceus treatment suppressed overexpression of matrix 
metalloproteinase-9 (MMP-9) and intercellular adhesion molecule-1 (ICAM-1). It may contribute 
as an antioxidant through modulation of MMP-9/NF-κB pathway and shutting down of pro- 
inflammatory Th1 response (Chang et al., 2016). 

TNF-α has been shown to both be secreted by endothelial cells and to induce intracellular 
RONS formation (Chen et al., 2008). These observations provide a potential mechanism by which 
TNF-α may activate and injure endothelial cells resulting in endothelial dysfunction (ED). ED has 
been implicated in atherosclerosis, hypertension, coronary artery disease, vascular complications 
of diabetes, chronic renal failure, insulin resistance, and hypercholesterolemia (Chen et al., 2008). 

Besides phenols, mushroom glucans, fucogalactans, proteoglucans, fucomannogalactans, er-
gosterol, lanosterol, inotodiol, trametenolic acid, syringaldehyde, syringic acid, lucidenic acid, 
ganoderic acid, benzophenones (daldinals A-C), and terpenoids have a potential to shutting down 
NF-κB activation and to inhibit the increase of the intracellular RONS (Figure 10.14) (Elsayed 
et al., 2014). 

10.2.2 Stimulation of the immune system in oxidative stress conditions 

The immune system is extremely vulnerable to oxidant and antioxidant balance as uncontrolled  
•R production can impair its function and defense mechanism (Aslani & Ghobadi, 2016). In ad-
dition to classical, reactive oxygen metabolites generated during protective function against ex-
ternal pathogens, activated phagocytes, neutrophils, and monocytes release the hemoprotein 
myeloperoxidase (MPO) into the extracellular space, where it catalyzes the oxidation of chloride 
anion (Cl−) by H2O2 to yield hypochlorous acid (HClO) (Brambilla et al., 2008). HClO is a non- 
specific oxidizing and chlorinating agent that reacts rapidly with a variety of biological com-
pounds, such as sulphydryls, polyunsaturated fatty acids (PUFAs), DNA, pyridinenucleotides, 
aliphatic and aromatic amino acids, and nitrogen-containing compounds (Brambilla et al., 2008). 
Moreover, in the reaction between chlorinated oxidants and plasma proteins catalyzed by a neu-
trophil enzyme, MPO advanced oxidation protein products (AOPPs) are generated. In humans, 
AOPPs have been linked to several diseases like chronic renal failure, diabetes mellitus, diabetic 
nephropathy, coronary artery diseases, and obesity (Brambilla et al., 2008). 

During the inflammatory process, activation of phagocytes through the interaction of pro- 
inflammatory mediators, or bacterial products with specific receptors results in the assembly of the 
multicomponent enzyme systems NADPH oxidases that catalyze the production of large quantities 
of the •O2

− (Brambilla et al., 2008). Immune cells are atypical, as compared to other somatic cells; 
the plasma membrane of the immune cells contains high concentrations of PUFAs, which make 
them so susceptible to •O2

− (Chew & Park, 2004; Brambilla et al., 2008). 
So, the antioxidant contents in immune cells have an important role in preserving them in a 

reduced environment and in protecting them against oxidative damages and immunosuppressio nas 
well as maintaining their suitable function. 

10.2.2.1 Mushrooms as a source of trace elements in oxidative stress  
prevention and maintaining efficient immune response 

Mushrooms are generally capable of accumulating trace elements e.g. zinc (Zn), copper (Cu), 
manganese (Mn), iron (Fe), and selenium (Se), and then become their source in the food chain 
(Falandysz & Borovicka, 2013). Trace elements are cofactors of antioxidant enzymes: SOD, 
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MnSOD, and Cu/ZnSOD involved in scavenging of •O2
−, and CAT, Fe is a cofactor involved in 

scavenging H2O2. Se, in a form of selenocysteine, is a component of the active site of GPx 
(Figure 10.15). In mushrooms, several Se compounds have been identified, including seleno-
methionine, selenocysteine, Se-methylselenocysteine, selenite, and Se-polysaccharides (Falandysz, 
2008). They are designated as antioxidant micronutrients. 

A particularly rich source of Se could be obtained from Se-enriched mushrooms that are 
cultivated on a substrate fortified with Se, as inorganic salt or selenized yeast (Falandysz, 2008). Se 
is essential for optimum immune responses and accumulates in tissues participating in immune 
responses including lymph nodes, spleen, and liver (Aslani & Ghobadi, 2016). Through the action 
of GPx that removes excessive reactive species produced during oxidative stress in immune cells, 
Se has a crucial role in the redox regulation and antioxidant function. Se enhanced the phagocytic 
and bactericidal activities of neutrophils in humans (Aslani & Ghobadi, 2016). In Se deficiency, 
neutrophils can swallow microbes but they exert less ability to kill them compared to in Se suf-
ficient cells (Aslani & Ghobadi, 2016). It seems that decreased activity of cytosolic GPx in 
neutrophils is accounted for in this imperfect mechanism, which leads to the killing of neutrophils 
themselves by produced •R during respiratory burst (Arthur et al., 2003). Moreover, Se deficiency 
influences the humoral system since it can reduce titers of IgM and IgG in humans (Arthur et al., 
2003). Also, Se deficiency can impair the metabolism of thyroid hormone. As a result of thyroid 
hormone production, the high concentrations of generated H2O2 can be neutralized by the activity 
of extracellular GPx present in significant amounts in thyroid tissue (Aslani & Ghobadi, 2016). 
Hypothyroidism greatly influences immune function. It usually weakens neutrophils’ ability to 
react to a challenge or foreign organisms (Arthur et al., 2003). Zn is another essential element in 
oxidative stress prevention (Aslani & Ghobadi, 2016). Mushrooms are capable of growing at 
higher levels of Zn than most other organisms (Chauhan, 2015). Zn is urgent for normalactivity of 
the immune system which affects both innate and acquired immune functions (Ibs & Rink, 2003). 
It has a role in cytosolic defense against oxidative stress through enzyme SOD activity and is a 
necessary cofactor forthymulin, a thymus hormone, which modulates cytokine release and induces 
proliferation (Aslani & Ghobadi, 2016). In vivo, decreased amounts of Zn can impair natural killer 
cell activity, phagocytosis of macrophages and neutrophils, and generation of the oxidative burst 
(Ibsand Rink, 2003). Moreover, it has been shown that the number of granulocytes decreases 

Figure 10.15 Mushrooms are capable of accumulating trace element cofactors of antioxidant enzymes: SOD- 
Zn or Cu or Mn, CAT-Fe, and GPx-Se.    
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during Zn deficiency. In addition, it has been reported that Zn participates in the development of T 
cells since thymic atrophy occurs as a result of Zn deficiency (Ibs & Rink, 2003). 

10.2.2.2 Activation of antioxidant enzymes by mushroom compounds  
in the prevention of autoimmunity or transplant rejection 

Autoimmunity has been for decades considered the result of a breakdown in self-tolerance. 
Apart from the genetic defects that may predispose to autoimmune diseases, one must take into 
account the environmental factors that are implicated in the development of such pathologies. 
Among them, an important role had xenobiotics such as chemicals, drugs, and metals e.g. Fe, 
aluminum (Al), and manganese (Mg) (Rahal et al., 2014). Under oxidative stress, cells produce an 
excess of RONS that react and modify proteins. The oxidative modification of the proteins not only 
changes the antigenic profile of the latter but also enhances the antigenicity as well. There exist 
several examples of autoimmune diseases resulting from oxidative modifications of self-proteins, 
namely, systemic lupus erythematosus (60 kD Ro ribonucleoprotein), diabetes mellitus (high 
molecular weight complexes of glutamic acid decarboxylase), and diffuse scleroderma (oxidation 
of beta-2-glycoprotein) (Rahal et al., 2014). 

A novel possible approach to modulate the immune system and preventing autoimmunity or 
transplant rejection is the activation of cytoprotective and antioxidant enzymes such as HO-1. HO-1, 
the inducible isoform of HO, is a key protein in the cell stress response and its upregulation is a 
common event during pro-inflammatory conditions (Hahn et al., 2020). Key proteins that regulate 
transcription factors of HO-1 include extracellular signal-regulated kinase (ERK), c-Jun N-terminal 
kinase (JNK), p38, and Akt, shown in Figure 10.16. Transcription factors that bind upstream of the 
initiation site of HO-1 to stimulate its mRNA expression include Nrf2, NF-κB, and activator protein 1 
(AP-1) (Hahn et al., 2020). After being expressed by the regulator proteins, HO-1 affects downstream 
elements such as heme, bilirubin, and carbon monoxide (CO) (Hahn et al., 2020). 

Figure 10.16 Key proteins that regulate transcription 
factors of HO-1 include extracellular 
signal-regulated kinase (ERK), c-Jun N- 
terminal kinase (JNK), p38, and Akt.     
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Under prooxidant conditions regulatory T-cells overexpress HO-1 and release CO. CO may 
inhibit the proliferation of effector T-cells, thus reducing the immune response and prevent au-
toimmunity and/or graft reaction (Aslani & Ghobadi, 2016). A hydrophobic benzenoid isolated 
from Antrodia camphorata, a mushroom used for pharmaceutical purposes, 4,7-dimethoxy-5- 
methyl-1,3-benzodioxole shown in Figure 10.17, exerts anti-inflammatory activity via increasing 
HO-1 expression without cytotoxic effects (Chen et al., 2007). It attenuates the lipopolysaccharides 
(LPS) induced proinflammatory factors and inducible enzyme iNOS and Toll-like receptor 4 
(TLR4) protein levels expressed on CD4+T cells which play an important role in autoimmune 
diseases (Hahn et al., 2020; Raphael et al., 2020). A. camphorata hydrophobic benzenoid inhibits 
the NF-κB pathway, which is dependent on LPS, a prototypical TLR4 agonist (Hahn et al., 2020). 

10.3 FACTORS THAT INFLUENCE THE OUTCOME OF MUSHROOM ANTIOXIDANT 
THERAPY 

10.3.1 Physicochemical and biological properties of antioxidants and RONS 

Regarding the choice and use of mushroom antioxidants, some important aspects should be 
carefully considered. Mushroom antioxidants differ in their physicochemical and biological 
properties (Chang & Miles, 2004; Ferreira et al., 2009; Van Griensven,2009; Khatua et al., 2013;  
Klaus et al., 2015; Kozarski et al., 2015a; Vunduk et al., 2015; Sanchez, 2017). Besides, different 
RONS have different affinities for substrates and, consequently, the effectiveness of a given an-
tioxidant may depend on the RONS involved. For example, vitamin E may exert potent antioxidant 
activity against oxidation induced by metal ions and peroxynitrite (NO3

−), but it may have little 
effect on protein modification induced by HClO (Hazell & Stocker, 1997). Likewise, carotenoids 
are highly efficient antioxidants when the oxidizing species is •O2

−, but their effectiveness against 
other RONS is rather questionable (Rao & Rao, 2007). 

Moreover, the efficacy of •R scavenging depends on the distribution and localization of the 
antioxidant within the body; not all antioxidants can reach the same intra- or extra-cellular sites 
and cell membranes, because of their different chemical properties (Niki, 2000; Giustarini et al., 
2009). For example, vitamin C is a potent scavenger for hydrophilic but not for lipophilic •R. On 
the contrary, mushroom lipophilic antioxidants structurally based on caffeic, hydrocaffeic, ferulic, 
and hydroferulic acids mix very well between membrane lipids and lipoproteins; their levels in 
tissues may be higher than those detected in blood (Roleira et al., 2010). 

10.3.2 Pro-oxidative effect of antioxidants 

One of the essential aspects of antioxidant therapy is the potential pro-oxidative effect of 
antioxidants. Besides antioxidant properties, antioxidants may possess pro-oxidative capacity 
based upon their structure and the cellular redox context that may include increased levels of 
oxidant scavenging proteins or decreased levels of oxidized proteins and lipids (Wei & Van 
Griensven, 2008; Kozarski et al., 2015a). For instance, phenolics act as effective antioxidants but 

Figure 10.17 A hydrophobic benzenoid (4,7-dimethoxy-5-methyl-1,3-benzodioxole) iso-
lated from Antrodia camphorata mushroom.     
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can also promote oxidative reactions (Decker, 1997). As pro-oxidants phenols might chelate metals 
in a manner that maintains or increases their catalytic activity or by their reduction, thus increasing 
their ability to form •R from peroxides. In addition, most of the phenols accelerated the oxidation 
of glutamine synthetase in the presence of Fe3+, presumably through their ability of Fe3+ reduction 
(Decker, 1997). The pro-oxidative activity of phenols through their ability to promote the oxidi-
zation of DNA and act as reductants has also been observed for quercetin and rutin, often present in 
mushrooms (Decker, 1997). 

Polyphenols e.g. quercetin can act as photosensitizers in the generation of 1O2 (Choi et al., 
2003; Lagunes & Trigos, 2015). Besides the quenching ability of 1O2, it has also been reported as a 
molecule capable of absorbing ultraviolet-visible (UV-Vis) light and able to transfer it to O2 to 
generate 1O2 by which quercetin would favor a pro-oxidant effect against normal cells (Choi et al., 
2003; Lagunes & Trigos, 2015). 

At higher doses, flavonoids may act as pro-oxidants based upon a different number of -OH 
groups in the B ring and the presence of transient metal ions (Amic et al., 2007). The flavonoid 
phenoxyl radical could interact with O2, generating quinones and •O2

−, rather than terminating the 
chain reaction, shown in Figure 10.18. This reaction may take place in the presence of high levels 
of transient metal ions and may be responsible for the undesired pro-oxidant effect of flavonoids 
(Amic et al., 2007). 

Pro-oxidant activity of flavonoids might also be induced by the formation of a complex with Fe3+ 

(El Amrani et al., 2006). The Fe3+-flavonoid complex might induce DNA cleavage and damage (El 
Amrani et al., 2006). The damage mechanism is explained by the electron transfer in which Fe3+ 

takes one electron of the carbon atom vicinal to the 3-hydroxy-4-keto moiety, generating the Fe2+- 
flavonoid complex, as shown in Figure 10.19. Then, the complex binds to DNA, which results in the 
formation of reactive oxygen species and DNA cleavage (El Amrani et al., 2006). 

Figure 10.18 Pro-oxidant activity of flavonoids.    

Figure 10.19 Proposed route for the generation of the Fe2+-flavonoid complex.    
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Prooxidant activity of flavonoids may play an important role in their potency for biological 
action such as angiogenesis and immune-endothelial cell adhesion, which, respectively, are im-
portant processes in the development of cancer and atherosclerosis (Kim et al., 2006). 

10.3.3 Interference of antioxidant supplementation with drugs 

The potential interference of antioxidants with drug metabolism is one of the important facts 
that should be taken into account during its supplementation. It has been reported that vitamin E, 
vitamin C, and β-carotene administration to transplanted, cyclosporine-treated patients decreases 
the plasma concentration of the drug, thus diminishing its action (Blackhall et al., 2005). Besides 
beneficial effects in a reduction of oxidative stress, antioxidant treatment as adjuvant therapy might 
compromise radiation treatment efficacy in cancer patients (Harvie, 2014). For example, β- 
carotene increases the risk of lung and stomach cancer, vitamin E increases prostate cancer and 
colorectal adenoma, and Se reduces gastric and lung cancer in populations with low Se levels but 
increases rates in those with higher levels. Both β-carotene and vitamin E supplementation increase 
overall mortality in cancer patients (Harvie, 2014). 

10.4 CONCLUSION 

Mushrooms, distinct from plants and animals, possess unique primary and secondary meta-
bolites that may prevent oxidative stress damages and improve cellular longevity and life span. The 
efficiency of oxidative stress prevention of mushroom metabolites is linked to their potential to 
interact with various reactive species and redox signaling pathways by modulation of the activity 
of redox enzymes and the generation of bioactive secondary metabolites. Mushroom antioxidant 
compounds have the potential for immune regulatory activity. The unique attributes in oxidative 
stress prevention are synergistic action when they combine. 

As a consequence of an increasing world, population mankind is faced with the problem of 
diminishing quality of human health. Mushroom bioactive compounds are particularly of interest 
to the present generation because they have the potential to substantially reduce the expensive, 
high-tech, disease treatment approaches presently being employed in health care. 

Standardization of antioxidant dietary supplements from mushrooms is in rapid progress. There 
is intensive research to determine which antioxidant components are more effective, less costly, 
and have a higher safety profile. Mushrooms have been used for pharmacological purposes for 
centuries by various cultures, but only recently has science begun to recognize what the ancient 
people knew long ago. 
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11.1 INTRODUCTION 

Mushrooms for a long time were recognized as protein-rich vegetables. However, recently the 
scientific community has also developed an interest in the biologically active mushroom com-
pounds of high medicinal value. According to the source of their names, mushrooms consumed by 
humans are classified within five categories and are named after tastes, anatomy, sprouting habit, 
appearance, and habitat (Oso, 1975). 

The following are the examples in each category: 
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• Tastes – Volvariella volvacea, Volvariella esculenta, Ogiriagbe, Termitomyces clypeatus  
• Anatomy – Termitomyces manniformis, Termitomyces robustus Schizophyllum commue, Agrocybe 

broadwayi  
• Sprouting habit –Termitomyces globulus, Termitomyces microcarpus, Pleurotus tuber-regium  
• Appearance – Pleurotus squarrouslus, Psathyrella atroumbonata, Auricularia auricula  
• Habitat – Francolimus bicalcaratus, Calvatia cyathiformis, Termitomyces spp. 

Additionally, the observation is made by native people as various fungi grow on distinctive kinds 
of deadwood, while every fungus is assigned a name after the wood on which it proliferates. 
Mushrooms are considered healthy food due to the low calories and higher amounts of minerals, 
vitamins, and dietary fiber. The mushroom’s primary composition is composed of moisture, fat, 
protein, and a healthy level of amino acids (Nketia et al., 2020). 

11.2 PHYSICAL COMPONENT ANALYSIS 

Several mushroom characters describe the quality (structure, appearance, texture) and stability 
(water activity) linked to their physical properties. Some of the physical component evaluation has 
been documented below. 

11.2.1 Dry density 

According to the method explained in ISO 9427:2003, the density can be calculated by se-
lecting the oven-dry mass ratio to volume. 

11.2.2 Moisture content 

The following standard ISO 16979: 2003 can be used to calculate the moisture content. 

M
W W

W
=

( ) 1001 2

2

where: 
M is moisture content present (%) 
W1 is the weight of the sample containing moisture content (g) 
W2 is the weight of the sample without moisture content or oven-dried weight (g) 

11.2.3 Mechanical stress test 

The mushroom’s hardness can be evaluated according to ASTM D3501 using a load-up bench 
with a load capacity of 100 kN and a load cell of 10 kN at room temperature (25°C) and approxi-
mately 50% relative humidity. The 10 kN load cell can provide the most accurate results. The 
displacement of the tests is regulated using a scale of 5 mm/minute. Due to the uneven surface of the 
sample, the contact surface area is not absolute. When the sample reaches a stable strain, the test ends, 
and its range is inbetween 70% and 80%. By using the following formula, the curve for load dis-
placement is converted to a curve for stress-strain to obtain the strain ε and compressive stress σ: 

F

A
=
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and 

X

X
=

o

where: 

F is a compressive force (N) 
A is the sample’s preliminary cross-sectional area (mm2) 
ΔX is the displacement of those loading surfaces (mm) 
Xo is the preliminary height of the section being examined (mm) 

11.2.4 Thermal conductivity of mushroom 

According to ASTM D5334-00, transients (which require unstable conditions) can be used to 
calculate mushroom samples’ thermal conductivity. The thermal needle probe (TNP) conforms to 
the specifications. Another needle having a reduced diameter compared to the TNP is used to drill 
an initial guiding hole (2 mm) in the center of the cylinder-shaped sample. Lower thermal con-
ductivity can be passed with a faster increase in temperature when a high electric current is em-
ployed. This standard does not mean that the temperature will rise quickly, as this may cause 
inaccurate readings. To obtain precise and reliable results, take the average value between the 
higher and lower currents. The thermal conductivity (λ) is calculated using the following formula: 

Q

T T

t

t
=

4 ( )
ln

2 1

2

1

where: 

Q is the steady current (W/m) 
T1 & T2 are the linear portions of the first and last temperature (°C), respectively 
t1 & t2 are the linear portions of the first and final time (s). 

11.2.5 Water absorbtion rate 

The method for estimating water absorption rate by hydraulic cement concrete ASTM C 1585 
can be used for mycelial composites with the most frequently reduced examples. The tests are 
carried out at a temperature of 20°C and evaluated based on the weight difference to the initial 
weight. The subsequent expression is used to calculate the water absorption rate: 

m
M

a d
=w

a

where: 

mw is the water absorption (mm) 
Ma is the altered sample weight (g) 
a is the revealed area (cross-sectional) (mm2) 
d is the water density (g/mm3) 
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11.2.6 Color measurement 

The color of the mushroom sample is measured with a spectrophotometer in three different 
regions outside of the estimated mean values of the mushroom. A computer software using color 
data software value for Hunter color Lab to estimate the value, namely L∗, a∗, and b∗ using 
illuminant C and 8 mm aperture openings. An equipment standardization is performed on standard 
white plates before analysis (Fernandes et al., 2013). 

11.2.7 Yield 

The dry sample is ground into powder, and the weight of this powder is measured, followed by 
an estimate of the yield using the following equation (Negi, 2003): 

Yield kg
W

W
( ) = 100

p

r

where: 

Wp is the weight of the product 
Wr is the raw material weight 

11.2.8 Browning index 

Five g of a desiccated mushroom sample is used to measure the browning index by optical 
density (OD), using a wavelength of 440 nm with a digitally operated spectrophotometer 
(Srivastava & Kumar, 2000). 

11.2.9 Water-holding capacity 

To estimate a mushroom sample’s water retention, a powdered mushroom sample (2g) is stored 
in 20 mm of distilled water for 12 hours. For 20 minutes, the water-soaked samples are exposed to 
centrifugation at 3,000 rpm. Under centrifugal force, the water separates from the sample mixture 
and is estimated to calculate water retention by Nollet’s expression (2004): 

Water retention
mL

g

water retained

weight of sample
=

where: 

water retained (mL) = volume of water added (20 mL) – volume of water obtained after 
centrifugation. 

11.2.10 Swelling index 

The mixture of the desiccated sample and 100 milliliters of distilled water is stored at 20 to 
30°C. (overnight). Using the expression given by Nollet, (2004), the swelling index is estimated. 

Swelling index
mL

g

change in vol mL

amount of sample g
=

( )

( )
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11.2.11 Seed germination test 

The germination test can be carried out with 1:5 w/v. Water extracts are obtained from compost 
at various composting sampling times. The extracts are prepared according to the procedure il-
lustrated by Zhang et al. (2013). A double layer of filter paper is placed in a 90 mm diameter 
sterilized Petri dish to which compost extract of about 1 mL is added. The seeds (20 in number) of 
pakchoi (Brassica rapa L., Chinensis group) are placed in a Petri dish. After 48 hours at a tem-
perature of 25°C (in the dark), the amount of germinating seeds and the root radicals’ length were 
estimated for every dish. The following equation calculated the germination index (GI): 

GI
N l

N L
(%) = 100 d d

c c

where: 

Nd is the mean amount of germinated seeds each dish 
ld is the mean length of root each dish 
Nc is the mean amount of germinated seeds (control conditions) 
Lc is the average length of root (control conditions) 

11.3 CHEMICAL COMPONENT ANALYSIS 

The button mushroom (Agaricus bisporus) occupies a significant share of the total production 
of mushrooms worldwide, i.e. roughly more than half of the entire world’s yield of mushrooms. 
However, exotic mushrooms, such as oyster (Pleurotus spp.), straw (Volvariella volvacea), shii-
take (Lentinula edodes), and enokitake (Flammulina velutipes), are acquiring prominence. These 
mushroom varieties possess average amounts of superior characteristic protein and are excellent 
reservoirs of dietetic fiber, ascorbic acid, vitamin B complex, and mineral deposits necessary for 
human growth. Mushroom exhibits low lipids levels, but the ratio for unsaturated to saturated fatty 
acids is prominent (around 2.0–4.5:1). It has been reported that some exotic species (e.g. shiitake) 
collect cadmium, selenium, and other heavy metals, and certain species might also possess toxins that 
are high temperature-sensitive, for instance, volvatoxin, a protein found in the straw mushroom that is 
cardiotoxic. Intense scientific analyses, specially undertaken in Japan, have shown that a numeral 
variety of mushrooms possess healing and restorative properties for oral treatment of various ma-
lignant tumors, hypercholesterolemia, virus-related diseases (respiratory tract infections, polio), high 
blood pressure, and platelet aggregation in the blood (Khatun et al., 2012; Zhang et al., 2018). 
Investigations undertaken have mainly concentrated on shiitake, Pleurotus spp., enokitake as well as 
the usual unedible Ganoderma spp. Isolation and identification of many effective constituents, in-
cluding nucleic acid products (the hypocholesterolemic eritadenine), polysaccharides (e.g., 
β-glucans), peptides, lipids, glycoproteins, and proteins have been done (Ma et al., 2018). 

11.3.1 Reversed phase-HPLC analysis of toxins 

HPLC grade of AA, BA, GA, PHN, and PCN solvent is used to prepare the stock solution of 
100 µg/mL of concentration; 10, 20, 100, 200, 1,000, and 2,000 ng/mL concentrations of toxin is 
diluted in extraction fluid for calibration standard. For each toxin, calibration curves are produced 
over a linear range of interest (R2 > 0.99) (Kaya et al., 2015). The chromatographic parameters for 
the method used in this study are provided by Kay et al. Therefore, the author reports that 
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atomoxetine and glytoxin can be separated well by RP-HPLC and UV detection at two varied 
wavelengths. The mushroom extract was analyzed by reversed phase-HPLC on the HPLC system. 
RP-HPLC analysis of the standard solutions AA, BA, GA, PHN, PCN, and mushroom extracts 
were performed on 150 × 4.6 mm, 5 mm particle, C18 column and wavelength of 303 nm (for 
amatoxins), and 291 nm (for phallotoxins) at UV detector was used. The flow rate of 1 mL/minute 
was used in an isocratic profile for the mobile phase. the content of the mobile phase was 0.05 M 
ammonium acetate (pH 5.5 with acetic acid)/Acetonitrile (90:10 v/v). The detection limits were set 
at 3 ng/g and 2.5 ng/g for amatoxins and phallotoxins, respectively. 

11.4 QUALITATIVE ESTIMATION 

11.4.1 Extraction of polysaccharides from mushrooms 

Before testing, organic solvents (degreaser) and alcohol are pretreated before extraction to 
remove any reduced molecular weight contamination or impurities, resulting in a more efficient 
extraction process. Ethanol precipitation, deproteinization, decolorization, dialysis, and fractio-
nation result in further purification (Ruthes et al., 2015; Szwengiel & Stachowiak, 2016). Recovery 
yield, monosaccharide composition, molecular weight, structure, and spatial configuration and, 
most importantly, the isolated polysaccharides’ bioactivity are affected by the extraction process 
(Qin et al., 2017; Morales et al., 2019). Physical techniques such as heat treatment, ultrasound, and 
microwave application can be used to extract functional polysaccharides from mushroom samples 
as they are water-soluble (Liu, 2019). Some non-polar polysaccharides, such as some β-glucans, 
require more extended periods of extractions or higher temperatures/pressures than most of the 
polar polysaccharides, which are thoroughly soluble in water and alkaline solution (Smiderle et al., 
2017). The great difficulty is encountered during extraction in polysaccharides with a considerable 
molecular weight, resulting in weak solubility and high viscosity (Akram et al., 2017; Chawla 
et al., 2019). Longer treatment time or higher temperature and pressure are required to extract 
chitinous materials insoluble in water. These processes result in the precipitation of chitinous 
fractions and the dispersion of other components (Morales et al., 2019). Some limiting factors 
should also be considered when extracting polysaccharides from a mushroom. More importantly, 
the mushroom cell structure’s complexity prevents the liberation of polysaccharides out of the 
intracellular matrix, making it economically unfavorable (Parniakov et al., 2014; Xue & Farid, 
2015). The previously mentioned conventional extraction strategies cause the denaturation of 
proteins, the modification of structural polysaccharides, the breakdown of heat-sensitive bioactive 
compounds, and the discharge of vast quantities of unwanted cell wall components, pectins, and 
cell debris thus bring the higher cost of purification. 

11.4.2 Hot water extraction (HWE) of polysaccharides 

HWE extraction is quite effective for separating water-soluble polysaccharides, which uses hot 
water at a temperature of 50°C–100°C for about 1.5–5 hours. Hence, it has low running costs and 
fundamental equipment and tool application (Parniakov et al., 2014; Xue & Farid, 2015). 

11.4.3 Alkaline- or acid-extraction (AE) 

The use of sodium hydroxide or potassium hydroxide and acids like hydrochloric acid or 
ammonium oxalate increase the polysaccharides’ extraction process from mushrooms (Yi, Xu, 
Wang, Huang & Wang, 2020), which commonly follow hot water extraction to improve the se-
paration of polysaccharides from mushrooms. 
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11.4.4 Ultrasonic-assisted extraction (UAE) 

Ultrasound-assisted extraction (UAE) is an alternative extraction method for bioactive in-
gredients with higher recovery efficiency. The UAE forms cavitation with the acoustic within the 
solvent for the breakdown of asymmetrical microbubble, releasing enormous energy creating mi-
crojets and shock waves with high shear force. The cavitation help in the breakdown of cell walls and, 
due to pore formation, capillary effects help in increased extraction yield combined with reduced 
particle sizes (You, Yin, & Ji, 2014; Ke, 2015). Diffusion of polysaccharides is assisted by the 
localized energy generated due to the thermal effect during the treatment facilitating the diffusion of 
polysaccharides within the solvent for improved extraction efficiency (Alzorqi et al., 2017). 

11.5 MOLISCH’S TEST FOR CARBOHYDRATES 

In this test, a small amount of Molisch’s reagent is mixed with each portion dissolved in 
distilled water, and then 1 mL of concentrated H2SO4 is added by pouring it through the test tube’s 
sides. This mixture is placed still for 2 minutes and then diluted with 5 mL of distilled water. Red 
or dull violet at the junction of the bilayer indicates a positive result (Sofowora, 1993). 

11.6 QUANTITATIVE ANALYSIS 

11.6.1 Proximate analysis 

11.6.1.1 Estimation of moisture content 

The moisture content of mushrooms can be determined by the approach of Raghuramulu et al. 
(2003). The cultivated mushroom samples’ moisture content is calculated as follows: The sample’s 
wet weight is measured with an electronic microbalance until the sensitivity limit is 0.001 g. The 
sample was dried under reduced pressure in a confined space and then dried under reduced pressure 
at 110°C on a rotary evaporator. The dry weight of the contents is measured, and then the total 
moisture content is calculated using the following expression and expressed as percentage moisture 
content per gram of wet tissue: 

Moisture Initial weight Final weight
weight of sample

(%) = ( )
100

11.6.1.2 Estimation of total proteins 

Preparation of tissue homogenate: About 1 g of wet mushroom mass is emulsified with 10 mL 
of saline buffered with phosphate (pH 7.4) and purified utilizing centrifugal force in a centrifuge 
moving at 10,000 rpm for 10 minutes. The supernatant (defined as tissue homogenate) is trans-
ferred to a fresh tube and kept at 20°C up until use. Protein estimation: The entire protein content 
can be assessed by Bradford’s method (1976). 100 µl of the test sample (tissue homogenate in 
saline buffered with phosphate, pH 7.4) is made to a volume of 500 µl with distilled water and 
mixed with 4.5 mL of Bradford’s reagent (Coomassie Brilliant blue, 10% (w/v) in methanol, 50% 
(v/v) and 88% orthophosphoric acid, 50% (v/v), adjusted the optical density of OD550 nm to 1.1). 
The contents are incubated and mixed well and incubated for 5 minutes at ambient temperature. 
The optical density is evaluated at 595 nm against a blank reagent (without tissue homogenate) in 
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ultraviolet-visible (UV-Vis) spectrophotometry. A standard graph is prepared using BSA ranges 
from 20 to 100 µl/mL. The protein concentration is calculated by plotting the OD of the test sample 
against the standard graph. The protein quantity is expressed as mg/g dry weight.  

• For Dried Mushrooms 
Five grams of pulverized mushroom are boiled in a water bath for 30 minutes with 50 mL of NaOH 
(0.1 N). The solution is then cooled at room temperature and utilizing a tabletop centrifuge; it is 
centrifuged at 1,000 × g. The floating substance is accumulated, and the total amount of protein is 
evaluated by the method given by Lowry et al. (1951).  

• For Fresh Mushrooms 
Five grams of sample is mixed with 50 mL phosphate buffer and homogenized with a tissue 
homogenizer to evaluate protein content. Five mL of homogenized sample is taken with 50 mL of 
0.1 N NaOH, and protein content is evaluated as described previously. 

11.6.1.3 Lowry assay by Folin reaction 

The “Lowry Assay: Protein by Folin Reaction” (Lowry et al., 1951) is by far the most actively 
utilized technique to analyze the number of proteins (present in solution or solvable in dilute alkali) in 
test samples of biological origin. Firstly, pre-treatment of protein is done using copper ions present in 
the alkali, reducing Folin’s reagent phosphomolybdate-phosphotungstic acid due to aromatic amino 
acids. The blue color indicates the termination of the reaction. Read the absorbance (at 750 nm) of the 
final Folin reaction product on the graph along the standard curve of the defined standard protein 
mixture. The amount of proteins present in the defined sample can be analyzed by assessing the 
absorbance (at 750 mm) of the Folin reaction’s final product on the graph along with the standard 
curve of the principle protein mixture (in some cases; Bovine Serum Albumin – BSA – solution). 

11.6.1.4 Determination of total lipids 

The total lipid count can be estimated by acquiring a slight modification in the method of Folch 
et al. (1957).  

• Dried Mushrooms 
Five grams of grounded mushrooms are dissolved in a mixture of 50 mL of chloroform: methanol 
(2:1 v/v), and then give it a thorough mix and left undisturbed for 3 days. The still mixture is then 
strained and centrifuged at 1,000 × g through a table centrifuge. Using a Pasteur pipette, the top 
layer of methanol can be pulled off, and then chloroform is vaporized using heat. Then the sub-
stance left behind is a crude lipid.  

• Fresh Mushrooms 
A 5-gram sample with 50 mL of phosphate buffer is taken and homogenized with a tissue homogenizer 
to evaluate fresh mushrooms’ total lipid. Lipid content is determined using a solution of 5 mL 
homogenized mixture and 50 mL of 2:1 chloroform and methanol solution by the previous method. 

11.6.1.5 Crude fiber analysis 

For crude fiber determination in mushrooms, the sample must be free of fats and moisture. Ten g 
of such a sample is placed in a beaker with 200 mL of 0.255 N H2SO4 boiling temperature. The 
boiling is continued for half an hour, and then carefully reduce the volume by adding water after 
regular intervals. This mixture is then strained using a muslin cloth, along the filtrate is rinsed with 
slightly boiling water until it becomes acid-free. This mixture is moved to the same container, and then 
200 mL of a boiling 0.313 N NaOH solution is added. After the volume has been kept constant in a 
beaker and boiled for half an hour, this mixture is then strained with a muslin cloth, and the filtrate is 
rinsed with slightly boiling water until the filtrate is alkali-free. The filtered residue is washed with 
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alcohol and ether. Now it is dried overnight in a crucible at 80°C to 1,000°C. After drying is complete, 
the residue is weighed on an electric weighing balance (Wd). The crucible is heated in a muffle 
furnace to 600°C for approximately 5 to 6 hours, then cooled and reweighed (Wa). The variation in 
weights (Wd–Wa) is the weight of the crude fiber can be found as (Raghuramulu et al., 2003): 

Crude fiber
g

g
of sample moisture content fat W W

weight of sample

100
= [100 ( + )] ( )

/( )

d a

11.6.1.6 Determination of total ash 

To calculate the mushroom sample fat content, take 1 g of a carefully weighed sample in the 
crucible. The crucible is first heated on a clay pipe triangle until the material is wholly burnt, then 
heated in a muffle furnace to 600°C for about 5 to 6 hours. The sample is then cooled down using a 
desiccator and then weighed. To ensure that the sample is wholly ashed, the crucible is heated 
again in a muffle furnace for 1 hour, then cooled and weighed. This process is repeated until the 
subsequent weights are identical and the burned ash is white or grey-white. The formula used for 
calculating total ash is as follows (Raghuramulu et al., 2003): 

Ash content
g

g of sample
weight of Ash

weight of sample used100
=

100

11.6.1.7 Total carbohydrate estimation 

The subsequent equation can be used to estimate the available carbohydrate in a mushroom 
sample is expressed in g/100 g of sample (Raghuramulu et al., 2003): 

Carbohydrate moisture protein fat crude fibre ash= 100 {( + + + + )

11.6.1.8 Mineral analysis 

The total ash is used to analyze the mushroom sample’s mineral content. Two mL of con-
centrated nitric acid is added to the ash, and it is thermally treated for 2 minutes. A dash of 
hydrogen peroxide is added to this formulation, and then the mixture is transferred to a volumetric 
beaker. Further, the final volume is increased to 50 mL by adding water, which can later evaluate 
the calcium, iron, manganese, magnesium, zinc, selenium, and arsenic with flame and graphite 
method coupled with atomic absorption spectrophotometer. 

11.6.1.9 Estimation of total sugar 

The total sugar in a mushroom sample can be estimated by the phenolic acid hydrolysis 
technique (Dubois et al., 1956; Ashwell, 1957; Krishnaveni et al., 1984). In short, 100 µl of tissue 
homogenate is mixed with 100 µl of phenol reagent (Phenol, 5% (w/v) in distilled water), mixed 
well carefully. Five mL of concentrated sulfuric acid is mixed by pouring it gradually through the 
tube’s sides with periodic stirring in a vortex mixer. The contents are mixed well and kept at 37°C 
for 20 minutes in a closed water bath. The optical density of the green-colored hydroxymethyl 
furfural is analyzed through a UV-Vis spectrophotometer. Ten to 100 µg of glucose range is used 
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to draw a standard graph. By plotting the optical density of the test sample against the standard 
graph, the total sugar concentration is obtained and expressed as mg/g dry weight. 

11.6.1.10 Soluble sugar assay 

To extract free sugar, 10 mL of ethanol at a concentration of 85% in a sample of 1.0 g dry weight 
is used for 24 hours. Free sugars are extracted from the sample using 10 mL of 85% ethanol on a dry 
weight basis for 24 hours. HPLC analysis is performed using a C18 column (4.6 × 250 mm) with a 
column temperature of 35°C with a mobile phase flow rate of 1.2 mL/min in 75% acetonitrile. The 
free sugar is quantified by comparing the standard table. 

11.7 AMINO ACID ASSAY 

The configuration of the amino acids of mushrooms can be determined from samples that have 
been hydrolyzed with 6 N HCl at 105°C for 24 hours. Then, the obtained amino acids are detected 
by liquid chromatography. The retention times and ranges with the original standard mixtures are 
used to identify amino acids. 

11.8 FATTY ACID ASSAY 

11.8.1 Fatty acid profile 

According to Hamilton (1992), the total lipids’ fatty acid composition is obtained from dried 
mushroom samples and analyzed in the form of fatty acid methyl esters (FAMEs) through gas 
chromatography. Ovens are set at 140°C for 5 minutes. The sample is introduced inside the GC by 
use of an auto-injector. The temperature is programmed to 140°C for 5 minutes, then raised to 
240°C at 4°C/minute and kept for 15 minutes. A constant flow rate of 20 cm/s of helium is used in 
the form of carrier gas. The injection port and oven temperature of the flame ionization detector are 
set at 260°C. FAMEs are diagnosed through the way of means of evaluating retention times with a 
genuine standard mixture. 

11.9 QUALITATIVE PHYTOCHEMICAL ANALYSIS 

11.9.1 Barfoed’s test for monosaccharides 

Barfoed’s reagent can be efficiently utilized to detect monosaccharides in the mushroom 
sample; 0.5 g of sample is required for the analysis. The sample is mixed with distilled water, and 
the resultant solution is passed through a filter paper. A 1 mL each of filtrate and Barfoed’s reagent 
placed in the test tube is heated for about 2 minutes onto the water bath. Monosaccharide presence 
is indicated by the reddish precipitation formed by the cuprous oxide (Sofowora, 1993). 

11.9.2 Fehling’s test for free reducing sugar 

Fehling’s reagent can be efficiently utilized to detect free reducing sugars in the mushroom 
sample; 0.5 g of sample is mixed with distilled water, and the resultant solution is passed through a 
filter paper. Fehling’s solution A and B mixed with filtrate, 5 mL each is heated. According to  
Sofowora (1993), reducing sugar is confirmed by the precipitation of reddish cuprous oxide. 
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11.9.3 Test for tannins 

According to Trease and Evans (2002), a solution of a 0.5 g sample and distilled water is 
prepared, filtered, and mixed with 2% of FeCl3. The blue-black or blue-green precipitate confirms 
the presence of tannin. 

11.9.3.1 Borntrager’s test for anthraquinones 

Borntrager’s test can be performed to analyze anthraquinone’s presence. According to this test, 
a solution of 0.2 g of sample and 10 mL of benzene is prepared. The filtrate is mixed with 5 mL of 
10% of ammonia solution. The presence of anthraquinones is confirmed by pink, red, or violet 
color in the ammonical phase (Sofowora, 1993). 

11.9.3.2 Liebermann-Burchard test for steroids 

Steroids can be confirmed by violet to blue or bluish-green color obtained by mixing of 0.2 g of 
sample with 2 mL of acetic acid, which is cooled well by ice and further mixed by concentrated 
sulphuric acid (Aglcone portion of a cardiac glycoside is the steroidal ring) (Sofowora, 1993). 

11.9.4 Test for terpenoids 

A test of terpenoids is performed by mixing little quantity of sample with ethanol. One mL of 
acetic anhydride acid is slowly mixed with the sample, followed by concentrated H2SO4. The 
appearance of pink to violet color shows the presence of terpenoids in mushrooms (Sofowora, 
1993). 

11.9.4.1 Saponins test 

One gram of mushroom sample is boiled with 5 mL of distilled water and filtered. The filtrate 
is mixed with 3 mL of distilled water and shaken vigorously for 5 minutes. Saponins are confirmed 
by the persistent froth obtained at higher temperatures (Sofowora, 1993). 

11.9.4.2 Flavonoids by Shinoda’s test 

Initially, a mixture of ethanol and 0.5 mL is prepared, warmed, and passed through filter paper. 
Magnesium chips (three in number) and some drops of concentrated hydrochloric acid are then 
mixed with the filtrate. Flavanoids are confirmed by the appearance of orange, red, and pink to 
purple color (Trease & Evans, 2002). 

11.9.4.3 Flavonoids by ferric chloride test 

Distilled water mixed with 0.5 mL of sample is boiled and filtered. Flavanoids are confirmed 
by the appearance of green-blue or violet color when ferric chloride is mixed with 2 mL of sample 
filtrate (Trease & Evans, 2002). 

11.9.4.4 Flavonoids by lead ethanoate test 

The sample is dissolved in distilled water and filtered. Five mL of the filtrate is mixed with 3 
mL of ethanoate solution. Flavanoids are confirmed by the appearance of buff-colored precipitate 
(Trease & Evans, 2002). 
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11.9.4.5 Flavonoids by NaOH test 

According to Trease and Evans ( 2002), a little quantity of the sample is dissolved in water and 
filtered; to this 2 ml of the 10%, aqueous sodium hydroxide is later added to produce a yellow 
coloration. A change in color from yellow to colorless on the addition of dilute hydrochloric acid is 
an indication of the presence of flavonoids. 

11.9.5 Test for alkaloids 

The sample is mixed with 5 mL of 1% aq. HCL and heated on water bath followed by filtration. 
Two test tubes are filled with 1 mL of the sample filtrate, and the first tube is mixed with few drops 
of Dragendorrf’s reagent, the appearance of red precipitate indicated the positive sign. The second 
test tube is mixed with a few drops of Mayer’s reagent, indicating the presence of alkaloids on 
buff-colored precipitation (Sofowora, 1993). 

11.9.6 Test for soluble starch 

According to the procedure given by Vishnoi (1979), a little amount of the sample is heated 
with 1 mL of 5% KOH, followed by cooling and acidifying with H2SO4. The appearance of yellow 
color is marked as the presence of soluble starch. 

11.10 QUANTITATIVE PHYTOCHEMICAL ANALYSIS 

11.10.1 Test for organic acids 

A standardized procedure is given by Barros, Pereira, and Ferreira (2013) and can be utilized 
to evaluate the amount of organic acid present in a mushroom sample. A wavelength of 215 and 
245 nm is the ideal wavelength for this detection, which is done using a PAD. Previously 
standardized curves of commercial standards of various organic compounds are matched with the 
area of curves generated using the mushroom samples for organic acids at a wavelength of 215 
nm. Organic acid includes fumaric, oxalic citric, and quinic acids. Grams per 100 g of dry basis 
is used as a unit. 

11.10.2 Determination of TPC 

The TPC can be quantified using the procedure of Siddhuraju and Becker (2007). An extracted 
sample is taken in a test tube and made up to 1 mL using distilled water. The solution is mixed with 
0.5 and 2.5 mL of Folin–Ciocalteu reagent and sodium carbonate solution, respectively. The so-
lution is mixed on a vortex and stored for 40 minutes in a completely dark place. The rested 
solution is subject to spectrophotometric analysis at 725 nm with a blank reagent solution. The 
TPC is quantified with the standard curve of catechol. The experimentation is performed in a 
replicatation of three. 

11.10.3 Total flavonoid determination 

The aluminum chloride colorimetric method can be employed to estimate the total flavonoids as 
reported by Chouhan et al. (2019). The standard curve of quercetin of 10, 20, 40, 60, and 80 μg/mL in 
methanol is used. The sample was mixed with methanol for extraction in a concentration of mg/mL of 
methanol was obtained. One mL of the extract is taken and mixed with 4 mL of distilled water, and 
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300 μL of 5% of sodium nitrite is added and incubated for 5 minutes. To the incubated solution, 300 
μL of 10% aluminum chloride is mixed and left to stand for another 6 minutes. Following the addition 
of 1 M sodium hydroxide, the solution was made 10 mL with double distilled water. The solution was 
left to stand for another 15 minutes, and then absorbance was recorded at 510 nm. The flavonoid 
content was calculated using a calibration curve with r2 = 0.994, 

y x= 0.006 + 0.005

mg g−1 of dried extract QUE (quercitin equivalent) is used to express the flavonoid content. 

11.10.4 Estimation of total flavonoid content 

Another method to determine total flavonoid content with slight modification is given by  
Zhishen et al. (1999); 0.5 mL sample extract is mixed with 2 mL of distilled water. The solution is 
mixed with 0.15 mL of 5% NaNO3 solution. The solution is left for 6 minutes, and 0.15 mL of 10% 
AlCl3 solution is added, and the final volume is made 5 mL using distilled water. The solution is 
mixed thoroughly and left undisturbed for 15 minutes. Spectrophotometric analysis is carried out at 
510 nm with catechol as a standard compound for reference. 

11.10.5 Test for 5′-nucleotide assay 

The procedure given by Pei et al. (2014) can be followed for the extraction of 5′-nucleotides 
from the samples. For this purpose, freeze-dried samples are dissolved and extracted with 50 mL of 
deionized water. Centrifugation is done for 30 minutes at 4,000 rpm on the boiled extract obtained 
after cooling. The extracted sample goes for HPLC analysis after being filtered through a 0.22 μm 
nylon filter. HPLC was performed using the C18 column on the isocratic mobile phase of 5% 
methanol and 95% of 0.05% phosphoric acid with a flow rate of 0.7 mL/minute, and detection is 
done at 254 nm. With the help of authentic standard retention time, 5′-nucleotides are identified 
and quantified by the respective calibration curve. 

11.10.6 1LC-MS analysis of phenolics 

LC-MS analysis can be done using a mass spectrometer with an ESI, i.e. electrospray ionization 
source (ESI), which is combined with a mass spectrophotometer (MS) according to the procedure 
given by Benabderrahim et al. (2019). C18 column (250 × 2.1, 2.6 μm) is utilized to investigate and 
separate compounds. Two mobile phases consisted of 0.1% formic acid in distilled water, and me-
thanol is utilized. In a linear gradient elution for 0 to 45 minutes, 10% to 100% B; 45 to 55 minutes, 
100% B. Five μL was used for injection volume, with 0.4 mL/minute of flow rate and 30°C of 
temperature was maintained, and at 280 nm detention was performed (Benabderrahim et al., 2019). 

11.11 NUTRITIONAL, TOXIC STUDIES FOR HUMAN HEALTH HAZARDS 

Though consumption of mushrooms has many health benefits, Numerous studies have con-
firmed mushroom bioactivities, including anti-inflammatory, cholesterol-lowering antioxidant, 
antibacterial, immunoregulatory, antifungal, anticancer, antiallergic, antihypertensive, antidiabetic, 
liver-protective, and antiviral activities (Moro et al., 2012; Kosanić et al., 2016; Muszyńska et al., 
2016; Nowakowski et al., 2020). Apart from the stated benefits, the particular risk is associated 
with mushroom consumption mainly due to the poisoning of heavy metals such as Cd, Hg, As, and 
Pb. The heavy metal results from bioaccumulation resulting in biomagnification of these hazards in 
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the food chain resulting in consumer risk significantly due to Hg, in methylated form (Širić et al., 
2017). Seafood and fish are a significant target of bioaccumulation but can also be found in 
mushrooms (Adel et al., 2016; Adel et al., 2018; Cammilleri et al., 2018; Cammilleri et al., 2019;  
Signorelli et al., 2019; Cammilleri et al., 2020). 

11.11.1 Determination of mercury content in mushroom 

Mercury content can be measured using the analysis protocol of the manufacturer in a single- 
purpose atomic absorption spectrometer. Dried mushroom is powdered and kept into the cuvette, 
and placed in an analyzer chamber. The sample is dried, followed by combustion at 600°C in the 
presence of oxygen prevailing in the chamber. Gold amalgamator traps the Hg vapors. The 
quantification of Hg is done on the following condition of drying time, decomposition time, and 
waiting time of 60, 150, and 65 seconds, respectively. The calibration is performed with the help of 
a standard working solution of mercury. Mercury is measured (wet basis) depending upon the 
sample’s water content, and the result is expressed in μg kg−1 on a dry and wet basis (Nowakowski 
et al., 2021). 

11.11.2 Determination of lead and cadmium content in mushroom 

Pb and Cd’s content can be quantified using electrothermal atomic absorption analytical 
analysis (ETAAS) by Zeman’s subsequent correction. Pb and Cd concentration in mineral samples 
was made at wavelengths of 283.3 and 228.8 nm, respectively; 0.5% ammonium dihydrogen 
phosphate or one gL−1 palladium nitrate was used as a matrix modifier for Pb and Cd, respectively 
(Omeljaniuk et al., 2018). Calibration curves for Pb and Cd were created using a fixed standard 
solution concentration of 0, 5, 10, 20, and 40 μgL−1 for Pb and 0, 0.5, 1, 2, and 4 μgL−1 for Cd. The 
content of the element in the sample is dependent upon the sample’s water content. The results are 
presented on a wet basis in mg/kg (Nowakowski et al., 2021). 

11.11.3 Determination of arsenic content in mushrooms 

Arsenic content is quantified using Inductively coupled plasma mass spectrometry (ICP-MS) 
and the discriminatory kinetic energy chamber (KED). In this adjustment, the polyatomic inter-
ference was corrected by collision and electromagnetic distortion. The conditions for ICP-MS were 
as follows: mass – 74.9216 amu, stay time for each amu – 50 ms, integration time – 1,000 ms, and 
measurement mode for both detectors (Jablonska et al., 2017). Calibration curves were created 
from standard active solutions of arsenic at 0, 1, 2, 5, and 10 μgL−1 concentrations, prepared based 
on the As standard solution. The arsenic content is expressed on a wet basis depending upon the 
sample’s water content. The results are expressed as mg kg-1 on a dry and wet basis (Nowakowski 
et al., 2021). 

11.12 ESTIMATION OF HUMAN HEALTH RISKS 

Different indicators have been utilized in the study of health risks conferred by the con-
sumption of mushrooms on humans. Some of these indicators are PTWI (Provisional Tolerable 
Weekly Intake) for Hg, PTMI (Provisional Tolerable Monthly Intake) for Cd, and BMDL 
(Benchmark Dose Lower Confidence Limit) for As and Pb (WHO, 2011a, 2011b, 2013). Target 
Hazard Quotient (THQ), Hazard Index (HI), Carcinogenic Risk (CR), and Estimated Daily Intake 
(EDI) have been established for the elements (Dadar et al.,2017; Ahmed et al., 2019). Studies 
indicate that Polish consumers consume 100 g of fresh mushrooms daily, which deems it as their 
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standard portion (Wojciechowska-Mazurek et al., 2011). The daily permissible value was set as 
0.57 μg/kg/day for Hg, 0.5 μg/kg/day for Pb, 0.83 μg/kg/day for Cd, and 3 μg/kg/day for As. These 
values have been calculated following the index set by World Health Organization (WHO) – PTWI 
for Hg is 4 μg/kg/week, PTMI for Cd – 25 μg/kg/month, and BMDL for Pb and As is 0.63 
(nephrotoxicity effect) and 3 μg/kg/day (lung cancer), respectively (WHO, 2011a, 2011b, 2013). 
Studies have been conducted to calculate the maximum amount of mushroom that a person can 
consume with a 70 kg bodyweight that would exceed the daily permissible. EDI is an index that 
assesses the flow of elements from the consumption of food to the human body. The EDI value for 
a particular element is calculated by multiplying the mean value of element content in a mushroom 
sample by the number of mushrooms consumed by a person of average body weight (70 kg) daily. 
The following formula is used to calculate EDI: 

EDI FIR x C=

where: 

FIR is the average daily consumption of mushrooms (Kalač & Svoboda, 2000) 
C is the mean concentration of the elements in the mushroom sample. 

Target hazard quotient value (THQ) was used to assess the non-carcinogenic and long-term 
health hazards from hazardous elements resulting from consuming mushrooms. This index com-
bines various factors, including concentrations and toxicity of Pb, Cd, Hg, and As. It also includes 
the quality and amount of food ingested, and the consumer’s average body mass which is assumed 
to be 70 kg. 

A THQ value higher than 1 indicates the possible deleterious health effect of ingesting a 
specific food product. THQ can be calculated using the following formula: 

THQ x Efr EDtot FIR C RfDo BWa ATn= 10 3 ( )/( )

where: 

Efr shows exposure frequency – 365 days per year 
EDtot is the duration of exposure 
The average consumption of mushrooms daily is termed a FIR value and has been roughly 

approximated to be 27 g/day (10 kg/year) (Kalač & Svoboda, 2000). 
C represents the toxic element’s average concentrations in mushroom 
RfDo is the oral reference dose for toxic elements (Kalac, 2019) 
Bwa and ATn are the average value of body weight (70 kg) and average exposure, respectively 

(365 days per year). 

Pb, Cd, and As are carcinogens that cause cancer as a consequence of their exposure; CR value 
represents the likelihood of developing cancer in a lifetime due to exposure to such cancer-causing 
agents. A CR value exceeding 10–4 shows a higher risk of cancer-causing effect, and a CR value 
lower than 10–4 represents an acceptable risk (Hu et al., 2017; USEPA, 2000). The CR value is 
calculated with the following formula: 

CR x Efr x EDtot x EDI x CSf ATn= 10 3 ( )/

CSf represents the oral slope factor of carcinogen, and it is 1.5, 0.0085, and 6.3 mg/kg/day for As, 
Pb Cd, respectively (USEPA, 2000). 
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The HI index is calculated as a summation of THQs of toxic effects of elements that have been 
studied (Pb, Cd, and As) and found in the physical part of the mushroom, and the equation is  

HI THQs=
i k

n

=

where: 

THQs is the estimated target hazard quotients for elements 

The HI is considered a substantial risk and potential danger to health when it reaches a value 
higher than 1 (Ahmed et al., 2019; Dadar et al., 2017). 

11.13 CONCLUSION 

Mushrooms have a variety of nutrients that have applicability in a variety of places. 
Characterization of various types of mushrooms, based on their morphological characteristics, 
several physical tests such as density, mechanical, and color are done to sort in basic order. 
Similarly, to check the availability of a particular chemical without quantification, tests such as 
flavonoids, reducing sugar tannins, steroids, terpenoids, and alkaloids can be done without 
quantification. Several changes occur during the processing of mushrooms, especially in the case 
of drying; the morphological characteristics are changed drastically for which specific physical 
tests such as moisture retention test, rehydration ratio, and yield are performed to check the ef-
ficiency of the processing that has been carried out. Wild mushrooms are classified as both toxic 
and edible, and to quantify the toxic components of the mushroom, a specific test such as HPLC is 
performed to estimate the levels of toxic components that could render the mushrooms inedible. 
Mushrooms growing in the wild, especially near watersides, can also be bioaccumulation sources 
of heavy metals, as discussed, which have serious health hazards that need to be determined before 
consumption. Several guidelines are issued regarding the safe limits of toxic elements, such as Hg, 
As, Pb, and Cd to render the fungus edibility. 
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12.1 INTRODUCTION 

The earliest evidence for human mushroom consumption comes from human dental fossils (“the 
Red Lady”) found in El Miron cave in Spain, dating from the Magdalenian phase of the upper 
Paleolithic period, some 18,700 years ago; spores of a bolete and an agaric mushroom were found in 
dental plaque of this fossil’s teeth (Power et al., 2015; Straus et al., 2015), suggesting that wild 
mushrooms were part of people’s diet for thousands of years. Mushrooms are regarded as functional 
food, low in total calories and fats, and high in fiber content, proteins, minerals, and certain vitamins. 
Many species are praised due to their organoleptic properties, and many are used because of their 
alleged medicinal properties (Kalač, 2009; Govorushko et al., 2019; Petrović et al., 2019c; Li et al., 
2021). Unfortunately, a great number of these mushrooms cannot be cultivated, so the only way to 
obtain them is to collect them from the wild (Li et al., 2021). The wild mushroom foraging is, 
however, a potentially dangerous activity, as numerous poisonous species can be easily mistaken for 
edible mushrooms due to their macroscopic similarities (Unluoglu & Tayfur, 2003; Jo et al., 2014). 
There is a great variety of toxins produced by fungi, and mushroom poisonings can range from 
simple gastrointestinal disorders to potentially fatal multi-organ failures. Deaths due to mushroom 
poisonings have been reported annually. The list of poisonous mushrooms is growing continuously, 
as well as previously unknown mushroom poisoning syndromes (Beuhler, 2017). However, re-
sponsible toxins and/or mechanisms of their action are still not known for a great number of poi-
sonous mushrooms. Mushroom poisonings can be classified in different ways, but they are usually 
classified by the clinical presentation of poisoning (Beuhler, 2017; White et al., 2019a). This chapter 
deals with the most important mushroom poisoning syndromes and sums up the relevant and newest 
information, with a critical approach. 

12.2 HEPATOTOXIC MUSHROOMS – AMATOXIN POISONING 

Amatoxin containing mushrooms, especially those of the section Phalloidae of the genus Amanita, 
are responsible for 90% of the lethal mushroom poisonings around the globe (Enjalbert et al., 2002), 
and one species is particularly infamous – Amanita phalloides or the death cap, which gives the name 
to the whole section of “lethal Amanitas”. Although it originates from Europe, A. phalloides has been 
introduced to North America, Australia, New Zealand, and South Africa. Other notable members of the 
genus that contain amatoxins are A. verna from Europe, A. virosa from Europe and northeastern Asia, 
A. fulliginea, and A. exitialis from east Asia , A. bisporigera, and A. ocreata from North America. A 
recent genetic study showed that there is a great diversity of lethal species of the genus Amanita 
worldwide (Cai et al., 2014), but especially in East Asia, with several new species being described (Cai 
et al., 2016), with a total of 28 valid species recognized worldwide (Cai et al., 2014). A. fulliginea was 
reported as the most common cause of amatoxin poisonings in southern China, accounting for more 
than 40% of both mushroom poisonings and deaths due to mushroom poisonings (Chen et al., 2013). 
Several species in the genus Galerina and Lepiota also contain amatoxins and were implicated in lethal 
poisonings, most notably G. marginata, L. helveola, and L. brunneoincarnata, as well as Conocybe 
filaris (Akata et al., 2020, Sun et al., 2019, Ramirez et al., 1993, Haines et al., 1986), although poi-
soning with these species is far more rarely reported. A study conducted in 1976 reported that traces of 
amatoxins can be found in many species of edible mushrooms, including Agaricus sylvaticus, Boletus 
edulis, and Cantharellus cibarius (Faulstich & Cochet-Meilhac, 1976), although the sensitivity of the 
methods used must be questioned since newer studies failed to find amatoxins even in the closest 
relatives or most basal members of the Amanita sect: Phalloidae, A. areolata, A. hesleri, and A. zangii 
(Cai et al., 2014). 

Photograph 12.1. Amanita phalloides, the most feared poisonous mushroom. Crni vrh, Serbia, 
2014. Photo: P. Petrović 
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Amatoxins are bicyclic octapeptides and include at least nine related compounds, the best 
studied of them being α- and β-amanitin (Garcia et al., 2015b). They represent RiPPs: ribosomally 
synthesized and posttranslationally modified peptides; they are produced by proteolytic cleavage of 
proproteins of 35 aminoacids, together with modifications of amino acid residues, which includes 
the formation of an unusual 2′-indole thioether bond between the Cys and Trp residues, resulting in 
a unique moiety referred to as tryptathionine that forms an inner ring structure (Bills & Gloer, 
2017). The structure of α-amanitin is given in Figure 12.1. 

Figure 12.1 α-amanitin chemical structure. 

Source:  http://www.chemspider.com.    
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All parts of death cap’s fruiting body were found to contain amatoxins: cap, stipe, volva, and 
even spores. The highest concentration was found in mushroom caps, while the lowest amatoxin 
content was found to be in volva and spores (Kaya et al., 2013; Garcia et al., 2015c). Zhou et al. 
(2017) had similar results concerning A. fulliginea; they found that the amatoxins in the cap were 
the most concentrated in lamellae, while spores contained the lowest amatoxin content. Amatoxins 
are thermostable but water-soluble so the concentration of the toxin in the fruiting bodies can be 
lowered significantly by parboiling; α-amanitin concentration was showed to be reduced about five 
times and β-amanitin about eight times (Sharma et al., 2021). They are also resistant to low 
stomach pH, as well as proteolytic enzymes (Garcia et al., 2015b). Amatoxins are readily absorbed 
from GIT and quickly eliminated from blood as they do not bind to albumin. The liver is the main 
target of their accumulation and toxicity (Garcia et al., 2015b) as they undergo the active uptake by 
hepatocytes via OATP1B3 (“Organic anion transporting polypeptide 1B3”) and NTCP transporter 
(Rodrigues et al., 2020); kidneys are also exposed to the toxin as amatoxins are mainly excreted via 
urine. The part of the toxins that are excreted via feces can be reabsorbed from GIT, and thus 
undergo enterohepatic circulation (Garcia et al., 2015b). The LD50 in humans for orally ad-
ministered α-amanitin is estimated at 0.1 mg/kg. The average fully developed fruiting body of A. 
phalloides contains 5–8 mg of amatoxins, which means that ingestion of a single fruiting body may 
be lethal (Sharma et al., 2021). 

Apart from amatoxins, the deadly poisonous species in the Amanita genus contain structurally very 
similar phallotoxins and virotoxins. Phallotoxins also have bicyclic structure but are heptapeptides and 
they include at least seven different compounds, while virotoxins are monocyclic heptapeptides, 
consisting of at least five different compounds. Both phallotoxins and virotoxins are shown to interfere 
with cytoskeletal components in vitro, and cause death in mice after intraperitoneal injection after 2–5 
hours, due to liver damage. LD50 dose of phallotoxins and virotoxins in mice varies from 1–20 mg/kg, 
depending on the compound. However, their contribution to the overall toxicity of deadly poisonous 
mushrooms in the Amanita genus is thought to be negligible, as they are poorly absorbed from GIT 
(Garcia et al., 2015b). A study showed that both amatoxins and phallotoxins may be stable in dry 
conditions for nearly two decades; they were found to be detectable in 17-year-old dried herbarium 
specimens of A. phalloides and 10-year-old specimens of A. marmorata (as A. reidii), despite some 
reports stating that phallotoxins are easily degraded upon drying (Hallen et al., 2002). 

The best-understood amatoxin action in living cells is the inhibition of RNA polymerase II, 
which consequently blocks protein synthesis, thus interferes with normal cell functions, leading to 
cell death (Wieland, 1983). Although amatoxins bind non-covalently to the enzyme, the inhibition 
may be irreversible due to consequent degradation of RNA polymerase II largest subunit, RPB1, as 
suggested by Nguyen et al. (1996). However, other mechanisms of amatoxin action were also 
identified, questioning the precise role of protein depletion in early hepatic dysfunction stages. 
Several in vitro studies on hepatocytes found that α-amanitin causes induction of p53-mediated 
apoptosis (Chen et al., 2020; Garcia et al., 2015); it is suggested that this effect, seen in other RNA 
polymerase inhibitors as well, may be correlated with the transcription inhibition, although it is not 
clear how (Ljungman et al., 1999). When induced, p53 forms complexes with mitochondrial pro-
tective proteins, which leads to alteration of mitochondrial membrane permeability and release of 
cytochrome-C into the cytosol, causing activation of the mitochondrial apoptotic pathway. It was also 
found that p53-deficient cells were less sensitive to death induced by α-amanitin, confirming the 
importance of p53-mediated toxicity (Garcia et al., 2015b). 

A recent in vivo metabolomic study in mice suggested that mitochondrial dysfunction plays an 
important role in the early phase of amatoxin poisoning; α-amanitin was shown to cause pro-
gressive energy cell disorders, affecting sugar, arginine, CoA, and TCA cycle metabolism; 
adaptive processes that tend to bring these pathways “back to the center” are soon blocked by 
inhibition of protein synthesis, which leads to cell dysfunction, death, and consequent liver failure 
(Chen et al., 2021). Oxidative stress is also thought to be an important part of the amatoxin 
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mechanism of action; it was shown that α-amanitin increases the concentration of total and mi-
tochondrial ROS in hepatocytes, and that activation of apoptotic mitochondrial pathways is as-
sociated with oxidative damage (Chen et al., 2020). The role of TNFα in the α-amanitin toxicity 
mechanism was also studied and there is evidence that it might exacerbate its toxicity (Garcia 
et al., 2015b). Combining proteomic, genomic, and metabolomic studies in the future may finally 
elucidate the precise mechanism of amatoxin actions and connect all the puzzle pieces, thus 
provide new and more effective therapeutical procedures. 

Amatoxin poisoning has three distinct phases. During the first, gastrointestinal phase, symp-
toms of poisoning are non-specific and include nausea, vomiting, abdominal pain, and diarrhea, 
followed by general weakness due to loss of water and electrolytes. These symptoms take place 
shortly after amatoxin-containing mushroom ingestion, usually after 3–6 hours, but they may be 
delayed for up to 24 hours. It is believed that phallotoxins, and not amatoxins are responsible for 
transitory gastrointestinal dysfunction; phallotoxins, unlike amatoxins, do not undergo systemic 
absorption. In the next, latent phase, which typically starts 24 hours upon ingestion, gastrointestinal 
symptoms resolve, often misleading that the patient has recovered. With the progress of the second 
phase, the impairment of both hepatic and renal function, caused by amatoxins worsens but is still 
compensated so the symptoms associated with this impairment take place in the third and final, 
hepato-renal phase, 3–5 days after ingestion (Allen et al., 2012; Garcia et al., 2015b). 
Thrombocytopenia was also reported from a case series that involved A. fuliginea poisonings in 
China (Wang et al., 2020). If not treated, hepatic and renal failure may occur, leading to multiorgan 
failure and death. Early diagnosis is crucial for clinical outcomes. If amatoxin-containing mush-
room poisoning is suspected during the early, gastrointestinal phase, gastric lavage, and/or ad-
ministration of activated charcoal are recommended (Allen et al., 2012; Ye & Liu, 2018). Drug 
treatment includes several chemically different compounds, although none of them can prevent 
binding of amatoxin to RNA polymerase II and consequent degradation of ribosomal subunits; in 
other words – none acts as an antidote (Rodrigues et al., 2020). These drugs include N- 
acetylcysteine (NAC), benzylpenicillin, lipoic acid, sylibin, but also vitamins with antioxidant 
activity (vitamins C and E) and certain hormones (steroids and insulin combined with growth 
hormone or glucagon) (Enjalbert et al., 2002; Poucheret et al., 2010). As depletion of glutathione, 
an important intracellular antioxidant, is characteristic biochemical change during the amatoxin 
poisoning, its precursor, N-acetylcysteine has been used to boost cells’ capacities to fight reactive 
oxygen species produced in hepatocytes; N-acetylcysteine alone also acts as a free radical sca-
venger and may alter amatoxin tryptathione bridge, which is essential for its activity. Although its 
efficacy has been questioned by some, the largest cohort study undertaken so far, which analyzed 
the documented results of various protocols used for the treatment of amatoxin poisonings found 
that N-acetylcysteine was correlated with positive outcomes. Other compounds with purely anti-
oxidant activity did not show the same efficacy (Enjalbert et al., 2002; Poucheret et al., 2010; Allen 
et al., 2012; Ye & Liu, 2018). Benzylpenicillin is the most frequently used drug in amatoxin 
poisoning treatment. It acts as an amatoxin uptake inhibitor, competitively binding to the same 
receptor – OATP1B3 transporter. However, its clinical efficacy was seriously questioned nowa-
days, as it has been shown that benzylpenicillin does not have any influence on overall mortality. 
This might be because relatively high doses of benzylpenicillin are needed for efficient uptake- 
inhibitory effect, doses that might not be safe to use, so it is now recommended that benzylpe-
nicillin should be administered only if other therapeutic options are not available. The time point of 
administration may be crucial for benzylpenicillin efficacy, considering its mechanism of action. 
Sylibin, the main constituent of sylimarine – a lignoflavonoid complex isolated from milk thistle 
(Sylibum marianum) may be the closest to an antidote when it comes to amatoxin poisoning 
treatment. Its clinical efficacy to prevent serious liver damage and death is well established, so it 
became a drug of the first choice in the treatment of amatoxin poisoning. It acts both as an uptake 
inhibitor, as benzylpenicillin, but also as a very potent antioxidant, scavenging ROS (Enjalbert 
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et al., 2002; Poucheret et al., 2010; Allen et al., 2012; Ye & Liu, 2018). Polymyxin B was recently 
found to bind to the same site on RNA Polymerase II as α-amanitin, thus preventing amatoxin 
binding, and was marked as a potential “breakthrough drug” in the treatment of amatoxin poi-
soning. In vivo studies showed that it could significantly reduce hepatic and renal injury and 
increase survival in α-amanitin treated animals (Garcia et al., 2015a). In vitro studies, however, 
didn’t confirm the proposed polymyxin’s mode of action, as it had much less affinity to bind to 
RNA Polymerase II than α-amanitin and could not prevent its toxicity, but neither could ben-
zylpenicillin, N-acetyl cysteine, or sylibin, suggesting the complexity of their in vivo actions 
(Rodrigues et al., 2020). Ganoderma lucidum decoction (referred to as “glossy ganoderma de-
coction”), a traditional Chinese remedy was recently shown, in a limited clinical study to be po-
tentially beneficial as an adjuvant in the treatment of amatoxin poisoning, with reduced mortality 
among the poisoned, due to the alleged hepatoprotective properties (Xiao et al., 2007; Ye & Liu, 2018). 
In severe cases of liver failure, transplantation may be the only treatment option (Allen et al., 2012). 

12.3 NEPHROTOXIC MUSHROOMS 

12.3.1 Amanita renal failure poisoning syndrome 

While species of genus Amanita in section Phalloideae cause predominantly hepatic failure, 
species in the section Lepidella and Amidella can cause severe renal failure (Fu et al., 2017). This 
syndrome was relatively recently described from North American Amanita smithiana (Pelizzari 
et al., 1994), and later from European A. proxima (De Haro et al., 1997) and several Asian species 
of the same section, such as A. pseudoporphyria (Iwafuchi et al., 2003), A. oberwinklerana (Fu 
et al., 2017), and A. neoovoidea. The previously reported primarily nephrotoxic poisoning caused 
by species of Amanita mushrooms might have been associated with A. phalloides (West et al., 
2009). The symptoms of poisoning caused by ingestion of these mushrooms include transient 
gastrointestinal disorder which presents after 5–6 hours on average (20 minutes–12 hours) and 
include nausea, vomiting, abdominal pain, and sometimes diarrhea, similar to the early phase of 
amatoxin containing mushroom poisoning. The renal phase of poisoning can be seen on the very 
same day of mushroom ingestion or it may be delayed, and present after 3–6 days. A biopsy of a 
patient’s kidney indeed showed all signs of tubular necrosis. A mild liver injury that resolves 
quickly can be seen in some cases, and it seems that it is associated with early renal failure (Bains 
and Chawla, 2020). The treatment is supportive and it includes hemodialysis, which may be re-
quired for up to seven weeks; however, renal failure is reversible and renal function seems to return 
to normal so patients do not require kidney transplantation (West et al., 2009; Warden & Benjamin, 
1998). The non-proteinogenic amino acid, 2(S)-amino-4,5-hexadienoic acid (“allenic norleucine”; 
Figure 12.2), isolated in the 1970s, was suggested to be the main toxic principle responsible for this 
syndrome (West et al., 2009). Apart from A. smithiana, the presence of allenic norelucine was 

Figure 12.2 Chemical structures of orellanine (1) and 2(S)- 
amino-4,5-hexadienoic acid (2). 

Source:  http://www.chemspider.com.     
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confirmed in A. smithiana, A. pseudoporphyria, A. neoovoidea, and A. abrupta (Fu et al., 2017), 
the first three of which are known to have caused nephrotoxicity in humans. The in vivo studies in 
guinea pigs showed that administration of amino hexadienoic acid causes renal damage as seen in 
A. smithiana poisoning (West et al., 2009), but it had a relatively high lethal dose of 100 mg/kg, 
and the toxic effects seen at doses of 33 mg/kg (Pelizzari et al., 1994). On the other hand, allenic 
norleucine content in A. smithiana was found to be 0.1% dry weight, which can be characterized as 
relatively low, prompting the question if an unusual amino acid is the (main) responsible toxin in 
these mushrooms (Kirchmair et al., 2011). Pelizzari et al. (1994) partially purified a compound 
from A. smithiana by TLC, which showed toxicity towards two epithelial renal cell lines and 
referred to it as a possible amino sugar, consisting of allenic norleucine and a sugar moiety. The 
incubation time in vitro was found to be 12 hours, which is again consistent with in vivo poisoning 
progression (West et al., 2009). Kirchmair et al. (2011) used the same TLC technique and detected 
the identical compound in A. gracilior, A. boudieri, and A. echinocephala. They did not detect it in 
A. strobiliformis, an edible member of the section Lepidella, but neither in A. proxima, nephrotoxic 
species from the section Amidella. They argued that the toxic compound was either 2(S)-amino- 
4,5-hexadienoic acid, or an amino sugar, but did not perform any further analytical analysis to 
strengthen their theory. They also concluded that A. proxima contains different toxic principle(s). 
The mechanism of toxic compounds is yet to be elucidated (West et al., 2009). 

12.3.2 Orellanine poisoning syndrome 

Webcaps (Cortinarius) represent one of the largest mushroom genus in the world, with an 
estimated 2,000–3,000 species worldwide (Danel et al., 2001). However, little was known about 
how dangerous some Cortinarius species are, until a series of kidney failure–related deaths in 
Poland were associated with webcap ingestion during the 1950s. A toxin responsible for kidney 
injury was characterized several years later and named orellanine (Figure 12.2) after Cortinarius 
orellanus, the species involved in poisonings in Poland (Rapior et al., 1987). The ingestion of 
orellanine containing mushrooms causes primarily delayed nephrotoxicity (White et al., 2019a), 
making it difficult to establish a link between the ingestion of mushrooms and the symptoms. 
Orellanine is known to be present in species of the subgenus Cortinarius (formerly Leprocybe), 
section Orellanii, which include European species C. orellanus and C. rubellus (syn. C. specio-
sissimus, C. orellanoides), the most frequent causes of human poisonings, and also North 
American species C. orellanosus and C. rainierensis (possibly another synonym of C. rubellus) 
and in lower concentration in C. armillatus. There are many species of webcaps and they are 
difficult to identify, so edible webcaps, like C. caperatus and C. praestans may easily be mistaken 
for poisonous species in the genus. As poisonous webcaps have relatively small fruiting bodies, 
with reddish tones, they have been also mistaken for chanterelles (Shao et al., 2016). Reports of 
confusion of psychedelic Psilocybe mushrooms with Cortinarius species also exist (Wörnle et al., 
2004; Calviño et al., 1998). The great majority of reported poisonings had taken place in Europe 
and more than half of that in Poland (Michelot & Tebbett, 1990, Danel et al., 2001). Poisoning 
with webcaps is more rarely reported from North America (Brandenburg & Ward, 2018). 
Orellanine is an alkaloid with a bipyridine structure that resembles diquat and paraquat, widely 
used synthetic herbicides. Interestingly, orellanine produces the same effect in plants as bipyr-
idines, interfering with the photosynthesis process and decreasing chlorophyll levels; it is thought 
to act through its free radical form which damages chloroplast membranes (Høiland, 1983). 

Orellanine is a white crystalline substance that may constitute up to 1.5% of the dry mass of C. 
orellanus and 0.9% of C. rubellus (as C. speciosissimus, Prast et al., 1988). It is photosensitive, 
with photodegradation products being non-toxic orellinine and orellin, which fluoresce under UV 
light (Laatsch & Matthies, 1991). Mushrooms containing orellanine may thus be identified using 
this ability. Orellanine is, on the other hand, heat resistant (Bunel et al., 2018). 

MUSHROOM TOXINS                                                                                                                 375 



Similar to liver’s sensitivity to amatoxins, renal tissue seems to actively accumulate orellanine, 
probably via cellular uptake. This fixation to renal tissue might take place fast upon absorption, as 
orellanine could not be detected in blood or urine of victims two days upon ingestion. Mechanism 
of orellanine nephrotoxic action is not yet uncovered; the evidence suggests it acts at the level of 
the tubular system, proximal tubular epithelium, to be precise, so the glomerular function in the 
presence of the toxin is preserved (Nilsson et al., 2008). The evidence also suggests that the 
mechanism of toxicity includes promotion of oxidative stress as well as protein synthesis inhibition 
(Richard et al., 1991; Nilsson et al., 2008; Bunel et al., 2018), particularly those involved in 
cellular defense against oxidative damage, superoxide dismutase and catalase; it was found that 
these enzymes were down-regulated in renal tissue of rats, at both mRNA and protein level. The 
most dramatic effect is the down-regulation of glutathione peroxidase 3 (GPX3) at mRNA level in 
mice, to less than 20%, although the function of this circulating enzyme which is synthesized in 
kidneys is still unclear (Nilsson et al., 2008). In vitro studies showed that orellanine may act 
through the free radical generation and it is highly indicated that this happens in vivo, too. 
Orellanine was shown to easily go through the redox cycle in vitro, which may also occur under 
physiological conditions. Orellanine is oxidized to the orthosmeiquinone anion radical, which can 
then be reduced by glutathione or ascorbate; this circulus viciosus could easily lead to depletion of 
cell antioxidant capacities, namely gluthatione, and consume oxygen, leading to cell dysfunction 
(Richard et al., 1995; Bunel et al., 2018). The precise connection between protein synthesis in-
hibition and oxidative stress is not fully elucidated. 

After speculations that there were toxins of peptidic nature present in poisonous Cortinarius 
species, Tebbett and Caddy (1984) reported the presence of cyclopeptide compounds from 
Cortinarius species, similar to amatoxins and phallotoxins. They allegedly elucidated the struc-
tures of three different types of these peptides, named cortinarin A, B, and C. They even performed 
in vivo toxicological studies, proving cortinarin A and B being allegedly nephrotoxic. They found 
that cortinarin A was practically ubiquitous within the genus, detecting it in more than 50 species. 
They also found that cortinarin B was present only in known toxic species, together with a rela-
tively high content of cortinarin A. However subsequent studies could not confirm the validity of 
cortinarins’ toxic nature, or even their existence. Prast et al. (1988) performed a thorough screening 
of C. orellanus and C. rubellus (as C. speciosissimus) for toxic compounds and the only toxic 
compound they identified in mushroom extracts was orellanine. They commented on the proposed 
toxic peptides and argued that taking into account the (scarce) data provided by Tebbett and 
Caddy, cortinarins must be present in much lower concentrations than orellanine in C. rubellus and 
contribute much less to nephrotoxicity, suggesting that could be a reason why they failed to detect 
them. Laatsch and Matthies (1991) questioned cortinarins’ existence as they were not able to 
replicate the study and could not find any evidence of the existence of such compounds in C. 
rubellus. The fluorescent compound dubbed cortinarin A in the previous study was found to be a 
steroid compound, an ergosterol derivative. UV spectrum of supposed cortinarin A, provided by 
Tebbett and Caddy does resemble that of ergosterol. Despite the obvious lack of convincing data, 
cortinarins are still cited in the literature as toxic compounds of webcaps. 

Clinical presentation of orellanine poisoning is best summed up by Danel (2001), who re-
viewed 245 reported cases. Two phases of poisoning can be distinguished, prerenal and renal 
phase. The prerenal phase often presents with delay, with first symptoms appearing 12 hours to 14 
days (3 days median) after mushroom ingestion, which increases the risk of repeated ingestion of 
meals containing the mushrooms. The prerenal phase is characterized by non-specific symptoms, 
mainly of gastrointestinal nature. Vomiting was reported to be the most common GI-related 
symptoms, followed by nausea, abdominal pain, diarrhea, and anorexia. Besides this, burning 
sensation in the mouth and polydipsia was reported to occur in almost half of patients and polyuria 
in about one-fifth. Other symptoms include headache, asthenia, and myalgia. Liver injury was 
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reported to occur in this early phase, however, data are inconsistent; if it does occur, it is likely 
transitory and resolves quickly. In cases where an impaired liver function was observed, it is 
possible that the identification of the consumed mushroom was incorrect. Mild poisonings may be 
limited only to the GI phase; however, about 70% of patients progress towards renal failure. A 
symptom-free period may precede the renal phase, which develops after 4–15 days after ingestion 
of orellanine containing mushrooms (Danel et al., 2001), and up to 20 days in some cases (Bouget 
et al., 1990). The renal phase is characterized by symptoms such are lumbar pain, anuria, oligo-, or 
polyuria and, biochemically, by leucocyturia, hematuria, and proteinuria, which may or may not 
develop. Kidney biopsy shows lesions due to tubulointerstitial nephritis with damaged tubular 
epithelium, which may be accompanied by interstitial edema with inflammatory infiltrates and 
early stadium of interstitial fibrosis. Treatment is supportive and there are no known antidotes or 
standardized therapeutic protocols. Haemodialysis is indicated in those with impaired kidney 
function. In about 50% of patients, acute renal failure progresses towards chronic renal failure; in 
severe cases kidney transplantation is necessary. Corticosteroids were reported to be inefficient in the 
treatment of orellanine poisoning (Bouget et al., 1990; Danel et al., 2001; Bunel et al., 2018). 
Antioxidant therapy using N-acetylcysteine was associated with favorable outcomes in a couple of 
cases (Wörnle et al., 2004), but the sample size is too small and inter-individual differences in response 
to toxin too great to have any definite conclusions. A study in mice using systemic administration of 
superoxide dismutase was also shown to be ineffective; it worsened kidney damage and increased 
mortality in tested animals (Nilsson et al., 2008). A great inter-individual response to orellanine was 
best seen in the case of the poisoning of 26 French soldiers who consumed webcaps during a survival 
exercise in 1987. They all consumed approximately the same portion of mushrooms, but only 12 of 
them developed acute renal failure and eight of them needed hemodialysis. Chronic renal failure that 
lasted for several months was consequently developed in four patients; one patient was maintained 
under chronic dialysis and one patient was successfully transplanted (Bouget et al., 1990). Genetic and 
other factors might be responsible for susceptibility to orellanine. 

12.4 NEUROTOXIC MUSHROOM POISONING SYNDROMES 

12.4.1 Muscarinic poisoning syndrome 

Muscarine is probably the best-known mushroom toxin, giving its name to a type of acet-
ylcholine receptors, the muscarinic receptors. Although isolated from Amanita muscaria, and 
named after it, the archetype poisonous mushroom contains only traces of muscarine and owes its 
toxicity primarily to isoxazole alkaloids (Michelot & Melendez-Howell, 2003). Muscarine is on 
the other hand the principal toxin of poisonous Inocybe and Clitocybe species, being found in 
variable content in these species and reaching up to 1.6% of dry mass (Lurie et al., 2009). Reported 
poisoning cases with mushrooms belonging to the Inocybe genus involved I rimosa (as I. fasti-
giata), I. geophylla, I. patouillardii, I. tristis, I. serotine, and others (Lurie et al., 2009; White et al., 
2019a; Sai Latha et al., 2020; Xu et al., 2020), but there are dozens of other Inocybe species that 
are found to contain muscarine (Barceloux, 2008; Sai Latha et al., 2020), and the list is growing 
continuously. Some of the Clitocybe species that contain muscarine include C. dealbata, C. riv-
ulosa, and C. phyllophylla (Genest et al., 1968, Barceloux, 2008). Mycena pura was also found to 
contain muscarine (Barceloux, 2008). Some species of the Boletales order were reported to be 
involved in muscarinic poisonings (Pauli & Foot, 2005), but there doesn’t seem to be enough 
evidence for the claims. 

Photograph 12.2. Clitocybe dealbata, one of the mushroom species containing high levels of 
muscarin. Bor district, Serbia, 2018. Photo: P. Petrović 
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Muscarine (Figure 12.3) is water-soluble and heat resistant so heat treatment of mushrooms does 
not lower its content. There are four enantiomers of muscarine and only one is active, L- 
(+)-muscarine. Muscarine causes “cholinergic” or, more precisely “parasympathomimetic” poi-
soning as it acts as a non-selective agonist on muscarinic receptors, as it bears structural similarity 
with acetylcholine (Barceloux, 2008); muscarinic receptors are one of two types of acetylcholine 
receptors, the other being nicotinic receptors (Picciotto et al., 2012). There are five subtypes of 
muscarinic receptors, localized in different tissues; they are involved in regulating heartbeat, con-
traction of smooth muscles, glandular secretion, and various CNS functions (Kruse et al., 2014). 
Muscarin does not cross the blood-brain barrier so it exerts only peripheral effects (Peredy & 
Bradford, 2014). The symptom onset is relatively fast; they can occur within minutes to 2 hours (5 
hours in one case) after poisonous mushroom ingestion, probably depending on the mushroom 
preparation method. The described symptoms of poisoning with muscarine containing mushrooms 
include increased secretion from endocrine and exocrine glands, as well as stomach, leading to 
profuse sweating, increased salivation and lacrimation; bradycardia and sometimes hypotension, 
bronchoconstriction and dyspnea, abdominal pain, and diarrhea (due to smooth muscle contraction), 
and miosis and blurred vision (Chew et al., 2008; George & Hegde, 2013; Peredy & Bradford, 2014). 
Unlike acetylcholine, it cannot be inactivated enzymatically by acetylcholine esterase, as it does not 
contain ester, but ether bond, so its activity is prolonged compared to acetylcholine. Muscarine- 
containing mushroom poisonings are usually mild, due to the low bioavailability of muscarine and 
the fact that most species do not contain large quantities of muscarine. Symptoms usually resolve 

Figure 12.3 Chemical structure of muscarine. 

Source:  http://www.chemspider.com.     
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within 6 hours, but in rare cases can be serious, leading to cardiovascular collapse (Barceloux, 2008), 
and sometimes even be fatal (George & Hegde, 2013). A lethal dose of muscarine in humans is 
estimated at 180–300 mg (Patočka et al., 2021). Death is the result of primarily cardiovascular 
collapse or lung failure. Besides supportive therapy, the specific treatment includes administration of 
atropine, which is a specific muscarine antidote (Barceloux, 2008), as it acts parasympatholytic, 
being a competitive muscarinic receptor antagonist (North & Kelly, 1987). 

12.4.2 Mycoatropinic poisoning syndrome 

“Mycoatropinic syndrome” is caused by several species belonging to the genus Amanita; the 
name refers to psychotropic effects that closely resemble those seen in poisoning with plants 
containing tropan-alkaloids such are Atropa belladonna, Hyoscyamus niger, or Datura stramo-
nium. Instead of tropan-alkaloids, these mushrooms contain izoxazole derivatives (Satora et al., 
2005). Fly agaric (Amanita muscaria) and its close relative, panther cap (Amanita pantherina) 
from the section Amanita, are the most well-known and the most important in this group of 
poisonous mushrooms. Both species are widely distributed across the Northern Hemisphere but 
can be found in South America, Africa, Australia, and New Zealand (Oda et al., 2004), where they 
have been introduced (Diaz, 2017). Other species from the same genus section also contain iso-
xazoles and may cause the same type of poisoning. Amanita ibotengutake was recently described 
in Japan (Oda et al., 2002). A. gemmata was reported to contain these substances as well, but in 
lower concentration than fly agaric and panther cap. Some of the other members of the genus that 
are reported to contain isoxazoles are A. multisquamosa (as A. cothurnata, sometimes considered 
as a variety of A. pantherina), A. aprica, and A. regalis (considered by some authors as a variety of 
A. muscaria) (Chilton & Ott, 1976; Moss & Hendrickson, 2018). Due to psychotropic effects, A. 
muscaria was once used for ritualistic/religious purposes in different parts of the world, particu-
larly Siberia (Tsujikawa et al., 2006; Peredy & Bruce, 2014); however, more widespread use in 
Europe seems to be for killing flies (Lumpert & Kreft, 2016); hence the name (Peredy & Bruce, 
2014). The compounds mainly responsible for the toxicity of A. muscaria and A. pantherina are 
isoxazole derivatives, ibotenic acid, and its decarboxylated derivative, muscimol (DeFeudis, 1980;  
Michelot & Melendez-Howell, 2003). Ibotenic acid (Figure 12.4) is structurally similar to glutamic 
acid, representing its “conformationally restricted analog” (Schwarcz et al., 1979), so it acts as a 
non-specific agonist of various glutamate receptors but has the greatest affinity for N-methyl-D- 
aspartic acid (NMDA) receptor, thus producing excitatory effects on neurons (Nielsen et al., 1985;  
Zinkand et al., 1992; Peredy & Bruce, 2014). As ibotenic acid has more affinity to glutamate 
receptors than glutamate itself, this can lead to neuronal death and the creation of brain lesions. 
This has led to the ibotenic acid’s use as a model substance for inducing neurodegenerative 
processes in test animals (Schwarcz et al., 1979; Connor et al., 1991; Martínez-Torres et al., 2021). 
However, these effects are seen only when ibotenic acid is administered directly to certain brain 
regions, intracranially. It is generally thought that, when ingested, ibotenic acid acts through its 
metabolite, muscimol (Figure 12.4) and that most symptoms of A. muscaria poisoning correspond 
to the effects produced by muscimol when administered alone. 

Figure 12.4 Chemical structures of ibotenic acid (1) and muscimol (2). 

Source:  http://www.chemspider.com.     
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Photograph 12.3. Amanita muscaria, the archetypal poisonous mushroom, Crni vrh, Serbia, 
2014. Photo: P. Petrović 

Ibotenic acid is relatively unstable and can easily undergo decarboxylation during fruiting body 
desiccation, heat treatment (cooking), or passage through acidic content of the stomach (Michelot & 
Melendez-Howell, 2003; Diaz, 2017). Decarboxylation was shown to take place spontaneously in 
physiological conditions and enzymatically, as ibotenic acid is a substrate for glutamate decarbox-
ylase, and the enzymatic decarboxylation of the ibotenic acid happens at even faster rates than 
decarboxylation of glutamate, its physiological substrate (Nielsen et al., 1985). Despite this, ibotenic 
acid (as well as muscimol) can be found in urine and plasma even several hours after ingestion of A. 
muscaria or A. pantherina, and ibotenic acid was reported to be present at higher levels than mus-
cimol in both plasma and urine (Stříbrný et al., 2011; Xu et al., 2020). Unlike glutamate and GABA, 
both ibotenic acid and muscimol can cross the blood-brain barrier, probably by active transport 
(Michelot & Melendez-Howell, 2003). Most studies suggest that, after oral administration, about 
10–20% of ibotenic acid is converted to muscimol, a claim which is supported by comparing doses of 
ibotenic acid and muscimol needed to trigger psychotropic effects (Peredy & Bruce, 2014; Diaz, 2017;  
Voynova et al., 2020). Muscimol, on the other hand, bears structural similarity to the main inhibitory 
neurotransmitterin CNS, γ-aminobutyric acid (GABA), and acts as a non-selective agonist on GABA 
receptors. In humans, a dose of about 6–10 mg of muscimol is enough to produce psychotropic 
symptoms including dizziness, confusion, hallucinations, and (deep) sleep with vivid dreams, the 
same symptoms that are seen in most A. muscaria/A. pantherina poisoning cases. Higher doses 
however can cause nausea and vomiting (Voynova et al., 2020), which may explain gastrointestinal 
symptoms that are sometimes seen in A. muscaria/A. pantherina poisonings. Muscimol content in 
fresh A. muscaria is within the range of 0.03 up to 0.1% (DeFeudis, 1980), so one cap is enough to 
induce the psychotropic symptoms (Peredy & Bruce, 2014). The highest concentration of toxins is 
found in caps (Diaz, 2017), particularly in the cap cuticle and in the flesh right beneath the cuticle. 

380                                                                                                                  WILD MUSHROOMS 



Both ibotenic acid and muscimol are readily soluble in water so it is reported that fly agaric may be 
safely consumed if the cuticle is peeled off and water in which mushrooms were cooked discarded 
(Michelot & Melendez-Howell, 2003). A study found that summer forms of these mushrooms have 
more psychotropic potential than autumn forms, with ten times more ibotenic acid content 
(Vendramin & Brvar, 2014). There are other related, biologically active compounds found in 
mushrooms of the section Amanita; muscazone is a dihydrogenated oxazole derivative, formed when 
ibotenic acid is subjected to UV light. It possesses similar psychotropic properties but to much less 
extent. Stizolobic and stizolobinic acids have been found only in A. pantherina and A. gemmata so 
farand are reported to act excitatory on isolated rat spinal cord. Muscarine, although named after A. 
muscaria from which it was originally isolated and characterized, is found in minute concentrations 
(0.0002–0.0003% fresh weight of A. muscaria) (Michelot & Melendez-Howell, 2003; Voynova et al., 
2020) so muscarinic symptoms are very rare (Satora et al., 2005). 

Poisoning symptoms start 30 minutes to 2 hours upon ingestion, peaking in 3 to 4 hours, and 
include confusion, agitation, euphoria, and hypersensitivity of visual and auditory perception, 
space and time distortion. Myoclonus and convulsions/seizures may appear in rare cases. After the 
excitatory phase, drowsiness (somnolence) takes place and victims usually fall into a long, deep 
coma-like sleep. The symptoms usually resolve within 12–24 hours. Gastrointestinal symptoms are 
reported, but inconsistently; vomiting is more often seen than diarrhea (Michelot & Melendez- 
Howell, 2003; Vendramin & Brvar, 2014; Diaz, 2017). One study that investigated cases of A. 
muscaria and A. pantherina poisoning found slight differences in the presentation of symptoms in 
these two species, with agitation and confusion more frequently experienced after A. muscaria 
ingestion and coma after A. pantherina ingestion. The slight difference in intoxication symptoms 
between these two mushrooms might be due to different ibotenic acid/muscimol content ratios 
some authors reported; A. muscaria was found to contain higher levels of ibotenic acid compared 
to muscimol, while A. pantherina contained more muscimol (Vendramin & Brvar, 2014); A. 
pantherina may thus act more quickly in respect to sedative effects, as ibotenic acid needs to be 
converted to muscimol first to activate GABA receptors. Most intoxications are mild and severe 
cases with death outcomes are very rare (Michelot & Melendez-Howell, 2003). In recent times, 
several deaths connected to poisonings with A. muscaria have been reported from North America; 
in most cases, ingestion of large quantities of A. muscaria caps was involved. In one fatal case, a 
patient suffered from cardiorespiratory arrest and consequent anoxic brain injury; in another, the fatal 
outcome was an indirect consequence of the induced comatose state, as a young camper froze to death 
after ingesting A. muscaria fruiting bodies (Watson et al., 2005; Beug et al., 2006; Beug, 2009). 
Severe cases in which prolonged psychosis or coma occurred and needed prolonged hospitalization 
were also reported from Slovenia, Poland, and Switzerland (Brvar et al., 2006; Mikaszewska- 
Sokolewicz et al., 2016; Rampolli et al., 2021). The largest cohort study on A. muscaria poisoning in 
Europe (Slovenia) found that in 90% of poisoning cases A. muscaria was mistaken for A. caesarea, a 
highly prized, edible member of the genus. A. pantherina is, on the other hand, most commonly 
confused with A. rubescens (Vendramin & Brvar, 2014), but also with Macrolepiota procera and A. 
spissa (Satora et al., 2006). Poisonings with other izoxasole containing mushrooms are rarely re-
ported; a series of A. regalis poisonings were documented from Finland (Elonen et al., 1979) and one 
recent case of poisoning with A. aprica was reported from the USA (Moss & Hendrickson, 2018). The 
recreational use of A. muscaria seems to be increasing, particularly in younger people (Rampolli et al., 
2021). In Japan, several products containing dried fly agaric and panther cap are reported to be 
circulating and can be even bought online (Tsujikawa et al., 2006). 

12.4.3 Psilocybin-containing mushrooms 

The greatest number of all known poisonous mushrooms probably belongs to a group of 
psychoactive mushrooms that contain psilocybin and psilocin as the main active compounds, 
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tryptamine derivatives, and structural analogue of serotonin. These mushrooms are thus often 
referred to as psilocybin mushrooms, hallucinogenic mushrooms or “magic mushrooms” (Tylš 
et al., 2014; Dasgupta, 2019). There are more than 150 species known to produce psilocybin 
(Dasgupta, 2019), with the great majority of them belonging to the genus Psilocybe (Guzmán, 
2008). Other genera with species that contain psilocybin are Panaeolus, Stropharia, Conocybe, 
Gymnopilus, Pluteus, and even Inocybe (Tylš et al., 2014), known primarily as muscarine- 
containing mushrooms. Species of the genus Psilocybe are however the most important from the 
toxicological point of view, as they have been implicated in most of the reported poisonings in the 
literature. Poisonings with psilocybin mushrooms are specific as they are almost exclusively due to 
intentional ingestion. Psilocybin mushrooms have been used for thousands of years for religious 
purposes; they are particularly well documented as being of great importance both in healing 
rituals and religious ceremonies of Pre-Columbian Mesoamerican cultures. Today, they are used 
recreationally (Badham, 1984; Carod-Artal, 2015), especially by young people (Dasgupta, 2019). 

Psilocybin and its dephosphorylated analog psilocin (Figure 12.5) are the main active trypta-
mines of these mushrooms (Dasgupta, 2019). Their content varies between 0.2 and 1% for most 
species (Tylš et al., 2014); the content of up to 2% of mushrooms’ dry weight has been reported 
(Badham, 1984). able to cross the blood-brain. Other related compounds, found at lower con-
centrations, include baeocystin and its dephosphorylated analogue, norpsilocyn, which doesn’t 
seem to contribute to psychotropic effects. Aeruginascin is so far known only from Inocybe 
aeruginascens and its biological activity is still cross the blood-brainunknown. Finally, norbaeo-
cystin is thought not to be able to cross the blood-brain barrier as being a primary amine, and thus 
being inactive in vivo. Psilocybin is rapidly dephosphorylated to psilocin, which represents its 
active metabolite. Psilocin crosses the blood-brain barrier and acts as an agonist on serotonin 5HT2 

receptors, triggering psychedelic effects. Psilocin is relatively resistant to deamination by MAO, 
unlike some other short-acting psychedelic tryptamines. Although norpsilocin was shown to act as 
a 5HT2 agonist in vitro, with similar potency as psilocin, its precursor, baeocystin was not shown 
to be active when given orally to mice; it was suggested that these compounds, as secondary 
amines, were more prone to MAO, thus being quickly metabolized before reaching the target 
receptors in the brain (Sherwood et al., 2020). Effects of psilocybin mushrooms usually develop as 
soon as 30 minutes after the ingestion and the symptoms vary depending on the number of 
mushrooms and the content of psychoactive tryptamines in them, but there is also a great inter- 
individual response. The “average” dose of psilocybin mushrooms leads to an increase in body 
temperature, mydriasis, compulsive movement, muscle weakness, and drowsiness and altered 
mood often manifesting as euphoria and uncontrollable laughter. True hallucinations, like the 
imagination of abstract figures, have been reported rarely after ingestion of moderate doses, with 
the majority of people describing having visions of altered shapes and colors instead and the whole 
experience as a “dream-like” state (Badham, 1984; Amsterdam et al., 2011). The so-called “trip” 
lasts about 4–6 hours (Dasgupta, 2019). Apart from “enjoyable” sensory distortions, delusions, 
restlessness, anxiety and even panic attacks may occur. “Bad trips”, the psychotic episodes with 
paranoid thoughts, which may lead to accidents, self-injury, or suicide attempts, may occur in 

Figure 12.5 Chemical structures of psilocybin and psilocin. 

Source:  http://www.chemspider.com.     
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serious cases. The effects of psilocybin mushrooms may however be long-lasting in some in-
dividuals, as recurring episodes of altered perceptions/hallucinations, referred to as hallucinogen 
persisting perception disorder or “flashbacks”. Flashbacks can be experienced days, weeks, or even 
years after psilocybin use (Amsterdam et al., 2011). A dose of 10–20 mg of psilocybin is required 
to induce the psychedelic effects; lower doses cause only mild physical symptoms, while higher 
doses (>60 mg) are typically associated with negative experiences (Snook, 2016). Other sources 
state that as low as 4 mg of psilocybin can induce hallucinogenic effects (Beck et al., 1998), or 
about 10 g of fresh psilocybin mushrooms, although up to 50 g of fresh mushrooms are used for 
recreational purposes (Amsterdam et al., 2011). There are also atypical presentations of psilocybin 
mushroom poisoning described in the literature. De Sagun and Tabunar (2012) reported seizure 
and transient expressive aphasia in a patient that allegedly misidentified edible mushroom for 
Psilocybe sp. Austin et al. (2019) described acute renal failure associated with P. cubensis ingestion 
in a 15-year-old male. Intravenous poisonings with psilocybin mushrooms have also been reported; 
on one such occasion, a man with bipolar disorder injected himself with a decoction made from P. 
cubensis mushrooms and suffered from multiorgan failure and septic shock. Blood samples of the 
patient confirmed both bacteriemia and fungemia caused by P. cubensis that was ultimately cultured 
from the patient’s blood (Giancola et al., 2021). Other known cases of intravenous mushroom 
poisonings had a milder clinical presentation, with headache, nausea, vomiting, diarrhea, myalgia, 
and arthralgia, and also hypoxemia, pyrexia, and mild methemoglobinemia (Curry & Rose, 1985). 
Deaths associated with psilocybin mushrooms are rare, and almost exclusively do not represent a 
direct consequence of poisoning (the estimated lethal dose of psilocybin mushrooms in humans is 17 
kg), but altered state of mind; most deaths involved accidental self-harm and simultaneous use of 
other drugs, mostly alcohol (Amsterdam et al., 2011). Children may be more sensitive to psilocybin 
mushrooms toxicity; there is a report of a child that had eaten large quantities of P. baeocystis and 
died after developing severe pyrexia and convulsions (Badham, 1984). There is also a risk con-
sidering foraging of wild-growing psilocybin mushrooms, as they can be mistaken for deadly poi-
sonous species (Dasgupta, 2019); such a case was described by Franz et al. (1996) where a webcap 
mushroom (Cortinarius sp.) was mistaken for hallucinogenic mushrooms and resulted in acute renal 
failure in a young male patient. 

Reports of so-called “mushroom madness”, the alleged mushroom-consumption-associated 
behavioral changes seen in men and women of Kuma people in the Waghi Valley of Papua New 
Guinea, sparked several ethnomycological studies through the 1960s and 1970s, which were to 
reveal the psychotropic mushroom species responsible for this cultural phenomenon. These studies 
have been most recently summed up by Treu and Adamson (2006). According to the locals, several 
species identified to belong to the genus Boletus and Russula were held responsible to cause 
“mushroom madness” . In one of these species, named Boletus manicus, traces of indolic com-
pounds were found although the precise nature of these compounds is unknown (an amino acid 
tryptophan has an indolic ring, for example). One of the main characteristics of the “mushroom 
madness” is that it affects men and women differently, with men being aggressive and women 
experiencing joyfulness, dancing and acting more openly; moreover, men and women are affected 
by different mushroom species. While boletes would allegedly affect everyone, species of Russula 
would affect only women. This led scientists to argue that “mushroom madness” is more of a 
ritual, that probably has origins in psychedelic mushroom consumption/poisoning events (one of 
the species found and described in the area is, presumably, psychoactive Psilocybe kumaenorum); 
Kuma people have been gathering they have been preparing them many mushroom species for 
food, and since they have been preparing them mixed together, the species that might have caused 
psychotropic effects could have easily been wrongly identified. “Mushroom madness” nowadays 
slowly vanishes even from the memory of the locals, like many other traditions. Despite the lack of 
evidence, B. manicus is still referred to as a psychedelic bolete in the literature. 
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12.4.4 Erythromelalgia-like syndrome 

The syndrome of mushroom poisoning that resembles a rare peripheral pain disorder – ery-
thromelalgia (also known as acromelalgia) – was known from Japan since the late 19th century 
(Bessard et al., 2004), and in 1918 a species responsible for the syndrome was described and named 
Clitocybe acromelalga (Ichimura, 1918); it was later placed in a separate genus Paralepistopsis 
(Çolak et al., 2017). The species is native to Japan and South Korea, so for a long time, such 
poisonings were confined to Far East (Saviuc & Danel, 2006). The same syndrome was, however, 
described in France in 2001, as a result of poisoning with Paralepistopsis amoenolens (syn. Clitocybe 
amoenolens) (Saviuc et al., 2001), a thermophile mushroom species of Mediterranean distribution, 
known from Morocco, France, Italy, and Turkey (Saviuc et al., 2001; Saviuc & Danel, 2006; Çolak 
et al., 2017). The poisoning event that took place in 1996 included two families who consumed the 
mushrooms mistaken for edible Paralepista flaccida (syn. Lepista inversa); a case that occurred in 
the same area, with a similar clinical presentation that involved mushroom consumption was dated 
back to 1979 (Saviuc et al., 2001). The syndrome was later recognized to had occurred in Italy as well 
(Saviuc & Danel, 2006). One of the main features of poisoning is the somewhat delayed onset of 
symptoms, 24 hours to several days, without any reported GIT disturbance, allowing repeated in-
gestion of mushrooms. The symptoms resemble those seen in erythromelalgia or diabetic peripheral 
neuropathy. They start with numbness of the limbs, followed by heat sensations and burning pain, 
which has episodic nature, lasting 2–3 hours; the pain is reluctant to most analgesics and is relieved 
only by applying cold water to the affected area. The symptoms can last up to 5 weeks, although in 
some cases up to 4 months. Redness and swelling of fingers and toes accompany sensations of pain. 
Paroxysmal pain episodes are more frequent at night; victims have troubled sleep, leading to general 
weakness. Deaths have been reported as a consequence of prolonged exhaustion and secondary 
infection (Saviuc et al., 2001; Saviuc & Danel, 2006). Treatment is symptomatic and involves the 
administration of analgesics, although most are ineffective. Treatment with acetylsalicylic acid, 
morphine, and clomipramine was found to be effective to some degree (Saviuc & Danel, 2006). 
Although the detailed mechanism of poisoning remains unknown, the agents responsible for the 
erythromelalgia-like symptoms are thought to be primarily specific amino acids, named acromelic 
acids, structurally similar to a powerful neurotoxin, kainic acid (Konno et al., 1988; Ishida & 
Shinozaki, 1988). These compounds represent non-proteinogenic amino acids with a characteristic 
pyrrolidine dicarboxylic acid moiety. So far, five types are characterized (A, B, C, D, and E) from P. 
acromelalga (Fushiya et al., 1993) and the presence of acromelic acid A was confirmed in P. 
amoenolens (Bessard et al., 2004). Acromelic acids are, like other kainoids, glutamate receptor 
agonists, causing powerful excitatory action. Acromelic acid A (Figure 12.6) is the most active and 
the most studied of the five related compounds; it was found to be one of the most powerful excitatory 
natural aminoacids in general, in both vertebrates and invertebrates (Ishida & Shinozaki, 1988). 

Studies in mice showed that either systemic (peritoneal) or intrathecal administration of ac-
romelic acid A leads to selective damage of interneurons in the lower spinal cord and prolonged 
rigid-spastic paraparesis (partial limb paralysis) (Shinozaki et al., 1989). At lower concentrations – 
extremely lower concentrations to be precise, allodynia – hypersensitivity to stimuli that aren’t 
normally causing pain, was reproduced in mice after intrathecal injection of acromelic acid A and 
B. The allodynic effect of acromelic acid A was superior and observed at only 50 ag/kg; the dose- 

Figure 12.6 Chemical structure of acromelic acid A. 

Source:  http://www.chemspider.com.     
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dependent effect showed a bell-shaped pattern, with allodynia presenting at concentrations be-
tween 50 ag/kg and 50 ng/kg with the maximal effect observed at 50 fg/kg (1 fg/mouse). Peripheral 
pain hypersensitivity was noticed 5 minutes after the injection and the effect lasted for 4 weeks 
after a single dose (Minami et al., 2004). The actions of acromelic acid seen in testing animals were 
confusing at first and it was hypothesized that it acts through a specific, unknown subtype of 
glutamate receptors (Taguchi et al., 2009). A recent study showed that the acromelic acid A causes 
induction of the early phase of allodynia through activation of NMDA receptors, while late phase 
allodynia is most likely linked to consequent activation of spinal glia, specifically astrocytes, which 
have been recently found to have one of the crucial roles in neuropathic pain (Omoto et al., 2015). 
Thus, acromelic acid has so far shown helpful in establishing in vivo models of chronic neuropathic 
pain, one of the greatest therapeutic challenges of modern medicine, leading to the discovery of a 
synthetic analogue of acromeic acid A with anti-allodynic activity (Soen et al., 2007). Acromelic 
acids A, B, and C were found to account for 0.0014% of fresh C. acromelalga fruiting bodies, with 
acromelic acid A making about 50% of the toxins content. Intraperitoneal lethal doses in mice were 
found to be 7, 8, and 10 mg/kg for acromelic acid A, B, and C, respectively (Fushiya et al., 1993), 
although one study reported a “minimum” lethal dose of acromelic acid A in mice to be 4 mg/kg 
(Shinozaki et al., 1989). An intrathecal lethal dose of the acromelic acid A was found to be much 
lower, 500 ng/kg (Minami et al., 2004). 

12.4.5 Polyporic acid – poisoning syndrome 

Although polypore mushrooms are well known for their medicinal properties (Vunduk et al., 
2015; Klaus et al., 2020), Hapalopilus rutilans (syn. H. nidulans) is a rare example of a poisonous 
polypore. Poisonings are very rare and the first case in modern times was reported in 1986 from 
Germany (then East Germany) (Kraft et al., 1998). There were only six reported cases in total in 
the literature as of 2013 (Villa et al., 2013). Symptom onset starts relatively late, after more than 12 
hours after ingestion. Symptoms include gastrointestinal disturbance (nausea and vomiting), 
headache, weakness, and liver and kidney impairment (elevated blood levels of aminotransferases, 
creatinine, and urea, proteinuria, leukocyturia). The purple color of urine is the unique feature of 
poisoning with H. rutilans. There are also signs of peripheral neurotoxicity, manifesting as visual 
disturbances (blurred vision, diplopia), nystagmus (Kraft et al., 1998; Saviuc & Danel, 2006; Villa 
et al., 2013), but in one case (a child) there was also notable central neurotoxicity, with neuro-
logical features that included vertigo, somnolence, but also electroencephalographic abnormalities 
affecting all cerebral areas with signs of cerebral oedema. The central neurotoxic symptoms re-
gressed after one week and the child fully recovered (Kraft et al., 1998). In a case report from 
2013, an adult patient also had visual hallucinations and balance disorders. This patient had purple- 
colored urine for a week (Villa et al., 2013), suggesting ingestion of a relatively high content of 
mushroom. The mushroom was mistaken for edible Fistulina hepatica in all cases (Saviuc & 
Danel, 2006; Villa et al., 2013). 

The responsible toxin is polyporic acid (Kraft et al., 1998), a well-known compound that is 
found in several other polypore species (Gill & Steglich, 1987), but what makes H. rutilans stand 
out is the extraordinary high content of this terphenylquinone derivate, which may account for 40% 
of fungal dry weight (Figure 12.7). Alkaline solutions of polyporic acid are violet, which explains 
the change of urine color in poisoned patients. 

Polyporic acid acts as an inhibitor of dihydroorotate dehydrogenase, an enzyme involved in the 
synthesis of pyrimidine ring, located in mitochondria, which connects pyrimidine synthesis and 
mitochondrial oxidative reactions. Polyporic acid exhibited the same effects on rats as seen in 
human victims, which included reduced locomotor activity, vision impairment, and impaired 
maneuver abilities, as well as hepato-renal failure. In vitro studies showed that polyporic acid has a 
high affinity for neuronal cells, hence explaining the neurotoxicity (Kraft et al., 1998; Saviuc & 
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Danel, 2006). The exact connection between the pyrimidine synthesis pathway inhibition and the 
poisoning symptoms has not been well established yet. 

Another polypore mushroom was involved in a case of poisoning with the neurological syndrome 
in 1987 in Canada; a 6-year-old child allegedly ingested a piece of raw “chicken of the wood” 
(Laetiporus sulphureus) and experienced movement and speech impairment, muscle weakness, and 
developed visual hallucinations of “lines and shapes of different colors”, but also of “yellow and 
orange monster”. The child’s urine was negative for any known hallucinogens. L. sulfureus is 
considered edible, although it is known to cause GI disorders, and occasionally central nervous 
system-related symptoms like dizziness and disorientation in susceptible individuals. It is, however, 
never consumed raw. A combination of factors (age, susceptibility, ingestion of raw mushroom) may 
explain this unique presentation of poisoning with an edible mushroom (Appleton et al., 1988). 

12.4.6 Morel neurological syndrome 

True morels (Morchella spp.) are known to cause GI disturbance when poorly cooked, but 
there has been growing evidence in Europe that they can induce neurological symptoms as well; 
“morel toxic neurological syndrome” was described recently and proposed as a distinct type of 
mushroom poisoning (Saviuc et al., 2010). The syndrome is still poorly known and not very well 
defined, presenting with GI and various, inconsistent CNS-related symptoms (Saviuc et al., 2010;  
White et al., 2019a). The circumstances under which morels exhibit neurological disorders are 
unknown but are in most cases linked to consumption of large quantities of the mushroom. No 
links were established between the toxicity and the way of mushroom preparation or storage, co- 
ingestion with alcohol or drugs. Allergic reaction is also excluded as a possibility, so the presence 
of the unknown toxin is considered the most probable explanation. The onset of symptoms begins 
approximately 12 hours after ingestion; the symptoms are generally mild and include dizziness, 
tremor, ataxia, vision disorders (most frequently reported were diplopia and blurred vision), 
headache, paresthesia, muscle spasms, and confusion. Several authors proposed that the cere-
bellum is the main target of toxic compounds, as some of the symptoms imply cerebellum 
function impairment; however, the hypothesis was discredited. More than half of the patients with 
the neurological syndrome also had gastrointestinal symptoms (nausea, vomiting, and diarrhea). 
The symptoms resolve within 24 hours in most cases (Saviuc et al., 2010). Cases of morel poi-
sonings with neurological symptoms are known from North America as well; Beug et al. (2006) 
reported several mushroom poisoning cases associated with morels, which presented with various 
central and peripheral symptoms like disorientation, sound sensitivity, salivation, and sweating. 

Photograph 12.4. Morchella esculenta, a delicacy, a poisonous mushroom or both? Bor 
district, Serbia, 2015. Photo: P. Petrović 

Figure 12.7 Chemical structure of polyporic acid. 

Source:  http://www.chemspider.com.     
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12.5 GYROMITRIN POISONING SYNDROME 

“False morels” represent several mushroom species (Puschner, 2013) morphologically similar to 
morels, or “true morels” (Brooks & Graeme, 2016), well known as commercially important wild 
edible ethylidene gyromitrin (Braun et al., 1979), mushrooms (Arłukowicz-Grabowska et al., 2019). 
The name false morel however most often refers to Gyromitra esculenta, a spring-fruiting species 
that is widely distributed in Europe and North America (Michelot, 1991). There is a tradition of 
consuming this species in some parts of Europe, especially Eastern Europe and Scandinavia 
(Finland), where it has been considered a delicacy, even though it has also been known as - po-
tentially fatal (Michelot & Toth, 1991; Benjamin, 2020). G. esculenta is highly poisonous when 
consumed raw, but drying and/or heat treatment may lower its toxicity and make it safe for human 
consumption (Pyysalo &Niskanen, 1977; Michelot & Toth, 1991; Brooks & Graeme, 2016). This is 
due to its unique, volatile toxic components, hydrazone derivatives, named gyromitrins. Ten different 
hydrazones, named “gyromitrins” were isolated from G. esculenta, which differ by N-linked alkenyl 
moiety, i.e. aldehyde which forms hydrazone. The most abandoned of these hydrazones is  ethylidene 
gyromitrin (Braun et al., 1979), to which the name “gyromitrin” is applied today (Figure 12.8). 
Although volatile, these toxins may persist in mushrooms after cooking so consumption of false 
morels can never be considered safe (Brooks & Graeme, 2016). 

The toxin content in G. esculenta varies from 50–300 mg/kg fresh weight, expressed as mono-
methylhydrazine, a metabolite of gyromitrin (Michelot & Toth, 1991); other members of the genus that 
are reported to contain gyromitrin include G. gigas and G. fastigiata. North American taxons G. 

Figure 12.8 Chemical structure of gyromitrin. 

Source:  http://www.chemspider.com.     
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montana and G. korfii are sometimes treated as G. gigas or at least as very closely related species and 
are assumed to contain gyromitrin as well, although no studies were performed to confirm that 
(Benjamin, 2020). Gyromitrins are not confined only to the Gyromitra genus, or Helvellaceae family, 
and can be found in various species of the order Pezizales; Helvella crispa, H. lacunosa, Leotia lubrica, 
Spathularia flavida, Otidea onotica, Cyathipodia macropus, and Leptopodia elastica are all reported to 
contain gyromitrin, although in only minute concentrations. A significant amount of gyromitrin, 
however, comparable to that from G. esculenta was found in Cudonia circinans of the Geoglossaceae 
family (150 mg of monomethylhydrazin per kg of fresh weight) (Andary et al., 1985). Sarcosphaera 
coronaria, another ascomycete mushroom once considered edible, was occasionally reported to cause 
poisonings, with at least one casualty in Switzerland, back in 1920. It was believed S. coronaria could 
contain the same hydrazine toxins, but this was proved not to be the case; however, S. coronaria was 
found to be an incredible bioaccumulator of arsenic, which may account for up to 0.9% of the 
mushroom’s dry weight. It was recently proposed that organic arsenic compounds may be responsible 
for the toxicity of this mushroom (Braeuer et al., 2020). 

The specificity of gyromitrin poisoning is that it can affect different organs through different 
mechanisms of action and may cause GI disorders, neurological disorders, or exert hepatotoxicity 
leading to liver failure and death. Poisonings are overall associated with the consumption of raw 
and poorly cooked mushrooms, as well as repeated consumption, although there is a great inter- 
individual difference in respect to the manifestation of poisoning (Michelot & Toth, 1991). Most 
poisonings with gyromitrin-containing mushrooms are mild and are limited to GI dysfunction, with 
unspecific symptoms like nausea, vomiting, and diarrhea that resolve without further complica-
tions. These symptoms usually appear 5–12 hours after a meal but may develop even after more 
than 2 days upon ingestion. In severe cases, neurotoxicity is observed with symptoms ranging from 
nervousness to delirium, convulsions/seizures, and coma. Neurological disorders usually appear 
after GI dysfunction is resolved, sometimes with a symptom-free period between. Hepatotoxicity, 
if it develops, occurs within 2 days of mushroom ingestion and manifests as cytolytic hepatitis that 
leads to hepatic failure, characterized by elevated levels of blood transaminases, jaundice, and 
coagulopathy. The toxic effects on blood include hemolysis that sometimes accompanies hepatitis, 
and methemoglobinemia. Renal injury is infrequently reported and is thought to be the con-
sequence of hemolysis and other disorders. The overall mortality rate is put at around 10% in those 
who develop symptoms of poisoning (Michelot & Toth, 1991; Brooks & Graeme, 2016), mainly 
due to liver failure. A fatal case of suspected gyromitrin poisoning with multi-organ failure ac-
companied by encephalopathy was described by Arłukowicz-Grabowska et al. (2019). 

Several potential molecular mechanisms of action of hydrazones were proposed that could explain 
the overall toxicity of gyromitrin. Gyromitrin acts through its metabolites, N-methyl-N-formylhydrazine 
(MFH) and N-methylhydrazine or monomethylhydrazine (MMH). Gyromitrine is unstable and easily 
oxidizes and hydrolyzes at room temperature to acetaldehyde and MFH. This reaction probably takes 
place in acidic stomach conditions. MFH, although more stable than gyromitrin, can further hydrolyze to 
formic acid and MMH (Braun et al., 1979; Brooks & Graeme, 2016). Neurological symptoms that are 
often seen in Gyromitra poisonings are thought to be due to a decrease of GABA concentration in CNS 
caused by MMH; GABA is an inhibitory neurotransmitter and is synthesized from the excitatory 
neurotransmitter glutamate, via glutamic acid decarboxylase. The enzymatic reaction requires pyridoxal 
phosphate as a cofactor, which is the active form of pyridoxine (vitamin B6). On the other hand, the 
activation (phosphorylation) of pyridoxine is dependent on pyridoxine phosphokinase. MMH acts as an 
inhibitor of both glutamic acid decarboxylase and pyridoxine phosphokinase, plus it can directly in-
activate phosphorylated pyridoxine by binding to it and forming a complex, which is excreted by urine 
(Brooks & Graeme, 2016). Hydrazines are metabolized in the liver by acetylation to acetylhydrazides, 
which is thought to prevent neurotoxicity; however, there is a great inter-individual variation in acet-
ylation ability, which differentiates “slow” and “fast acetylators”, explaining the differences seen in the 
clinical presentation of gyromitrin poisoning. Oxidation of the monosubstituted hydrazines can, 
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however, lead to the formation of highly reactive intermediates, free methyl radical and methyl cation, 
both of which can alkylate various biological molecules. These reactive species can bind to amino acid 
residues in enzymes, and also lower antioxidant capacities by reacting with glutathione, leading to cell 
dysfunction and death, which is thought to be the main mechanism of hepatotoxicity (Brooks & 
Graeme, 2016; Michelot & Toth, 1991). Lethal doses of MMH in children and adults are estimated at 
1.6–4.8 and 4.8–8 mg/kg, respectively (Andary et al., 1985). Apart from symptomatic treatment, ad-
ministration of pyridoxine (vitamin B6) is indicated to treat neurological disorders, as well as methylene 
blue in cases of methemoglobinemia. Benzodiazepines, barbiturates, or propofol may be administered in 
cases of seizures (Brooks & Graeme, 2016; Michelot & Toth, 1991). 

Apart from acute toxicity, gyromitrin also possesses carcinogenic ability; in vivo studies 
showed that both gyromitrin and its hydrazine derivatives can induce tumors in rodents, after 
repeated administration. The mechanism of genotoxicity probably involves the methylation of 
DNA by reactive alkylating metabolites and particularly the creation of O6-methylguanine. The 
overall carcinogenic risk of false morel consumption in humans is however thought to be relatively 
low if results obtained in animal models are translated to humans. Those with low acetylation 
capacity of hydrazines may be at higher risk (Bergman & Hellenäs, 1992). 

Agaritine, a phenylhydrazine derivative present in species of genus Agaricus, including widely 
consumed white button mushroom (A. bisporus), was also a subject of intense research due to its 
proposed genotoxic potential (Shephard & Schlatter, 1998; Roupas et al., 2010; Koge et al., 2011). 
Some studies reported that it can induce tumors in experimental animals, but these studies were 
criticized for using exceptionally large doses of synthetic hydrazines in comparison to the levels found 
in mushrooms. Studies that involved feeding with mushrooms have not been associated with any toxic 
effects of A. bisporus (Roupas et al., 2010); to the contrary, mushroom consumption is associated with 
a lower risk of cancer development (Ba et al., 2021). The available, relevant data thus suggests that 
there is no risk of cancer development due to consumption of A. bisporus (Roupas et al., 2010). 

12.6 DISULFIRAM-LIKE MUSHROOM POISONING SYNDROME 

Several mushroom species, mainly from the genus Coprinus sensu lato (“inky caps”), cause 
poisonings only when combined with alcohol. Coprinopsis atramentaria (previously known as 
Coprinus atramentarius) is the most commonly associated with this so-called “disulfiram-like” 
poisoning syndrome (Berger & Guss, 2005; White et al., 2019a). This is due to the clinical mani-
festation of poisonings, which resemble the side effects of a drug used in the treatment of alcoholism, 
disulfiram (Michelot, 1992). Disulfiram acts as an inhibitor of aldehyde dehydrogenase (ALDH), an 
enzyme involved in alcohol metabolism (Swift & Leggio, 2009); ethanol is metabolized in two steps; 
in the first step it is oxidized to acetaldehyde by alcohol dehydrogenase (ADH) and in the second step 
acetaldehyde is further oxidized to acetic acid by ALDH (Zakhari, 2006). 

An amino acid, named coprine (Figure 12.9), which chemically represents N5-(1- 
hydroxycyclopropyl)–L-glutamine was isolated from Coprinopsis atramentaria and is thought to be 
the main responsible toxic compound (Tottmar & Lindberg, 1977). Other related species were also 
found to contain the toxin (Govorushko et al., 2019). As in vitro studies indicate, coprine itself is not 
toxic but acts through its metabolite, 1-aminocyclopropanol, which inhibits ALDH irreversibly, thus 
interferes with ethanol metabolism just like disulfiram (Tottmar & Lindberg, 1977; Beuhler, 2017). 
This leads to the accumulation of acetaldehyde, which causes a very unpleasant reaction, resembling a 
hangover. The syndrome can occur if alcohol is ingested up to 72 h upon mushroom consumption and 
the severity of the reaction depends on the amount of ingested mushrooms and alcohol (Beuhler, 2017). 
The therapy includes only supportive measures. Specific symptoms like tachycardia may be treated 
with β-blockers like propranolol. The symptoms are usually mild, so they resolve on their own, ty-
pically within few hours, but sometimes may persist up to 2 days (Berger & Guss, 2005). 
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Ampulloclitocybe clavipes (formerly known as Clitocybe clavipes) were reported to trigger the 
same disulfiram-like reaction when consumed before alcohol ingestion, both from North America 
and Japan (Cochran & Cochran, 1978). Kawagishi et al. (2002) isolated several fatty acid deri-
vatives from the mushroom that were shown to exhibit ALDH-inhibitory activity in vitro 
(Figure 12.9). All these compounds have an enone functional group (α,β – unsaturated ketone), 
which the authors speculated can be involved in forming a Michael addition adduct with the thiol 
group of the enzyme. The syndrome was also reported to occur after consumption of Lepiota 
aspera (Haberl et al., 2011). 

12.7 RHABDOMYOLYSIS MUSHROOM POISONING SYNDROME 

Rhabdomyolysis is a serious, life-threatening condition characterized by disruption of muscle 
fibers and release of their content into the bloodstream, which may lead to renal function im-
pairment and failure. It is a rare disorder and usually results from trauma or intoxication with 
alcohol, pesticides, or certain drugs (Melli et al., 2005; Janković et al., 2013). It is only recently 
connected with the consumption of certain mushroom species. Tricholoma equestre, the yellow 
knight, which had a reputation of popular edible mushroom in western and northern Europe, was 
implicated in a series of rhabdomyolysis cases between 1992 and 2016 in France, Poland, 
Germany, and Lithuania, some of which had a fatal ending (Bedry et al., 2001; Anand et al., 2009;  
Laubner & Mikulevičienė, 2016; Rzymski & Klimaszyk, 2018). Since then it has been debated if 
this mushroom is a cause of rhabdomyolysis, with contradicted evidence from different studies 
(Rzymski & Klimaszyk, 2018). It also sparked research concerning the risk of consumption of 
other supposedly edible mushrooms, regarding their potential to cause such serious conditions 
(Nieminen et al., 2009; Nieminen & Mustonen, 2020). The symptoms of poisoning start with 
fatigue and weakness, which is followed by myalgia, particularly in the legs. Dark urine occurs due 
to the excretion of released myoglobin. Profuse sweating without fever is also a characteristic of 
the syndrome. Blood analysis shows a dramatic increase of creatine kinase (CK), an enzyme 
confined to muscle fibers, as well as alanine aminotransferase (ALT) and aspartate amino-
transferase (AST). The treatment is only supportive (Bedry et al., 2001; Laubner & Mikulevičienė, 
2016). Recovery takes about 15 days but in serious cases, there is a progression to renal failure or 
cardiovascular impairment and death (White et al., 2019a). 

Figure 12.9 Chemical structures of coprine (1), (9E)-8-Oxo-9- 
octadecenoic acid (2), ethyl (9E)-8-oxo-9-octadecenoate 
(3) and ethyl (9E)-8-oxo-9-hexadecenoate (4). 

Source:  http://www.chemspider.com.     
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Photograph 12.5. Tricholoma equestre s.l., a mushroom species connected with serious 
rhabdomyolysis poisoning syndrome. Crni vrh, Serbia, 2015. Photo: P. Petrović 

Characteristic of all T. equestre–associated poisonings is the consumption of consecutive meals 
containing the mushroom, in some cases for days, suggesting cumulative toxicity. It is also sug-
gested that there may be a genetic susceptibility to the toxins contained within the mushroom 
(Bedry et al., 2001; Laubner & Mikulevičienė, 2016; White et al., 2019a; White et al., 2019b). 

Several studies performed using animal models showed increased CK in mice that were fed 
with T. equestre mushrooms or their extracts (Bedry et al., 2001; Nieminen et al., 2005, Nieminen 
et al., 2008), although the methodology of these studies has been criticized for allegedly using 
high, non-relevant doses of mushrooms or their product (Rzymski & Klimaszyk, 2018). The toxic 
principles were not characterized, nor isolated in these studies. Several, although limited clinical 
studies did not show any toxic reactions in humans who were put on a diet that included repeated 
daily T. equestre meals. One of these studies included patients with dyslipidemias on a statin and/ 
or fibrate therapy, which may alone cause rhabdomyolysis as a rare and serious side effect, im-
plying that even individuals with a higher risk of myotoxic events could safely consume T. 
equestre in reasonable amounts (Klimaszyk & Rzymski, 2018; Rzymski & Klimaszyk, 2018). 
Besides the methodology used in studies on animals, case reports that marked T. equestre as the 
cause of rhabdomyolysis were also questioned for proper identification of the species. Most of 
these reports did not involve confirmation by mycologists or molecular techniques and T. equestre 
is only one in the series of similar yellow species in the genus (Rzymski & Klimaszyk, 2018). 

Russula subnigircans was on the other hand unambiguously marked as the cause of rhabdo-
myolysis in series of poisonings with fatalities in Taiwan, Japan, and China in the period from 
1998–2013, although in Japan there were reports of such events that dated back to 1956. The 
course of poisoning is however slightly different than that associated with T. equestre; it starts with 
GIT issues (nausea, diarrhea) as quickly as 30 minutes after ingestion. Pain in the back and 
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shoulder stiffness is accompanied by speech impairment and pupil contractions. Myoglobinuria, as 
well as a marked increase in serum CK (greater than 90,000 U/L), occur as a result of muscle fiber 
destruction. Unconsciousness and heart weakening is seen in severe cases which often end fatally. 
Early recognition of the syndrome and intensive care are key factors to prevent death (Lee et al., 
2001; Matsuura et al., 2009; Lin et al., 2015). 

Highly strained, low-weight carboxylic acid, cycloprop-2-ene carboxylic acid was found to be 
responsible for the toxicity (Figure 12.10). Studies in mice confirmed that, when administered 
orally, it causes a dramatic elevation of serum CK and LD50 of this compound was found to be 2.4 
mg/kg; the content of the toxin in the mushrooms was found to be very high, about 720 mg/kg. The 
mechanism of action is unknown, but the authors suggested that it does not cause direct damage to 
muscle fibers, but acts by triggering some other biochemical reaction (Matsuura et al., 2009). 

Yin et al. (2014) dubbed Tricholoma terreum, one of the most popular edible mushrooms of the 
Tricholoma genus in Europe, as potentially dangerous rhabdomyolysis-causing species in a paper 
named “Chemical and toxicological investigations of a previously unknown poisonous European 
mushroom Tricholoma terreum“; the authors isolated several new triterpenoids from T. terreum 
fruiting bodies and found that two of them, saponaceolide B and M caused CK elevation in mice. 
LD50 values of orally administered compounds in mice were determined to be 88.3 and 63.7 mg/kg 
for saponaceolide B and M, respectively, and it was found that these saponaceolides were present 
in the mushrooms at levels of 414 and 184 mg/kg-1 dry weight. They concluded that T. terreum is 
in fact a poisonous species and that it might have been mistaken for T. equestre and was the actual 
cause of rhabdomyolysis. The study was heavily criticized for the interpretation of the results and 
conclusions drawn from them; heat and low pH resistance of the compounds were not tested. The 
reported LD50 values in mice were relatively high and toxin levels in mushrooms were low. The 
critics of the study also remarked that using stricter, body-surface area (BSA) scaling to translate 
the toxicity of the compounds to humans would end up in consumption of approximately 12–20 kg 
of fresh mushrooms to exert the LD50 values for these triterpenoids (Davoli et al., 2016). 

Well-known toxic mushrooms that cause other poisoning syndromes were also occasionally 
reported to cause raise in CK blood levels; in a retrospective study of rhabdomyolysis causes 
during one year period in Serbia, it was reported that 5/28 patients with clinical presentation of 
hepatotoxic mushroom poisoning (presumably Amanita phalloides) had mild to moderate elevation 
of CK. As A. phalloides is not known to induce rhabdomyolysis, the authors suggested the pos-
sibility of co-ingestion of other poisonous mushroom species or another cause of CK elevation 
(Janković et al., 2013). Another case of suspected amatoxin poisoning with evident rhabdomyo-
lysis, confirmed by both blood analysis and muscle biopsy had been reported earlier, in 1996, but 
again, no definitive identification of the species involved could be performed (Gonzalez et al., 
1996). In some cases of poisoning with Gyromitra esculenta, rhabdomyolysis can be seen ac-
companying hemolysis and convulsions (Michelot & Toth, 1991; Brooks & Graeme, 2016). 

Other, well-established edible mushrooms were also implicated in rhabdomyolysis cases; in a 
case report from Turkey, rhabdomyolysis that occurred in a married couple was claimed to be due 
to the consumption of Agaricus bisporus, bought in the local marketplace. No evidence was 
however provided for the claim, and the identification of the species was based on the patients’ 
anamnesis (Akilli et al., 2014). This remains the only rhabdomyolysis report that was connected to 
A. bisporus. A rhabdomyolysis case in Poland was associated with repeated consumption of large 
amounts of edible species of Boletus and Leccinum genus (Chwaluk, 2013), although this report 

Figure 12.10 Chemical structure of cycloprop-2-ene carboxylic acid. 
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also lacks any details on mushroom identification other than patient’s claims. To further com-
plicate the subject, Nieminen et al. performed series of studies in mice to see whether the potential 
to cause myotoxicity was inherent to all mushrooms or restricted to a few species. Their find was 
surprising as they showed that all mushrooms tested when ingested several days in a row are 
capable of elevating serum CK levels (Nieminen et al., 2005, Nieminen et al., 2008). Again, these 
studies received criticism regarding dosing issues (Rzymski & Klimaszyk, 2018). More research will 
be needed to determine whether this applies to humans, what are the mechanisms of toxicity and, if this 
is true, what is the safe amount of mushrooms that can be eaten and how often should someone engage 
in consuming mushrooms. It is important to note that a great number of studies of mushroom diet in 
humans showed only beneficial effects on various physiological functions and health conditions. 

12.8 PANCYTOPENIA – TRICHOTECENE-CONTAINING MUSHROOMS 

Trichothecenes are one of the major groups of mycotoxins with a great impact on society, both 
from a health and economic aspect. They are primarily known as secondary metabolites of molds that 
affect industrial crops and include species of genera Fusarium, Myrothecium, Spicellum, 
Stachybotrys, Cephalosporium, Trichoderma, and Trichothecium, all being members of the order 
Hypocreales (McCormick et al., 2011). They are very potent cytotoxins and are toxic to animals, but 
plants and protists as well, practically all eukaryotic organisms (Ueno & Matsumoto, 1975). 
Trichothecenes are protein synthesis inhibitors that target the 60 S ribosomal subunit, causing im-
pairment of the peptidyl transferase center, thus preventing peptide bond formation. They also act as 
protein synthesis inhibitors at the mitochondrial level (McCormick et al., 2011). Trichothecenes were 
also showed to be capable of in vitro inactivation of several SH-containing enzymes, creatine 
phosphokinase, lactate dehydrogenase, and alcohol dehydrogenase, presumably by the addition of 
SH groups to epoxide moiety of trichothecenes (Ueno & Matsumoto, 1975). They eventually lead to 
accumulation of reactive oxygen species and cause oxidative stress in the target cells (McCormick 
et al., 2011) and lead to apoptosis or necrosis. Trichothecens are amphiphilic molecules that are easily 
absorbed from GIT and they can passively move through cell membranes; the most susceptible are 
tissues and organs where active proliferation takes place (McCormick et al., 2011), causing the 
greatest impact on hematopoietic, lymphoid and digestive tract tissues (Park et al., 2016). 

A series of poisonings with Podostroma cornu-damae, the rare “fire coral” mushroom native to 
East Asian countries and Oceania, has been documented since 1999 from Japan and South Korea, some 
of which were fatal (Saikawa et al., 2001; Kim et al., 2016; Ohta et al., 2020). The fact that tri-
chothecenes are found to be principal toxins of this mushroom (Saikawa et al., 2001) is not surprising, 
as P. cornu-damae (syn. Hypocrea cornu-damae) is a member of the Hypocreales order and a tele-
omorph (sexual form) of a Trichoderma sp.; hence, the newly proposed/accepted name: Trichoderma 
cornu-damae (Bissett et al., 2015; Ohta et al., 2020). In most cases of poisoning, the victims confused 
fire coral with young fruiting bodies of either edible mushrooms from the genus Clavulinopsis or 
mushrooms used in traditional medicine, such as Ganoderma lucidum, Ophiocordyceps sobolifera, or 
Cordyceps militaris (Park et al., 2016; Choe et al., 2018; Ohta et al., 2020). 

Trichothecenes of T. cornu-damae are of the macrocyclic type and include satratoxin H 
(Figure 12.11) and its mono- and diacetylated derivatives; satratoxin G; roridin D, E, and Q; 
verrucarin J; and verrucarol (Saikawa et al., 2001; Choe et al., 2018). All of these compounds, 
except for the verrucarin J, exhibited a lethal effect in mice at a single dose of 0.5 mg, within 24 
hours (Choe et al., 2018). An early phase of poisoning is characterized by gastrointestinal 
symptoms (nausea, vomiting, diarrhea, and consequent dehydration). Hypotension and tachy-
cardia, oliguria, weakness, headache, and consciousness impairment follow. These symptoms 
resolve within few days. However, severe pancytopenia soon develops, with a high risk of life- 
threatening sepsis, which had occurred in some cases (Ahn et al., 2013; Park et al., 2016). 
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Leukopenia trend was well documented in four cases and it was observed that leukocyte numbers 
reached the lowest point after 17–20 days after T. cornu-damae ingestion (Park et al., 2016). 
Neutropenic fever consequently occurs. Desquamation of palms, soles, scalp, including hair loss, is 
also a highly characteristic feature of T. cornu-damae poisoning (Ahn et al., 2013; Park et al., 
2016). However, the GI phase, as well as desquamation may not occur, and the course of 
symptoms seems to depend on the amount of ingested toxins. Victims usually die due to multiple 
organ failures, including renal failure, hepatic necrosis, and disseminated intravascular coagulation 
(Ahn et al., 2013). Fatal hemorrhagic lung necrosis was connected to T. cornu-damae poisoning in 
one case (Jang et al., 2013). The treatment of leucopenia and avoiding bacterial infections is crucial 
for a patient’s survival. Granulocyte colony-stimulating factor may be beneficial, but there are 
mixed results. It often takes several weeks for full recovery (Park et al., 2016). 

Ganoderma species, although considered safe and well known for their medicinal properties 
were implicated in cases of pancytopenia on two occasions; Kyeon et al. (1991) reported aplastic 
anemia in a husband and a wife who have consumed uncooked G. lucidum (as G. japonicum).  
Yoon et al. (2011) described two cases of poisoning with the same clinical presentation, again, in a 
married couple, which developed several days after repeated intake of decoctions prepared from G. 
neojaponicum. Due to the lack of any other possible cause, they assumed that G. neojaponicum is 
responsible for the pancytopenia. The specimens gathered in the wild by the couple were retrieved 
and described as “being rotten” at the time of examination as they had been left at room tem-
perature. Photographs of the specimens were provided, showing greenish mold growing on the 
mushroom surface. Although it cannot be ruled out that certain individuals may have predis-
positions for rare toxic effects of species of Ganoderma, it is highly unlikely for this to occur in 
two unrelated individuals at the same time, on two different occasions. One explanation could be 
that Ganoderma specimens were contaminated by trichothecene-producing fungi as pancytopenia 
may be the only major symptom of trichothecene poisoning (Ahn et al., 2013); green mold that 
affects G. sichuanense (syn G. lingzhi), a mushroom disease of concern in China, is recently found 
to be caused by Trichoderma atroviride (Yan et al., 2019) and T. hengshanicum (Cai et al., 2020). 

12.9 ENCEPHLOPATHY POISONING SYNDROME – PLEUROCIBELLA PORRIGENS 

The angel’s wing mushroom (Pleurocybella porrigens) is a widespread species and has been 
eaten particularly in Japan. However, it caused a series of serious poisonings in Japan in 2004 
when 17 people in total died. The cause of death was acute encephalopathy, which followed the 
ingestion of the mushroom. Symptoms occurred 1–31 days after the first ingestion of mushrooms, 
with many patients having meals containing the mushroom for several days; they included dis-
turbed consciousness, convulsions, and myoclonus. All victims had underlying chronic kidney 
diseases and were undergoing hemodialysis (Gejyo et al., 2005; Wakimoto et al., 2010). Several 
compounds were proposed to be responsible for toxicity, including steroids/vitamin D analogues, 
fatty acids and oligosaccharides, amino acids, and even cyanides (Gonmori et al., 2011); although 

Figure 12.11 Chemical structure of satratoxin H. 
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the mystery remains unsolved, recent studies support the latter two as more likely to be responsible 
for the toxicity of P. porrigens. 

Several unusual amino acids were isolated from the mushroom after the poisoning event oc-
curred, some of which showed toxicity towards mouse cerebrum glial cells (Kawaguchi et al., 
2010). It had already been known that P. porrigens produces β-hydroxyvaline, a non-proteinogenic 
amino acid (Aoyagi & Sugahara, 1988), and the series of newly isolated amino acids had one thing 
in common – a β-hydroxyvaline moiety, attached to various endogenous compounds (Wakimoto 
et al., 2010). These unusual structures led researchers to speculate about the existence of a common 
precursor – a highly strained, unstable aziridine amino acid (Figure 12.12). As highly reactive, it 
could not be isolated, but its existence in the mushrooms was proven indirectly. 

Pleurocybellariziridine, as it was named, showed in vitro toxicity to rat oligodendrocytes and was 
more active than its derivatives. Wakimoto et al. (2010) further speculated that demyelination, 
caused by oligodendrocyte damage could be a trigger for encephalopathy. On the other hand,  
Gonmori et al. (2011) hypothesized that hydrogen cyanide (HCN) was a causative toxin from the 
mushroom. There are several mushrooms capable of producing HCN and P. porrigens is one of 
them. It was showed that heat treatment lowers HCN content in mushrooms (the level of decrease 
depends on the type of treatment) but does not eliminate it. They speculated that environmental 
factors, specifically unusually wet weather conditions during the summer and early autumn in 2004 
may have contributed to some changes in the biochemistry of P. porrigens, making the mushroom 
produce more HCN than usual. The mushroom was reported to fruit earlier that year, showing 
“abnormal massive genesis”. The victims, who were all diagnosed with renal failure would be 
specifically prone to toxic effects of HCN, as a low-protein diet of kidney patients may lead to a 
deficiency of sulfur-containing amino acids and consequently to deficiency of rhodenase activity, 
leading to the formation of toxic cyanate OCN- as a product of CN- metabolism, instead of thio-
cyanate. OCN is a known cause of neurodegenerative diseases. Akiyama et al. (2015) further in-
vestigated this theory using an adenine-induced rat model of chronic renal damage; the rats received 
cyanogen glycoside fraction isolated from the mushrooms orally. They showed that impaired renal 
function affected cyanide metabolism, leading to accumulation of cyanide in hemolyzed blood of the 
rats 8 hours after single cyanogen glucoside administration and thiocyanate in both hemolyzed blood 
and brain 24 hours after the administration, which they explained by the incapability of thiocyanate 
excretion by kidneys. The clinical signs of poisoning in animals were however noticed only in one of 
three test animals that received a higher dose of cyanogen glucoside; the animal appeared weak, 
laying down in a prone position. The authors also quantified the cyanide levels in the P. porrigens 
samples from 2004, which were found to be 0–114 µg/g, and suggested that cyanides could truly be 
responsible for the series of acute encephalopathy associated with P. porrigens consumption. 

12.10 YUNNAN SUDDEN UNEXPLAINED DEATH SYNDROME – TROGIA 
VENENATA? 

Trogia venenata was scientifically described as recently as 2012 and was already suspected to be 
one of the most dangerous mushroom species, responsible for the deaths of over 400 people in 
Yunnan province in southwestern China since 1978. Mysterious deaths occurred in time-space 

Figure 12.12 Chemical structure of pleurocybellaziridine. 
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clusters during the summer months, often among members of the same family. Previously healthy 
individuals would suddenly fall unconscious during diurnal activities (Shi et al., 2012a), and pass 
away within a day (2 hours median) and such events were dubbed as “sudden unexplained death” 
syndrome (SUD). The majority of victims did not show signs of any health issues up to 2 days before 
death. Cardiac-related symptoms such as dizziness, weakness, palpitation, and unconsciousness were 
seen in more than 60% of victims within 2 days before the onset of fatal events (Shi et al., 2006). 
Fieldwork initiated in 2005 as a part of a special SUD surveillance system soon found a connection 
between the incidence of SUDs and summer occurring, previously unknown “little white mush-
rooms” which grew in affected areas and were consumed by villagers (Shi et al., 2012a). 

Soon after the implication of T. venenata in SUD, Zhou et al. (2012) isolated unusual non- 
proteinogenic without hypothetical predisposing risk factors amino acids from the fruiting bodies of 
this fungus, which were confirmed to be toxic in mice, as well as previously known toxin, γ- 
guanidinobutyric acid. Newly isolated 2R-amino-5-hexynoic acid and 2R-amino-4S-hydroxy-5- 
hexynoic acid (Figure 12.13) were shown to cause a rise in CK in mice and the action is dose de-
pendant; however, the CK increase level is not as high as it is seen in rhabdomyolysis. The estimated 
LD50 value for these amino acids in mice is 84 and 71 mg/kg body weight, respectively, which can be 
regarded as relatively high; 2R-amino-4S-hydroxy-5-hexynoic acid was found in the heart blood 
sample of a SUD victim. The total combined content of these compounds in the fruiting bodies was 
found to be 2 g/kg dry weight; Zhou et al. estimated that the lethal dose for 60 kg human would be 
about 400 g of dry mushrooms, without taking into account hypothetical predisposing risk factors. The 
potential ability of the mushroom to cause hypoglycemia was also considered as a possible mechanism 
of mushroom’s alleged toxicity; Shi et al. (2012b) tested the toxicity of T. venenata ethanol extracts in 
mice. Mice that received the lowest dose of 500 mg/kg did not develop any symptoms, while those that 
received doses from 1,500–3,500 mg/kg developed signs of illness, characterized primarily by the 
decrease of spontaneous activity; most of them died in less than 5 hours. Biochemical blood analysis 
showed that the extract dose of 2,000 mg/kg caused profound hypoglycemia, which was considered as 
the cause of death in mice. The authors estimated that the minimum fatal dose of fresh mushrooms in 
humans could be put between 140–430 g. The control group of mice that received 3,500 mg/kg ethanol 
extract of Laccaria vinaceoavellanea, a common edible mushroom found in the same area, survived 
through the 7-day observation period, without any pathological symptoms. 

An autopsy performed on four victims of SUD with previous exposure to T. venenata showed 
that they all had damaged heart muscle fibers with focal lymphocytic infiltrations, however, there is 
an evident lack of clinical data for SUD victims as death takes place soon after symptom onset. A 
study that involved family members of SUD victims who consumed T. venenata found that 63% of 
them developed illness/unusual symptoms 16 hours–15 days after the last T. venenata meal. The 
symptoms included palpitations, dizziness, chest distress, shortness of breath, abdominal pain, 
headache, syncope, etc. The study also revealed that their levels of creatine kinase and its cardiac, 
MB isoenzyme, as well as myoglobin and AST, were 1.6 to 3.8 times elevated comparing to 
control villagers, who did not consume the mushroom, though the difference was statistically 

Figure 12.13 Chemical structures of 2R-amino-5-hexynoic acid (1) and 2R- 
amino-4S-hydroxy-5-hexynoic acid structures (2). 
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significant only for AST. Among family members of SUD victims who did not have a history of T. 
venenata consumption, 17% developed an illness during the same period of time. There were also 
SUD cases that could not be connected to T. venenata consumption; however, Shi et al.(2012a) 
marked T. venenata as a strong suspect for SUD. After a special surveillance program that included 
education of local people and a warning not to eat unfamiliar mushrooms, the SUD cases dropped 
to nearly zero after 2008 (Shi et al., 2012a), raising hope that the Yunnan SUD mystery is solved, 
at least for the part of the scientific community. However, cases of SUD soon reappeared; three 
documented cases occurred in 2015. All members of the victims’ family consumed several mush-
room species but claimed not to have consumed any little white species. The genome of two victims 
and their living relatives was sequenced and revealed mutations in several genes, including certain 
ion channel genes, as well as genes that could be associated with glucose metabolism deficiency. 
Conditions that could result from such mutations (e.g. channelopathies) may remain unnoticed for a 
long time and maybe completely asymptomatic until a triggering event occurs. This study rejected the 
hypothesis that poisoning with T. venenata is the cause of unexpected deaths, as in some cases 
researchers failed to connect T. venenata consumption with SUDs. However, the authors did ac-
knowledge that common exposure to external factors must be taken into account since there is clear 
time-space clustering of SUDs (Li et al., 2020). Whether T. venenata is the key common exposure 
factor is yet to be uncovered. Since barium is known to cause cardiac arrest and sudden death in 
humans, it was suggested at one point that T. venenata contains high levels of this metal. This theory 
was later rejected as it was found that barium content in mushrooms gathered from different sites was 
low and comparable to other foods (Zhang et al., 2012). Yunnan’s sudden unexplained deaths remain 
a mystery, without scientific consensus regarding the cause. 

12.11 GASTROINTESTINAL MUSHROOM POISONING SYNDROME 

While the majority of all poisonous mushrooms cause gastrointestinal (GI) disorders, there are 
a great number of mushrooms that cause exclusively (or almost exclusively) gastrointestinal upset, 
which leads to the development of non-specific symptoms such as nausea, vomiting, and diarrhea, 
accompanied by cramps and abdominal pain. The disorder is self-limited in most cases, and the 
therapy is only supportive. Also, there is a great inter-individual difference in susceptibility to 
mushroom gastrointestinal irritants (Köppel, 1993; Berger & Guss, 2005;Beuhler, 2017; Cervellin 
et al., 2017; White et al., 2019a). GI syndrome is the most frequently reported clinical manifes-
tation of mushroom poisoning (Beug et al., 2006; Keller et al., 2018). There is a great variety of 
species that cause GI syndrome, and the great majority of toxins are not identified yet (Köppel, 
1993). Some of the best-known representatives of mushrooms that cause primarily GI disorders are 
given below, with emphasis on species for which suspected toxins were reported or with well- 
described clinical presentation of poisoning. 

Among mushrooms of the genus Tricholoma, T. ustale is recognized as one of the three most 
common causes of overall mushroom poisoning in Japan; a bisphenylacetic acid derivative, named 
ustalic acid (Figure 12.14) was isolated from its fruiting bodies as well as several of its analogues, 
all of which were found to be inhibitors of Na+,K+-ATPase. Suppressing of a Na+,K+ pump causes 
inability of water absorption and resulting with diarrhea. Mice that were force-fed with 2, 5, or 10 
mg of ustalic acid suffered from tremor and abdominal contractions, causing them to sit in a 
crouched position, with little movement. Symptom onset was 3 hours after ingestion, continuing up 
to 2 days afterward resulting in death in some cases; the dose of 10 mg caused death in all mice 
tested, although no information about the number of test animals was given. The authors reported 
the isolation of 191.4 mg of ustalic acid from 30.3 kg of fresh mushrooms, the toxin concentration 
being 6.3 mg/kg. The analogues, which also showed Na+,K+-ATPase inhibitory activity were 
found in much lower concentrations (Sano et al., 2002). 
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Agaricus xanthodermus (“yellow stainer”) is a rare example of a poisonous member of the 
genus Agaricus (Gill & Strauch, 1984), which includes the widely consumed white button 
mushroom (A. bisporus) (Djekic et al., 2016). It is often mistaken for other, edible, wild-growing 
species of the genus such as A. campestris, causing vomiting and diarrhea in susceptible in-
dividuals. It is found that A. xanthodermus contains phenol (Figure 12.14) in the concentration of 
up to 0.1% fresh weight, which is sufficient to cause acute toxicity. The symptoms of A. xan-
thodermus poisoning are consistent with those caused by the ingestion of phenol. p-Quinol, which 
gives the mushroom the characteristic odor, is also known to be toxic (Gill & Strauch, 1984). 

Omphalotus olearius can be found in Europe where it is sometimes mistaken for edible 
chanterelles (Cantharellus cibarius) and is known to cause GI disorders; it is also reported to be 
sold as a chanterelle in the markets, presumably by mistake. Two reports of poisoning with this 
mushroom in Croatia during the 1960s and 1970s included 29 people in total, showing a variety of 
symptoms, ranging from mild gastrointestinal to muscarinic-like syndromes, with symptoms like 
salivation, bradycardia, and even diplopia. Transient liver injury was also noticed in few cases. 
Misidentification of toxic mushrooms in some cases cannot be ruled out, although there were other 
reports from France which questioned whether O. olearius contains muscarine (Maretić, 1967;  
Maretić et al., 1975; Vanden Hoek et al., 1991). Poisonings with North American O. illudens, for a 
long time considered the same species as O. olearius, cause similar GI symptoms, primarily vo-
miting, although the poisonings are rarely reported. Elevation in liver enzymes was reported in two 
cases and hypokalemia in one (Vanden Hoek et al., 1991). Severe poisonings with eastern Asian O. 
japonicas (as Lampteromyces japonicus) were reported to be accompanied by delayed intestinal 
edema, after initial GI disorder symptoms which include nausea, vomiting and diarrhea (Kobayashi 
et al., 2017). Illudin S (Figure 12.14), a potent cytotoxic sesquiterpene, is often referred to as the 
toxic principle of O. japonicus (Tanaka et al., 1994; Beuhler, 2017); however, data that clearly 
connect oral administration of this compound to GI symptoms seen in human poisonings by this 
mushroom are insufficient. 

Rubroboletus satanas (formerly known as Boletus satanas), or devil’s bolete, is known to 
cause serious gastroenteritis, with severe bloody diarrhea, although there are no reported deaths 
due to poisoning with this, rather rare European mushroom (Kretz et al., 1989; Patočka, 2018).  
Kretz et al. (1989) isolated a toxic protein (in later publications referred to as glycoprotein) named 
bolesatin which was shown to inhibit protein synthesis in cell cultures. Bolesatine is said to be 
“relatively thermostable” at 70oC for 60 minutes as well as resistant to proteolytic enzymes. 

Figure 12.14 Chemical structures of ustalic acid, phenol and illudin S. 
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Detailed studies on bolesatine’s toxicokinetics were performed using 14C labeled protein. It was 
found that most of the bolesatine is excreted in feces (63%, during 24 hours) and the rest is 
absorbed; after 3–6 hours the organ distribution is stable, with intestine tissue containing the 
highest proportion of the toxin (13.9%), followed by liver (2.5%) and kidneys (1.5%). The ab-
sorbed bolesatine is excreted in urine (17.4%, during 24 hours); after 31 hours, bolesatine is almost 
eliminated/excreted from the body. Oral LD50 in mice was determined to be 3.3 mg/kg and 
postmortem autopsy showed signs of hepatotoxicity. Although no data was given whether autopsy 
showed signs of GI damage (Kretz et al., 1991b), in consequent papers bolesatine was referred to 
as causing hepatotoxicity and “slight gastro-enteritis” in mice (Kretz et al., 1991a). Bolesatin was 
also shown to have lectinic properties and to agglutinate both human erythrocytes and platelets 
(Gachet et al., 1996). Ricin, a well-known toxic lectin that acts as protein synthesis inhibitors cause 
GI disorders when ingested orally, the GI symptoms start after several hours (Audi et al., 2005); GI 
symptoms, however, start relatively quickly upon R. satanas ingestion, within 2 hours (Merlet 
et al., 2011). Nevertheless, Kretz et al. proposed that bolesatine is at least partly responsible for the 
toxicity of R. satanas. 

Before isolation and characterization of bolesatine, a toxic protein named bolaffinine was isolated 
from Xanthoconium affine (as Boletus affinis), which was implicated in deadly poisonings of cattle in 
Madagascar. Bolaffinine was found to be thermolabile, which explained why the mushroom was safe 
for human consumption (Razanamparany et al., 1986). Bolevenine, another toxic protein isolated from 
Neoboletus venenatus (as B. venenatus) that known to cause GI disorders grows in Japan and China 
and is known to cause GI disorders, was also found to be thermolabile (Matsuura et al., 2007). More 
detailed information on thermostability however lacks for bolesatine. 

Interestingly, it was recently found that R. satanas may cause significant elevation of serum 
procalcitonin (hyperprocalcitonemia), as well as c-reactive protein (CRP) levels. The underlying 
mechanism is unknown and R. satanas is the only known mushroom that can cause this distinct 
poisoning symptom (Merlet et al., 2011). 

Chlorophyllum molybdites is one of the leading causes of mushroom poisoning in North America 
(Lehmann & Khazan, 1992), although poisonings due to consumption of this parasol mushroom 
species are known from India, Australia, and Brazil as well (Young, 1989; Natarajan & Kaviyarasan, 
1991; Meijer et al., 2007; Bijeesh et al., 2017). Eilers and Nelson (1974) isolated a high molecular 
weight thermolabile protein (~400 kDa) from the C. molybdites fruiting bodies, which was shown to be 
toxic to mice and chicks when administered systemically; although there was no toxic reaction when 
protein was force-fed to animals it was still suggested that it might be the main toxic principle of the 
mushroom; Lehmann and Khazan (1992) later expressed doubts about the claim. 

Poisonings with Entoloma sinuatum (syn. E. lividum) and Tricholoma pardinum (syn. T. ti-
grinus) have been reported quite frequently in Europe (Alder, 1961; Schmutz et al., 2016;  
Cervellin et al., 2017; Clericuzio et al., 2020; Wennig et al., 2020), although there is a lack of 
specific reports describing such cases in recent times. Other species known to produce GI upset 
include Russula emetica, Lactarius torminosus, L. helvus, Tylopilus felleus, Ramaria pallida, R. 
formosa, Scleroderma citrinum, Clitocybe nebularis, Hebeloma crustuliniforme, Hypholoma fas-
ciculare, etc. (Köppel, 1993; Schenk-Jaeger et al., 2012; Wennig et al., 2020. 

A fact that should be always highlighted is that edible mushrooms are responsible for a great 
number of gastrointestinal mushroom poisonings, as a result of inappropriate preparation or storage 
(Gawlikowski et al., 2014); mushrooms are products with a relatively short shelf-life at ambient 
temperatures (Djekic et al., 2017). Some may cause GI disorders due to consumption of large quantities 
and low digestibility (White et al., 2019a). Inability to hydrolyze mushroom disaccharide, trehalose, 
due to trehalase deficiency, may also lead to GI discomfort (Gawlikowski et al., 2014). In a retro-
spective study conducted in Switzerland, it was found that in most mushroom poisoning cases an edible 
species were involved (Schenk-Jaeger et al., 2012). Among the top six species involved in poisonings, 
four were edible, commercial species: Boletus edulis, Agaricus bisporus, Cantharellus cibarius, and 
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Morchella esculenta. B. edulis was also found to be one of the main causes of mushroom poisoning in 
Italy, despite being one of the most popular mushroom delicacies (Cervellin et al., 2017). A study in 
Poland also found that more than 87% of mushroom poisonings with GI symptoms were due to 
ingestion of edible mushrooms (Gawlikowski et al., 2014). 

Photograph 12.6. Entoloma lividum, one of many mushroom species that cause gastro-
intestinal upset. Bor district, Serbia, 2014. Photo: P. Petrović 

12.12 SHIITAKE DERMATITIS 

Shiitake (Lentinula edodes) is a very popular edible commercial mushroom species, particu-
larly in the Far East, but under certain circumstances it can cause characteristic flagellate der-
matitis, which is mostly connected with consumption of raw or undercooked mushrooms, 
suggesting a thermolabile toxic compound (Nakamura, 1992; Boels et al., 2014). First signs of skin 
reaction arise 12 hours to 5 days after consumption (Boels et al., 2014). It was proposed that a 
lentinan, a β-glucan isolated from shiitake that is used as an adjuvant in cancer therapy in Japan, or 
a polysaccharide like lentinan is responsible for the reaction (Nakamura, 1992; Boels et al., 2014), 
although there is no direct evidence for this claim. It is, however, known that one of the rare side 
effects of intravenously administered lentinan is the development of a streaky rash (Nakamura, 
1992). Most cases are reported from Asia where shiitake is widely produced, but in recent times 
cases are reported from Europe and America due to the popularization of the mushroom. The 
condition is treated with corticosteroids or and antihistaminics, leading to full recovery (Boels 
et al., 2014). Although current evidence suggests that shiitake flagellate dermatitis is a result of 
toxicity and not hypersensitivity, shiitake growers can also develop various occupational im-
munological conditions like contact dermatitis/protein contact dermatitis, as well as conjunctivitis 
and respiratory allergic reactions (Aalto-Korte et al., 2005; Boels et al., 2014). 
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12.13 MUSHROOMS THAT CAUSE HYPERSENSITIVITY REACTIONS 

12.13.1 Immunohaemolytic anemia–inducing mushrooms – Paxillus syndrome 

Paxillus involutus was once thought to be a good edible species, although it was known to cause GI 
discomfort associated with consumption of undercooked mushrooms, due to thermolabile toxins. 
However, there were cases of poisonings related to P. involutus that had symptoms of systemic poi-
soning and some ended fatally; all of them involved people who had consumed P. involutus repeatedly. 
It was found that certain strains of this mushroom produce a compound with antigenic properties, 
capable of provoking an immune response in humans. Repeated consumption of P. involutus can thus 
lead to sensibillization in susceptible people and the production of IgG antibodies. The reaction be-
tween the antigen from the mushroom and antibodies leads to the formation of the antigen-antibody 
complexes. These immune complexes target specifically erythrocytes and bind to their surface; ery-
throcytes agglutinate which leads to their destruction and consequently to hemolytic anemia and all the 
systemic disorders that are connected with it. The symptoms, which occur 30 mininutes to 3 hours after 
ingestion of the mushroom, apart from hemolysis, include abdominal pain, vomiting, jaundice, anuria, 
circulatory shock, and pulmonary failure (Winkelmann et al., 1986; Pohle, 1995; Stöver et al., 2019). 
Deaths are reported due to multiorgan failure and disseminated intravascular coagulation (Stöver et al., 
2019). The treatment is supportive and includes the elimination of immune complexes by plasma 
exchange; acute renal failure is treated with hemodialysis (Winkelmann et al., 1986). 

Even though today P. involutus is treated as a poisonous species, it is still consumed in some 
regions (Stöver et al., 2019). 

12.13.2 Lycoperdonosis 

Puffballs are a group of fungi that produce globous fruiting bodies; they are edible when young but 
upon maturation, they go through a process of autolysis in which their inside, gleba, is transformed into 
a powdery mass of spores (Petrović et al., 2016). Gleba of mature puffballs has been used in traditional 
medicine, as hemostyptic. Although mature puffballs contain compounds that may be beneficial in skin 
disorders (Petrović et al., 2019a; Petrović et al., 2019b), their spores can cause dangerous “toxic” 
acute reaction if inhaled. The condition was described as “lycoperdonosys”, after a puffball genus 
Lycoperdon (Strand et al., 1967). Lycoperdonosys is a type of inflammatory, hypersensitivity re-
action that occurs primarily after inhalation of puffball spores. The symptoms include nausea and 
vomiting, fever, and pneumonia with bilateral reticulonodular infiltrate, also accompanied by 
myalgia and fatigue. It is still not clear if lycoperdonosis is connected with some predisposing factors, 
such as asthma. Treatment is supportive and includes corticosteroids (Diaz, 2018). 
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13.1 INTRODUCTION 

Mushrooms are considered among the most popular foods due to their unique flavor as well as 
textural properties. Mushrooms have been extensively used as part of the human diet for centuries as 
they are not only nutritionally rich but also possess various biological activities such as anti- 
inflammatory, hypotensive, antioxidant activity, anti-cancerous, anti-allergic, anti-cholesterolemic, 
antidiabetic, etc. (Moon & Lo, 2014). On average, a consumer consumes around 5 kg mushrooms per 
year. As the awareness regarding the health benefits of mushrooms is increasing among the population, 
this rate is expected to increase further. Mushrooms have gained popularity in the field of processed 
foods, where they are being used in the form of powder in various food products such as muffins, 
patties, pasta, snacks, etc. to increase their nutritional value. There is a hike of 3.34 million metric tons 
in global production of mushrooms in a decade (2008–2017), with China (77% of the world’s pro-
duction of mushrooms), the United States, the Netherlands, Poland, and Spain among the top pro-
ducers. Agaricus bisporus, also known as common mushroom, is the most cultivated variety of edible 
mushroom, followed by Lentinus elodes or Shiitake, Pleurotus spp., and Flammulinavelutipes. 
Mushrooms, being low in fats and calories, contain a sufficient amount of proteins, ergothioneine, 
vitamins such as vitamin B and D, and minerals such as phosphorus, copper, selenium, magnesium, 
potassium, etc. along with dietary fibers in them and are therefore considered healthy to be part of the 
diet. Consumption of mushrooms enhances the immune system of the body, acts as antibacterial, and 
lowers the cholesterol level in the body. It helps in lowering the risk of various diseases such as strokes, 
hypertension, cancer, Alzheimer’s, Parkinson’s disease, etc. (Valverde et al., 2015; Ho et al., 2020). 
Mushrooms generally undergo different processing conditions using oil or water as a medium along 
with a wide range of temperature treatments before consumption and are rarely eaten in raw form. The 
type of processing depends upon the storage and usage of mushrooms with the end product. The 
preliminary processing includes washing, blanching, soaking, vacuum moistening in a solution con-
taining table salt, ascorbic acid, citric acid, sodium erythorbate, versenic acid or EDTA, hydrogen 
peroxide, cysteine hydrochloride, ethyl-alcohol vapors, methyl jasmonate vapors, calcium chloride, 
metabisulfites, etc. Metabisulfites are frequently used to inhibit the activity of lactase, polyphenol 
oxidase, lipoxygenase, peroxidase, and other such enzymes responsible for alteration in color. Washing 
using simple water as preliminary processing decreases the overall quality of mushroom products due 
to the darkening of pilei, but still, it is being performed as it is important from a hygienic point of view. 
In such cases, washing is usually preferred using solutions containing sodium metabisulfite, which 
prevents the formation of undesirable color on the pile and thus has a preventive effect on the whiteness 
of pilei (Bernas et al., 2006). 

Therefore, this temperature treatment, along with various processing conditions, plays a crucial role 
as these are responsible for causing variation in chemical composition which ultimately alters the final 
composition of the product and thereby its health and nutritional properties too (Tsai & Chen, 2019). 
Majorly, two treatments are recommended that are most widely used by various researchers before 
blanching: soaking and vacuum moistening. Moistening of mushrooms using a vacuum helps in re-
tention of the natural color of pilei in blanched mushrooms. Along with this, it also helps in the 
reduction of weight loss during blanching, which is reduced almost half when compared with 
mushrooms that have not undergone vacuum-moistening as pre-processing (Czapski, 1994). Soaking of 
fresh mushrooms in solutions of ascorbic acid and citric acid before blanching reduces the weight loss 
by 10% associated with blanching; however, it led to a reduction of water-soluble compounds present 
in mushrooms (Bernas et al., 2006). Various treatments have been standardized and optimized by 
various researchers for the increased yield production with the enhanced nutritional value of mush-
rooms. This chapter will focus on the effect of various processing techniques such as fermentation, 
pasteurization, soaking, blanching, irradiation, low temperature, vacuum moistening, drying, salting, 
pickling, and various heat treatments on the nutritional composition of edible mushrooms. 
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13.2 EFFECT OF FERMENTATION ON EDIBLE MUSHROOMS 

Fermentation is a food preservation process that has been used since ancient times to extend the 
shelf life and increase the nutritional profile of food products (Hutkins, 2018). This technique is also 
used for mushrooms to make them more valued and delicious. Solid-state fermentation and lactic acid 
fermentation are the common fermentation processes that are used to increase the yield of mush-
rooms and for waste product utilization also (Barros, Cruz, Baptista, Estevinho, & Ferreira, 2008). 

As all the fermentation techniques have different effects on mushrooms, it is important to 
analyze the effect of these processes on the nutritional value and sensory characteristics of the final 
product. The most effective technique should be chosen depending on the analysis. In Table 13.1, a 
few studies are summarized, including the fermentation methods used and their effect on various 
edible mushrooms. 

13.3 EFFECT OF PASTEURIZATION ON EDIBLE MUSHROOMS 

Mushrooms are very perishable, due to moisture deficiency, color shift, and ineffective preservation 
processes. Improved shelf life and quality characteristics of mushrooms would improve marketability 
and add value to the agricultural supply chain. To ensure food security, farmers must learn modern 
storage approaches that are both economical and easily available to them (Moda et al., 2005). 
Mushrooms are an essential component of natural waste management ad can be strengthened by cul-
tivation. Pasteurization is a common practice among mushroom growers to avoid the growth of com-
petitor molds and to improve the substrate’s suitability for mushroom mycelial growth (Ziombra, 2000). 

Table 13.1 Research findings of fermentation techniques and their effects on edible mushrooms      

Technique used Substrate used Findings References  

Solid-state 
fermentation 

Wood flour Anaerobic solid-state fermentation was 
used to test the extraction of 
biohydrogen from mushroom cultivation 
waste. Polypropylene bag stuffed with 
wood flour is used as mushroom 
cultivation waste. The finding indicates 
that anaerobic mixed microflora using 
solid-state fermentation can produce 
hydrogen from mushroom cultivation 
waste. 

Lin et al. ( 2016) 

Lactic acid 
fermentation 

Starter culture of Lactic 
acid 

To achieve higher yield and higher quality 
end product, a starter culture of lactic 
acid bacillus is used which enables the 
process to be repeated. Owing to the 
presence of viable LAB cells, lactic acid 
fermentation resulted in an 
improvement in the health beneficial 
value of the mushroom due to the 
presence of viable cells of lactic acid 
fermentation.  

Skapska et al. 
(2008) 

Lactic acid 
fermentation 

Blanched, salted, and raw 
Termitomyces robustus 

The effect of fermentation on the mineral 
content of the edible mushroom 
Termitomyces robustus (blanched, raw, 
and salted) was investigated. The 
findings revealed that salted and 
fermented mushrooms had a higher 
mineral content (potassium, calcium, 
magnesium, and iron).  

Bello and 
Akinyele (2007)    
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Pasteurization appears to be the best overall concept for the processes of heating mushroom 
substrate to eliminate weeds, viruses, and pests. If we talk about substrates for pasteurization, the 
cotton hull is almost universally used as a substrate, although it is not readily available to most 
farmers and is relatively expensive in comparison to other agricultural wastes (de Siqueira et al., 
2012). So, for effective mushroom production, identifying different substrates from various types 
of crops, as well as pasteurization methods, is crucial (Zied et al., 2011). 

13.3.1 Techniques of pasteurization 

Several preservation techniques have been employed like hot water treatment, steam pas-
teurization, and self-heating pasteurization (Table 13.2). In hot-water pasteurization, the straw 
fragments are filled in gunny bags and placed in hot water at 80–90°C for 40 minutes for proper 
pasteurization. This method is often used by small growers (Oseni et al., 2012). On the other hand, 
in steam pasteurization, for 5–6 hours, continuous steam is transferred under pressure into a room 
containing the wet substrate, and placed in trays at a temperature of 65°C. The temperature of the 
air in the room is maintained at a steady level. As self-heating pasteurization is an aerobic 
treatment that takes the very least time to complete, this treatment aims to raise the temperature 
enough to destroy most contaminating species. This treatment conserves water and allows for 
accurate monitoring of the moisture content of the substrate. However, this method is a successful 
option since it saves resources (Morales & Sánchez, 2017). 

13.4 EFFECT OF SOAKING AND BLANCHING ON EDIBLE MUSHROOMS 

Soaking and blanching are the economical and simple methods of preservation of fruits and 
vegetables in which the fruit or vegetable slices will be immersed in water alone or combined with 
some chemicals at different temperatures (Table 13.3). These methods can also be used for the 
shelf-life extension of mushrooms. By steeping the mushrooms in various chemical solutions, the 
shelf life of the mushroom can be extended for a short period (Chawla et al., 2019). Salts and acids 
can be used for the steeping solutions. The uses of various chemicals in steeping or blanching 
solutions in permissible limits can be proven the effective pretreatments before going for further 
processing like drying, osmotic dehydration, canning, and freezing (Jabłońska-Ryś, Sławińska, 
Radzki, & Gustaw 2016). 

13.5 EFFECT OF IRRADIATION ON EDIBLE MUSHROOMS 

The applications of irradiation, when combined with other food preservation techniques, were 
found more effective when compared with individual preserving methods. Ultraviolet (UV-C) 
irradiation is more beneficial in causing chemical sterilization and microbial reduction in food 
products and can also be used as a food disinfectant. A positive effect was shown by ultraviolet 
(UV-C) irradiation on mushrooms (L. edodes) at low temperatures, for 15 days. The wavelength of 
UV-C radiation is 200–280 nm. The effect of UV-C irradiation on L. edodes showed increased 
antioxidant capacity (Jiang et al., 2010). The wavelength of ultraviolet A (UV-A) radiation is 
315–400 nm. Vitamin D2 content increased using the UV-A light irradiation on species (A. bis-
porus, A. portabella, P. ostreatus, B. edulis, C. cibarius, C. tubaeformis, L. edodes) (Teichmann 
et al., 2007). Ergosterol content was also increased using LED irradiation on mushroom species 
Lyophyllumulmarium (Kim, Son, Martin Lo, Lee, & Moon 2014). Ergothioneine (2- 
mercaptohistidine trimethylbetaine) is a naturally occurring amino acid that can be synthesized in 
some bacteria and fungi. The pulsed light irradiation treatment did not affect the ergothioneine 
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Table 13.2 Research findings of pasteurization techniques and their effects on edible mushrooms      

Pasteurization 
techniques/temp Substrate used Findings References  

Cold-water and hot- 
water 
pasteurization 

Saw-dust, maize 
stalk, wheat straw, 
Teff straw, WTF 
straw, Fababean 
stalk, saw, and 
Fababean 

This analysis aimed to see how various 
organic substrates and pasteurization 
methods affected the yield and quality of 
oyster mushrooms. Overall, the findings of 
this study revealed that hot-water 
pasteurization of the substrates was 
successful in reducing competent 
microorganisms. And if we talk about 
substrates, Fababean and maize stalk had 
favorable association with mushroom yield.  

Ejigu and Kebede 
(2015) 

Stem pasteurization 
and hot-water 
pasteurization 

Cotton waste In this study, various pasteurization 
techniques were used on cotton waste to 
determine the best way for mycelial growth of 
three species (Pleurotus florida, pleurotus 
pulmonarius, pleurotus ostreatus) of oyster 
mushroom. The results showed that steam 
pasteurization produces the most mycelial 
growth in the shortest period.  

Ali et al. (2007) 

Self-heat 
pasteurization 

Dry grass + 2% 
Ca(OH)2 

In this study, the productivity of four species 
(Pleurotus ostreatus, Pleurotus eryngii, 
Pleurotus citrinopileatus, and Pleurotus 
djamor) of oyster mushroom was analyzed 
by using self-heat pasteurization and alkaline 
immersion disinfection techniques. It was 
revealed from the results that the self- 
heating pasteurization process is effective in 
the highest production of mushrooms.  

Avendaño- 
Hernandez and 
Sánchez (2013) 

Stem pasteurization Grass and Straw 
mixers 

Two experiments were conducted to examine 
the effect of grass and straw mixture on the 
growth of three different types of mushrooms 
i.e. Pleurotus ostreatus, Pleurotus 
pulmonarius, and Pleurotus eryngii. 
According to the findings, steam 
pasteurization is a very good method for the 
sustainable cultivation of mushrooms.  

de Siqueira et al. 
(2012) 

Hot-water 
pasteurization 

Rye and wheat 
straw 

The yield of Pleurotus cornucopiae grown on 
wheat and rye straw substrates pasteurized 
for 24, 48, 72, and 96 hours was checked. 
Results showed that rye straw pasteurized 
for 72 hours and wheat straw that had been 
pasteurized for 48 hours were responsible 
for the highest yield.  

Ziombra (2000) 

Hot-water and 
chemical 
pasteurization 

Wheat straw 
substrate 

A study has been conducted to know the 
effect of hot water and chemical 
pasteurization (with formaldehyde and 
carbendazim) on Pleurotus species (PL-17- 
7, PL-17-10, PL-17-11, PL-17-12) yield with 
wheat straw as substrate was investigated. 
Results revealed that the Chemical and hot- 
water pasteurization methods were found to 
be the most effective for the pasteurization of 
wheat straw. Based on economic yield and 
other yield attributes of oyster mushroom on 
chemical and hot-water pasteurization 
method was better compared to lime and 
plane water treatment of wheat straw.  

Kerketta et al. 
(2019)    
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content in the mushrooms when the average dosage of 11.50 kJ m2/pulse was given (Tsai & Chen, 
2019). Ionizing treatments were applied on the edible variety of mushrooms (Agaricus bisporus) at 
0.5 kilograys (kGy), 1.5 kGy, and 2.5 kGy, to check the effect on phenylalanine ammonia-lyase 
activity, total phenolic content, and respiration. It was observed that at 1.5 kGy and 2.5 kGy, the 
rate of respiration was decreased. Phenylalanine ammonia-lyase activity and total phenolic content 

Table 13.3 Research findings of blanching and boiling techniques and their effects on edible 
mushrooms      

Technique used Solution/ Time period Findings References  

Soaking and 
boiling 

15 min, 30 min, 45 min, 
60 min, 75 min, 90 min 
24-hour soaking + 30 
min boiling 

Pleurotus sajor- caju singer, an oyster 
mushroom, was grown in polythene bags 
containing 500 g of fresh, dry, and chopped 
leaves of sugarcane. The spawning was 
conducted at 50 g/bag, then the substrate 
was soaked and boiled. It was depicted 
that soaking and boiling the substrate for 
75 minutes results in a higher yield 
percentage. Similar results were also 
obtained by other researchers.  

Pathan et al. 
(2009) 

Steam blanching 
and soaking 

Steam blanching (3 
min) and combination 
of steam blanching (3 
min) + soaking for 30 
min in 0.5% citric acid 

Effect of pretreatments (blanching and 
combination of blanching with soaking) 
followed by drying on nutritional profile and 
physicochemical factors of oyster 
mushrooms were investigated and findings 
revealed that drying without pretreatments 
was found the best method for oyster 
mushrooms. This suggests that blanching 
and soaking have no positive correlation 
with mushroom drying.  

Maray et al. 
(2018) 

Blanching and 
cooking 

Blanching (5 min with 
citric acid) and boiling 
(15 min) 

The impact of blanching and boiling on 
phenolic content and antioxidant activity of 
three edible mushroom species (Agaricus 
bisporus, Pleurotus ostreatus, Lentinula 
edodes) was investigated. Observation led 
us to the conclusion that in general 
hydrothermal processing could lead to the 
decrease in total phenolics and antioxidant 
content of mushrooms. Boiling for 15 min 
had a negative impact. On the other hand, 
blanching in the citric acid solution for 5 min 
resulted in an increase of alcohol-soluble 
phenolics in P. ostreatus.  

Radzki et al. 
(2016) 

Water blanching 
and steam 
blanching 

Water and steam 
blanching with 
potassium bisulfite, 
lemon juice, and 
vinegar 

The nutritional value of oyster mushroom 
after no blanching, water blanching, and 
steam blanching accompanied by chemical 
pretreatments was investigated. Blanching 
followed by chemical pretreatments 
resulted in higher content of phenolic and 
flavonoid content than lemon juice. It can 
be inferred that appropriate chemical 
treatment would result in an improved 
quality processed product.  

Mutukwa 
(2014) 

Soaking Soaking water enriched 
with wheat bran, corn 
flour, soy bean flour, 
and rice bran 

Impact of additional nutrient-rich ingredients 
(wheat bran, corn flour, soy bean flour, rice 
bran) into soaking water treatment on 
edible mushroom shiitake production and 
other properties. According to findings, rice 
and wheat bran–enriched soaking 
treatments were found most effective in 
increasing mushroom production. 

Ranjbar et al. 
( 2017)    

420                                                                                                                  WILD MUSHROOMS 



were increased between 1–4 days but decreased after that. There was an increase in the activity of 
polyphenol oxidase (PPO) treated differently does of kGy. Loss of the white color of mushrooms 
during storage was observed (Benoit et al., 2000). 

Mushrooms generally have a shorter shelf life (1–2 days) due to browning, stalk elongation, and 
cap opening, but this shelf life can be prolonged by exposing the mushrooms to a particular dosage 
level of kilogray. Gamma irradiation (upto 10 kGy) could prevent the enzymatic browning of 
mushrooms and extend their shelf life by inactivating the enzyme polyphenol oxidase (PPO) in 
mushrooms. Also, when the doses were as low as 4.5 kGy/h, it provided a more valuable effect in 
extending the shelf life when compared with doses of 32 kGy/h. A shelf life of 5 days can be achieved 
by exposing Agaricus bisporus mushrooms to the dose of 1 kGy, whereas a dose of 2 kGy extended 
the shelf life for 3–4 days only (Akram & Kwon, 2010). The effect of gamma irradiation on the major 
aromatic compounds agaritine, GHB (gamma-glutaminyl-4-hydroxybenzene) as well as its effect on 
the total phenolic content and antioxidant capacity was observed. There was no effect on agaritine, 
until the dosage of 3 kGy. But at doses of 5 kGy, there was a reduction in the dry weight of 
mushrooms (from 1.54 to 1.35 g/kg), and GHB levels by 31%, while there was no effect on the total 
phenolic content and antioxidant capacity of mushrooms (Sommer et al., 2009). 

Gamma and electron beam irradiation extends the postharvest shelf life of fresh mushrooms 
(Agaricus bisporus, Lentinus edodes, and Pleurotusostreatus), destroying the microorganisms or 
insects present in the food. It also inhibited cap opening and browning, stalk elongation, reduced 
the level of microbial contamination without affecting the taste qualities of mushrooms. It has also 
been observed that when gamma irradiation is combined with refrigeration, it extends the shelf life 
by reducing the loss of moisture and improving the color and appearance. Electron beam irra-
diation also reduces the harmful bacteria in foodstuffs such as fruits and vegetables and preserves 
the fresh taste, aroma, texture, and nutritional composition of mushrooms (Fernandes et al., 2012). 
A delay in browning, as its effect on color, is also observed when these treatments are given. The 
dose of 1.2 kGy delayed fruit body softening and splitting (by 6–9 days) on the mushroom (P. 
nebrodensis) (Xiong et al., 2009). Electron beam irradiation of 0.5, 1, 3.1 kGy provided firmness to 
the samples, while the dose of 5.2 kGy kept the sample soft and did not provide the firmness 
desired (Koorapati et al., 2004). 

Gamma irradiation of H. marmoreus or electron beam irradiation of A. bisporus at low dosage 
showed a smaller rate of decrease of reducing sugars during the storage period (Duan et al., 2010). 
But the dose of 1.0 kGy showed an increase in total sugar content of variety (L. edodes) (Jiang et al. 
2010). The content of ergosterol in mushroom varieties H. marzuolus and A. bisporus is the highest 
(6.81–6.42 mg/g), followed by B. edulis, L. edodes, C. gambosa, and P. ostreatus (4–3.31 mg/g). On 
exposure of ergosterol to UV light at wavelength 280–320 nm, it undergoes photolysis and produces 
photo-irradiation products such as vitamin D2, tachysterol, and lumisterol (Mattila et al., 2002). 
Oxidation of ergosterol can be seen when mushrooms (C. cornucopioides) are exposed to UV ir-
radiation for 10 minutes, while the varieties A. bisporus and H. marzuolus had a lower extent of 
oxidation (Villares, Mateo-Vivaracho, García-Lafuente, & Guillamón 2014). 

When ultraviolet B (UV-B) radiation treatment at 280–360 nm was given to the mushroom 
species for 2 hours at 25°C, the vitamin D2 content of the fruiting bodies increased from 0–3.93 
mg/g to 15.06–208.65 mg/g. The highest content was found in golden oyster mushroom (from 2.72 
to 81.67 µg/g) followed by oyster (from 5.93 to 81.71 µg/g) and pink oyster mushrooms (0.28 to 
66.03 µg/g) (Huang, Lin, & Tsai 2015). This drastic increase in vitamin D2 content in mushrooms 
is due to photosynthetic or thermal processes occurring when ergosterol is exposed to UV light. 
There was a decrease in polysaccharide content after the exposure to UV-B rays for 2 hours. The 
EC50 values of irradiated fruiting bodies were lower than those of the non-irradiated controls 
(6.76, 5.58, and 3.48 mg/g for reducing power, scavenging, and chelating abilities, respectively) 
(Huang, Lin, & Tsai 2015). 

INFLUENCE OF FOOD-PROCESSING CONDITIONS                                                                       421 



13.6 EFFECT OF LOW TEMPERATURE (FREEZING) ON EDIBLE MUSHROOMS 

Freezing is regarded as the best preservative method for maintaining the natural taste of 
mushrooms. To maintain the texture and color of mushrooms, a temperature of 3.5–20°C was 
deemed effective (Mohapatra et al., 2010). When the mushrooms were stored at 4°C for 3–15 days, 
there was a decrease in the ergothioneine concentration of the P. citrinopileatus with the increase 
of storage time. The freeze-drying method showed higher ergothioneine content than cold-air 
drying and hot-air drying, with 255.27 µg/g dw in F. velutipes and 2,643.20 µg/g dw in P. ci-
trinopileatus (Tsai & Chen, 2019). Before freezing the mushrooms, they were washed in the 
solution of metabisulphites to prevent the adverse changes in their color and flavor, and preserve 
their texture even when stored for 3 months in refrigeration. The best freezing temperatures of 
–25°C to –30°C were the most common temperature used. It was also found that blanching in 1% 
citric acid solution and 2% salt solution before freezing mushrooms, had shown poor taste, aroma, 
and consistency than the unblanched ones (Bernas et al., 2006). 

The deep-frozen (at –20°C) and lyophilized mushrooms contained more concentration of silver 
(Ag) and barium (Ba), but less chromium (Cr), which is possible due to leaching (Drewnowska 
et al., 2017). The ice crystal size is the most important parameter during the freezing process, 
which is directly proportional to the freezing rate (Tu et al., 2015). To preserve the structural 
quality of the food and reduce the microbial and enzymatic activities, a quick-freezing rate is more 
acceptable, which leads to the uniform destruction of small ice crystals (Xue, Hao, Yu, & Kou 
2017). No effect on dry matter, ash, and pH level in Boletus edulis mushrooms was observed, but 
on the contrary, a decrease in B. edulis caps and stipes hardness, chewiness, and gumminess were 
observed. Freezing the mushrooms also caused a reduction in free amino acids by 39.8% and in 
essential amino acids by 39% (Liu et al., 2014). A decrease in the concentrations of thiamine (B1), 
riboflavin (B2), and vitamin C and loss of phenolic compounds in Boletus edulis mushrooms was 
reported (Jaworska & Bernaś, 2009). 

The effect of freezing on bioactivity showed high antioxidant-reducing power (0.5 absorbance 
at 1.27 mg/mL) due to disruption of the cell walls, causing the extraction of intracellular com-
pounds in the frozen samples (Fernandes et al., 2017). When frozen at –18°C for 15 days, the 2- 
thiol-l-histidinebetaine (l-ergothioneine, ESH), total phenols (TP) content, and DPPH radical 
scavenging ability remained unchanged (Nguyen et al., 2012). When mannitol solution was added 
to cultures of V. volvacea fruiting bodies, it was noted that intracellular mannitol was catabolized 
as an energy storage material and the expression of genes encoding enzymes was also inhibited. 
Also, organs of V. volvacea began to shrink and collapse and no significant elongation was found 
during storage at 4°C. But the sensory characteristics of mannitol treated variety were much better 
than the control (Zhao et al., 2019). A reduction in the diversity of the bacterial community was 
found when the V. volvacea was stored at 15°C (Wang et al., 2019). 

Frozen storage had caused a decrease in hardness (by 88%), springiness (by 30%), and che-
winess (by 85%) on the texture of unblanched mushroom caps when compared to caps directly 
after freezing. But when mushrooms had undergone a pretreatment such as blanching, then no 
major changes occurred as a result of freezing on the texture. The texture of Boletus edulis was 
observed when frozen for 12 months in frozen storage, and it was found that there was a decrease 
in hardness, chewiness, and gumminess (77–100%) and an increase in cohesiveness (121–521%) and 
wateriness (1.8 –4.0 points) after frozen storage when compared to the raw material (Jaworska & 
Bernaś, 2010). The effect of freeze drying on button mushrooms was checked at temperatures −2°C, 
−5°C, and −8°C, and it was noticed that freeze-drying temperatures affected only the ascorbic acid 
content, while there was no effect on protein and antioxidant (Tarafdar et al., 2017). 

When the mushrooms were exposed to temperatures as low as 3°C, the highest moisture 
content of about 85.3% and shelf life of 11.92 days, the lowest dry matter content of 14.97%, and 
weight loss of 4% was recorded. So, it can be concluded that at 3°C, mushrooms had the best 
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quality in the category of weight loss, disease severity, color, firmness, freshness, appearance, 
flavor, texture, and dry matter content, leading to prolonged shelf life when compared to those 
exposed to ambient temperature (Rahman et al., 2020). After freezing the species Pleurotuseryngii 
and comparing the two technologies that are at −20°C by natural air convection freezing (NF) or by 
individual quick freezing (IQF) at −62.5°C (with speed 8.23 m/s), it was observed that IQF 
samples of mini and diced mushroom had higher quality when compared to NF samples in all the 
aspects including color, flavor, hardness, and shelf life. It showed that IQF technology can be used 
as a new preservation method of mushrooms (Li et al., 2018). 

13.7 EFFECT OF VACUUM MOISTENING ON EDIBLE MUSHROOMS 

Besides soaking, the other most frequently used method before blanching is vacuum moistening. It 
plays a major role in reducing the weight loss of mushrooms due to blanching and also helps to retain 
the natural color of blanched food products (Bernas et al., 2006). Research studies conducted by  
Czapski (1994) and Beelman et al. (1973) revealed that vacuum moistening has a positive effect on the 
quality of mushrooms and color losses were also observed to be less for the mushrooms which have 
undergone this processing method as compared to the ones in which vacuum moistening was not done. 
Thus, vacuum moistening is a pre-processing method that is performed before blanching to prevent 
significant weight loss in mushrooms (Jaworska & Bernaś, 2009). 

13.8 EFFECT OF DRYING ON EDIBLE MUSHROOMS 

Drying mushrooms is the oldest and simplest way to process and is an essential role in mushroom 
preservation. Drying means removing water from food to lengthen their life span (Moon & Lo, 2014). 
There are various methods of drying mushrooms which are as follows. 

13.8.1 Solar drying of mushrooms 

Owing to energy-saving, low-cost, and simple operation, sunlight drying is used widely around 
the world. The most popular method is to thinly spread the mushrooms on a tray and expose them 
to sunlight and wind; nevertheless, due to contamination, prolonged drying, microbial develop-
ment, and drying cause loss. Also, as a rule, sun drying depends greatly on weather conditions. 
Solar equipment like hybrid solar dryers (Reyes et al., 2014) are designed to address such issues, 
and mushrooms are placed in the chamber to keep them away from spoiling. Hot air drying (HAD) 
is widely used for preserving mushrooms because of the low cost and easy operation, although it 
frequently results in undesired quality degradation. The best drying method for energy con-
sumption is the microwave dryer (Motevali et al., 2011). Novel technologies like air-impingement 
jet drying (AID) are promising drying technology for obtaining high sensory quality mushrooms. 
In shiitake mushrooms, AID improved the characteristic flavors (onion-like odor and umami) of 
dried mushrooms by partially inhibiting enzymatic and Maillard reactions (Luo et al., 2021). The 
solar drying method is cheap and better in quality than the hot air dryer (60°C) (Jo et al., 2009). 
The shelf life of mushrooms is enhanced by thermal drying, but their flavors are affected. Thermal 
drying with ultraviolet light transformed ergosterol to vitamin D. Thermal drying enhanced the 
nutritional value of all edible mushrooms (Jiang et al., 2020). High protein content, catalase, and 
peroxidase levels were found in sun-dried mushrooms. (Arumuganathan et al., 2010). 
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13.8.2 Hot air drying 

The most accessible and most commonly used dryer is hot air drying (Argyropoulos, Heindl, & 
Müller 2011). A standard method of hot air drying is to place mushrooms on a tray and push them 
into a cabinet or tunnel dryer. Heating to a temperature of 50–70°C (Argyropoulos et al., 2011), 
with air convection, the hot wind also removes the mushroom’s moisture. Besides, due to improper 
drying, a smoky flavor can also occur (Argyropoulos et al., 2011). 

Furthermore, microwave drying and infrared techniques have been developed to circumvent 
these problems. These drying methods have been implemented separately or combined with hot air 
drying. While traditional hot air drying is thought to be a relatively easy, cost-effective, and 
reliable method of extending mushroom shelf life, fluidized bed drying is faster and produces a 
better quality product (Kulshreshtha et al., 2009; Arumuganathan et al., 2009). Protein content and 
residual enzyme activity are more significant in sun-dried mushrooms while they were lower in 
fluidized bed-dried mushrooms (Arumuganathan et al., 2010). 

13.8.3 Freeze drying 

Freeze drying research is conducted in some mushroom species, such as button mushrooms 
(Pei et al., 2014) and shiitake mushrooms (Zhao et al., 2016). For obtaining high quality (higher 
ergothioneine content), the freeze-drying method can be used (Tsai & Chen, 2019). The texture of 
oyster mushrooms dried using the freeze-drying method is the least firm in texture. In oyster 
mushrooms, osmo-air drying results in hard and tough dried mushrooms (Arumuganathan et al., 
2010). Freeze drying is the most expensive process for producing dehydrated products and also 
demands expensive equipment (Donsì et al., 2001; Irzyniec et al., 1995). Consequently, the freeze- 
drying technology is limited. Many attempts have focused on some assistive technologies such as 
microwave, infrared, and ultrasonic drying are increasingly used to improve drying efficiency and 
reduce energy consumption. 

13.8.4 Microwave drying 

Mushrooms, as a heat-sensitive product, can be dried using microwave or microwave-assisted 
drying than conventional thermal drying. Nevertheless, microwave energy improper use causes irre-
versible changes in product quality, such as charred edge, excessive oxidation, etc. Continuous ex-
posure to microwaves can also cause local overheating (Das & Arora, 2018). Microwaves alone are not 
ideal for mushroom drying, although the drying time is short (Walde et al., 2006). Combined drying 
(hot air and microwave vacuum drying) can make mushroom structure fluffy and crispy, and this 
technique can develop novel snacks (Argyropoulos et al., 2011a). Mushrooms can be dried rapidly by 
alternating microwave and convective hot air, which enabled the mushrooms to reach the commercial 
quality standard in a relatively short time of 72 minutes (Das & Arora, 2018). 

13.8.5 Far-infrared drying 

Most food components absorb far-infrared radiation energy among different infrared tech-
nologies. Infrared drying can be used to ascertain the nutritional, structural, and sensory properties 
of Lentinus edodes. The results showed that far-infrared drying speed is fast compared with freeze 
drying and can save up to 66.25% time. Among the five drying methods, far-infrared dried 
Lentinus edodes had better overall quality (Zhao et al., 2019). 
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13.8.6 Ultrasound-assisted drying 

Ultrasound-assisted drying or frying of mushrooms improves the quality of products (Devi 
et al., 2018). Low-temperature drying of white button mushrooms with ultrasound leads to drying 
time reduction (Vallespir et al., 2019). The mushroom’s drying rate is increased with the com-
bination of electro-plasmolysis and ultrasound pretreatments by 37.10% (Çakmak et al., 2016). 
Mushrooms subjected to ultrasonic pretreatment dried faster with better rehydration performance 
(Jambrak et al., 2007). 

13.9 EFFECT OF SALTING AND PICKLING ON EDIBLE MUSHROOMS 

Salting is the process of two-way mass transfer in which the migration of water takes place 
from the product to the brine and the migration of solute takes place from brine to product. This 
type of processing is mostly used for fish and meat and less frequently used for edible mushrooms. 
The parameters used for the process include a concentration of brine, use of agitation, and the 
sample. The principle of drying includes the concept of higher osmotic pressure is achieved by 
using salt and fermentation by microorganisms (Xue et al., 2017). 

The study conducted by Liu et al. (2014) has reported the effect of salting on A. bisporus which 
was nutritionally different from fresh one and the differences included the significant increase in 
the dry matter content from 7.29 to 23.23% and reduction in protein content from 26.27 to 16.5%. 
The change was observed due to the water loss process during salting and the precipitation of water 
and salt soluble protein. The process of salting has also reduced the non-volatile taste compounds 
like essential amino acids and free amino acids by 90% and 92.8% in salted samples and the 
amount of MSG-like amino acids and 5-nucleotides in salted A. bisporus was lower than canned 
and frozen products due to the Maillard reaction in which amino acids reaction substrates were 
irreversible transformation. The extraction rate of crude polysaccharides of Agaricus bisporus has 
shown a significant difference after salting; however, infrared ray (IR) assays have shown that the 
process of salting does not change the structure of A. bisporus polysaccharides (Yang et al., 2007). 
The antioxidant capacity of pure and crude polysaccharides of unsalted Agaricus bisporus was 
higher than the salted one, which is due to the leaching out of water-soluble proteins, vitamins, and 
minerals during the liquid exuding process in salting. The reduction in the amount of protein, 
vitamins, and minerals reduces biological activities. 

Auricularia auricula mushroom pickle was prepared and the effect of processing techniques 
was studied by Khaskheli et al. (2015). The pickle was prepared by adding mustard oil, vinegar, 
and salt (MOVS) and another sample by adding soft water, vinegar, and pickle (SWVS). The 
sensory analysis result showed the highest acceptance for MOVS formulated pickle and the mi-
crobiological studies showed that total viable counts were high in SWVS pickle than MOVS 
pickle. The results for storage activity showed that pickles have a good shelf life of 90 days at 
ambient temperature (26 ± 4°C) without any significant change in the quality attributes of the 
MOVS pickle. 

The traditional fermented oyster mushrooms were used for the osmotic and pickling method by  
Temesgen & Workneh (2015) to study the effect on its nutritional quality and acceptance. The 
pretreatment effects of ascorbate and osmotic solution on oven-dried and pickled mushrooms were 
evaluated and the result showed that ascorbate concentration increased the ash, fat, and protein 
content of mushrooms and osmotic solution pretreated mushrooms showed the highest rehydration 
capacity. They concluded that pickling done by pretreating it with ascorbate is advantageous for 
improving the quality of mushrooms as compared to oven drying and osmotic pretreatments. 

Pickling is one of the ancient methods for the preservation of food where the food is either 
subjected to lactic acid fermentation or marinated by adding acetic acid (Jabłońska‐Ryś et al., 2019). 
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Pickling in mushrooms involves the lactic bacteria which is beneficial for human organisms and gives 
a pleasant taste and aroma to the pickled food Pleurotusostreatus Kumm (Bernas et al., 2006). 
Species of mushrooms are edible for pickling and the good results were reported by Kreb and Lelley 
(1991) of pickling it with shredded cabbage for 10 days at 21°C. The obtained product has a mild and 
pleasant taste similar to pickled cabbage and can be stored for up to 6 months. 

13.10 EFFECT OF HEAT TREATMENT ON EDIBLE MUSHROOMS 

Mushrooms are usually cooked by different cooking methods including steaming, boiling, 
frying, pressure cooking, stir frying, and microwaving, which alter the total antioxidant values and 
degrade its nutritional value (Ng & Tan, 2017). The heating process makes the food less healthy 
compared to fresh one due to the loss of heat-labile nutrients. However, many studies have stated 
that thermally processed foods including vegetables and fruits enhance biological activities due to 
the chemical changes during heat treatment (Choi et al., 2006). However, mushrooms area highly 
perishable food commodity henceforth demand the extension of shelf life is necessary by using 
different handling process like sterilizing, drying, cooling, and freezing (Saenmuang et al., 2017). 

In this regard, Ng and Tan, (2017) have investigated the effect of four different cooking 
methods with different time intervals on five edible varieties of mushrooms namely Agaricus 
bisporus, Flammulinavelutipes, Lentinula edodes, Pleurotusostreatus, and Pleurotuseryngii. The 
antioxidant activity, total flavonoid, phenolic, and ascorbic acid were evaluated and A. bisporus 
showed the highest values among all the varieties and short duration heating i.e. for 3 minutes has 
shown the increased flavonoid content and ascorbic acid and on the other hand, pressure cooking 
for 15 minutes has decreased the water-soluble phenolic content in all the varieties of mushrooms. 
The optimized cooking method reported was pressure cooking to increase the antioxidant values in 
edible mushrooms. 

The effect of heat treatments on free radical scavenging activity and phenolic compounds were 
studied by Saenmuang et al. (2017). Tylopilusalboater, a wild mushroom was evaluated after 
boiling, steaming, and at the fresh state and the result showed that after boiling for 15 and 30 
minutes the total polyphenolic content and flavonoid content significantly reduced whereas, in the 
steamed sample, the sight reduction was observed. The DPPH scavenging activity of heated 
mushrooms was more than the fresh one and the boiled samples showed the highest scavenging 
activity. They reported that the boiling method for 30 minutes gives better results in the case of 
bitter mushrooms. The different heat treatments for mushroom cultivation in Egypt were evaluated 
by Hassan et al. (2012). Three different varieties namely Pleurotusostreatus, Flammulina velu-
tipes, and Hericiumerinaceus were grown on pasteurized, unpasteurized, and sterilized rice straw 
and the yield was studied. They reported that the sterilized medium increased the yield for H. 
erinaceus, pasteurized conditions increased the yield of F. velutips and unpasteurized medium 
increased the yield of P. ostreatus. They concluded that alternative media preparation could be 
time-saving and reduce the money and effort for mushroom cultivation. 

13.11 CONCLUSION 

Many studies have explored the emerging processing and preservation technologies or have 
developed new technologies to increase the shelf life and nutritional quality of edible fungi during the 
commercialization and transportation process. As mushroom is highly perishable and has a low shelf 
life, various methods like sterilization, margination, and fermentation by lactic acid bacteria could be 
a great alternative for preserving the mushrooms. The appropriate pretreatments and mentioned food 
processing methods like drying, salting, pickling, etc. solve the perishability problem of mushrooms. 

426                                                                                                                  WILD MUSHROOMS 



These methods improve the nutritional value as well as bioactive components in the mushrooms; 
however, the retention of bioactive compounds are dependent on the variety of mushrooms other than 
the cooking method. 
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14.1 INTRODUCTION 

Fungi is an essential part of diverse ecosystems in the forests; it is concerned with processes like 
nutrient cycling and breakdown of organic substances (Herrera and Ulloa 1990). The white-rot fungi 
can degrade all components of plants, including lignin, cellulose, and hemicellulose (Martínez et al., 
2005). The word mushroom is widely used throughout the world to express the different species of 
fungi, which belong to the order of Basidomyecets or Ascomycetes. Mushrooms can occur all over the 
place in soils, which are rich in organic substance and humus, moist wood, and waste of animals 
following heavy rainfall or an unexpected change in temperature. Mushrooms are well recognized for 
their dietary and culinary values and are well-known as a necessary element of the human physical 
condition and nourishment as a substitute to plant as well as animal-derived products (Rathee et al., 
2012; Oboh and Shodehinde, 2009). Traditionally, mushrooms have been widely used throughout the 
world as a basis of foodstuff and medicines (Wasser and Weis, 1999). Globally, it is estimated that 
1069 species of mushrooms are reported as being utilized for purposes of food (Boa, 2004). For 
example, on the African continent, most tribal or rural communities consumed wild mushrooms as 
foodstuff; nearly 300 species have been reported that they are used by human beings to a small extent 
(Rammeloo and Walleyn, 1993). Miles and Chang, 2004 and Cowan 2001 and other researchers 
reported 27,000 fungal species in India. Wild mushrooms are considered as one of the most essential 
forest stuff and eaten by approximately 3,000 species globally (Garibay-Orijel et al., 2009). A 
mushroom is a saprophytic fungus that grows on a moist part of the wood trunk of trees, decomposing 
organic substances in moist soil. During the mycelium growth of mushrooms and the progress to 
mature fruiting body, biochemical changes take place. And the secretion of extracellular enzymes 
corrupts the insoluble molecules into soluble material, i.e. substrates which are used subsequently by 
intracellular enzymes within the mushroom. Therefore, enzymes take an essential role in the growth 
of mushrooms which affect the nutrients of food, taste, and the life span of fungi (Oei, 1991). Some 
proteins among fascinating natural behavior are expanded through the mushrooms and these proteins 
comprise potentially appropriate actions. Mushrooms are a wealth of numerous enzymes with in-
dustrial significance and purpose. Over 500 products are prepared by industrial enzymes; in 2009 the 
industrial advertising of these biomolecules reached $5100 billion, which was categorized into the 
subsequent area of applications: food 45% (out of which starch processing represents 11%), de-
tergents 34%, textiles 11%, leather 3%, pulp, and paper 1.2% (Boa 2004; Sanchez and Demain, 
2011). Such enzymes include cellulases, laccases, lipases, amylases, and proteases. Cellulose is the 
mainly verdant biomass on Earth. It is often commonly degraded by an enzyme called cellulase 
(Immanuel et al., 2006). The extra and multi-enzyme complexes provide multiple functions and 
occupy a broad range of ecological and industrial habitats (Sadhu and Maiti, 2013). Cellulases are 
used in various industries such as the textile industry, for softening of cotton, and in laundry de-
tergents regarding the care of colors (Ramanathan et al., 2010). Laccases are copper-containing 
enzymes that degrade lignin and catalyze the phenolic compound oxidation and pungent amines 
through molecular oxygen utilized as electron acceptors (Baldrian, 2006). Laccases obtained from 
mushrooms can be used in the bleaching of paper-pulp (Annunziatini et al., 2005), in textile dyes and 
synthetic dyes decolorization (Nagai et al., 2002), for bioremediation (Jaouani et al., 2005), and in 
chemical synthesis (Karamyshev et al., 2003). An excellent example of an enzyme with a lot of space 
for expansion is lipase. This enzyme has the unusual ability to hydrolyze the ester bonds at the 
substrate-water interface for water-insoluble substrates. This could alter the reaction in both aqueous 
and non-aqueous mediums (Laachari et al., 2015; Lee et al., 2015). Due to the catalytic activity of 
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lipase over a variety of chemical reactions (Chowdary et al., 2000; Rao and Divakar, 2001), it serves 
an extensive application in chemical, food industries, detergents, and for pharmaceuticals, etc., 
(Ananthi et al., 2014; Thakur, Tewari and Sharma, 2014). Amylases are a combination of starch 
degrading enzymes with significance in the biotechnology industries. Amylases and cellulases ex-
hibit various utilities in foodstuff, textile, detergents, drinks, production of paper, animal feed, and 
various processes related to fermentation (Pandey et al., 2000). Similarly, proteases have lots of 
utility in the processing of leather, detergents, silver recovery, medicinal purposes, feeds, food 
processing, chemical industry, as well as treatment of waste (Ma et al., 2007). Proteases also take part 
in physiological processes like turnover of protein, sporulation and conidial release, germination, 
enzyme alteration, regulation and nourishment of gene expression, etc. (Rao et al., 1998). Because of 
their widespread applicability, these enzymes have gained significant significance in a variety of 
fields (Pliego et al., 2015). The United States and Europe have the largest share of the enzyme market 
in the manufacturing sector; however, Asia Pacific has seen the highest growth, with an annual 
growth rate of more than 8%. In comparison to Japan, the United States, and Canada, where the 
economy is fully grown, the industrial enzyme is in higher demand in Africa, Asia-Pacific, and the 
Middle East (Norus, 2006). Because of the high demand for enzymes, 31% are used for food en-
zymes, 6% for feed enzymes, and the rest are used for technical purposes. As a result, the focus of this 
chapter is on an extracellular enzyme found in wild mushrooms and their various applications. 

14.2 MUSHROOMS 

Crous et al. (2006), studied the fungal biodiversity throughout the world and 1.5 million species 
have been reported (Hawksworth, 2004), and 50% of them have been characterized (Manoharachary 
et al., 2005). According to various researchers, it is estimated that 70,000 species of fungi are present 
all over the world, out of which 2,000 species of mushrooms under 31 genera are primarily con-
sumed. Approximately, 10% of species are toxic which is comparatively small and considered as 
dangerous (Teferi et al., 2013). The edibility capability of mushrooms, toxic nature, and associations 
with mycorrhizal and parasites with the trees make these fungi efficiently important and for interest to 
study. Various scientists have studied wild mushrooms and documented more than 2,000 species of 
edible mushrooms worldwide, out of which 283 edible species are reported from India; among these 
some are cultivated (Adhikari, 2000; Purkayastha and Chandra, 1985). For thousands of years, non- 
cultivated species of edible mushrooms were eaten by the inhabitants. These are a delicious source of 
food all over the world. Wild mushroom have a rich amount of protein; vitamins like B, C, D; and 
minerals; as a result, the increase in the consumption of wild mushrooms is increasing still in the 
developed countries. Compared to vegetables and fruit, the nutritional value of non-cultivated 
mushrooms is higher nearly two times. Along with its use as foodstuff, satisfactory evidence re-
commends that lots of species have substances that may prevent or reduce the chances of contracting 
cancer, heart diseases, diabetes, and viral infections (Oei, 1991). Various types of bioactive com-
pounds obtained from the mushrooms are linked to the cell wall of the mycelial that assist in in-
creasing resistance against carcinogens (Ramesh and Pathar, 2010). Nutraceuticals are food and part 
of food that provides nutrition, as well as health benefits, which leads to the mushroom, and can act as 
nutraceuticals. A mushroom is known to have a potential antioxidant activity (Jayakumar et al., 2006;  
Nitha et al., 2010). The non-cultivated mushrooms are accepted foodstuff and therapeutic sources in 
several areas of India (Purkayastha and Chandra, 1985). Ethno-mycological studies were done in 
different areas of the world including India. Most usually, edible species that are consumed are 
Cordyceps, Amanita, Astraeus, Termitomyces, Cantharellus, Pleurotus, Morchella, Russula, and 
Lactarius. Local inhabitants consumed wild mushrooms as food and it is also a source of income by 
selling them in markets. 
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14.2.1 Significance of mushrooms 

Consumption of mushrooms plays an essential role in human body health. A wild edible 
mushroom eaten in our daily diet provides us strong resistance (immunity) against various in-
fections. Mushrooms are naturally without gluten, similarly in fruit and green vegetables and they 
formulate a tasty and nourishing diet. Beta-glucans occurred in a lot of species of mushrooms and 
have the immunity-stimulating property, which provides resistance against allergies and takes part 
in physiological processes associated with the metabolism of sugars and fats in the individual 
body. The edible species of mushroom-like shiitake, oyster, and split gill mushrooms contain beta- 
glucans, which are considered to be generally efficient (Duyff, 2012). Mushrooms are a superior 
component of vitamin B, such as riboflavin, niacin, and pantothenic acid, which assist to supply 
energy through the breakdown of carbohydrates, proteins, and fats (U.S. Department of 
Agriculture, Agricultural Research Service, USDA Nutrient Data Laboratory, 2009). Mushrooms 
have lower calories, are cholesterol-free, fat-free, and have a very low content of sodium; they 
provide several nutrients that are present in animal food (U.S. Food and Drug Administration, 
1994). Shiitake is a well-liked mushroom consumed as a vegetable and in many dishes all over the 
world. It contains a variety of health-promoting agents, for example, lentinan. It has antitumor 
properties that lead to the treatment of cancers (Sasidharan et al., 2010). Shiitake has also possesses 
the antiviral capacity (including against hepatitis, HIV, and the common cold), antibacterial, and 
antifungal activity; helps in the blood-sugar stabilization; reduces aggregation of platelets; and 
overcomes atherosclerosis (Yamada et al., 2002). Mushrooms are a rich source of natural anti-
biotics (Chawla et al., 2019). The presence of glucans in the cell wall of mushrooms is recognized 
for their immunomodulatory activities and the secondary metabolites found to be efficient against 
microorganisms such as bacteria and viruses (Kupka, Anke, Oberwinkler, Schramm and Steglich, 
1979; Suzuki et al., 1990). Exudates obtained from the mycelia of mushrooms are active against 
protozoans like the malaria parasite (Plasmodium falciparum) (Isaka et al., 2001). Fungi and 
humans have common microbial antagonists, for instance Escherichia coli, Pseudomonas aeru-
ginosa, and Staphylococcus aureus, so humans can benefit from natural defense strategies of fungi. 
It is well known that polypores provide a protective immunological shield against a variety of 
infectious diseases. 

14.3 EXTRACELLULAR ENZYMES OF WILD MUSHROOMS 

Enzymes are mainly vital products obtained for human needs through microbial sources. 
Various industrial processes in the field of food and environmental biotechnology use enzymes at 
different stages. Present development in biotechnology is providing a novel utility for enzymes 
(Pandey et al., 1999). In the present techno-economic era, procurance of energy is the main 
problem that is faced by humanity (Figure 14.1). 

Figure 14.1 Extracellular enzymes of wild mushrooms.     
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14.3.1 Cellulases 

Cellulases are the enzymes that hydrolyze β-1,4 linkages in cellulose chains. Cellulase has 
catalytic modules that are categorized into various families depending on their sequences of 
amino acid and crystal structures (Henrissat, 1991). It contains non-catalytic carbohydrate- 
binding modules (CBMs) and other functions. Both known or unknown modules may be situated 
at the N- or C-terminus of a catalytic site. It speeds up the hydrolysis of cellulose and oligo-
saccharide derivatives, which is considered as a probable instrument for saccharification in 
industries if there is cellulosic biomass (Berry and Paterson, 1990), and a cost-effective method 
which that is considered to be important for the successful use of cellulosic resources (Nwodo- 
Chinedu et al., 2007). Cellulases have been used and studied for the 20th century and are the 
most commercially important of all the enzyme families. The enzyme activities were increased 
about 30–80% when produced by SSF in comparison with conventional SmF enzyme produc-
tion. The cost of cellulase production is brought downwards by several approaches, which in-
clude the utilization of low-cost lignocellulosic substrates and by cost-efficient fermentation 
methods such as solid-state fermentation (Sukumaran et al., 2009). The enzyme production is 
good by most of the fungi like Aspergillus and Trichoderma species, which break down and 
metabolize cellulose. The microorganisms must secrete the cellulases that are free or bonded to 
a surface. Cellulases are also used for a variety of industrial purposes such as in the pulp, textile, 
paper, and food industry, as well as a preservative in detergents and increase the digestibility of 
animal feed. Now, cellulases account for a significant split of the world’s trade enzyme market. 
The rising concerns about the reduction of crude oil and the emissions of greenhouse gases have 
stimulated the construction of bioethanol from lignocellulose, especially by enzymatic hydro-
lysis of lignocelluloses materials-sugar platform (Bayer et al., 2007). However, the expenses of 
cellulase for hydrolysis of pretreated lignocellulosic resources need to be reduced, and their 
catalytic competence should be extra enhanced to formulate the procedure economically pos-
sible (Sheehan & Himmel, 1999). 

14.3.1.1 Classification of cellulases 

In natural conditions, hydrolysis of cellulose is mediated by a mixture of three types of cel-
lulases: (1) endoglucanases (EC 3.2.1.4); (2) exoglucanases, including cellobiohydrolases (CBHs) 
(EC 3.2.1.91); and (3) β -glucosidase (BG) (EC 3.2.1.21). 

14.3.1.1.1 Endoglucanase 

Endoglucanase (β-1,4-D-glucanase, endo-β-1,4-D-glucan-4- glucano-hydrolase) – also known as 
CMCase – hydrolyzes carboxymethyl cellulose (CMC) or swollen cellulose randomly. Accordingly, 
the duration of the polymer decreases, resulting in the augment of reducing sugar concentration. 
Endoglucanase also acts on cellodextrins. It is the middle product of hydrolysis of cellulose and 
converts it into glucose and cellobiose (Begum and Absar, 2009). 

14.3.1.1.2 Exoglucanase 

Exoglucanase (β-1,4-D glucanase, cellobiohydrolase) degrades cellulose by breaking down the 
cellobiose units from the non-reducing part of the chain. It is also active against partly degraded 
amorphous substrates and cellodextrins but does not hydrolyze soluble derivatives of cellulose like 
carboxymethyl cellulose and hydroxyethyl cellulose. Several cellulase systems also contain glu-
cohydrolase (Exo-1,4-D-glucan-4-glucohydrolase) as a small part (Joshi and Pandey, 1999). 
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14.3.1.1.3 β- glucosidase 

β-glucosidase completes the course of hydrolysis of cellulose by breaking down cellobiose and 
removing glucose from the non-reducing part (i.e. with a free hydroxyl group at C-4) of oligo-
saccharides. The enzyme also hydrolyzes aryl β-glucosides and alkyl (Kubicek et al., 1993). 

14.3.1.2 Source of cellulases 

Microorganisms (cellulolytic) are isolated from environments such as manure, soil compost, 
municipal solid waste, distillery sludge, wood material, sewerage sludge, hot springs, marine sedi-
ments, alkaline environments, and geysers. Among the bacterial isolates explored, Bacillus amyloli-
quefaciens, Bacillus megaterium, Bacillus subtilis, Acidothermus cellulyticus, Pseudomonas 
cellulose, Ruminococcus albus, Micrococcus species, etc. are found to produce cellulase enzyme 
(Moorthy et al., 2018). Most industrial planning of cellulase is of fungal source taking place on 
Trichoderma reesei. Cellulase enzymes are also produced from several studied fungi such as Candida, 
Streptomyces, Aspergillus, Actinomadura, Trichoderma, Neurospora, Saccharomonospora, 
Penicillum, Piromyces, and Rhizopus strains (Oksanen et al., 2000). 

14.3.1.3 Mechanism of cellulases 

Cellulases hydrolyze β-1, 4-D-glucan linkages in cellulose and create glucose, cellobiose, and 
cello- oligosaccharides. Production of cellulases is possible by several microorganisms and comprises 
numerous different enzyme classifications. Three major types of cellulase enzymes i.e. cellobiohy-
drolase (CBH), endo-β-1, 4- glucanase (EG), and β-glucosidase (BGL)] are playing important roles in 
the hydrolysis of cellulose. There are many enzymes inside these classifications. For instance, the 
mainly studied fungus for the production of cellulase is Trichoderma reesei, which produces 2 CBH, 8 
EG, and 7 BGL (Aro et al., 2005). EGs make incisions in cellulose polymer exposing reducing and 
non-reducing ends, CBH acts upon these reducing and non-reducing ends to release cello oligo-
saccharides and cellobiose units, and BGL cleaves cellobiose to release glucose by completing hy-
drolysis (Figure 14.2). The whole cellulase system comprises BGL, EG, and CBH mechanisms which 
consequently act synergistically to change crystalline cellulose to glucose (Béguin and Aubert, 1994). 
The majority of cellulases take a distinctive two-domain structure with a catalytic domain in addition 
to a cellulose-binding domain (CBD; also known as a carbohydrate-binding module (CBM)) linked 
through a linker peptide. Core domain or catalytic domain contains catalytic position while CBDs 
assist in the binding of the enzyme to cellulose. Deprivation of native cellulase requires diverse levels 
of support among cellulases. Such synergisms occur between endo- and exo-glucanases (Sakka et al., 
2000). In the initial type, EC action produces unrestricted ends, on which exo-glucanases act, and in 
the second one, exo-glucanases collaborate by acting on reducing and non-reducing ends to bring 
about efficient cellulose degradation. Individual enzymes are not capable to corrupt cellulose totally, 
while a combination of enzymes increases the effectiveness of saccharification. Supplementation of 
heterogeneous ΒGL is held to improve the hydrolytic potential of FLs synergistically, while there are 
some conflicting reports (Massadeh et al., 2001). 

14.3.2 Laccases 

Enzymes have gained immense significance in industries; laccases are one of them, which are 
broadly present in nature. Laccases are the generally studied and oldest enzymatic systems since the 
end of the 19th century (Williamson, 1994). These enzymes comprise 15 to 30% carbohydrates and, 
in addition, have a molecular mass of 60 – 90 kDa. Laccase (benzenediol: oxygen oxidoreductase, EC 
1.10.3.2) is an element of a broad cluster of enzymes termed polyphenol oxidases that comprise 
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copper atoms in the catalytic center; in addition, are frequently known as multicopper oxidases. 
Laccases comprise three categories of copper atoms, one of which is responsible for their featured 
blue color. The enzymes missing a blue copper atom are known as yellow or white laccases. 
Typically, laccase mediates catalysis occurs through the reduction of oxygen to water conveyed by 
the oxidation of the substrate. Laccases are consequently oxidases that oxidize polyphenols, aromatic 
diamines, and methoxy-substituted phenols, in addition to a variety of other compounds (Baldrian, 
2006). These enzymes are polymeric and usually hold each type 1, 2, and 3 copper center/subunit, 
where the type 2 and type 3 are close together, forming a trinuclear copper cluster. Yoshida first 
described laccase in 1883, once he extracted it from the exudates of the Japanese lacquer tree, Rhus 
vernicifera. In 1896, laccase was validated to be present in fungi for the primary period by both 
Bertrand and Laborde (Alcalde, 2007; Beloqui et al., 2006). Since then, laccases have been estab-
lished in Ascomycetes, Deuteromycetes, and Basidiomycetes; chiefly plentiful in a lot of white-rot 
fungi that are concerned with lignin metabolism (Leontievsky et al., 1997). Fungal laccases have 
superior redox potential compared to bacterial or plant laccases (up to +800 mV), and their action 
seems to be appropriate in natural world judgment with significant applications in biotechnology. 
Thus, fungal laccases are concerned with the deprivation of lignin or in the elimination of potentially 
poisonous phenols that arise during the degradation of lignin. Fungal laccases are hypothesized to 
play a role in the production of dihydroxy naphthalene melanins, darkly pigmented polymers that 
organisms make against environmental trauma or in fungal morphogenesis by catalyzing the con-
struction of extracellular pigments (Henson et al., 1999). 

14.3.2.1 Sources of laccases 

Laccases are generally present in higher plants and fungi, but are also found in some bacteria 
such as S. lavendulae, S. cyaneus, and Marinomonas mediterranea. In fungi, laccases come out 

Figure 14.2 Mode of cellulase action.    
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more than the higher plants. Basidiomycetes such as Phanerochaete chrysosporium, Theiophora 
terrestris, and Lenzites, betulina, and white-rot fungus, such as Phlebia radiate, Pleurotus os-
treatus, and Trametes versicolour also produce laccases. Many Trichoderma species like 
T. atroviride, T. harzianum, and T. longibrachiatum are the sources of laccases (Velázquez-Cedeño 
et al., 2004; Shekher 2011). Laccase from Monocillium indicum was the first enzyme to be con-
sidered from Ascomycetes, which shows peroxidase activity. Pycnoporuscinn abarinus produces 
laccase as a ligninolytic enzyme while Pycnoporuss anguineus produces laccase as a phenoloxidase 
(Eggert et al., 1996; Pointing and Vrijmoed, 2000). In plants, laccases take part in lignification while 
in fungi they have been concerned with delignification, pigment production, sporulation, fruiting 
body formation, and plant pathogenesis (Thurston, 1994; Yaver et al., 2001). 

14.3.2.2 Mechanisms of laccases 

The laccase catalysis was found due to the reduction of one oxygen molecule to water ac-
companied by the oxidation of one electron with a wide variety of perfumed compounds, which 
include polyphenol (Bourbonnais and Paice, 1990) and methoxy-substituted monophenols, in 
addition to aromatic amines (Bourbonnais et al., 1995). Laccases hold four copper atoms termed 
Cu T1 (reducing substrate binds this site) and trinuclear copper bunch T2/T3 (electrons move from 
type 1 to type 2 and type 3 trinuclear clusters/ reduction of oxygen to water at the trinuclear cluster) 
(Gianfreda et al., 1999). These four copper ions are classified into three categories: Type 1 (T1), 
Type 2 (T2), and Type 3 (T3). These groups are distinguished by the use of UV/visible and 
electronic paramagnetic resonance (EPR) spectroscopy. When oxidized, Type 1 Cu provides a blue 
color to the protein at an absorbance of 610 nm, which is EPR observable. Type 2 Cu does not 
provide color but is EPR noticeable, and Type 3 Cu contains a pair of atoms in a binuclear 
conformation that provide a weak absorbance at the near UV area but is not detected by EPR 
signals (Thurston, 1994). The Type 2 copper and Type 3 copper form a trinuclear center, which are 
concerned with the enzyme catalytic mechanism. The O2 molecule linked to the trinuclear bunch 
for asymmetric activation, and it is postulated that the O2 binding section appears to restrict the 
access of oxidizing agents. During a stable state, laccase catalysis revealed that O2 reduction 
occurred (Gianfreda et al., 1999). Laccase operates as a battery and stores electrons from a per-
son’s oxidation reaction to decrease molecular oxygen. Hence, the oxidation of four reducing 
substrate molecules is essential for the whole reduction of molecular O2 to H20. Production of free 
radicals by the laccase oxidizes substrate. The lignin deprivation proceeded by phenoxy radical 
leads to oxidation at α-carbon or breakage of the bond between α-carbon and β-carbon. This 
oxidation results in an oxygen-centered free radical, which can be changed into a second enzyme- 
catalyzed reaction to a quinone. The free radicals and quinone can cause polymerization (Thurston, 
1994) (Figure 14.3). 

The association of the sites of copper in laccase is explained by the spectroscopic studies 
(Quintanar et al., 2005), which exposed that Type 2 copper coordinates two His-N and one oxygen 
atom as -OH, while each copper of Type 3 coordinate 3 His residues. Further, both T2 and T3 
copper sites have open synchronization positions near the center of the trinuclear cluster with the 
negative protein segment (Zoppellaro, 2000). The laccase-mediated catalysis can be comprehen-
sive to nonphenolic substrates by the inclusion of mediators. Organic compounds which that have a 
low molecular weight are oxidized by a laccase known as a mediator. Oxidation of nonphenolic 
compounds by the active cation radicals is not possible by the laccase only; 1-hydroxy benzo-
triazole (HOBT), N-hydroxyphthalimide (NHPI), 2,2-azinobis-(3-ethylbenzthiazoline-6-sulfonate) 
(ABTS), and 3-hydroxyanthranilic acids are the utmost frequently used synthetic mediators 
(Gochev and Krastanoy, 2007). Oxygen uptake by laccase remains rapid than the HOBT in the 
existence of ABTS. 
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14.3.3 Amylases 

Amylases are a class of enzymes that are capable of digesting glycosidic linkages present in 
starch. It can be obtained from a variety of sources. They exist in all living organisms; never-
theless, the enzymes differ in activity and specificity, and in requirements from species to species 
and even from tissue to tissue in a similar organism. The amylase-catalyzed hydrolysis of starch is 
among the most significant industrially applied enzyme reaction (Gupta et al., 2015). The vul-
nerability of starch to amylase attack based on the properties of the specific starch, such as degree 
of gelatinization, and the characteristics of the specific amylase. A lot of studies deal with the 
amylolysis of native starch and focus on the effects of substrate characteristics, like granule size, 
shape, structure, and amylose content. In addition, amylases showed extensive, diverse perfor-
mance on different kinds of solubilized starches (Mukerjea et al., 2006). Amylases are often de-
fined by their starch corrupting quality and fewer by their action on the individual starch polymers. 
It is frequently conventional that amylases randomly hydrolyze amylose and amylopectin. 
Sprouted seeds of pulses such as Cicer arietinium, Cecineri, and Pisum sativum were established to 
have a rich source of amylase (Rani and Chauhan, 2014). Hence, the most extensively used 
thermostable enzymes are the amylases, which have a significant role in the industry of starch 
(Sarikaya et al., 2000). 

14.3.3.1 Classification of amylases 

Amylases are glycoside hydrolases (GHs), which act upon the bonds among the glucose units 
of the starch polymers. GHs are considered by the number EC 3.2.1.x, where the x expresses the 
substrate specificity or in some cases the molecular method or type of linkage (e.g. EC 3.2.1.1, α- 
amylase; EC 3.2.1.2, β-amylase; EC 3.2.1.3, glucoamylase). Complications occur with this sub-
strate specificity-based classification when an enzyme hydrolyses many substrates. 

Figure 14.3 Mode of action of laccase on both substrates of phenolic and nonphenolic.    
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14.3.3.1.1 α-amylase 

(EC 3.2.1.1) (1,4-α-D-glucan glucanohydrolase; glycogenase) amylase is calcium me-
talloenzyme and acts at random sites of the starch chainthat lead to the collapse of long-chain 
carbohydrates into maltotriose and maltose from amylose, or maltose and glucose and limit 
dextrin from amylopectin. α-amylase tends to be faster acting than β-amylase and, in animals, 
it is a major digestive enzyme with an optimum pH is 6.7 to 7.0. In human physiology, both 
the salivary and pancreatic amylases are α-amylases and also occur in plants (barley), pulses, 
fungi (ascomycetes and basidiomycetes), and bacteria (Bacillus) (Rani, 2012b; Rani, 2012d;  
Rani, 2012e). 

14.3.3.1.2 β-amylase 

(EC 3.2.1.2) (alternate names: 1,4-α-D-glucanmaltohydrolase; glycogenase; saccharogen amylase) 
synthesis of β-amylase by fungi, bacteria, pulses, seeds, and plants catalyzes the hydrolysis of the 
second α-1,4glycosidic bond and breakage of two glucose units (maltose) at a time. During the ripening 
of fruit, β-amylase breaks down starch into sugar that leads to the sweetening of ripe fruit. β-amylase 
occurs before germination, whereas α-amylase and proteases occurred occur when the germination 
starts. Animal tissues do not contain β-amylase, though it may be present in microorganisms present 
within the digestive tract (Rani, 2012b, Rani, 2012c and Rani, 2012d). 

14.3.3.1.3 γ-amylase 

(EC 3.2.1.3) (alternative names: Glucan 1,4-α-glucosidase; amyloglucosidase; Exo-1,4-α- 
glucosidase; glucoamylase; lysosomal α-glucosidase; 1,4-α-D-glucan glucohydrolase), γ-amylase 
cleaves last α (1-4) glycosidic linkage at the non-reducing end of amylose and amylopectin, yielding 
glucose along with α (1-6) glycosidic linkages. Unlike the other kind of amylase, γ-amylase is most 
capable in an acidic environment and has an optimum pH of 3 (Rani, 2012c). 

14.3.3.2 Sources of amylases 

Several amylase-producing microorganisms have been isolated and characterized for many 
decades. Bacteria and fungi exude amylases from their cells to perform extracellular digestion. 
Aspergillus niger, Aspergillus oryzae, Thermomyces lanuginosus, and Penicillium expansum are 
among the mold species that produce high amounts of amylase (Arnesen et al., 1998), in ad-
dition to various species of the genus Mucor (Gams and Anderson, 1980). Amylolytic yeasts 
diverge strongly concerning amylase discharge and the extent of starch hydrolysis. Strains of 
Filobasidiuim capsuligenum can hydrolyze the starch. In context to bacteria, Bacillus spp. and 
the linked genera make a large variety of extracellular enzymes, of which amylases are of 
exacting implication to the trade e.g. B. cereus, B. circulans, B. subtilis, B. licheniformis, and 
Clostridium thermosulfurogenes (El-Banna et al., 2008; El-Banna et al., 2007). Bacteria belong 
chiefly to the genus Bacillus which has been widely used for the commercial manufacture of 
thermostable α-amylase (Tonkova, 2006). Many alkaline amylases have been found in cultures 
of Bacillus sp. These alkaline amylases are all of the saccharifying types, excepting the enzymes 
from Bacillus sp. strain 707 and B. licheniformis TCRDC-B13. Thermostable β-amylases have 
been cut off from Bacillus species and Lactobacillus plantarum strain A6 has been selected for 
their capability to manufacture large amounts of extracellular α-amylase (Giraud et al., 1991; El- 
Fallal et al., 2012). 
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14.3.3.3 Mode of action 

It is believed that α-amylases are endo-acting amylases that hydrolyze α-(1-4) glycosidic bonds 
of the starch polymers inside. Several models for the amylase action pattern have been proposed, 
such as the unsystematic action and the several attack actions. The random act has also been 
referred to as a single attack or multi-chain attack action (Azhari and Lotan, 1991). In the previous, 
the polymer molecule is hydrolyzed completely before dissociation of the enzyme-substrate 
complex, whereas in the latter only one bond is hydrolyzed per efficient encounter. 

The attack action is an intermediate between the single-chain and the multi-chain action 
(Bijttebier et al., 2007a), where the enzyme cleaves numerous glycosidic bonds sequentially after the 
first (random) hydrolytic attack previous to degrading from the substrate. In short, it can be seen that 
several attack actions are generally the accepted idea to explain the difference in the action model of 
amylases (Kramhøft et al., 2005; Svensson et al., 2002). However, mainly the endo-amylases take a 
low to very low level of many attack actions. While only a few reports deal with the power of pH and 
temperature on the action pattern of amylases, this influence was complete. Bijttebier et al. (2007b) 
showed that the level of many attacks of several endo-amylases were amplified with temperature to a 
degree depending on the amylase itself (Figure 14.4). 

14.3.4 Lipases 

The requirement of an enzyme in global demand is by 12 main producers and 400 small 
suppliers. Approximately 60% of the world’s industrial enzymes are produced in Europe. 
Hydrolysis occurs in at least 75% of all industrial enzymes (including lipases). Lipases (EC 
3.1.1.3) are called triacylglycerol acyl hydrolase, which acts on carboxylic ester bonds is the 
division of the hydrolases family (Kapoor and Gupta, 2012). They do not need any cofactor and 
belong to the group of serine hydrolases (Beisson et al., 2000). Using lipases, triglycerides are 
hydrolyzed into diglycerides, monoglycerides, fatty acids, and glycerol (Figure 14.5). The es-
terases hydrolyzed carboxylic ester bonds by adding up to the lipases (Pascoal et al., 2018;  
Almeida et al., 2019). Under natural conditions, lipases catalyze the hydrolysis of ester bonds at 
the interface i.e. between an unknown phase of the substrate and an aqueous phase, where the 
enzymes remain liquefied. Mainly lipases have an optimal variety of action and constancy for pH 

Figure 14.4 Mode of action of amylase action patterns on amylose and amylose fragments.    

EXTRACELLULAR ENZYMES OF WILD MUSHROOMS                                                                    445 



values between 6.0–8.0 and temperature between 30–40°C. However, Pseudomonas aeruginosa, 
Candida anatarctica, and Burkholderia glumae exhibit a lid but did not demonstrate interfacial 
activation (Stergiou et al., 2013). Esterification, interesterification, transesterification, acidolysis, 
alcoholysis, and aminolysis translation reactions are catalyzed by lipases (Borchert et al., 2017;  
Jiao et al., 2018). The occurrence of a lid and the interfacial activation are not the appropriate 
conditions to classify a true lipase (Lei et al., 2016). 

14.3.4.1 Classification of lipases 

In the Lipase Engineering Database (LED) a new categorization was recently reported (http:// 
www.led.uni-stuttgart.de), which today includes not only the bacteria but also yeast, fungi, and 
mammalian lipases. This distributes the lipases into three classes based on the oxyanion hole: GX, 
GGGX, and Y (Fischer & Pleiss, 2003; Gupta et al., 2015). Based on this categorization and of the 
amino-acid series similarities, yeasts and fungal lipases have been divided into five diverse sub-
classes, two in the GX class and GGGX class, and one in the Y class (Figure 14.5). 

14.3.4.2 Sources for lipases 

These enzymes are usually found in organisms like plants, microbes, and animals. Several im-
portant lipases generating bacterial groups are Burkholderia, Bacillus and Pseudomonas, 
Staphylococcus, and Chromobacterium. The main genera of fungi are Rhizopus, Aspergillus, 
Penicillium, Mucor, Ashbya, Geotrichum, Beauveria, Humicola, Rhizomucor, Fusarium, 
Acremonium, Alternaria, Eurotrium, and Ophiostoma (Chandra et al., 2020). Due to the requirement 
of precise features, there is a scarcity of lipases. In recent days, to build lipases of appropriate 
properties and to use on a trade scale, biotransformation and combination of lipases are performed. 

14.3.4.3 Mode of action 

The method of the lipase to catalyze ester hydrolysis is like carboxylesterases and serine 
proteases, and involve a first nucleophilic attack of the serine on the carbonyl carbon of the ester 
bond, yielding a covalent acyl-enzyme intermediate and releasing alcohol, i.e. after forming a 
hydroxyl group in a triacylglycerol molecule, a diacylglycerol would be released (Adlercreutz, 
2013) (Figure 14.6). The process is stabilized by histidine and aspartic acid, the other two residues 
of the lively site. The acyl-enzyme intermediate is then hydrolyzed by water and a second nu-
cleophilic harass occurs, thereby producing a carboxylic acid. Many different compounds can 
serve as acyldonors and many nucleophilic compounds in addition to water can perform the same 
function and sever the acyl-enzyme intermediate (Jung et al., 2013). Because of their strong 

Figure 14.5 Classification of lipases based on lipase engineering database.    
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substrate specificity, lipases can conduct a variety of reactions other than acylglycerol hydrolyses, 
such as trans-esterification, esterification, interesterification, and acidolysis. Lipases catalytic 
possibilities, on the other hand, have expanded to a variety of other synthetic or non-conventional 
substrates and forms of reactions, ranging from using amines as nucleophilic compounds to 
conducting aldol trappings (Branneby et al., 2004; Vongvilai et al., 2011). 

14.3.5 Proteases 

The history of proteolytic enzymes or peptidases can be traced back at least to the late 18th 
century. However, in recent years, the work in this field has expanded significantly, fueled by 
various functional applications in biotechnology, and the recognition that they are among the main 
beneficial targets. A protease is an enzyme that hydrolyzes peptide bonds in proteins. Classification 
of proteases is hierarchical, based on the principles of catalytic form, clan, family, and peptidase 
activity. This breaks the long-chained molecules of proteins into shorter parts. Analytical advances 
have shown that proteases perform extremely complex and selective protein modifications such as 
activation of zymogenic types of enzymes through minimal proteolysis, blood clotting, fibrin clot 
lysis, processing, and transfer of secretory proteins through membranes. The current projected 
value of the global commercial enzyme revenues is $1 billion. Proteases are one of the three main 
classes of industrial enzymes, which account for about 60% of overall global enzymes sales and 
75% of hydrolytic enzymes (Godfrey and West, 1996). 

14.3.5.1 Classification of proteases 

Proteases are divided into two main groups based on their mode of action: exopeptidases and 
endopeptidases. Exopeptidases cleave peptide bonds close to the amino or carboxyl termini of the 
substrate, while endopeptidases cleave peptide bonds far from the substrate termini. 

14.3.5.1.1 Exopeptidases 

Exopeptidases are enzymes that cleave peptide bonds at the end of polypeptide chains. 
Aminopeptidases are exopeptidases that cleave the bond from the N-terminus to create a single 
amino acid residue or a di- or tripeptide. The carboxypeptidases are exopeptidases that operate on 
the C-terminus and contain either a single amino acid residue or dipeptides. 

Figure 14.6 Mode of action of lipases.    
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14.3.5.1.2 Endopeptidases 

Endopeptidases are enzymes that cleave the bonds between the termini. Proteolytic enzymes 
are divided into four groups depending upon the mode of action, which is determined by the 
catalytic amino acid residue and that involved: serine, aspartate, cysteine, and metalloproteases 
(Madala et al., 2010). Serine proteases, which are active at neutral and alkaline pH, may be exo- or 
endo-peptidase depending on their mode of action, e.g. subtilisin, an essential component of de-
tergents, is classified as a serine protease (Rao et al., 1998). Aspartic proteases are exo-peptidases 
that are active at acidic pH, e.g. chymosin is used in the production of cheese. Cysteine proteases 
are typically active at neutral pH and often involve the presence of a reducing agent. Papain is a 
well-known cysteine protease. Metalloproteases are distinguished by their need for a divalent 
cation activity; e.g. collagenase is a metalloprotease. They can be active in alkaline or acidic pH 
conditions. MEROPS is a database in which proteolytic enzymes are divided into groups based on 
amino acid sequence similarity, and homologous families are grouped into clans. 

14.3.5.2 Source of proteases 

Proteolytic enzymes are formed by all living things, including plants, animals, and micro-
organisms. Proteolytic enzymes derived from these sources have been used at some stage in human 
evolution. However, to satisfy the massive demand of factories, microorganisms have become the 
primary source of proteolytic enzymes. Microorganisms, which grow quickly and need less space 
than plant or animal sources, maybe cultured to provide a high yield of proteolytic enzymes. 
Bacterial proteolytic enzymes are generally active in neutral or alkaline pH. Bacillus and 
Streptomyces are the most widely seen at the manufacturing level. Fungi, on the other hand, are 
capable of producing acidic, neutral, and alkaline protease enzymes. A diverse variety of fungi, 
including the genera Aspergillus, Mucor, and Rhizopus, as well as bacteria, including the genera 
Clostridium, Bacillus, and Pseudomonas are potential sources of proteases (Kuberan et al., 2010;  
Ghasemi et al., 2011). 

14.3.5.3 Mode of action 

Proteases have specific subsites on one or both sides of the catalytic site, each of which can 
accept the side chain of a single amino acid residue from the substrate. These sites are numbered 
from the catalytic site S1 to Sn toward the structure N terminus and Sl9 to Sn9 toward the structure 
C terminus. The residues that accommodate the substrate are labeled Pl through Pn and P19 
through Pn9, respectively (Figure 14.7). 

14.3.5.3.1 Serine proteases 

Serine proteases usually use a two-step hydrolysis reaction in which a covalently bound 
enzyme-peptide intermediate is formed by the loss of the amino acid or peptide fragment. This 
acylation step is followed by a deacylation process which involves a nucleophilic attack on the 
intermediate by water, resulting in peptide bond hydrolysis. Serine endopeptidases are divided into 
three types depending on their primary substrate preference: (i) trypsin-like, which cleave after 
positively charged residues; (ii) chymotrypsin-like, which cleave after large hydrophobic residues; 
and (iii) elastase-like, which cleave after small hydrophobic residues. The Pl residue determines 
the site of peptide bond cleavage. Only the Pl residues influence the primary specificity; the re-
sidues in other positions influence the rate of cleavage. The subsite associations are restricted to 
various amino acids surrounding the Pl residue to a distinct group of sequences on the enzyme 
(Masaki et al., 1978; Yoshimoto, 1980). From Achromobacter spp. some serine peptidases are 
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lysine-specific enzymes, while from Clostridium spp. they are arginine specific (clostripain) and 
from Flavobacterium spp. they are post-proline specific. Endopeptidases are specific to aspartic 
acid and glutamic acid residues and have also been discovered in B. licheniformis and S. aureus. 
However, peptidase A from E. coli and the repressor LexA have distinct mechanisms of action that 
do not include the classic Ser-His-Asp triad. Few glycine residues are conserved near the catalytic 
serine residue, but their precise positions vary. Almost all chymotrypsin-like enzymes are found in 
mammals, except trypsin-like enzymes found in actinomycetes and Saccharopolyspora spp., as 
well as the fungus Fusarium oxysporum. Few subtilisin family serine proteases have a catalytic 
triad consisting of the same residues as the chymotrypsin family; however, the residues appear in a 
different order (Asp-His-Ser). Any subtilisin family members from the yeasts Tritirachium and 
Metarhizium spp. require thiol for their activity. Cys173 near the active site of histidine is re-
sponsible for the thiol dependency. Among the serine-dependent enzymes, carboxypeptidases are 
unique in that they are most active at acidic pH. These enzymes have a Glu residue before the 
catalytic Ser, which is thought to be responsible for their high acidic pH. Even though the catalytic 
domain is present in most of the serine proteases, Glu-specific proteases have a strong preference 
for Glu-Xaa bonds over Asp-Xaa bonds (Drapeau et al., 1972; Jany et al., 1986; Rao et al., 1998). 

14.3.5.3.2 Aspartic proteases 

Aspartic endopeptidases depend on residues of aspartic acid for their catalytic activity. A wide- 
ranging base catalytic mechanism has been suggested for the hydrolysis of proteins by aspartic 
proteases such as penicillopepsin and endothiapepsin. Crystallographic studies have revealed that 
the enzymes of the pepsin family are bilobed molecules with the active-site cleft located among the 
lobes in addition, each lobe subsidizing one of the pair of aspartic acid residues that is vital for the 
catalytic action. The lobes are homologous to one another, having ascended by gene duplication. 
The retro pepsin molecule has only one lobe, which carries only one aspartic residue; in addition, 
the activity needs the formation of a noncovalent homodimer. In the majority of pepsin-family 
enzymes, the catalytic Asp residues are confined in an Asp-Thr-Gly-Xaa motif in both the N- and 

Figure 14.7 Mode of action of proteases.    
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C-terminal lobes, where Xaa is Ser or Thr, whose side chains will bind to the hydrogen of Asp. 
However, Xaa is Ala in the furthermost of the retro pepsins. Noticeable conservation of cysteine 
residue is also evident in aspartic proteases. The pepsins, as well as most of other members of the 
family, show specificity for the cleavage of bonds in peptides with at least six residues through 
hydrophobic amino acids in both the Pl and Pl9 sites (Rao et al., 1998). 

14.4 APPLICATIONS OF EXTRACELLULAR ENZYMES OF WILD MUSHROOMS 
(MCKELVEY AND MURPHY, 2011) 

14.4.1 Food processing 

One of the major or utilizations of these enzymes is done by the food industry, which includes 
the role of catalases and lipases in cheese ripening and production, α‐amylases in liquefaction, and 
proteases in meat tenderization. Lipases have applications in the production of leaner fish, refining 
rice flavor, and modifying soybean milk. Proteases are essential in meat tenderization because they 
can hydrolyze connective tissue as well as muscle fiber proteins. Currently, cellulase, protease, and 
amylase are being used as dough improvers. Their use improves the texture, flavor, freshness, and 
volume as well as improved dough machinability. 

14.4.2 Tanning industry 

Historically, lime and sodium sulfide mixtures were used in the leather industry to dehair the 
skins and hides. This approach pollutes the environment and is irritating. However, with the ad-
vancement of biotechnology, cleaner, environmentally sustainable methods of handling animal 
skins have emerged. From fungal strains such as Aspergillus, proteases and lipases are extracted 
and used for cocktails. The mixture of the enzyme causes the swelling of hair roots, which allows 
the hair to be removed easily. 

14.4.3 Animal feed 

With an annual supply of more than 950 million tons of feed worth more than the US$50 
billion, the animal feed industry is a vital component of the world’s agro-industrial operations. In 
the past few years, this industry has gone through many changes as consumers and the industry 
itself have looked more closely than ever before into how compound animal feeds are produced, 

Table 14.1 Major enzymes and their applications     

Enzymes Type of Industry Uses  

Amylases, proteases Food processing Degradation of starches, proteins, and meat softening 

Amylases, proteases, 
lipases, and cellulases 

Detergent Removing insoluble starch in dish washing, removing 
protein after staining, to remove fats and oils and to 
enhance the efficiecny of detergents 

Amylases, lipases, and 
cellulases 

Paper and pulp Degrading the starches to lower viscosity, aiding sizing, 
deinking, and paper coating, cellulases and lipases 
reduce pitch and enzymes remove lignin to soften 
paper 

Amylases, proteases, and 
cellulases 

Textiles The reduce starch size, to remove glue and waxes 
between fiber core 

Laccases and lipases Biopolymer and 
plastic 

To form cross-links in biopolymers to produce materials 
in situ by means of polymerization    

450                                                                                                                  WILD MUSHROOMS 



how the animals are reared, and how the systems of animal husbandry in use today affect the 
environment. The integration of enzymes such as cellulase, amylase, and protease into feedstuffs 
has been shown to improve production efficiency. 

14.4.4 Waste treatment 

The use of enzymes for waste disposal is extensive, and a variety of enzymes are used in the 
removal of harmful contaminants. Industrial effluents and household waste contain a variety of 
chemical commodities that are hazardous or poisonous to living beings and the environment. 
Amylases, cellulases, lipases, and proteases are some of the enzymes that function in waste 
management. Oxidative binding detoxification of toxic organic compounds is mediated by oxi-
doreductases. Laccase, for example, is an enzyme that catalyzes the removal of chlorinated phe-
nolic compounds from industrial effluents. Microbial enzymes are often used to recycle waste for 
reuse, such as recovering additional oil from oil crops, converting starch to sugar, and converting 
whey to a variety of useful items. 

14.5 CONCLUSION 

Mushrooms are well known for various pharmaceutical, nutraceutical, and extracellular en-
zyme productions. They are an important cultural patrimony, used since time immemorial as food 
and medicines according to traditional ecological knowledge. The chemical and biological char-
acteristics of wild mushrooms are of interest because they are a natural source of great importance 
to produce compounds with potential biotechnological applications. Fungi can produce a variety of 
enzymes to help them survive in a variety of environments. Fungal enzymes are used in a wide 
range of commercial applications. Their remarkable high stability is one of the examples, as they 
have instinctively evolved to function in a comparatively hostile extracellular environment. 
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15.1 INTRODUCTION 

Xenobiotic is a broad term referring to foreign substances for human life (Rieger et al., 2002). This 
includes food, plant-derived constituents, pesticides, drugs, industrial chemicals, flavoring agents, 
cosmetics, additives, and pollutants, to name a few (Abdelsalam, 2020). This xenobiotic invades our 
body via our lifestyle choices, diet, drinking water, air etc. Once entered, numerous detoxication 
processes are catalyzed by our body to eliminate these xenobiotic components. However, incomplete 
detoxication may be followed by adversities which may include most fatal disease conditions, in-
cluding cancer (Nakov & Velikova, 2020; Croom, 2012). Among known xenobiotics, pesticides are 
one of the significant xenobiotics that affects both flora and fauna of the biodiversity (Maurya & Malik, 
2016). Thus, keeping the check on their levels along with other significant xenobiotics inversely af-
fecting the health and environment is vital and a major need of the hour. The process of keeping this 
check is called remediation (Liu et al., 2018). It is a broad term that is concerned with partial or 
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complete removal of contaminants or harmful xenobiotics from the environment that directly or in-
directly affects human health. This is achieved by utilizing physical, chemical, or biological means. 
Among these, biological remediation, also called bioremediation, is widely accepted. This is because it 
is an eco-friendly and cost-effective means of removing toxicity (Vidali, 2001). Bioremediation is 
achieved by the use of biological agents, including microbes, plants, fungi, or any other living things 
(Juwarkar et al., 2010). The bioremediation process is thus primarily relying on microorganisms, types 
of contaminants, and prevailing environment factors, as outlined in Figure 15.1. 

Among various biological agents involved in bioremediation, the mushroom is one the most 
emerging agents. Mushrooms belong to the class of fungi, basidiomycetes, and are one of the major 
sources of proteins. They are also in possession of key enzymatic machinery, including laccase, lignin 
peroxidase, peroxidase, and oxidases associated with bioremediation (Rhodes, 2014; Kulshreshtha 
et al., 2014). The bioremediation by mushrooms is called “mycoremediation” and was first coined by 
Paul Stamets in the year 2005 in his book Mycelium Running (Stamets, 2005). The mycoremediation 
also possesses various advantages in comparison to traditional bioremediation. The importance in-
cludes low cost, simple cultivation, low maintenance, and more public acceptance as by-products are 
reusable. This is also important since other remediation processes include insertion of high-cost 
factors, inadequate applications, and are deprived of soil heath improving assets (Koul et al., 2021); 
not only mycoremediation, but mushrooms are also used for their medicinal attributes (Ganoderma 
Schizophyllan commune, Ganoderma lucidum, Pleurotus, Agaricus); as antioxidants (Phellinus ri-
mosus, Ganoderma lucidum, and Pleurotus pulmonaris), as antimutagenic or antigenotoxic assets and 
food (Agaricus, Pleurotus) (Sharifi-Rad et al., 2020). This chapter therefore is kept forth to explain 
different applications of mushrooms for remediation of different xenobiotic compounds. 

15.2 ESSENTIAL CHEMICALS AND ENZYMES FROM MUSHROOMS INVOLVED IN 
MYCOREMEDIATION 

Mushroom enzymatic substrates possess a high structural homology with various xenobiotic 
chemicals with pharmacophoric features of polycyclic aromatic hydrocarbons, nitrotoluenes 
pentachlorophenol, pesticides, dioxins, dyes, lignin, and cellulose derivatives. The critical enzymes 
involved in remediation include peroxidases, oxidases, ligninase, pectinases, cellulases, and xy-
lanases (Phan & Sabaratnam, 2012; Gulzar et al., 2020). These enzymes catalyze the degradation 
and breakdown of functional moieties like ester, amides, ether aromatic ring, or aliphatic side 
chains of the mentioned xenobiotics. Apart from these, xenobiotics are also utilized as a source of 
energy, nitrogen, sulphur, and carbon for their own growth and development. There exists evidence 
that ligninolytic enzymes catalyze the degradation of anthracene (polycyclic aromatic hydro-
carbons) to anthraquinone and subsequently to phthalic acid and carbon dioxide. Further, evidence 
of non-ligninolytic degradation of 2,4,6-trinitrotoluene, atrazine, and terbuthylazine is also 

Figure 15.1 Illustration of underlying factors in bioremediation.    
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reported (Gulzar et al., 2020; Mathur & Gehlot, 2021). The brief outline of crucial enzymes present 
in the mushroom are depicted in Figure 15.2. 

15.3 NEED FOR DEGRADATION OF XENOBIOTICS AND REDUCTION OF 
PESTICIDES 

Today, effective agricultural management practices are the need of the hour, for which we need 
the efficient management of biotic factors such as insects, pests, various diseases, weeds, etc. 

To achieve this target, farmers have started to use a substantial amount of various chemical 
fertilizers, insecticides, pesticides, and weedicides in their fields, thus releasing xenobiotic com-
pounds into the environments (Anode & Onguso, 2021). According to a study, the use of pesticides 
in India considerably increased after 2009–2010 and has been doubled in 2014–2015 with as much 
as 0.29 kg/ha. The main problem is that only a handful of these chemicals are target specific and, 
thus, a majority of the chemicals get released into the soil and water. From there, these harmful 
xenobiotics through biomagnification ultimately reach the food chain. Besides agriculture, other 
anthropogenic activities such as industrialization and landfill are significant contributors to the 
release of xenobiotics, such as phenolic compounds, dyes, PAHs, heavy metals, etc., into the 
environment. Contamination of soil and water with these harmful compounds leads to a number of 
ailments. Synthetic dyes and heavy metals are one of the significant carcinogenic sources. The 
well-known Minamata disease caused by water contaminated with mercury is one of the many 
examples in this regard. Diclofenac is an example of the adverse effect of xenobiotics in animals. 
Diclofenac, a pain killer drug, when through the food chain entered the system of Old World Gyps 
vultures, evoked visceral gout, renal necrosis, and mortality within a few days of exposure. 
Enzyme inhibition is one of the many adverse effects of xenobiotics. Carbon monoxide poisoning 
is a prevalent example of atmospheric xenobiotic. Further, bioremediation could assist in the 
conversion of toxic xenobiotics and pesticide waste into inexpensive organic by-products (Jasmin 
et al., 2020; Ihsanullah et al., 2020). In a nutshell, bioremediation based upon the use of mush-
rooms could assist in degrading the complex waste derived from the use of heavy metals, pesti-
cides, pharmaceutical drugs, herbicides, and others, as illustrated in Figure 15.3. 

15.4 MECHANISM OF DEGRADATION BY MUSHROOMS 

The mycoremediation of xenobiotics or pesticides usually falls under three broad categories of 
mechanisms. These include enzymatic biodegradation, biosorption, and bioconversion (Figure 15.4) 

Figure 15.2 Illustration highlighting critical enzymes involved in mycoremediation.    
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(Kulshreshtha et al., 2014). Enzymatic biodegradation is concerned with the degradation of xeno-
biotics or pesticides by inherent mushroom enzymes. It is a complex process in which organic 
molecules are degraded into simpler units like CO2, H2O, and other inorganic compounds by living 
organisms by enzymatic actions (Barh et al., 2019). Various reports have suggested the extracellular 
enzymes produced by mushroom species play a vital role in pesticide degradation, polymeric and 
non-polymeric degradation, along with dye decolorization. The significant enzymes include lignin 
peroxidases (liginases), lignocellulolytic enzymes, peroxidase, laccase, manganese-dependent per-
oxidase, lignin peroxidase, manganese peroxidase, and many more. The critical mechanism(s) 

Figure 15.3 Illustration suggesting the utility of mycoremediation in allied areas involved in the generation of 
potentially toxic xenobiotics.    

Figure 15.4 The critical mechanism involved in mycoremediation for degradation of xenobiotics and pesticides.    
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involves the generation of reactive free radicals (via H2O2), initiating cascades of redox reaction in 
bringing out degradation (Rhodes, 2014). 

A plethora of evidence is available for enzymatic degradation by mushroom-derived enzymes. 
A few representative examples are compiled in Table 15.1. 

The second underlying mechanism in mycoremediation is biosorption. This method involves the 
sorption of metals, pollutants or xenobiotics present in waste or effluent. These biosorbents are 
reported to be developed involving mushroom species. The key mechanism involves bioaccumu-
lation followed by biosorption. Bioaccumulation is an active metabolism dependent process that 
foresees transport of waste or effluent into the cellular component of mushroom and partitioning 
thereafter into the individual compartment, which further allows binding of biomass via adsorption, 
ion exchange or covalent binding allowing biosorption. The polar amino acids from proteins of 
mushroom polysaccharides are known to play a vital role in biosorption (Haile et al., 2021). The 

Table 15.1 Examples of a few important mushroom species, their key enzymes, and involvement in 
xenobiotic degradation      

Mushroom species Enzyme involved Type of xenobiotic Ref  

Pleurotus ostreatus Ligno-cellulolytic enzymes Plastics ( da Luz et al., 
2015) 

Lignin peroxidase, laccase, 
and manganese 
peroxidase 

Anthracene ( Zebulun et al., 
2011) 

Laccase oxidoreductases Green polyethene and P.C.B.s ( da Luz et al., 
2015) 

Lentinula edodes Ligninolytic enzyme- 
derived vanillin 

2,4-Dichlorophenol ( Tsujiyama et al., 
2013) 

Pleurotus pulmonarius Ligninolytic enzymes Radioactive cellulosic-based 
waste 

( Eskander et al., 
2012) 

Peroxidase Crude oil ( Olusola, & Ejiro, 
2011) 

Coriolus versicolor Laccase, manganese- 
dependent peroxidase, 
and lignin peroxidase 

PAHs ( Jang et al., 2009) 

Pleurotus palmonarius, 
Pleurotus tuberregium, 
Lentinus squarrosulus 

Ligninolytic enzymes Crude oil ( Adedokun, & 
Ataga, 2014) 

Pleurotus tuber-regium Ligninolytic enzymes Crude oil ( Isikhuemhen 
et al., 2003) 

Bjerkandera adusta Lignin-degrading enzyme PAHs, P.C.B.s ( Bumpus et al., 
1985) 

Irpex lacteus Laccase, lignin peroxidase, 
manganese peroxidase, 
versatile peroxidase 

PAHs, T.N.T., bisphenol, 
dimethyl, phthalate 

( Novotný et al., 
2000) 

Oxidoreductases PCBs ( Stella et al., 2017) 

Phanerochaete 
chrysosporium 

Lip, MnP D.D.T., P.H.A.s, P.C.B.s ( Singh, 2006) 

Peroxidases (LiP, MnP) PAHs ( Spadaro et al., 
1992) 

Peroxidases Styrene ( Braun-Lüllemann 
et al., 1997) 

Schizophyllum commune, 
Polyporus sp. 

Ligninolytic enzymes Malachite green dye ( Yogita et al., 
2011) 

Trametes versicolor Ligninolytic enzymes Lignin, polycyclic aromatic 
hydrocarbons, polychlorinated 
biphenyl mixtures, and a 
number of synthetic dyes 

( Novotný et al., 
2000)    
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biosorption capacity of mushroom is reported to be higher for dead mushrooms. The dead mush-
rooms are much more effective than live mushrooms since they can maintain their remedial power 
irrespective of adversities that may include varying pH, nutrient supply, temperature, metal ion 
concentration, or other inherent factors (Kulshreshtha et al., 2014). Further, the dead mushroom may 
be chiefly available as a fermentation by-product of industrial waste. This method is exceptionally 
advantageous due to its low cost of implementation and high uptake capacity. The uptake capacity is 
further reported to get enhanced by treating the fermented by-product (mushroom) with strong acid 
and bases and elevating the temperatures, which drastically improves biosorption property by many 
folds (Thakur, 2019). Various evidence has been reported for biosorption by mushrooms as a mean of 
mycoremediation. Some noteworthy examples are compiled in Table 15.2. 

Further, another mechanism involved in mycoremediation is bioconversion. The process in-
volves the conversion of harmful xenobiotics or wastes into some usable or commercial form. The 
primary bioconversion product produced is a mushroom, which is generated as a fermented by- 
product from lignocellulosic waste (Sotthisawad et al., 2017). Different product waste gives rise to 
different mushroom species. A brief compilation is made in Table 15.3. 

15.5 UNDERLYING FACTORS INFLUENCING BIOREMEDIATION BY MUSHROOM 

The majority of intrinsic (nutrients, pH, moisture content, electrical conductivity and oxygen 
availability) and extrinsic factors (temperature, humidity, daylight, CO2 level, O2 exchange) are 

Table 15.2 Key mushroom species and their involvement in biosorption     

Mushroom species 
Xenobiotic undergoing 

biosorption Ref  

Agaricus bisporus Cadmium ions ( Yildirim & Hilal, 2020;  Eliescu et al., 2020;  Shamim, 
2018;  Vimala, & Das, 2009;  Das et al., 2008;  Das, 
2005) 

Lactarius piperatus Cadmium ions 

Fomes fasciatus Copper ions 

Pleurotus platypus Zinc, iron, cadmium, lead, 
nickel 

Agaricus bisporus Zinc, iron, cadmium, lead, 
nickel 

Calocybe indica Zinc, iron, cadmium, lead, 
nickel 

Flammulina velutipes Copper 

Pleurotus tuber- 
regium 

Heavy metals 

Pleurotus ostreatus Cadmium 

Pleurotus sajor-caju Heavy metals like zinc    

Table 15.3 Examples of various mushroom species in bioconversion ( Kulshreshtha et al., 2014)    

Mushroom species Type of xenobiotic undergoing bioconversion  

Pleurotus ostreatus Extracts derived from sawdust 

P. ostreatus var. florida Solid sludges and effluents of the paper industry, industrial cardboard waste 

Pleurotus tuber-regium Waste derived as agricultural waste from cotton, rice straw, sawdust, fruit peels 

Volvariella volvacea Agro-industrial waste, particularly banana leaves 

Lentinula tigrinus Wheat and rice straw 

Lentinula edodes Agricultural waste derived from wheat, rice, and barley straw    
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known to affect mycoremediation. The extrinsic factors affect the growing and fruiting of the 
mushroom, while intrinsic factor will affect the development of the mycelium and primordia 
formation in addition to fruiting initiation. Both of these underlying factors are associated with 
mushroom survival and growth. The key factors are briefly compiled in Table 15.4. 

15.6 LIMITATIONS OF MYCOREMEDIATION 

Although mycoremediation finds its immense use not only in agricultural or biological sciences 
but also in allied fields including biochemistry, genetics, chemical engineering, chemistry, and 
other subject areas as depicted in Figure 15.5. The data was retrieved from the Scopus database 
using keywords “Mushroom” AND “Bioremediation” on April 1, 2021. 

Further, the data also suggested a total of 346 articles have been published using mentioned 
keywords. The majority of articles have been published by China (76), followed by India (36), 
Spain (25), and the United States (24), as illustrated in Figure 15.6, revealing the importance of 
bioremediation in these densely populated countries. 

Although mycoremediation is very popular, at the same time it has numerous drawbacks, 
which is a setback to their popularity (Kulshreshtha et al., 2014; Sasek & Cajthaml, 2005). The 
important ones include, i. rate of degradation by mushroom is slow; ii. often lead to the generation 
of toxic secondary metabolites; iii. diversity among mushroom species makes them non-selective 
for a particular xenobiotic; iv. mushroom species may undergo evolutionary changes and may 
confer resistance to biodegradation; mushroom dependency on extrinsic factors, including soil and 
climate, further affects the remediation process; v. genomic makeup to allow synergism of 
mushrooms with bacteria is a tedious task. 

Table 15.4 Numerous intrinsic and extrinsic factors affecting mycoremediation       

Optimum value Implication Ref  

Intrinsic Factor(s) 

Nutrient carbon- 
nitrogen (C:N) ratio 

C:N ratio of 5:2 Improves mycelial growth ( Zhang, & Elser, 
2017) 

pH 4.0–7.0 Assist in mycelium growth ( Kulshreshtha 
et al., 2014) 6.5–7.0 Assist in basidiocarp development 

Moisture content 50–75% RH Assist in transferring nutrients from mycelium 
to fruiting body, allowing the fruit formation 

( Endeshaw 
et al., 2017) 

Particle size and 
oxygen availability 

High High aeration improves particle size of 
mycelium and spores, leading to better 
growth 

( Endeshaw 
et al., 2017) 

Electrical 
conductivity 

__ Soil with high electrical conductivity promotes 
growth 

( Guo et al., 
2001) 

Extrinsic Factor(s) 

Temperature 10 to 16°C (cold 
regions) 

Temperature is mushroom species-specific 
parameters and also depends upon a 
geographical location. A temperature below 
optimal range devoid pinhead and delay fruit 
body development and may induce 
contamination 

( Bellettini et al., 
2019) 

17 to 23°C (warmer 
regions) 

24 to 30°C (hot 
regions) 

Humidity 2,000–5,000 ppm Assist in fruiting body development. The high 
concentration was fruit deformity 

O2 exchange Optimal Optimal adjust the humidity level and 
maintains CO2 level allowing optimal growth    
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15.7 CONCLUSION AND FUTURE AVENUES 

Mushrooms are seen as one of the limited options of mycoremediation to address real-world 
solution for the degradation of pesticides and xenobiotics. The mycoremediation using mushrooms 
could be a game-changer in reducing waste accumulation and, at the same time, could serve as a 

Figure 15.5 Bar graph representation suggesting popularity of mycoremediation across various subject dis-
ciplines.    

Figure 15.6 Bar graph suggesting publications by countries on mycoremediation. For clarity, only those 
countries that published more than nine papers have been included    
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nutritious food source for an ever-expanding population. This process may not be used in full scale 
due to its limitation but with the help of nanotechnology we can use this in a larger prospect. 
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16.1 INTRODUCTION 

Wild mushroom are macrofungi that grow in forests on dead parts of hardwood, such as fallen 
branches and trunks. One of the major environmental problems nowadays in our world is the 
contamination of soil, water, and air with synthetic organic compounds coming from the waste 
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produced by different activities like agriculture, municipal solid waste, and different industrial 
activity like pharmaceuticals, textile industries, food processing industries, etc. Most of these toxic 
compounds inserted into nature are called xenobiotics, which are materials that do not occur 
naturally in the biosphere and are probably not easily degraded by the indigenous microflora and 
fauna. Annually massive amounts of waste are being released into the environment, these wastes 
can be founded in three different forms: solid, liquid, and semi-solid waste and are being dumped 
or burned without proper recycling, thus contributing to human health hazards, environmental 
pollution, and global warming (Woldemariam, 2019). Solid waste can be defined as “any unwanted 
or useless solid materials generated from combined residential, industrial and commercial activ-
ities”. Due to the increased pollution, industrialization, and urbanization, a trend of a significant 
increase in solid waste generation has been recorded worldwide. Waste generation has been ob-
served to increase annually in proportion to the rise in population and urbanization (Jebapriya 
et al., 2013). According to data of the World Bank, 2.01 billion tons of municipal solid waste are 
produced annually in the world, with at least 33% of that not managed in an environmentally safe 
manner, and it is expected to grow to 3.40 billion tons by 2050, with the continuous trend 
in population growth (Kaza et al., 2018). The different sources of solid waste are illustrated in 
Figure 16.1. 

Furthermore, the rapid industrialization and modernization of the recent years have brought, as 
a consequence, the release of industrial effluents and the accumulation of toxic substances into the 
biosphere, destroying the environment by the interaction with various components of the natural 
ecosystem. These wastes contained various synthetic dyes, toxic heavy metals, polycyclic aromatic 
hydrocarbons, and other chemicals that come in contact directly or indirectly with water and soil 
and destroy their natural properties like pH, total organic carbon (TOC), biological oxygen demand 
(BOD), and chemical oxygen demand (COD) (Gulzar et al. 2020; Kaushik et al., 2017). 

Nowadays, incineration is the most common and effective remediation practice to reduce waste 
mass, but it is extremely costly in terms of money and energy used, and even though the ash that 
remains from this process is extremely small in quantity, compared to the original mass waste, it 
contains various toxic compounds, heavy metals, and induces the formation of other recalcitrant 
derivates that require further treatment and, if not disposed of them correctly, they can cause 
serious harm to the population’s health and the environment. The concentration of carcinogenic 
heavy metals like As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, among others, is relatively high in untreated 
industrial wastes (Gulzar et al. 2020; Kaushik et al., 2018). Also, soils contaminated with heavy 
metals and other organic pollutants are generally left abandoned for several years because they 
may not be safe for agricultural production. Different classes of chemicals have been targeted by 

Figure 16.1 Different sources of solid waste.     
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the United States Environmental Agency (USEPA) as priority pollutants due to their toxic effects 
on the environment and human health. These chemicals include polycyclic aromatic hydrocarbons, 
pentachlorophenols, polychlorinated biphenyls, 1,1,1- trichloro – 2,2-bis (4-chlorophenyl) ethane, 
benzene, toluene, ethylbenzene xylene, and trinitrotoluene. For all these reasons, a solution for the 
elimination of the wide ranges of pollutants and wastes from the soil and water is an absolute 
requirement to promote sustainable development of our society with low environmental impact 
(Woldemariam, 2019; Chawla et al., 2018). Due to the magnitude of this problem and the lack of a 
rapid cost-effective and ecologically responsible method, it is necessary to develop technology that 
helps minimize the impact that these wastes can have on the planet’s ecosystems. In recent years, 
various physical and chemical remediation technologies have been developed to achieve the 
complete or partial removal of contaminants from the polluted sites and therefore provide a sus-
tainable environment, but its high cost, limited application with limited opportunities, and the 
inability to improve the intrinsic health of the soil have made this technology almost obsolete and 
abandoned (Gulzar et al., 2020). Environmental biotechnology has been concentrating on the 
development of new “clean technologies” with a biological approach that focuses on reducing 
waste generation as well as its treatment and conversion in some useful form (Kulshreshtha et al., 
2014). Bioremediation refers to the use of biological agents such as microbes, plants, fungi, or any 
other living things that help to either restore or clean up contaminated sites (Vishwakarma et al., 
2020). The general approaches to bioremediation are to enhance natural biodegradation by natural 
organisms. This technology can be applied in situ when the contaminated materials are treated at 
the site, and ex situ when it is necessary to remove the contaminated material to be treated else-
where (C. O. 2012). Generally, these treatments involved the use of microorganisms and their 
enzymes for the degradation and transformation of pollutants into another form that is less toxic for 
the environment. Various species of archaea, bacteria, algae, and fungi have shown bioremediation 
activity; also, plants and their associated bacteria play a significant role in the degradation of toxic 
compounds present, mainly in the soil and air (Sharma et al., 2018). The bioremediation rate of 
success depends on many factors, including the chemical nature and concentration of pollutants, 
the physicochemical characteristics of the environment, and their availability to microorganisms 
(Abatenh et al., 2017). 

Fungi are one of the most widely used organisms of this type of technology since they are 
known as one of the most outstanding biological decomposed and they also play a crucial role in 
converting these wastes into valuable products. They exist in a variety of habitats due to their 
versatile physiological nature, thus found in acidic pH, temperature, oxygen concentrations, 
salinity, and heavy metal concentrations (Woldemariam, 2019). Mycoremediation based on de-
toxification of contaminated soil with the use of fungi is defined as a process of sequestration of 
contaminated soil or water by using fungi to reduce contaminants (Barkat Md Gulzar et al., 2020). 
The fungi are unique among the living organisms and are omnipresent in the biosphere. They are 
eukaryotic, spore-bearing, achlorophyllous microorganisms, and entirely heterotrophic. These 
organisms had the biochemical and ecological function to degrade organic chemicals, by producing 
extracellular enzymes which help in the assimilation of complex carbohydrates without prior 
hydrolysis. This leads them to have the ability to degrade a wide range of pollutants by chemical 
modification or by influencing chemical bioavailability (Vishwakarma et al., 2020). 

Leaf litter can be found naturally on the forest floor. It cannot be digested directly by plants and 
used as a substrate to grow because the fallen leaves are too tough to be broken down. Fungus is a 
unique organism that can decompose leaf litter, mainly its mycelium, the vegetative part of the 
fungus, which we often see as fine white threads that grow from dead wood and leaves. Fungi are 
the only organisms that can decompose or break down wood. Their mycelium exudes powerful 
extracellular enzymes and acids that can decompose lignin and cellulose, the two essential com-
ponents of plant fiber. A complex and rich material called humus is formed when fungi decompose 
wood and leaves. A variety of organisms of different species and kingdoms take advantage of these 
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different substrates that are present in humus. The efficiency of this degradation becomes max-
imum when a good supply of nutrients are present in the soil, mainly elements such as N, P, K, and 
other essential inorganic elements (Rhodes, 2014). Another key consideration for successful 
mycoremediation is the correct selection of the fungal species. This should be based on the target 
pollutant to be removed. The most used fungi in bioremediation are wood-rot Basidiomycetes 
capable of degrading lignin (ligninolytic fungi). Most of these fungi cause white rot of wood, and 
so they are often called white-rot fungi (WRF). White-rot fungi has the capacity to degrade lignin 
due to a complex of extracellular enzymes—namely, lignin peroxidase, manganese dependent 
peroxidase, hydrogen peroxide generating oxidases, and phenol oxidases such as laccase (Sasek & 
Cajthaml, 2005). 

16.2 KINDS OF WILD MUSHROOMS 

A mushroom is a general term utilized mostly for the fruiting body of the macrofungi, belongs 
to Ascomycota and Basidiomycota families, and represents only a short reproductive stage in their 
life cycle (Krishna et al., 2015). The fruiting body of mushrooms consists of a steam (stipe) with a 
bearing cap (pileus). A spore-forming part (sporophore) emerges from an extensive underground 
network of threadlike strands (mycelium) (Woldemariam, 2019). A mushroom, or toadstool, is the 
fleshy, spore-bearing fruiting body of a fungus, typically produced aboveground on soil or its food 
source. A mushroom can be a variety of gilled fungi, with or without stems; therefore, the term is 
used to describe the fleshy fruiting bodies of some Ascomycota. Microscopic spores are produced 
by these gills, which help the fungus spread through the soil (Garziano, 2018). 

Over 300 genera of mushrooms and related basidiomycetes have been identified; only a very 
few species of these fungi are cultivated commercially. This is since the majority of these species 
can only grow in very specific conditions in the wild (Woldemariam, 2019). It is estimated that 
there are approximately 1.5 million species of fungi on the planet. Of this number, it is believed 
that 140,000 species produce fruiting bodies of sufficient size and suitable structure to be con-
sidered macrofungi, which can be called mushrooms; and only 10% of these species have been 
identified and classified (Cheung, 2009). Because the use of the term “mushroom” has been so 
widely used, there are different ways in which they can be classified, as it is shown in Figure 16.2. 
Two different classifications present the first one, depending on their ecological role in nature, and 
the second one, according to some of their most notable functional characteristics. 

16.2.1 Ecological classification 

Mushrooms can be ecologically classified into three categories: parasites, saprophytes, and 
mycorrhizae (Cheung, 2009). Parasite mushrooms attack living organisms, penetrate their outer 
defenses, invade them, and obtain nourishment from living cytoplasm, thereby causing disease and 
sometimes death of the host. Most of these mushrooms are parasites of plants. There are only a few 
known parasitic mushrooms. One species with this characteristic is the honey fungus (Armillaria 
mellea), shown in Figure 16.3; it mainly attacks forest and fruit trees and causes them serious 
root rot. 

Another type of mushroom in this classification is the mycorrhiza; for example, Perigold black 
truffle (Tuber melanosporum) and Matsutake mushroom (Tricholoma matsutake) show in 
Figure 16.4. These are considered some of the most expensive edible mushrooms in the world due 
to their scarcity. Unlike other mushrooms, cultivating them artificially is very difficult and are 
mostly found exclusively in the wild. 

The symbiotic relationships that form between fungi and plants are called mycorrhizae 
(Chawla et al., 2019). When fungi occupy the root system of a plant, they provide greater 
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Figure 16.2 Schematic representation of wild mushroom classification according to ecological role and func-
tional properties.    

Figure 16.3 Parasite mushroom Armillaria mellea or 
honey fungus, growing in tree roots.     

Figure 16.4 Examples of mycorrhizae mushrooms. (a) Perigold black truffle (Tuber melanosporum), (b) 
Matsutake mushroom (Tricholoma matsutake).    
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absorption of water and nutrients from the soil, while the plant supplies the fungus with carbo-
hydrates that it produces during photosynthesis. Mycorrhizae can also increase the protection of 
the host plant against some pathogens (Writers of The New York Botanical Garden, 2003). 

The last type of mushroom in this classification is the saprophyte. These correspond to the vast 
majority of wild mushrooms and are known as the premier recyclers on the planet. These 
mushrooms obtain nutrients from dead organic materials. The filamentous mycelial network is 
designed to weave through the plant cell wall, due to the secretion of enzymes and acids that can 
degrade complex molecules into simpler compounds. All ecosystems depend upon fungi´s ability 
to decompose organic plant matter and the return of carbon, hydrogen, nitrogen, and minerals back 
into the ecosystem in forms usable to other organisms (Stamets, 2001). As decomposers, they can 
be separated into three key groups, depending on their nutritional and ecological requirements 
(Chawla et al., 2021). 

Primary Decomposers. These mushrooms can grow on fresh or almost fresh wood residues. 
They are typically fast growers with a mycelium that can quickly attach and decompose plant 
tissue. These fungi are the first to start the wood degradation process. They have the enzymatic 
machinery to degrade lignin-cellulose materials and absorb nutrients from the decaying material 
and prefer environments with little to no competition from other organisms. Some examples of 
these mushrooms are shiitake (Lentinula edodes), oyster mushrooms (Pleurotus ostreatus), enoki 
(Flammulina velutipes), cloud ear (Auriculariapolytricha), golden pholiota (Pholiota aurivella), 

Figure 16.5 Species of saprophytes mushrooms, primary decomposers growing in wood. (a) Reishi 
(Ganoderma lucidum); (b) oyster mushrooms (Pleurotus ostreatus); (c) enoki (Flammulina ve-
lutipes); (d) spring agaric (Agrocybe praecox).    
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golden jelly fungus (Tremella mesenterica), spring agaric (Agrocybe praecox), and reishi 
(Ganoderma lucidum), shown in Figure 16.5. 

Secondary Decomposers. These mushrooms rely on the previous activity of primary decom-
posers to partially break down a substrate to a state they can take advantage of and get nutrients to 
grow (Bains et al., 2021). Secondary decomposers normally grow from composted material. This 
environment is accompanied by other organisms like insects, bacteria, actinomycetes, yeast, etc.; 
all of these organisms degraded the plant material and reduced mass, structure, and composition of 
the compost, and proportionately available nitrogen is increased (Stamets, 2001). Some commonly 
secondary decomposers are the paddy straw mushroom (Volvariella volvaceae) and inkcaps 
(Coprinus atramentarius), shown in Figure 16.6, and the fungi questionable stropharia (Stropharia 
ambigua). 

Tertiary Decomposers. These are the fungi found toward the end of the decomposition process. 
They thrive in habitats created by primary and secondary decomposers are amorphous and difficult 
to categorize groups and rely upon highly complex microbial environments. The differentiation 
between secondary and tertiary decomposers is often complicated, so mycologists often refer to 
these mushrooms as “soil dwellers”. Fungus existing in these reduced subtracts is remarkable in 
that the habitat appears inhospitable for most other mushrooms (Stamets, 2001). Some examples of 
this category are the orange peel mushroom (Aleuria aurantia) shown in Figure 16.7; and the 

Figure 16.6 Illustration of the mushroom inkcap 
(Coprinus atramentarius), growing in 
forest soil.     

Figure 16.7 An orange peel mushroom (Aleuria aurantia) 
growing in composted soil.     
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banded mottle gill (Panaeolus cinctulus). Some other species are Conocybe, Agrocybe, Pluteus, 
and Agaricus, known as tertiary decomposes. 

It is important to mention that some mushrooms can share two of these categories; for example, 
some Ganoderma spp., including the lingzhi mushroom (Ganoderma lucidum) that is a common 
saprophyte but can be pathogenic too; also, the matsutake mushroom (Tricholoma matsutake), 
while initially appearing to be mycorrhizal on young roots, soon becomes pathogenic and finally 
exhibits some saprophytic ability (Cheung, 2009). Figure 16.8 shows the triangle model for 
mushroom’s ecological classification and examples of mushrooms that can belong to more than 
one group. 

16.2.2 Functional classification 

Another way to categorize fungi depends on the important characteristics or properties that 
they present. Mushrooms then can be roughly divided into four categories: (1) edible mushrooms, 
(2) medicinal, (3) poisonous or toxic, and (4) miscellaneous (Chang & Miles, 2004). Certainly, this 
approach of classifying mushrooms is not absolute as many kinds of mushrooms can belong to two 
or more categories, some mushrooms for example are not only edible but also possess tonic and 
medicinal qualities. 

Edible Mushrooms. Wild edible mushrooms have been part of the human diet for thousands of 
years due to their nutritional, organoleptic characteristics, and medicinal properties. They are a 
source of fiber, protein, vitamins, minerals, and are poor in calories and fat. Moreover, edible 
mushrooms provide a nutritionally significant content of vitamins B1, B2, B12, C, D, and E; they 
have been considered as a very useful complement to the vegetarian diet since mushrooms can 
provide all the essential amino acids for adults requirements, have more protein than most ve-
getables, and are the only non-animal natural source of vitamin D (Sun et al., 2020). 

The most common edible part of mushrooms is their fruiting bodies, although the sclerotia of 
some mushrooms can also be consumed (Das et al., 2021). Mycelia are less commonly utilized as a 
human food despite their shorter production time and comparable nutritional value to fruiting 
bodies (Cheung, 2009). 

Less than 25 species of edible mushrooms are broadly cultivated and accepted as food of 
economic importance. Worldwide, the most cultivated mushroom is Agaricus bisporus, followed 
by Lentinus edodes, Pleurotus spp., and Flammulina velutipes. However, wild mushrooms are 
becoming more important for their nutritional, sensory, and especially pharmacological char-
acteristics (Valverde et al., 2017). Because of their high nutritional value and unique flavor, edible 
mushrooms are known and consumed as a delicacy. Mushrooms are widely distributed across the 

Figure 16.8 Triangular model for the ecological classifica-
tion of mushrooms. Modified from ( Cheung, 
2009).     
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earth, with approximately 20,000 species; among them, more than 3,000 are edible, and 200 of 
those are wild species (Sun et al., 2020). 

China ranks high in the early and later historical record of wild edible mushrooms. In this country, 
many species of mushrooms have been considered valuable for several years, not only for their taste 
and nutritional worth but also for their healing properties. Other countries that have a long and 
notable tradition of wild edible fungi are Turkey, Mexico, and major areas of central and southern 
Africa (Boa, 2008). Figure 16.9 shows some of the most famous consumed wild mushroom species, 
including the chanterelle mushroom (Cantharellus cibarius), morchella (Morchella esculenta), lion’s 
mane mushroom (Hericium erinaceus), maitake mushroom (Grifola frondosa), and oyster mushroom 
(Pleurotus ostreatus). 

Medicinal Mushrooms. A large number of species of mushrooms have been used to treat 
diseases over the years as a tradition in different cultures through their immunomodulatory and 
antineoplastic properties. Nowadays, the study of the medicinal properties of mushrooms has 
increased rapidly, and it has been suggested that many mushrooms are like mini-pharmaceutical 
factories producing compounds with miraculous biological properties (Kaushik et al., 2013). Some 
examples of bioactive molecules synthesized by mushrooms are polysaccharides, proteins, fats, 
minerals, glycosides, alkaloids, volatile oils, terpenoids, tocopherols, phenolics, flavonoids, car-
otenoids, folates, lectins, enzymes, ascorbic, and organic acids, in general (Valverde et al., 2017). 

More than a hundred medicinal functions have been proven to be produced by fungi and 
mushrooms. Some of their medicinal studied actions included antitumor, immunomodulating, 
antioxidant, radical scavenging, cardiovascular, anti-hypercholesterolemia, antiviral, antibacterial, 
antiparasitic, antifungal, detoxification, hepatoprotective, and antidiabetic effects (Wasser, 2011). 
Some of the most important drugs in recent years like antibiotics (penicillin, tetracycline, and 
erythromycin), antiparasitic (avermectin), antimalarials (quinine, artemisinin), lipid control agents 
(lovastatin and analogs), and anticancer drugs (taxol, doxorubicin) were discovered from com-
ponents found in fungi. Of the 14,000 to 15,000 species of mushrooms in the world, around 700 
have known medicinal properties. However, it has been estimated that there are about 1,800 
species of mushrooms that have potential medicinal attributes (Chang and Miles, 2004). 

Ganoderma species, the “mushroom of immortality,” are commonly known as reishi, and are an 
example of a wild medicinal mushroom. Studies of Ganoderma lucidum have shown that this fungus 
contains edible compounds in high concentrations like organic germanium, polysaccharides, and 
triterpenes. These active components have been proven for strength, regulate the immune system, and 
eliminate allergic reactions such as asthma, rheumatoid, arthritis, and lupus. G. lucidum can also 

Figure 16.9 Common edible wild mushrooms species. (a) Morchella mushroom (Morchella esculeta); (b) 
chanterelle mushroom (Cantharellus cibarius).    
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stimulate the production of interleukin-II due to the presence of ganoderic acid, which is active 
against liver cancer (Olusola Ogidi, Olusegun Oyetayo, and Juliet Akinyele 2020). Some other 
species of mushrooms that also possess health benefits are the Turkey tail mushroom (Trametes 
versicolor), shown in Figure 16.10, that promote chemopreventive potential. It inhibits the growth of 
several human cancer cell lines and act as an adjuvant in breast cancer prevention. Also, maitake 
mushroom (Grifola frondosa) is promoted as an anticancer agent, particularly on human gastric 
carcinoma. Such an effect results from the induction of cell apoptosis and could significantly ac-
celerate the anticancer activity (Valverde et al., 2017). 

Poisonous or Toxic Mushrooms. This category of mushrooms represents less than 1% of the 
world’s identified mushrooms. This species contained toxins with different chemical compositions, 
and thus the effect of poisoning differs considerably according to the species involved (Chang & 
Miles, 2004). Poisonous mushrooms vary in their effects of the mild stomach and digestive upsets 
to more serious problems like liver damage and death. There are no general guidelines for dis-
tinguishing between poisonous and edible species (Dhull et al., 2020). The only means by which a 
non-specialist can determine the edibility or toxicity of a given mushroom is to carry out an 
accurate identification of the specimen. Such identification may be obtained by consulting the 
relevant literature, preferably with illustrations, or experts in the subject (Boa, 2008). 

Several species of Amanita (Figure 16.11) are extremely poisonous, but obvious symptoms do 
not appear until 8–12 hours after ingestion. The dead cap fungi (Amanita phalloides) group causes 
the majority of recorded deaths from mushrooms. The general symptoms of this type of poisoning 
are severe abdominal pains, nausea, violent vomiting, diarrhea, cold sweats, and excessive thirst 

Figure 16.10 Medicinal mushroom Turkey tail has 
shown to have chemopreventive po-
tential and the inhibition of several 
human cancer cell lines.     

Figure 16.11 Amanita species with poisonous activity. (a) The dead cap fungi (Amanita phalloides); (b) the fly 
agaric or fly amanita (Amanita muscaria).    
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(Chang & Miles, 2004). The psychotropic or hallucinogenic activity can also be an effect of 
poisonous mushrooms. Hallucinogenic compounds contained in fungi of Psilocybea and 
Amanitagenera like psilocin, ibotenic acid, and muscimol act on the central nervous system, 
producing distortions in vision and tactile sensations, and a similar neurotoxic reaction as LSD (d- 
lysergic acid diethylamide). Chronic exposure to these substances can induce serious disorders like 
cardiovascular complications and neurodegenerative diseases. Shrooms or “magic mushrooms” 
(Psilocybe cubensis) are the more known and common sources of psilocybin (Stebelska, 2013). 

Miscellaneous Mushrooms. This category includes those mushrooms whose properties remain 
less well defined and can group the mushrooms used in other applications not mentioned before, 
like the production of enzymes, pigments, bioremediation of xenobiotics, and lignocellulosic waste 
degradation. The use of fungi as a remediation tool is also called “mycoremediation”. 
Mycoremediation refers to the use of mushrooms and their enzymatic ability to degrade a wide 
variety of environmentally persistent pollutants and transform industrial and agro-industrial wastes 
into products (Kulshreshtha et al., 2014). Mushrooms are capable of converting lignocellulosic 
waste materials into food, feed, and fertilizers. They can be cultivated in containers, providing 
artificially controlled conditions, are relatively fast-growing organisms, and can also act as ef-
fective bio absorbents of toxic metals like Cd, Cu, Pb, Cr, and Mn (Woldemariam, 2019). The 
enzymes produced by mushrooms, which are lignin peroxidase, manganese peroxidase, and lac-
case penetrate, break, and digest, or mineralizes harmful substances in waste. Fungi such as the 
golden oyster mushroom (Pleurotus citrinopileatus) can be cultivated with the use of handmade 
paper sludge and industrial cardboard waste as a substrate to grow, turning these organic wastes 
into compost (humus), which has very high agricultural value. It is used as fertilizer, and it is non- 
odorous and free of pathogens (Jebapriya et al., 2013). 

16.3 DISTRIBUTION OF WILD MUSHROOMS 

Fungi are the most diverse organisms on Earth since they have a crucial role in the ecology of 
the planet (Tedersoo et al., 2014). Wild edible mushrooms have been collected and consumed by 
people for millions of years. Wild edible mushrooms have been found in fossilized wood with a 
time of approximately 300 million years (Ram et al., 2010). As an example of these fungi, some 
genera have been described such as Volvarias, Polipore, and tuber fungi that used ethnobotanical 
food by the different tribal of forest regions of India and Nepal (Alexopolous et al., 1996). 
Nowadays, about 1,200 species of fungi belonging to the orders Agaricales, Russulales, and 
Boletales are described in comparison to about 14,000 species of mushrooms reported worldwide 
that contribute 10% of the global mushroom flora. So far, about 1,105 to 1,208 species of 
mushrooms belonging to 128–130 genera have been documented and, among these, 300–315 
species belonging to 75–80 genera are considered edible (Thiribhuvanamala et al., 2011). The 
distribution of wild edible mushrooms is divided into forests, deserts, and mountains. The dis-
tribution of the aforementioned wild edible mushrooms is described below. 

16.3.1 Forests 

The forest is a refuge from the daily routine of work, and the proliferation of fungi contributes 
significantly to improve their quality of life for people. For mushroom pickers living in rural areas, 
the occurrence and availability of mushroom picking sites are often even more important as it 
contributes to their diet or even provides an occasional additional income. In this context, a study 
by Olah et al. (2020) studied the ecological preferences of mainly ectomycorrhizal fungi and 
applied them as parameters to model the potential that forests represent in mushroom cultivation in 
central Slovakia. Subsequently, they analyzed the theoretical aspects of the demand for wild 
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mushrooms as a subsistence provisioning service for the local population with a special focus on 
the socially disadvantaged inhabitants. The results showed that there is an overlapping space of 
forest stands with a high potential for mushroom cultivation and the districts with the highest 
proportion of unemployed or inhabitants receiving social benefits, and the best mushroom forest 
the stands are located within walking distance of the settlements. This supports the initial as-
sumption that wild mushrooms can contribute to improving the lives of disadvantaged local 
communities. Wild edible mushrooms in the forest have become challenging, as some species of 
these mushrooms can be cultivated. Mycorrhization practices offer a promising advance to produce 
currently uncultivable wild edible mushrooms. The persistence of the production of edible species, 
whether cultivated or wild, depends both on several factors, among which the tree stands out, as 
well as on ecology and the environment (fungal communities, climate, soil, tree development) 
(Savoie & Largeteaue, 2011). 

16.3.2 Deserts 

Within the wild edible fungi are the mushrooms that grow in extreme environments such as the 
desert. A very interesting fungus that grows in these environments is Podaxis pistillaris. The 
fungus P. pistillaris is commonly found in most desert areas worldwide. The oval-shaped peri-
dium, the rigid woody stipe, plus a 10–15 μm spore size stand out among its morphological 
features. Even though this fungus is used for human consumption and several traditional remedies, 
a lack of knowledge regarding its fibrinolytic enzymatic system still prevails. This fungus was 
collected from the central region of the Mexico Is Sonoran Desert (29° 07.23´ 97” LN and 110° 
53.58´ 02” LW, 238 masl). 

Mexico has an important fungal diversity. In the north of the country, specifically Sonora, the 
vegetation is made up of desert scrub, microphyllous desert scrub, tropical thorn forest, tropical 
deciduous forest, oak, and oak-pine forest. Many of these fungi tolerate long dry periods, which 
characterize arid and semi-arid regions (200–350 mm/yr) and play a decisive role in the con-
servation of ecosystems, especially in the recycling of organic matter. In these extreme environ-
ments, fungi were isolated. These mushrooms of agaricoid and gastroid habits, traditionally 
classified in the artificial group Gasteromycetes. Nine species of mushrooms, which are little 
known worldwide, or which occur in a very small area, were identified from samples collected 
during the last decade in Sonora. These include Endoptychum arizonicum, Araneosa columellate, 
and Calvatia pygmaea (Moreno et al., 2007). 

16.3.3 Mountains 

Hawksworth (2001) reported that only about 6.7% of the estimated 1.5 million species of fungi in 
the world have been described and most of them are in temperate regions. The tropical region that 
undoubtedly harbors the highest mycodiversity has been inadequately sampled and my oflora poorly 
documented (Douanla-Meli et al., 2007; Hawksworth, 2004). In 2010, in the mountains of the 
Peruvian Andes, edible mushrooms were found at high altitudes of 3,800–4,000 masl, a characteristic 
mushroom that they found was Calvatia cynthiformis; this edible mushroom contains 55% protein 
and is used in the Andes as meat or cheese when it is young (Trutmann and Luque, 2011). 

16.4 TYPES OF WASTE MATERIAL 

The FAOSTAT (The Food and Agriculture Organization Statistical Database) reported in 2018 
that China is the country with the highest mushroom production, followed by the United States and 
the Netherlands with 8.99 million tons. On the other hand, on the American continent, a production 
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of 666,000 tons was estimated (Sánchez et al., 2018). Derived from the production of wild edible 
mushrooms, currently the generation of agro-industrial waste worldwide is considerable and the 
elimination and burning of this agro-industrial waste have generated various environmental impact 
problems around the world. On the other hand, agricultural waste is composed of various inputs as 
detailed: banana leaves (Tarrés et al., 2017), coffee husk, corn bran (Graminha et al., 2008), 
grasses (Sun & Chen, 2002), oat bran (Graminha et al., 2008), rice straw (El-Tayeb et al., 2012), 
pine sawdust (Buzala et al., 2015), wheat bran (Graminha et al., 2008), among others. However, 
agro-industrial waste can be turned into different high value-added products such as biofuels, fine 
chemicals, and cheap energy sources for microbial fermentation and enzyme production. Agro- 
industrial waste for disposal can represent a source of energy and carbon. Additionally, this form 
of waste is a source of the necessary nutrients for the growth of edible and lignocellulolytic fungi 
and production of enzymes by solid-state fermentation (Kumla et al., 2020). The fungal species 
employed as pre-treatments of substrates used for biogas and methane production are Pleurotus 
spp. (wheat straw) (Albornoz et al., 2018), Lentinula edodes (shiitake) (wood chips) (Lin et al., 
2015), and Flammulina velutipes (Agropyron elongatum) (Lalak et al., 2016). 

16.5 BIOLOGY OF WILD MUSHROOMS AND ENZYMES PRODUCED 

Enzymes are macromolecules with the biological function of catalyzing chemical reactions. 
This is because they can lower the energy barrier needed for the reaction to happen, thereby 
increasing their speed. Except for a small group of catalytic RNA molecules, called ribozymes, all 
enzymes are proteins. Sometimes the same enzyme has two or more names, or two enzymes have 
the same name. Due to this ambiguity and also to the increasing number of enzymes that are 
discovered, biochemists, through an international agreement, adopted an enzyme nomenclature and 
classification system. This system divides the enzymes into six classes, each with subclasses, based 
on the types of reactions that catalyze: oxidoreductases, transferases, hydrolases, lyases, iso-
merases, and ligases. A four-part classification number and a systematic name, which identifies the 
catalyzed reaction, are specific to each enzyme (Nelson & Cox, 2018). 

Microorganisms are the main agents used for the production of enzymes (Sanchez & Demain, 
2017). Among these microorganisms, wild mushrooms stand out. The mushrooms belong to the 
fungi kingdom and can be classified as edible, poisonous, and hallucinogenic (Castañeda-Ramírez 
et al., 2020). During the process of mycelium colonization and in the production of mushrooms, 
enzymes play a fundamental role (Chang & Wasser, 2018). Mushrooms produce extracellular 
enzymes that are induced according to the medium in which these fungi grow. In particular, 
mushrooms produce hydrolytic and oxidative enzymes that are involved in the degradation of 
material rich in lignin, such as wood (Tan & Wahab, 1997). Wood-degrading fungi can be clas-
sified into white, brown, and soft rot fungi based on their growth substrate preferences and wood- 
decaying patterns. Certain mushrooms are classified as white and brown rot fungi (Kameshwar & 
Qin, 2016; Peralta et al., 2017). 

Brown rot fungi produce bracket-shaped fruiting bodies, although their nomenclature derivates 
from the brown decaying wood produced by these fungi. The color brown comes from the 
brownish residue that breaks into cubical fragments. This residue is observed because brown rot 
fungi attack cellulose but do not significantly degrade lignin. On the other hand, most of the 
cellulose and hemicelluloses are degraded, leaving the lignin more or less intact (Krah et al., 2018;  
Peralta et al., 2017). Brown-rot fungi can metabolize cellulose and hemicellulose; however, they 
have no lignin-degrading enzymes except small molecule reactive species to depolymerize lignin 
(Andlar et al., 2018). In these mushrooms, a chelator-mediated Fenton (CMF) system has evolved 
to replace at least some of the cellulolytic enzymatic machinery (Zhu et al., 2020). CMF system 
works based on oxygen radical reactions, trigging the formation of hydroxyl radicals (·OH) that 
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attack the wood cell wall-associated at sites where iron-binding occurs. It allows nonenzymatic 
deconstruction of the cellulose (Andlar et al., 2018; Umezawa et al., 2020). Brown rot fungi are 
generally found in gymnosperms, considered specialists in substrates derived from this group of 
plants (Umezawa et al., 2020). Their prevalence in nature among wood-rotting basidiomycetes 
species is approximately 7% (Hatakka & Hammel, 2011). 

White rot fungi account for over 90% of all wood-rotting mushrooms (Gilbertson, 1980). They 
are classified into the Agaricomycetes class, with about 10,000 species, and subdivided into six 
families: Phanerochaetaceae, Polyporaceae, Marasmiaceae, Pleurotaceae, Hymenochaetaceae, 
Ganodermataceae, and Meruliaceae (Peralta et al., 2017). However, only a few dozen have been 
properly studied. These fungi are more commonly found on angiosperm than on gymnosperm 
wood species in nature (Hatakka & Hammel, 2011). These mushrooms have this nomenclature 
(white rot) due to the white aspect that the wood affected by these fungi develops (Peralta et al., 
2017). White-rot fungi can decompose lignin, cellulose, and hemicellulose. In comparison with 
brown rot and soft rot fungi, their degradation of lignin is much more efficient, because they 
possess a unique ability to complete mineralization to CO2 due to their arsenal of enzymes 
(Couturier & Berrin, 2013; Andlar et al., 2018). White rot fungi have a high copy number of genes 
encoding different carbohydrate-active enzymes (CAZymes), specially ligninolytic enzymes 
(Kameshwar & Qin, 2016). Kameshwar and Qin (2016) suggest that white rot fungi possess higher 
lignin and soft rot fungi potentially possess higher cellulolytic, hemicellulolytic, and pectinolytic 
abilities, based on a comparative genome study. Later, we will discuss more of the ligninolytic 
enzymes produced by wild mushrooms. It is necessary to emphasize that countless other enzymes 
are produced by wild mushrooms and that they have fundamental importance in their metabolism 
and nutrition. One class of these enzymes, for example, are proteases, which play a key role in the 
process of nematode consumption by these fungi (Ferreira et al., 2019; Soares et al., 2019). 

16.6 THE ROLE OF WILD MUSHROOMS IN BIOREMEDIATION 

Currently, various activities such as the burning of agricultural inputs, wood, fossil fuels, coal 
mining, oil extraction, and release recalcitrant pollutants such as aromatic polycyclic hydrocarbons 
are easy to eliminate once they have been released into the environment (Rhodes, 2013; Singh, 
2006). All these activities represent a threat to the sustainability and sustainability of the en-
vironment. Another serious problem is the disposal of pesticides and anthelmintic in aquifers. They 
do not carry an adequate pre-treatment process for effective elimination. In this context, it is 
necessary and urgent to propose and use sustainable alternatives for the treatment of these polluting 
wastes of the environment (Hyde et al., 2019). 

In general, fungi are the most effective decomposers in nature, the process of bioremediation 
with fungi is also known as “mycoremediation” and this process is the use of live fungi to clean up 
contamination through mineralization using various enzymes or by absorption. The use of my-
coremediation has been applied to clean the air, particularly with Agaricus bisporus spent substrate 
has been evaluated as a mix with other materials for removal of H2S (Shojaosadati & Siamak, 
1999) or volatile organic compounds (Mohseni & Allen, 1999). 

Regarding the cleaning of contaminated water, the spent substrate of Pleurotus spp. has been 
investigated for the removal of copper (Tay et al., 2010) and nickel-contaminated water (Tay et al., 
2011), reduction of phenol content, toxicity in olive mill waste (Martirani et al., 1996), pesticides in 
effluents from the fruit packing industry (Karas et al., 2015), antibiotics in swine wastewater (Chang 
et al., 2014), and textile dyes (Singh et al., 2011). Regarding the cleaning of contaminated soil, two 
edible fungi have also been used, such as Agaricus bisporus and Pleurotus spp. A. bisporus spent 
substrate-enzymes has been studied for their effect on the distribution of zinc, cadmium, and lead 
among soil fractions; the amelioration of zinc toxicity; and the degradation of chlorophenols, 
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polycyclic aromatic hydrocarbons, or aromatic monomers (Rinker, 2017). On the other hand, 
Pleurotus spp. spent substrate has been explored for degradation of polycyclic aromatic hydrocarbons, 
removal or degradation petroleum, and remediation of mining contaminated soils (Rinker, 2017). 
Finally, the species of fungi that have been used to degrade pesticides are Aspergillus niger, A. 
terreus, Cladosporium oxysporum, Fusarium ventricosum, Rhizopus oryzae, Trichoderma harzianum, 
and Phanerochaetechrysosporium (Bhalerao and Puranik 2007; León-Santiesteban et al., 2016). 

16.7 THE IMPORTANCE OF LIGNOCELLULOLYTIC ENZYME-PRODUCING BY 
WILD MUSHROOMS 

The main constituents of lignocellulose are cellulose (40–50%), followed by hemicellulose 
(25–30%) and lignin (15–25%) (Stech et al., 2014). The presence of these polysaccharides makes the 
cell wall of the plant recalcitrant. Cellulose is a linear homopolymer composed of linear chains of 
D-glucose linked by β-1,4-glycosidic bonds. Cellobiose is the repeating disaccharide unit of cellulose 
(Parisutham et al., 2017). Hemicellulose, the second most abundant polysaccharide of plants, is mainly 
composed of xylan (β (1→4) D-xylose units), xyloglucan, β-glucans (β (1→3) (1→4) D-glucose), and 
mannan (β 1→4 D-mannose) (Kumar et al., 2008; Sjostrom, 2013). Lignin is a complex aromatic 
heteropolymer derived from three cinnamyl alcohol monomers (p-coumaryl alcohol, coniferyl alcohol, 
and sinapyl alcohol). There are three basic structural monomers in lignin: p-phenyl monomer (H type) 
derived from coumaryl alcohol, guaiacyl monomer (G type) derived from coniferyl alcohol, and 
syringyl monomer (S type) derived from sinapyl alcohol (Ahuja & Roy, 2020). 

Lignocellulose complete degradation requires the synergistic action of a large number of 
oxidative, hydrolytic, and nonhydrolytic enzymes (Peralta et al., 2017). In nature, the degradation 
of lignin is carried out mostly by basidiomycetes, especially white-rot fungi. As seen above, brown 
rot fungi attack cellulose but do not significantly degrade lignin(Krah et al., 2018; Peralta et al., 
2017). Carbohydrate-active enzymes (CAZy) are associated with lignocellulose degradation cat-
alysis. They have been classified into six classes: glycoside hydrolase (GH), glycosyltransferase 
(GT), auxiliary activity (AA), carbohydrate esterase (CE), polysaccharide lyases (PL), and 
carbohydrate-binding domains (Lombard et al., 2013). For complete catalysis of cellulose de-
gradation, several glycoside hydrolases act in synergism, including endocellulases (EC 3.2.1.4), 
exocellulases (cellobiohydrolases, CBH, EC 3.2.1.91), glucano-hydrolases (EC 3.2.1.74), and beta- 
glucosidases (EC 3.2.1.21). Cellulose hydrolysis can be summarized by (i) the adsorption of 
cellulases via carbohydrate-binding modules, (ii) complexation of cellulose with the catalytic 
domain, (iii) hydrolysis of the glycosidic bonds, and (iii) desorption of cellulases (Jeoh et al., 2017;  
Houfani et al., 2020). Also, enzymes called lytic polysaccharide monooxygenases act synergisti-
cally with cellulases during cellulose hydrolysis catalysis (Arfi et al., 2014; Houfani et al., 2020). 

Hemicellulose hydrolysis catalysis involves the synergic action of several enzymes, at different 
points of the hemicellulolytic matrix, including endo-1,4-β-xylanase (EC 3.2.1.8), β-xylosidase 
(EC 3.2.1.37), β-mannanase (EC 3.2.1.78), β-mannosidase, (EC 3.2.1.25), α-glucuronidase (EC 
3.2.1.1), α-l-arabinofuranosidase (EC 3.2.1.55), acetyl xylan esterase (EC 3.1.1.72), p-coumaric 
and ferulic acid esterases (EC 3.1.1.1), and feruloyl esterases (EC 3.1.1.73). This cooperative 
action promotes the hydrolysis of glycosidic bonds, ester bonds, and removes the substituent 
chains or side chains (Peralta et al., 2017; Andlar et al., 2018). Xylan is the main hemicellulose 
polysaccharide in hardwoods and herbaceous biomass. On the other hand, mannan is the major 
component of hemicellulose in softwood (Hu et al., 2020; Andlar et al., 2018). Thus, the nature of 
the material to be degraded by the fungus must be taken into account. 

Cellulases and hemicellulases have several important applications in biotechnology, for ex-
ample, in the conversion of biomass to biofuels. Mushrooms are the main source of production for 
these enzymes, with much research and investment being made available for the development of 
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increasingly efficient and cheap enzymatic cocktails. However, it is worth noting that the amount 
of mushrooms already studied is small, close to the total available in nature. Thus, the biopros-
pecting of wild mushrooms aiming at the production of cellulases is very important. 

In nature, white rot fungi are the main actors in lignin degradation, performing it more rapidly 
and extensively than other microorganisms (Woiciechowski et al., 2013). Some white-rot fungi 
species produce enzymes that preferentially catalyzes lignin degradation than hemicellulose and 
cellulose degradation, e.g. Ceriporiopsis subvermispora, Phellinus pini, Phlebia sp., Pleurotus sp., 
Phanerochaete chrysosporium, Trametes versicolor, Heterobasidion annosum, and Irpex lacteus 
(Andlar et al., 2018). White rot fungi can mineralize lignin into carbon dioxide and water by their 
unique H2O2 production and extracellular enzyme system, which includes the H2O2 production 
system, with glucose 1-oxidase (EC1.1.3.4, CAZy AA3), glyoxal oxidase (EC 1.2.3.5), and cello-
biose dehydrogenase (EC 1.1.99.18; CAZy AA3) and the lignin oxidase system, which includes 
laccases (EC 1.10.3.2; CAZy AA1), manganese peroxidases (EC 1.11.1.13; CAZy AA2), and lignin 
peroxidases (EC1.11.1.14; CAZy AA2) (Kersten & Cullen, 2007; Kracher & Ludwig, 2016). 

Laccases are multicopper enzymes able to oxidize phenolic compounds and generate water as a 
by-product using oxygen as an electron acceptor. These “blue oxidases” contain four copper atoms 
per mol of the enzyme, arranged into three metallocentres between three structural domains formed 
by a single polypeptide of about 500 amino acids in length. They can be monomeric, dimeric, or 
tetrameric glycoproteins (Tramontina et al., 2020; Andlar et al., 2018; Hatakka & Hammel, 2011). 
Moreover, laccases are considered eco-friendly catalysts, once they do not generate toxic by- 
products. Thus, laccases can be used in various fields such as biofuels and food production, pulp, 
and paper treatments, textile industry, nanobiotechnology, soil bioremediation, synthetic chem-
istry, and cosmetics (Moreno et al., 2020). 

Lignin peroxidases catalyze the depolymerization of lignin in the presence of H2O2. They can oxidize 
phenolic aromatic substrates and also a variety of non-phenolic lignin model compounds as well as a 
range of organic compounds (Wong, 2009). On the other hand, manganese-dependent peroxidases 
catalyze the oxidation of Mn2+ ions to Mn3+ in the presence of hydrogen peroxide. White rot fungi 
secrete several types of manganese-dependent peroxidases, with a molecular weight ranging from 38 to 
62.5 kDa, ~ 350 amino acid residues (Martin, 2002; Andlar et al., 2018). Both classes of oxidases have 
research on biocatalysts for lignin and lignocellulose conversion, dye compound degradation, activation 
of aromatic compounds, and biofuel production (Lundell et al., 2017). Classification and mechanism of                    

Figure 16.12 Classification and mechanism of action of mushroom lignollulolytic enzymes.    
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action of mushroom lignocellulolytic enzymes are shown in Figure 16.12. 
Research on enzyme applications has shifted from focusing on a single enzyme preparation to 

enzyme cocktails (Wong, 2009). Despite all the progress, further research and method develop-
ments are needed for the industrial utilization of those enzymes. The tremendous biotechnological 
potential of wild mushrooms is far from being fully discovered and used. 

16.8 CONCLUSION 

Wild mushrooms are the more important macrofungi in the world. The capability of wild 
mushrooms in degrading the waste is very clear. The accumulation of waste results from an in-
crease in solid waste. The increase in levels of industrial production, agriculture production, and 
others without thinking of the increase in the level of reduction of these wastes represents a highly 
significant danger to the ecosystem. Wild mushrooms can play an important role in removing many 
types of solid waste. Wild mushrooms secrete different enzymes that are more helpful in biode-
gradation and bioremediation for solid waste without any effect on the ecosystem to curb global 
warming. 
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17.1 INTRODUCTION 

The existence of mushrooms on planet Earth is evidence from the palaeontological fossil record 
of around 408–438 million years ago (Silurian period) (Reddy, 2015). In ancient times, European, 
Asian, and American countries acknowledged mushrooms as a palatable food (Ma et al., 2018;  
Borthakur & Joshi, 2019), whereas in India, it entered from the Northwest through Afghanistan and 
registered their presence during the Indus Valley civilization (Reddy, 2015). Only 10% of mushroom 
species on Earth have been nomenclatured among the 150,000 mushroom-forming species (Niksic 
et al., 2016). Among 2,300 known species of edible and medicinal mushrooms, around 80 species are 
accepted as food and out of which 20 species are commercially cultivated (Silva et al., 2007;  
Philippoussis, 2009; Valverde et al., 2015). The majority of commercial edible mushrooms belong to 
the genera Agaricus, Agrocybe, Auricularia, Flammulina, Ganoderma, Hericium, Lentinula, 
Lentinus, Pleurotus, Tremella, and Volvariella (Kumla et al., 2020). In 2017, Royse et al. 
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distinguished world mushroom production among various genera (Figure 17.1). The world’s top four 
most cultivated edible mushrooms embrace the genera: Lentinula (shiitake and relatives), Pleurotus 
(oyster mushroom), Auricularia (wood ear mushroom), and Agaricus (button mushroom and re-
latives) (Royse et al., 2017; Kumla et al., 2020). Among the US$38 billion mushroom market in 
2018, cultivated edible mushroom shares the highest portion followed by medicinal mushroom and 
wild mushroom. Asian countries clamped the first position in mushroom production with a 76% share 
followed by Europe (17.2%) and the United States (5.9%) (Sande et al., 2019; Mahari et al., 2020). In 
recent years, mushroom production has increased significantly, and almost doubled from 2015 to 
2017 (Ritota & Manzi, 2019), and is anticipated to cross more than $59.48 billion in 2021 
(Zionmarketresearch, 2021). Mushrooms are high in nutritional value, popularly recognized as nu-
traceutical foods, and considerable attention was drawn due to organoleptic merit, medicinal prop-
erties, and economic significance causing an increase in mushroom production and consumption 
throughout the world (Chang & Miles, 2008; GünçErgönül et al., 2013; Valverde et al., 2015; Ma 
et al., 2018). 

17.2 WILD MUSHROOM CULTIVATION: NUTRITIONAL ASPECTS 

On a dry weight basis, mushrooms contain a high proportion of carbohydrates (63%) followed 
by protein (25%), fat (4%), and the rest (8%) is contributed by minerals (Rajarathnam & 
Shashirekha, 2003). Mushrooms contain glycogen as polysaccharides instead of starch as in plants. 
Monosaccharides are mainly available in form of mannitol, trehalose, and glucose. Trehalose and 
glucose are found in lower concentrations in comparison to mannitol. Further, the mannitol per-
centage varies among basidiomycetes like Cantharellus cibarius (13.9%), Lactariusdeliciosus 
(13.7%), Ramaria botrytis (11.7%), Agaricus arvensis (6.5%), Tricholoma portentosum (1.0%), 
and Lycoperdon perlatum (0.2%) (Barros et al., 2007; Kalac, 2009; Borthakur & Joshi, 2019). 

Figure 17.1 World mushroom production among various genera.    
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Mushrooms comprises a considerable amount of dietary fiber and proven superiority over cereals 
in terms of their chemical structure, which exhibits immunostimulatory and anticancer activity 
(Cheung, 2013). On a dry weight basis, Boletus spp. contain 4.2%–9.2% of soluble fiber and 
22.4%–31.2% insoluble fibers (Cheung, 2013). Edible mushrooms are a highly nutritious food with 
an appreciable amount of protein (20–25 g/100 g of dry matter) and comprise a noteworthy amount 
of amino acids like leucine, valine, glutamine, glutamic, aspartic acids, etc. (Valverde et al., 2015). 
Moreover, the protein content in wild mushrooms is higher than commercial varieties and reported 
to be a better substitute for the intake of dietary protein of animal and plant origin (Borthakur & 
Joshi, 2019). Wild mushrooms contain protein content up to 65% (dry weight) and exhibit 
dominancy among other protein sources such as soybean (39.1%), milk (25.2%), pork meat (20%), 
wheat (13.2%), rice (7.3%), etc. (Chang, 1990; Atri et al., 2012; Borthakur & Joshi, 2019). The 
protein of mushrooms also has an edge over cereals in terms of digestibility and presence of the 
essential amino acids like arginine, histidine, lysine, threonine, and tryptophan (Rajarathnam & 
Shashirekha, 2003; Borthakur & Joshi, 2019). 

The ash content in edible mushrooms lies in the range from 8–12 g/100 g (dry matter) in-
cluding potassium, phosphorus, calcium, magnesium, copper, iron, zinc, etc. (Valverde et al., 
2015). Potassium is reported to be the most abundant mineral in mushrooms followed by phos-
phorus. However, the potassium concentration varies with body parts of growing mushrooms, i.e. 
highest in cap and lowest in spores (Borthakur & Joshi, 2019). Inter-variety differences in 
mushroom species offer a diverse amount of potassium and phosphorus (mg/100 g dry matter), 
respectively, such as Agaricus campestris (4,762 and 1,429), Volvariella diplasia (3,333 and 
1,042), Flammulina velutipes (2,981 and 278), Pholiota nameko (2,083 and 771), and Lentinus 
edodes (1,246 and 650) (Rajarathnam & Shashirekha, 2003). The phosphorus in mushroom 
fruiting bodies generally ranges from 0.5 to 1.0 g/100 g of dry matter (Kalac, 2009). Several 
mushroom species also contain selenium, which exhibits excellent antioxidant functionality and 
considers necessary for the selenoenzymes biosynthesis that ranges from 5 μg/g (Lycoperdon spp.) 
to 200 μg/g (Albatrellus pes-caprae) (Borthakur & Joshi, 2019). Mushrooms are documented to 
accumulate trace minerals like cadmium, mercury, lead, copper, and antimony from their growth 
medium in various quantities (Faik et al., 2011). Lactarius spp. is best known for the accumulation 
of zinc, whereas Clitocybe alexandri for copper accumulation (Borthakur & Joshi, 2019). On the 
contrary, they become dangerous for consumption if the accumulation of toxic minerals or ele-
ments takes place and may affect human health (Rose & Devi, 2018). Mleczek et al. (2021) 
reported a worrying level of heavy metals e.g. aluminium, nickel, and lead in cultivated wild 
species of mushrooms such as Pleurotus ostreatus, Flammulina velutipes, Lentinus edodes etc., and 
mercury in wild-growing mushrooms such as Boletus edulis Bull. Mushrooms are an excellent 
source of vitamins such as niacin, B1, B2, B9, B12, C, D, and E. Pleurotus species are ac-
knowledged for their B-complex vitamins and folic acid (Rajarathnam & Shashirekha, 2003). A 
mushroom is the only vegetarian food with vitamin D, and especially D2 when the wild mushroom 
grows in darkness with UV-B light (Valverde et al., 2015). The amount (mg/100 g dry weight) of 
niacin, thiamine, and riboflavin, respectively, present in the different mushroom species like 
Agaricus bisporus (56.19, 1.14, and 4.95), Volvariella volvacea (59.5, 0.32, and 2.73), and 
Pholiota nameko (72.9, 18.8, and 14.6) (Rajarathnam & Shashirekha, 2003). Mushrooms ac-
commodate a lower amount of fat (1.3–8% of dry matter); therefore, they complement a low- 
calorie food. Moreover, the presence of palmitic (C16:0), oleic (C18:1), and linoleic (C18:2), 
enabling mushrooms a healthier source of nutrition for the human diet (Valverde et al., 2015). In 
addition to the nutritional components, the mushroom varieties also contain bioactive compounds 
like secondary metabolites, glycoproteins, and polysaccharides, primarily β-glucans in high 
quantity (Valverde et al., 2015; Ma et al., 2018). Mushrooms retain B-complex vitamins in their 
body, even utilizing lignocellulosic biomass (Rajarathnam & Shashirekha, 2003). 
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17.3 WILD MUSHROOM CULTIVATION: ENVIRONMENTAL ASPECTS 

Edible mushrooms are saprophytic fungi that naturally grow on the diverse lignocellulosic 
biomass-based substrate and draw nutrients for their growth via degrading lignocellulosic com-
ponents using lignocellulolytic enzymes produced by them. Mushroom species degrade lig-
nocellulosic biomass either in their raw or composted form. The lignocellulosic biomass is 
degraded by two different extracellular enzymatic systems. Firstly, the hydrolytic system, which 
degrades cellulose and hemicellulose, and the second, an exclusive oxidative ligninolytic system 
for the lignin degradation (Baldrian, 2006; Philippoussis, 2009; Rosero-Delgado et al., 2021). 
Lignocellulosic biomass degradation is accomplished through the symbiotic functions of hydro-
lytic and oxidative enzymes. The cellulose degradation is achieved mainly through three enzymes: 
endoglucanase (break β-1, 4-glucosidic linkages and produced several reducing ends), exogluca-
nase (act on reducing or non-reducing end and release cellobiose), and glucosidase (convert cel-
lobiose into glucose) (Kumla et al., 2020). The main hemicellulose degrading enzymes are 
endoxylanase (convert xylan into xylose), endomannanase (convert mannan to mannose), and 
arabinanases (convert arabinan to L-arabinose) (Sørensen et al., 2013). Lignin degradation has a 
primordial and necessary phase in lignocellulosic biomass degradation because it provides ac-
cessibility for hydrolytic action. Ligninolytic enzymes primarily include laccases, lignin perox-
idases, versatile peroxidases, manganese peroxidases, and dye decolorizing peroxidases (Familoni 
et al., 2018). The majority of cellulose and hemicellulose degrading enzymes are contained by 
mushroom species like Pleurotus ostreatus, Lentinula edodes, Agaricus bisporus, and Volvariella 
volvacea (Philippoussis, 2009). However, the nature and amount of the enzymes produced by a 
mushroom species during the vegetative growth phase are allied with the type and composition of 
the lignocellulosic biomass (Elisashvili et al., 2008; Philippoussis, 2009). White rot, a wood- 
degrading mushroom-forming fungus, like Pleurotus spp., Lentinula edodes, Ganoderma spp., 
etc., contains enzymes required for concurrent degradation of all the three lignocellulosic com-
ponents, i.e. cellulose, hemicellulose, and lignin (Philippoussis, 2009). Ganoderma lucidum is 
acknowledged as an efficient wood biomass degrader (Rashad et al., 2019). However, brown rot 
mushroom-forming fungus, i.e. Agaricus bisporus andVolvariella volvacea are deficient in lignin- 
degrading enzymes; that’s why they are commercially cultivated on the composted lignocellulosic 
biomass (Ritota & Manzi, 2019). Agaricus spp., is known as a litter-decomposing fungi (LDFs), 
due to low lignin degradation rate in comparison to white rot fungi (Ritota & Manzi, 2019). 
Agaricus bisporus degrade lignin through laccase and manganese peroxidase enzymes and exhibit 
a lower degradation rate than white rot fungi (Steffen et al., 2007; Philippoussis, 2009). Pleurotus 
spp. cultivation on the lignocellulosic biomass has shown superiority over Agaricus spp. (world’s 
most cultivated mushroom) as they include all the enzymes and simply chopped, water-soaked, and 
non-composted straw are sufficient to achieve desirable degradation of lignocellulosic biomass 
(Cohen et al., 2002; Philippoussis, 2009; Ritota & Manzi, 2019). Furthermore, Agaricus bisporous 
and Lentinula edodes require logs or moisturized bag sawdust cultivation techniques with a 
supplement such as cereal bran (Philippoussis, 2009). Mushrooms have a better ligninolytic en-
zyme system support than hydrolytic action of cellulase and hemicellulose enzymes. Sardar et al. 
(2017) reported a remarkable decrease in cellulose, hemicellulose, and lignin content by the 
Pleurotus eryngii. The highest degradation of cellulose (40%), hemicellulose (43%), and lignin 
(29%) were reported in cotton waste and the lowest for cellulose (22%), hemicellulose (39%), and 
lignin (17%) in sawdust by Pleurotus eryngii. Moreover, Lentinula edodes (white rot fungus) 
proved their high selectivity for lignin degradation (Philippoussis, 2009; Ritota & Manzi, 2019). 
The cellulose to lignin ratio demonstrated a positive correlation between mycelial growth rate and 
mushroom yield. The highest yield and biological efficiency were reported with the substrate 
having lower cellulose to lignin ratio and vice versa (Atila, 2019). Atila (2019) documented lower 
cellulose to lignin ratio for sunflower head residue (2:1) and chickpea straw (3.1) and associated 
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maximum total yield (g/kg) (233.7 and 228.1, respectively) and biological efficiency (51.0% and 
50.6%, respectively) for Lentinula edodes. However, the corn stalk substrate with high cellulose to 
lignin ratio (8.1) resulted in a lower yield (87.9 g/kg) and biological efficiency (20.1%). Biological 
efficiency validates the ability of a particular mushroom species to utilize substrate productively. 
Biological efficiency is a function of the genotype of mushrooms, nature, and concentration of 
nutrients and minerals in the substrate (Sardar et al., 2017; Chawla et al., 2019). Better fruiting 
growth and yield were documented with the cellulose-rich substrate (Ashraf et al., 2013). 
Cellulose, hemicellulose, and nitrogen are the key components of any agriculture and agro- 
industrial residue, and their degradation depends on their respective amount in the residue and 
mushroom species (Chukwurah et al., 2013). The maximum value of biological efficiency labels 
the quantifiable degradation of lignocellulosic components of the agriculture and agro-industrial 
residue by lignocellulolytic enzymes (Shashirekha et al., 2002; Sardar et al., 2017). But, high lignin 
content (≥15%) causes slow decomposition as well as nitrogen immobilization that end in the poor 
nutrient profile of growing mushrooms (Chanakya et al., 2015). The high lignin content of sawdust 
(30.5%) and sugarcane bagasse (21.22%) show a low lignin degradation rate of 17% and 13%, 
respectively, and protein content of 19% and 20%, respectively with white rot fungi, i.e. Pleurotus 
eryngii. On the contrary, the low lignin content of lignocellulosic biomass such as cotton waste 
(4.82%) and corncob (7.46%) revealed improved lignin degradation (29% in cotton waste and 22% 
in corncob) and enriched protein content (25.36% in cotton waste and 23.72% in corncob) (Sardar 
et al., 2017). The protein content of mushrooms is strongly influenced by numerous factors, i.e. 
nature and nutrient profile of the substrate, varieties of mushroom, development stages, and 
analysis time after harvest (Gothwal et al., 2012; Sardar et al., 2017). Moreover, substrate rich in 
nitrogen content results in high protein content in the fruiting body (Hoa, et al., 2015; Ritota & 
Manzi, 2019). Koutrotsios et al. (2014) documented a negative correlation between the hemi-
cellulose content of substrate and crude protein content in growing mushrooms. Accordingly, a 
substrate with a low C:N ratio favors a high-protein yield in the mushroom (Wang et al., 2013; Hoa 
et al., 2015; Ritota & Manzi, 2019). During the production phase, the breakdown of organic matter 
in substrate causes a reduction in carbon content and increment in nitrogen content that ultimately 
decline the C:N ratio (Atila, 2019). The higher nitrogen content in the lignocellulosic biomass 
during the production cycle help in the development of high-protein content. Hoa et al. (2015) 
reported high protein content in Pleurotus ostreatus and Pleurotus cystidiosus with corncob 
substrate (C:N = 34.57) and low protein value with sawdust substrate (C:N = 51.7). Koutrotsios 
et al. (2014), Sardar et al. (2017), and Atila (2019) made similar observations using different 
varieties of lignocellulosic biomass. 

Each mushroom species has its optimum C:N ratio that ensures maximum yield in minimum 
time (Zied et al., 2011; Atila, 2019). A low value of the optimum C:N ratio was reported for 
Agaricus spp. like Agaricus bisporus, (19/1), Agaricus brasiliensis (27/1), and moderate C:N ratio 
for Pleurotus spp. like Pleurotus eryngii (45–55/1), Pleurotus ostreatus (45–60/1). Ganoderma 
lucidum exhibits a high value of the optimum C:N ratio, i.e. 70–80/1. The optimum C:N ratio for 
some common wild mushroom species are as Lentinula edodes (30–35/1), Flammulina velutipes 
(30/1), Lentinus sajor-caju (45–55/1), and Volvariella volvacea (40–60/1) (Atila, 2019; Kumla 
et al., 2020). Numerous works of literature demonstrate the ability of wild mushrooms to utilize 
diverse ranges of lignocellulosic biomass in individual or combination as a substrate such as wheat 
straw, rice straw, sawdust, beech sawdust, sugarcane bagasse, sugarcane leaves, cotton waste, 
cottonseed hull, corncob, soybean straw, oat straw, bean straw, oil palm whole stalk, cassava peels, 
potato peels, etc. (Tables 17.2 and 17.3). Generally, cultivated edible mushrooms can degrade 
lignocellulosic biomass through lignocellulolytic enzymes and release material used as nutrients 
for their growth which making their application in solid-state fermentation for the bio-
transformation of lignocellulosic biomass having value addition, economic, and ecological im-
portance for their utilization (Philippoussis, 2009; Cherubin et al., 2018). 
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17.4 LIGNOCELLULOSIC BIOMASS COMPOSITION AND SUITABILITY AS A 
SUBSTRATE FOR WILD MUSHROOM CULTIVATION 

Generally, agriculture and agro-industrial residues are water-insoluble materials reported to be 
rich in the lignocellulosic components that include cellulose, hemicellulose, and lignin, collectively 
referred to as “lignocellulosic materials”, a most common natural polymer on Earth. Typically, 
85–90% (dry weight) of the lignocellulosic materials comprise cellulose, hemicellulose, and lignin, 
whereas the rest are balanced by ash and other minor components. However, the quantitative and 
qualitative aspects of these components are defined by the nature of the source of the residues, 
harvesting techniques, processing techniques, storage conditions, etc. (Mulkey et al., 2006;  
Pasangulapati et al., 2012). On a dry weight basis, softwood comprises 33–42% of cellulose, 
22–40% of hemicellulose, and 27–32% of lignin (Nhuchhen et al., 2014; Tarasov et al., 2018). 
Hardwood contains 38–51% of cellulose, 17–38% of hemicellulose, and 21–31% of lignin (Menon 
& Rao, 2012; Tarasov et al., 2018). Herbaceous crops contain 25–95% of cellulose, 20–50% of 
hemicellulose, and 0–40% of lignin (Smit & Huijgen, 2017; Tarasov et al., 2018). Therefore, based 
on quantity, cellulose is one of the prominent ubiquitous organic polymers on Earth in lig-
nocellulosic biomass residues like plant wood, cotton, sugarcane, cereals, etc. (Havstad, 2020). 

Cellulose is a linear glucan chain of more than 10,000 anhydrous D-glucose units united to-
gether via β-1,4-glycosidic bonds and cellobiose residues function as repeating units at various 
degrees of polymerization. This ailment helps in the development of a strong microfibrils structure 
through hydrogen bonding at the intracellular molecular level and van der Waals forces at the 
intermolecular level that subsequently provides high strength to cellulose and other significant 
mechanical properties (Bai et al., 2019). Microfibrils are usually fixed on hemicellulose and lignin- 
containing matrix (Pasangulapati et al., 2012). Hemicellulose is a heteropolymer that contain 
various sugar molecules divided into three major groups, i.e. xylans, mannans, and galactans 
(Philippoussis, 2009; Pasangulapati et al., 2012). The number of sugar units, length, branching, 
etc., of the chain is the key factor of hemicellulose structure (Kumla et al., 2020). 

Moreover, microfibrils formation is absent in hemicellulose, but they do from hydrogen bonds 
with cellulose and lignin, henceforth known as “cross-linking glucans” (Pasangulapati et al., 2012). 
After cellulose, lignin is the most abundant organic polymer on Earth. Lignin is insoluble in water 
and long-chain three-dimensional polymer mainly includes phenylpropane units linked by ether 
bonds (Saha et al., 2009) and is one of the chief components of straw (Xu, 2010). The complexity 
in lignin structure arises due to the presence of varieties of functional groups (Kumla et al., 2020). 

Lignin acts like a cementing material, which provides elasticity and mechanical strength to the 
wood (Pasangulapati et al., 2012). In addition to these three structural components, crop residues 
also contain (dry weight, approximately) nitrogen (0.5–1.5%), phosphorus (0.15–0.2%), potassium 
(1.0%), calcium (1.0%), magnesium (0.5%), manganese (30.0 mg/kg), iron (100.0 mg/kg), zinc 
(30.0 mg/kg), copper (5.0 mg/kg), boron (20.0 mg/kg), etc. (Philippoussis, 2009; Cherubin et al., 
2018). However, the proportion of these minor components in lignocellulosic biomass depends on 
various parameters, i.e. crop type, part of the plant, season of growth, and other environmental 
factors during their growth (Kumla et al., 2020). Both, crop-based and processing-based lig-
nocellulosic biomass residues are used in mushroom cultivation (Tables 17.1). 

17.5 SOURCES, COMPOSITION, AND AVAILABILITY OF LIGNOCELLULOSIC 
BIOMASS 

According to an estimate, 50% of the world biomass is composed of lignocellulosic materials 
(10–50 billion tons per annum) (Tsoutsos, 2010), and a major portion is shared by agriculture and 
agro-industrial residues. In the year 2019, the world top ten produced agricultural commodities 

498                                                                                                                  WILD MUSHROOMS 



T
ab

le
 1

7.
1

C
h

em
ic

al
 p

ro
p

er
ti

es
 (

d
ry

 w
ei

g
h

t 
b

as
is

) 
o

f 
lig

n
o

ce
llu

lo
si

c 
b

io
m

as
s 

u
se

d
 a

s 
su

b
st

ra
te

s 
fo

r 
w

ild
 m

u
sh

ro
o

m
 c

u
lt

iv
at

io
n

   
   

   
 

L
ig

n
o

ce
llu

lo
si

c 
b

io
m

as
s 

C
el

lu
lo

se
 (

%
) 

H
em

ic
el

lu
lo

se
 (

%
) 

L
ig

n
in

 (
%

) 
C

el
lu

lo
se

/li
g

n
in

 
ra

ti
o

 
N

 (
%

) 
C

/N
 r

at
io

 
R

ef
er

en
ce

s 
 

C
ro

p-
ba

se
d 

re
si

du
e 

R
ic

e 
st

ra
w

  
32

.0
–4

7.
0 

 
19

.0
–2

7.
0 

 
5.

0–
24

.0
 

2.
20

–3
.2

4 
1.

0–
3.

0 
33

–6
0 

 
D

ot
an

iy
a 

et
 a

l.,
 2

01
6;

  K
hi

r 
&

 P
an

, 
20

19
;  

M
ill

at
i 

et
 a

l.,
 2

01
9 

W
he

at
 s

tr
aw

  
31

.0
–3

8.
5 

 
27

.2
–3

7.
6 

 
5.

6–
11

.6
 

3.
60

–4
.4

7 
0.

4–
0.

8 
80

–1
25

  
P

hi
lip

po
us

si
s,

 2
00

9;
  K

ou
tr

ot
si

os
 e

t 
al

., 
20

14
 

C
or

n 
st

ov
er

  
24

.0
–4

0.
0 

 
20

.0
–2

9.
0 

 
12

.0
–2

3.
0 

1.
37

–2
.2

8 
0.

6–
0.

9 
55

–5
7 

 
P

hi
lip

po
us

si
s,

 2
00

9;
  N

R
C

S
, 

20
11

;  
D

ot
an

iy
a 

et
 a

l.,
 

20
16

;  
R

ua
n 

et
 a

l.,
 2

01
9 

C
or

n 
st

al
k 

38
.7

  
30

.4
  

4.
8 

8.
06

 
0.

8 
50

–9
3.

2 
 

N
R

C
S

, 
20

11
;  

A
til

a,
 2

01
9 

P
ro

ce
ss

in
g-

ba
se

d 
re

si
du

e 

C
or

nc
ob

  
32

.0
–4

0.
5 

 
35

.4
–4

1.
6 

 
2.

5–
9.

0 
5.

56
–7

.0
4 

1.
0 

50
–7

1.
6 

 
P

hi
lip

po
us

si
s,

 2
00

9;
  N

R
C

S
, 

20
11

;  
K

ou
tr

ot
si

os
 

et
 a

l.,
 2

01
4;

  S
ar

da
r 

et
 a

l.,
 2

01
7:

  M
ill

at
i e

t a
l.,

 2
01

9 

S
ug

ar
ca

ne
 b

ag
as

se
  

34
.2

–4
7.

0 
 

24
.5

–3
1 

14
.0

–2
1.

22
 

1.
94

–2
.6

7 
0.

2–
0.

8 
11

6–
19

0 
 

P
hi

lip
po

us
si

s,
 2

00
9;

  D
ot

an
iy

a 
et

 a
l.,

 2
01

6;
  S

ar
da

r 
et

 a
l.,

 2
01

7;
  H

er
ná

nd
ez

 e
t 

al
., 

20
19

 

R
ic

e 
hu

sk
  

31
.1

2–
43

.3
  

22
.4

8–
28

.6
 

22
.0

–2
2.

34
 

1.
40

–1
.9

5 
0.

3–
0.

4 
83

–1
36

  
T

hi
ya

ge
sh

w
ar

i e
t 

al
., 

20
18

;  
K

hi
r 

&
 P

an
, 

20
19

;  
 

M
ill

at
i e

t 
al

., 
20

19
 

S
of

tw
oo

d 
sa

w
du

st
  

33
.0

–4
2.

0 
 

22
.0

–4
0.

0 
27

.0
–3

2.
0 

1.
11

–1
.4

2 
0.

1 
31

0–
52

0 
 

P
hi

lip
po

us
si

s,
 2

00
9;

  N
hu

ch
he

n 
et

 a
l.,

 2
01

4;
   

T
ar

as
ov

 e
t 

al
., 

20
18

 

H
ar

dw
oo

d 
sa

w
du

st
  

38
.0

–5
1.

0 
 

17
.0

–3
8.

0 
21

.0
–3

1.
0 

1.
46

–1
.9

6 
0.

1–
0.

2 
15

0–
45

0 
 

P
hi

lip
po

us
si

s,
 2

00
9;

  M
en

on
 &

 R
ao

, 2
01

2;
  T

ar
as

ov
 

et
 a

l.,
 2

01
8 

   

CULTIVATION OF WILD MUSHROOMS                                                                                         499 



T
ab

le
 1

7.
2

B
io

lo
g

ic
al

 e
ffi

ci
en

cy
 a

n
d

 c
h

em
ic

al
 c

o
m

p
o

si
ti

o
n

 o
f 

so
m

e 
w

ild
 m

u
sh

ro
o

m
s 

cu
lt

iv
at

ed
 o

n
 t

h
e 

d
if

fe
re

n
t 

lig
n

o
ce

llu
lo

si
c 

b
io

m
as

s-
b

as
ed

 s
u

b
st

ra
te

s 
   

   
   

 

L
ig

n
o

ce
llu

lo
si

c 
su

b
st

ra
te

 
M

u
sh

ro
o

m
 s

p
ec

ie
s 

B
io

lo
g

ic
al

 
ef

fi
ci

en
cy

 (
%

) 

C
h

em
ic

al
 c

o
m

p
o

si
ti

o
n

 (
%

, 
d

ry
 w

ei
g

h
t)

 

R
ef

er
en

ce
s 

C
ru

d
e 

p
ro

te
in

 
C

ar
b

o
h

yd
ra

te
 

F
at

 
C

ru
d

e 
fi

b
er

 
A

sh
  

W
he

at
 s

tr
aw

 
P

le
ur

ot
us

 o
st

re
at

us
 

77
.2

6 
15

.2
2 

73
.7

5 
2.

54
 

18
.9

9 
8.

49
  

K
ou

tr
ot

si
os

 e
t 

al
., 

20
19

 

P
le

ur
ot

us
 s

aj
or

-c
aj

u 
44

.7
–7

4.
86

 
22

.9
0–

29
.3

6 
32

.1
6–

56
.0

0 
2.

07
–2

.5
5 

7.
10

 
6.

65
–8

.0
5 

 
G

up
ta

 e
t 

al
., 

20
13

;  
P

at
il,

 
20

13
 

A
g

ar
ic

us
 b

is
p

or
us

 
47

.1
–5

1.
0 

21
.3

–2
7.

0 
38

.3
–4

8.
9 

2.
53

–3
.9

2 
17

.7
–2

3.
3 

7.
77

–1
1.

0 
 

T
sa

i e
t 

al
., 

20
07

 

A
g

ro
cy

b
e 

cy
lin

d
ra

ce
a 

61
.4

0 
 

1.
50

 
89

.6
0 

0.
30

 
40

.4
 

8.
60

  
K

ou
tr

ot
si

os
 e

t 
al

., 
20

14
 

H
er

ic
iu

m
 e

rin
ac

eu
s 

43
.5

0 
26

.8
0 

58
.9

2 
3.

73
 

N
D

 
10

.5
5 

 
H

as
sa

n,
 2

00
7 

Le
nt

in
ul

a 
ed

od
es

 
66

.0
–9

3.
1 

14
.4

–1
5.

4 
63

.7
–6

5.
6 

1.
1–

1.
5 

N
D

 
3.

8–
4.

4 
 

G
ai

tá
n-

H
er

ná
nd

ez
 &

 
N

or
be

rt
o 

C
or

té
s,

 2
01

4 

P
le

ur
ot

us
 

ci
tr

in
op

ile
at

us
 

98
.3

2 
25

.2
8 

64
.0

0 
2.

67
 

N
D

 
8.

05
  

M
ed

an
y,

 2
01

4 

P
le

ur
ot

us
 e

ry
ng

ii 
48

.2
9 

21
.1

0 
56

.1
0 

2.
40

 
13

.3
5 

7.
62

  
S

ar
da

r 
et

 a
l.,

 2
01

7 

R
ic

e 
st

ra
w

 
H

er
ic

iu
m

 e
rin

ac
eu

s 
33

.9
 

24
.0

7 
60

.5
0 

4.
16

 
N

D
 

11
.2

7 
 

H
as

sa
n,

 2
00

7 

P
le

ur
ot

us
 s

aj
or

-c
aj

u 
78

.3
3 

23
.4

0 
55

.0
0 

2.
40

 
7.

90
 

6.
85

  
P

at
il,

 2
01

3 

P
le

ur
ot

us
 

ci
tr

in
op

ile
at

us
 

77
.5

2 
22

.8
4 

64
.9

3 
3.

17
 

N
D

 
9.

06
  

M
ed

an
y,

 2
01

4 

P
le

ur
ot

us
 e

ry
ng

ii 
45

.9
9 

20
.8

7 
52

.4
5 

1.
87

 
9.

15
 

8.
57

  
S

ar
da

r 
et

 a
l.,

 2
01

7 

Le
nt

in
ul

a 
ed

od
es

 
48

.6
8 

16
.3

0 
78

.2
2 

5.
80

 
N

D
 

3.
32

  
G

ao
 e

t 
al

., 
20

20
 

P
le

ur
ot

us
 o

st
re

at
us

 
10

.6
7 

14
.8

5 
47

.8
7 

6.
33

 
12

.3
9 

18
.5

6 
 

E
m

iru
 e

t 
al

., 
20

16
 

V
ol

va
rie

lla
 v

ol
va

ce
a 

11
.7

5 
13

.1
2–

20
.0

0 
N

D
 

N
D

 
N

D
 

N
D

  
B

is
w

as
 &

 L
ay

ak
, 

20
14

 

S
aw

du
st

 
P

le
ur

ot
us

 o
st

re
at

us
  

7.
00

–4
6.

44
 

12
.7

2–
19

.5
2 

43
.8

0–
51

.2
6 

1.
32

–6
.1

3 
19

.4
7–

22
.0

0 
5.

90
–1

7.
89

  
H

oa
 e

t 
al

., 
20

15
;  

E
m

iru
 

et
 a

l.,
 2

01
6 

H
er

ic
iu

m
 e

rin
ac

eu
s 

50
.3

0 
24

.8
3 

60
.9

5 
3.

59
 

N
D

 
10

.6
3 

 
H

as
sa

n,
 2

00
7 

P
le

ur
ot

us
 

ci
tr

in
op

ile
at

us
 

51
.5

8 
24

.0
7 

65
.5

8 
2.

59
 

N
D

 
7.

76
  

M
ed

an
y,

 2
01

4 

P
le

ur
ot

us
 e

ry
ng

ii 
35

.4
7 

18
.9

3 
52

.5
3 

2.
42

 
6.

78
 

7.
51

  
S

ar
da

r 
et

 a
l.,

 2
01

7 

A
ur

ic
ul

ar
ia

 p
ol

yt
ric

ha
 

44
.6

3–
99

.4
9 

10
.2

2 
78

.4
5 

0.
85

 
N

D
 

4.
15

  
Li

an
g 

et
 a

l.,
 2

01
9 

B
ee

ch
 s

aw
du

st
 

G
an

od
er

m
a 

lu
ci

d
um

 
61

.2
4 

16
.8

4 
77

.8
6 

2.
21

 
47

.9
3 

3.
10

  
K

ou
tr

ot
si

os
 e

t 
al

., 
20

19
 

A
g

ro
cy

b
e 

cy
lin

d
ra

ce
a 

38
.3

 
N

D
 

N
D

 
N

D
 

N
D

 
N

D
  

K
ou

tr
ot

si
os

 e
t 

al
., 

20
14

 

P
le

ur
ot

us
 o

st
re

at
us

 
33

.5
 

0.
30

 
97

.7
 

0.
30

 
50

.9
 

1.
80

  
K

ou
tr

ot
si

os
 e

t 
al

., 
20

14
 

E
uc

al
yp

tu
s 

sa
w

du
st

 
G

an
od

er
m

a 
lu

ci
d

um
 

0.
30

 
9.

6 
N

D
 

N
D

 
41

.2
 

1.
10

  
de

 C
ar

va
lh

o 
et

 a
l.,

 2
01

5 
 

500                                                                                                                  WILD MUSHROOMS 



T
ab

le
 1

7.
2 

(C
o

n
ti

n
u

ed
)

B
io

lo
g

ic
al

 e
ffi

ci
en

cy
 a

n
d

 c
h

em
ic

al
 c

o
m

p
o

si
ti

o
n

 o
f 

so
m

e 
w

ild
 m

u
sh

ro
o

m
s 

cu
lt

iv
at

ed
 o

n
 t

h
e 

d
if

fe
re

n
t 

lig
n

o
ce

llu
lo

si
c 

b
io

m
as

s-
b

as
ed

 
su

b
st

ra
te

s 
   

   
   

 

L
ig

n
o

ce
llu

lo
si

c 
su

b
st

ra
te

 
M

u
sh

ro
o

m
 s

p
ec

ie
s 

B
io

lo
g

ic
al

 
ef

fi
ci

en
cy

 (
%

) 

C
h

em
ic

al
 c

o
m

p
o

si
ti

o
n

 (
%

, 
d

ry
 w

ei
g

h
t)

 

R
ef

er
en

ce
s 

C
ru

d
e 

p
ro

te
in

 
C

ar
b

o
h

yd
ra

te
 

F
at

 
C

ru
d

e 
fi

b
er

 
A

sh
  

S
ug

ar
ca

ne
 b

ag
as

se
 

P
le

ur
ot

us
 o

st
re

at
us

 
65

.6
5 

27
.1

3 
34

.9
4 

1.
32

 
22

.0
0 

6.
68

  
H

oa
 e

t 
al

., 
20

15
 

P
le

ur
ot

us
 e

ry
ng

ii 
41

.3
1 

19
.9

8 
49

.5
3 

3.
10

 
6.

59
 

7.
78

  
S

ar
da

r 
et

 a
l.,

 2
01

7 

Le
nt

in
ul

a 
ed

od
es

 
13

0.
2 

13
.8

0 
73

.0
 

1.
0 

N
D

 
6.

2 
 

S
al

m
on

es
 e

t 
al

., 
19

99
 

D
ep

ith
ed

 b
ag

as
se

 
P

le
ur

ot
us

 o
st

re
at

us
 

66
.6

4 
12

.8
3 

44
.7

8 
1.

48
 

12
.8

3 
6.

28
  

A
gu

ila
r-

R
iv

er
a 

&
 D

e 
Je

sú
s-

 
M

er
al

es
, 

20
10

 

B
ag

as
se

 f
ro

m
 m

ill
 

P
le

ur
ot

us
 o

st
re

at
us

 
70

.0
9 

15
.8

1 
45

.1
4 

1.
94

 
12

.8
9 

5.
81

  
A

gu
ila

r-
R

iv
er

a 
&

 D
e 

Je
sú

s-
 

M
er

al
es

, 
20

10
 

S
ug

ar
ca

ne
 le

av
es

 
Le

nt
in

ul
a 

ed
od

es
 

82
.7

0 
14

.4
0 

78
.2

0 
0.

90
 

N
D

 
6.

50
  

S
al

m
on

es
 e

t 
al

., 
19

99
 

C
ot

to
n 

st
al

k 
P

le
ur

ot
us

 o
st

re
at

us
 

20
.6

0 
22

.8
0 

58
.4

0 
2.

10
 

10
.5

0 
6.

20
  

S
ar

da
r 

et
 a

l.,
 2

02
0 

P
le

ur
ot

us
 s

aj
or

-c
aj

u 
41

.4
2 

31
.4

0 
42

.7
0 

0.
95

 
N

D
 

N
D

  
R

ag
un

at
ha

n 
&

 
S

w
am

in
at

ha
n,

 2
00

3 

C
ot

to
n 

w
as

te
 

P
le

ur
ot

us
 e

ry
ng

ii 
71

.5
6 

25
.3

6 
59

.6
9 

5.
18

 
9.

10
 

8.
12

  
S

ar
da

r 
et

 a
l.,

 2
01

7 

V
ol

va
rie

lla
 v

ol
va

ce
a 

N
D

 
1.

41
–3

4.
17

 
1.

02
 

0.
10

 
2.

83
–1

1.
9 

0.
65

–1
0.

8 
 

U
l H

aq
 e

t 
al

., 
20

11
;  

 
A

de
do

ku
n 

&
 A

ku
m

a,
 2

01
3 

C
ot

to
ns

ee
d 

hu
ll 

P
le

ur
ot

us
 o

st
re

at
us

 
8.

97
–6

1.
00

 
14

.2
7–

17
.5

 
49

.5
4–

65
.9

 
1.

2–
6.

10
 

10
.2

–2
6.

53
 

3.
56

–5
.2

  
E

m
iru

 e
t 

al
., 

20
16

;  
S

ar
da

r 
et

 a
l.,

 2
02

0 

C
or

nc
ob

 
P

le
ur

ot
us

 o
st

re
at

us
 

18
.6

7–
66

.0
8 

18
.6

4–
29

.7
0 

30
.7

8–
34

.0
8 

2.
67

–6
.4

0 
25

.6
6–

29
.7

5 
7.

10
–1

5.
22

  
H

oa
 e

t 
al

., 
20

15
;  

E
m

iru
 

et
 a

l.,
 2

01
6 

A
g

ro
cy

b
e 

cy
lin

d
ra

ce
a 

46
.8

0 
2.

70
 

93
.3

0 
0.

60
 

35
.9

 
3.

40
  

K
ou

tr
ot

si
os

 e
t 

al
., 

20
14

 

P
le

ur
ot

us
 e

ry
ng

ii 
51

.8
0 

23
.7

2 
54

.6
9 

1.
88

 
9.

68
 

6.
97

  
S

ar
da

r 
et

 a
l.,

 2
01

7 

S
oy

be
an

 s
tr

aw
 

P
le

ur
ot

us
 s

aj
or

-c
aj

u 
83

.0
0 

25
.8

0 
52

.2
0 

2.
82

 
6.

70
 

7.
30

  
P

at
il,

 2
01

3 

Jo
w

ar
 s

tr
aw

 
P

le
ur

ot
us

 s
aj

or
-c

aj
u 

70
.8

3 
23

.1
0 

58
.5

0 
2.

62
 

7.
30

 
7.

10
  

P
at

il,
 2

01
3 

C
oa

st
-c

ro
ss

 s
tr

aw
 

A
g

ar
ic

us
 b

is
p

or
us

 
44

.1
–5

8.
3 

29
.8

0–
37

.8
8 

N
D

 
1.

90
–2

.3
6 

5.
64

–7
.5

6 
10

.3
1–

11
.3

9 
 A

nd
ra

de
 e

t 
al

., 
20

08
 

T
ift

on
 s

tr
aw

 
A

g
ar

ic
us

 b
is

p
or

us
 

24
.4

–5
3.

4 
31

.3
7–

35
.2

1 
N

D
 

2.
05

–2
.3

4 
6.

07
–7

.6
0 

10
.6

0–
11

.7
7 

 A
nd

ra
de

 e
t 

al
., 

20
08

 

O
at

 s
tr

aw
 

A
g

ar
ic

us
 b

is
p

or
us

 
47

.2
–5

2.
9 

26
.7

8–
36

.2
8 

N
D

 
2.

34
–3

.0
6 

6.
57

–1
0.

31
 

9.
83

–1
1.

36
  

A
nd

ra
de

 e
t 

al
., 

20
08

 

G
an

od
er

m
a 

lu
ci

d
um

 
2.

0 
9.

9 
N

D
 

N
D

 
56

.2
 

1.
0 

 
de

 C
ar

va
lh

o 
et

 a
l.,

 2
01

5 

B
ea

n 
st

ra
w

 
G

an
od

er
m

a 
lu

ci
d

um
 

4.
7 

12
.3

 
N

D
 

N
D

 
57

.3
 

1.
4 

 
de

 C
ar

va
lh

o 
et

 a
l.,

 2
01

5 

B
ra

ch
ia

ria
 g

ra
ss

 s
tr

aw
 

G
an

od
er

m
a 

lu
ci

d
um

 
3.

50
 

11
.6

0 
N

D
 

N
D

 
48

.8
0 

1.
3 

 
de

 C
ar

va
lh

o 
et

 a
l.,

 2
01

5 
(C

on
tin

ue
d

) 

CULTIVATION OF WILD MUSHROOMS                                                                                         501 



T
ab

le
 1

7.
2 

(C
o

n
ti

n
u

ed
)

B
io

lo
g

ic
al

 e
ffi

ci
en

cy
 a

n
d

 c
h

em
ic

al
 c

o
m

p
o

si
ti

o
n

 o
f 

so
m

e 
w

ild
 m

u
sh

ro
o

m
s 

cu
lt

iv
at

ed
 o

n
 t

h
e 

d
if

fe
re

n
t 

lig
n

o
ce

llu
lo

si
c 

b
io

m
as

s-
b

as
ed

 
su

b
st

ra
te

s 
   

   
   

 

L
ig

n
o

ce
llu

lo
si

c 
su

b
st

ra
te

 
M

u
sh

ro
o

m
 s

p
ec

ie
s 

B
io

lo
g

ic
al

 
ef

fi
ci

en
cy

 (
%

) 

C
h

em
ic

al
 c

o
m

p
o

si
ti

o
n

 (
%

, 
d

ry
 w

ei
g

h
t)

 

R
ef

er
en

ce
s 

C
ru

d
e 

p
ro

te
in

 
C

ar
b

o
h

yd
ra

te
 

F
at

 
C

ru
d

e 
fi

b
er

 
A

sh
  

S
un

flo
w

er
 s

ta
lk

 
P

le
ur

ot
us

 s
aj

or
-c

aj
u 

63
.1

3 
21

.0
0 

50
.7

0 
2.

75
 

7.
65

 
6.

90
  

P
at

il,
 2

01
3 

P
ig

ea
on

 s
ta

lk
 

P
le

ur
ot

us
 s

aj
or

-c
aj

u 
75

.4
3 

24
.2

0 
48

.2
0 

2.
45

 
7.

78
 

6.
80

  
P

at
il,

 2
01

3 

O
il 

pa
lm

 w
ho

le
 s

ta
lk

 
V

ol
va

rie
lla

 v
ol

va
ce

a 
5.

46
 

29
.6

7 
49

.2
6 

3.
52

 
8.

46
 

9.
09

  
T

riy
on

o 
et

 a
l.,

 2
01

9 

S
or

gh
um

 s
to

ve
r 

P
le

ur
ot

us
 s

aj
or

-c
aj

u 
36

.8
4 

36
.2

 
43

.2
 

1.
41

 
N

D
 

N
D

  
R

ag
un

at
ha

n 
&

 
S

w
am

in
at

ha
n,

 2
00

3 

D
at

e 
pa

lm
 t

re
e 

le
av

e 
P

le
ur

ot
us

 o
st

re
at

us
 

55
.7

0 
16

.1
3 

72
.7

7 
3.

41
 

19
.8

9 
7.

83
  

K
ou

tr
ot

si
os

 e
t 

al
., 

20
14

 

A
g

ro
cy

b
e 

cy
lin

d
ra

ce
a 

52
.4

 
6.

20
 

82
.8

 
0.

10
 

32
.9

 
10

.9
  

K
ou

tr
ot

si
os

 e
t 

al
., 

20
14

 

P
la

nt
ai

n 
le

av
e 

V
ol

va
rie

lla
 v

ol
va

ce
a 

N
D

 
1.

01
 

1.
37

 
0.

10
 

2.
77

 
0.

95
  

A
de

do
ku

n 
an

d 
A

ku
m

a,
 

20
13

 

C
as

sa
va

 p
ee

ls
 

P
le

ur
ot

us
 o

st
re

at
us

 
26

.0
0 

10
.4

8 
73

.0
7 

2.
18

 
8.

88
 

7.
69

  
K

or
te

i e
t 

al
., 

20
14

 

V
ol

va
rie

lla
 v

ol
va

ce
a 

1.
47

 
14

.2
4 

51
.4

2 
2.

44
 

0.
4 

6.
16

  
A

pe
to

rg
bo

r 
&

 A
pe

to
rg

bo
r,

 
20

15
 

Y
am

 p
ee

l 
V

ol
va

rie
lla

 v
ol

va
ce

a 
4.

49
 

14
.6

3 
50

.3
1 

2.
23

 
0.

59
 

3.
85

  
A

pe
to

rg
bo

r 
&

 A
pe

to
rg

bo
r,

 
20

15
 

P
ot

at
o 

pe
el

 
V

ol
va

rie
lla

 v
ol

va
ce

a 
1.

05
 

14
.4

9 
48

.3
2 

2.
31

 
0.

56
 

6.
84

  
A

pe
to

rg
bo

r 
&

 A
pe

to
rg

bo
r,

 
20

15
 

P
in

e 
ne

ed
le

s 
P

le
ur

ot
us

 o
st

re
at

us
 

24
.7

4 
22

.7
4 

75
.8

8 
2.

44
 

13
.6

8 
7.

50
  

K
ou

tr
ot

si
os

 e
t 

al
., 

20
14

 

A
g

ro
cy

b
e 

cy
lin

d
ra

ce
a 

93
.5

0 
9.

90
 

63
.3

0 
1.

60
 

26
.4

0 
25

.2
  

K
ou

tr
ot

si
os

 e
t 

al
., 

20
14

 

O
il 

pa
lm

 s
te

m
 

V
ol

va
rie

lla
 v

ol
va

ce
a 

1.
90

 
38

.2
7 

40
.5

6 
4.

14
 

7.
19

 
9.

83
  

T
riy

on
o 

et
 a

l.,
 2

01
9 

O
il 

pa
lm

 h
um

p 
V

ol
va

rie
lla

 v
ol

va
ce

a 
3.

48
 

32
.4

7 
47

.1
5 

3.
45

 
7.

57
 

9.
35

  
T

riy
on

o 
et

 a
l.,

 2
01

9 

T
ift

on
 g

ra
ss

 
G

an
od

er
m

a 
lu

ci
d

um
 

5.
50

 
12

.5
0 

N
D

 
N

D
 

48
.2

 
1.

6 
 

de
 C

ar
va

lh
o 

et
 a

l.,
 2

01
5 

B
ra

ct
s 

of
 p

in
ea

pp
le

 
cr

ow
n 

Le
nt

in
ul

a 
ed

od
es

 
37

.5
0 

14
.0

 
78

.8
 

0.
50

 
N

D
 

6.
7 

 
S

al
m

on
es

 e
t 

al
., 

19
99

 

E
xt

ra
te

d 
ol

iv
e 

pr
es

s 
ca

ke
 

A
g

ro
cy

b
e 

cy
lin

d
ra

ce
a 

29
.2

0 
7.

80
 

87
.3

 
1.

30
 

47
.6

 
3.

6 
 

K
ou

tr
ot

si
os

 e
t 

al
., 

20
14

 

C
oi

r 
fib

er
 

P
le

ur
ot

us
 s

aj
or

-c
aj

u 
27

.3
3 

44
.3

 
45

.2
 

1.
22

 
N

D
 

N
D

  
R

ag
un

at
ha

n 
&

 
S

w
am

in
at

ha
n,

 2
00

3 
  

N
D

 :
 N

ot
 D

et
er

m
in

ed
  

502                                                                                                                  WILD MUSHROOMS 



T
ab

le
 1

7.
3

B
io

lo
g

ic
al

 e
ffi

ci
en

cy
 a

n
d

 c
h

em
ic

al
 c

o
m

p
o

si
ti

o
n

 o
f 

so
m

e 
w

ild
 m

u
sh

ro
o

m
s 

cu
lt

iv
at

ed
 o

n
 t

h
e 

d
if

fe
re

n
t 

lig
n

o
ce

llu
lo

si
c 

b
io

m
as

s-
b

as
ed

 s
u

b
st

ra
te

s 
in

 
va

ri
o

u
s 

co
m

b
in

at
io

n
s 

   
   

   
   

M
u

sh
ro

o
m

 
sp

ec
ie

s 
L

ig
n

o
ce

llu
lo

si
c 

su
b

st
ra

te
 

B
io

lo
g

ic
al

 
ef

fi
ci

en
cy

 
(B

E
) 

(%
) 

C
h

em
ic

al
 C

o
m

p
o

si
ti

o
n

 (
%

, 
D

ry
 W

ei
g

h
t)

 
C

h
an

g
e 

in
 B

E
%

 
(C

o
m

p
ar

ed
 w

it
h

 
co

n
tr

o
l)

 

C
h

an
g

e 
in

 
p

ro
te

in
%

 
(C

o
m

p
ar

ed
 w

it
h

 
co

n
tr

o
l)

 
R

ef
er

en
ce

s 
C

ru
d

e 
p

ro
te

in
 

C
ar

b
o

h
yd

ra
te

 
F

at
 

C
ru

d
e 

F
fb

er
 

A
sh

  

A
g

ro
cy

b
e 

cy
lin

d
ra

ce
a 

W
he

at
 s

tr
aw

 +
 R

aw
 

tw
o-

ph
as

e 
ol

iv
e 

m
ill

 
w

as
te

 (
20

%
) 

10
0.

67
 

N
D

 
N

D
 

N
D

 
N

D
 

N
D

 
45

.5
3%

 ↑
 

N
D

  
Z

er
va

ki
s 

et
 a

l.,
 

20
13

 

A
ur

ic
ul

ar
ia

 
p

ol
yt

ric
ha

 
S

aw
du

st
 +

 P
an

ic
um

 
re

pe
ns

 s
ta

lk
 (

1:
1 

w
/w

) 
12

4.
70

 
10

.3
7 

78
.4

9 
0.

87
 

N
D

 
3.

49
 

25
.3

3%
 ↑

 
1.

46
%

 ↑
  

Li
an

g 
et

 a
l.,

 
20

19
 

A
ur

ic
ul

ar
ia

 
p

ol
yt

ric
ha

 
S

aw
du

st
 +

 P
en

ni
se

tu
m

 
pu

rp
ur

eu
m

 s
ta

lk
 (

1:
1 

w
/w

) 

12
9.

54
 

9.
13

 
79

.6
5 

0.
74

 
N

D
 

3.
94

 
30

.2
0%

 ↑
 

10
.6

6%
 ↓

  
Li

an
g 

et
 a

l.,
 

20
19

 

A
ur

ic
ul

ar
ia

 
p

ol
yt

ric
ha

 
S

aw
du

st
 +

 Z
ea

 m
ay

s 
st

al
k 

(1
:1

 w
/w

) 
14

4.
15

 
10

.1
2 

77
.7

4 
1.

06
 

N
D

 
4.

35
 

44
.8

8%
 ↑

 
0.

97
%

 ↓
  

Li
an

g 
et

 a
l.,

 
20

19
 

G
an

od
er

m
a 

lu
ci

d
um

 
B

ee
ch

 s
aw

du
st

 +
 O

liv
e 

pr
un

in
g 

re
si

du
es

 (
1:

1 
w

/w
) 

20
.5

2 
15

.2
8 

79
.2

8 
2.

03
 

43
.8

0 
3.

41
 

66
.4

9%
 ↓

 
9.

26
%

 ↓
  

K
ou

tr
ot

si
os

 
et

 a
l.,

 2
01

9 

G
an

od
er

m
a 

lu
ci

d
um

 
B

ee
ch

 s
aw

du
st

 +
 

O
liv

e-
m

ill
 w

as
te

s 
(1

:1
 

w
/w

) 

20
.5

2 
22

.2
1 

72
.4

4 
1.

10
 

49
.3

4 
4.

26
 

66
.4

9%
 ↓

 
31

.8
8%

 ↑
  

K
ou

tr
ot

si
os

 
et

 a
l.,

 2
01

9 

Le
nt

in
ul

a 
ed

od
es

 
S

aw
du

st
 +

 R
ic

e 
st

ra
w

 
(8

0+
20

%
) 

36
.0

9 
15

.8
0 

78
.2

2 
5.

75
 

N
D

 
3.

52
 

25
.8

6%
 ↓

 
3.

06
%

 ↓
  

G
ao

 e
t 

al
., 

20
20

 

P
le

ur
ot

us
 

ci
tr

in
op

ile
at

us
 

R
ic

e 
st

ra
w

 +
 W

he
at

 
st

ra
w

 (
1:

1 
w

/w
) 

11
1.

88
 

23
.6

0 
64

.2
8 

3.
23

 
N

D
 

8.
89

 
44

.2
2%

 ↑
 

3.
32

%
 ↑

  
M

ed
an

y,
 2

01
4 

P
le

ur
ot

us
 

ci
tr

in
op

ile
at

us
 

S
aw

du
st

 +
 R

ic
e 

st
ra

w
 

(1
:1

 w
/w

) 
56

.0
2 

22
.9

1 
65

.3
3 

2.
92

 
N

D
 

8.
84

 
8.

60
%

 ↑
 

4.
81

%
 ↑

  
M

ed
an

y,
 2

01
4 

P
le

ur
ot

us
 

ci
tr

in
op

ile
at

us
 

S
aw

du
st

 +
 W

he
at

 
st

ra
w

 (
1:

1 
w

/w
) 

51
.8

3 
26

.0
1 

63
.7

7 
2.

54
 

N
D

 
7.

68
 

0.
48

%
 ↑

 
8.

05
%

 ↑
  

M
ed

an
y,

 2
01

4 

P
le

ur
ot

us
 

cy
st

id
io

su
s 

S
aw

du
st

 +
 S

ug
ar

ca
ne

 
ba

ga
ss

e 
(1

:1
 w

/w
) 

44
.1

1 
18

.6
6 

46
.8

6 
3.

28
 

24
.5

 
6.

70
 

21
.6

1%
 ↑

 
10

.0
0%

 ↑
  

H
oa

 e
t 

al
., 

20
15

 

P
le

ur
ot

us
 

cy
st

id
io

su
s 

S
aw

du
st

 +
 C

or
nc

ob
 

(1
:1

 w
/w

) 
43

.5
7 

21
.4

7 
44

.8
5 

2.
50

 
23

.5
8 

7.
30

 
20

.1
2%

 ↑
 

36
.9

2%
 ↑

  
H

oa
 e

t 
al

., 
20

15
 

P
le

ur
ot

us
 

er
yn

g
ii 

W
he

at
 s

tr
aw

 +
 R

aw
 

tw
o-

ph
as

e 
ol

iv
e 

m
ill

 
w

as
te

 (
20

%
) 

96
.1

2 
N

D
 

N
D

 
N

D
 

N
D

 
N

D
 

9.
82

%
 ↑

 
N

D
  

Z
er

va
ki

s 
et

 a
l.,

 
20

13
 

(C
on

tin
ue

d
) 

CULTIVATION OF WILD MUSHROOMS                                                                                         503 



T
ab

le
 1

7.
3 

(C
o

n
ti

n
u

ed
)

B
io

lo
g

ic
al

 e
ffi

ci
en

cy
 a

n
d

 c
h

em
ic

al
 c

o
m

p
o

si
ti

o
n

 o
f 

so
m

e 
w

ild
 m

u
sh

ro
o

m
s 

cu
lt

iv
at

ed
 o

n
 t

h
e 

d
if

fe
re

n
t 

lig
n

o
ce

llu
lo

si
c 

b
io

m
as

s-
b

as
ed

 
su

b
st

ra
te

s 
in

 v
ar

io
u

s 
co

m
b

in
at

io
n

s 
   

   
   

   

M
u

sh
ro

o
m

 
sp

ec
ie

s 
L

ig
n

o
ce

llu
lo

si
c 

su
b

st
ra

te
 

B
io

lo
g

ic
al

 
ef

fi
ci

en
cy

 
(B

E
) 

(%
) 

C
h

em
ic

al
 C

o
m

p
o

si
ti

o
n

 (
%

, 
D

ry
 W

ei
g

h
t)

 
C

h
an

g
e 

in
 B

E
%

 
(C

o
m

p
ar

ed
 w

it
h

 
co

n
tr

o
l)

 

C
h

an
g

e 
in

 
p

ro
te

in
%

 
(C

o
m

p
ar

ed
 w

it
h

 
co

n
tr

o
l)

 
R

ef
er

en
ce

s 
C

ru
d

e 
p

ro
te

in
 

C
ar

b
o

h
yd

ra
te

 
F

at
 

C
ru

d
e 

F
fb

er
 

A
sh

  

P
le

ur
ot

us
 

er
yn

g
ii 

W
he

at
 s

tr
aw

 +
 G

ra
pe

 
M

ar
c 

(1
:1

 w
/w

) 
87

.2
4 

N
D

 
N

D
 

N
D

 
N

D
 

N
D

 
52

.1
7%

 ↑
 

N
D

  
K

ou
tr

ot
si

os
 

et
 a

l.,
 2

01
8 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
S

aw
 d

us
t 

+
 R

ic
e 

st
ra

w
 

(1
:1

 w
/w

) 
13

.6
7 

15
.2

9 
41

.9
6 

5.
40

 
27

.0
1 

10
.3

3 
95

.2
8%

 ↑
 

20
.2

0%
 ↑

  
E

m
iru

 e
t 

al
., 

20
16

 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
S

aw
 d

us
t +

 C
ot

to
ns

ee
d 

hu
ll 

(1
:1

 w
/w

) 
27

.0
0 

15
.0

0 
42

.0
8 

3.
50

 
30

.5
9 

8.
83

 
28

5%
 ↑

 
17

.9
2%

 ↑
  

E
m

iru
 e

t 
al

., 
20

16
 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
S

aw
 d

us
t 

+
 M

ai
ze

 c
ob

 
(1

:1
 w

/w
) 

8.
67

 
17

.0
4 

29
.9

6 
8.

40
 

32
.6

0 
12

.0
0 

23
.8

5%
 ↑

 
33

.9
6%

 ↑
  

E
m

iru
 e

t 
al

., 
20

16
 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
R

ic
e 

st
ra

w
 +

 
C

ot
to

ns
ee

d 
hu

ll 
 

(1
:1

 w
/w

) 

6.
00

 
14

.1
2 

51
.4

4 
4.

00
 

27
.1

0 
3.

33
 

40
%

 ↓
 

4.
91

%
 ↓

  
E

m
iru

 e
t 

al
., 

20
16

 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
R

ic
e 

st
ra

w
 +

 M
ai

ze
  

co
b 

(1
:1

 w
/w

) 
8.

33
 

15
.4

3 
43

.7
5 

4.
35

 
23

.8
0 

12
.6

7 
16

.7
%

 ↓
 

3.
90

%
 ↑

  
E

m
iru

 e
t 

al
., 

20
16

 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
C

ot
to

ns
ee

d 
hu

ll 
+

 
M

ai
ze

 c
ob

 (
1:

1 
w

/w
) 

33
.3

3 
16

.3
1 

48
.1

6 
5.

50
 

24
.7

0 
5.

33
 

18
5.

60
%

 ↑
 

14
.2

9%
 ↑

  
E

m
iru

 e
t 

al
., 

20
16

 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
P

ad
dy

 s
tr

aw
 +

 
S

oy
be

an
 s

tr
aw

  
(1

:1
 w

/w
) 

81
.6

9 
23

.0
0 

50
.5

0 
2.

70
 

7.
68

 
6.

42
 

3.
39

%
 ↓

 
1.

70
%

 ↓
  

P
at

il 
et

 a
l.,

 
20

10
 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
W

he
at

 s
tr

aw
 +

 
S

oy
be

an
 s

tr
aw

  
(1

:1
 w

/w
) 

77
.6

6 
21

.1
0 

52
.0

0 
2.

56
 

7.
40

 
6.

15
 

7.
77

%
 ↑

 
4.

76
%

 ↑
  

P
at

il 
et

 a
l.,

 
20

10
 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
W

he
at

 s
tr

aw
 +

 P
ad

dy
 

st
ra

w
 (

1:
1 

w
/w

) 
71

.7
6 

20
.3

3 
56

.2
0 

2.
58

 
7.

50
 

5.
90

 
0.

41
%

 ↓
 

3.
19

%
 ↓

  
P

at
il 

et
 a

l.,
 

20
10

 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
C

ot
to

n 
st

al
k 

+
 

C
ot

to
ns

ee
d 

he
ll 

 
(1

:1
 w

/w
) 

20
.2

 
22

.8
 

58
.0

 
2.

9 
10

.8
 

5.
5 

1.
94

%
 ↓

 
0%

  
S

ar
da

r 
et

 a
l.,

 
20

20
 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
W

he
at

 s
tr

aw
 +

 O
liv

e 
pr

un
in

g 
re

si
du

es
  

(1
:1

 w
/w

) 

56
.7

9 
19

.8
8 

71
.7

6 
1.

87
 

16
.5

4 
6.

49
 

26
.4

9%
 ↓

 
30

.6
1%

 ↑
  

K
ou

tr
ot

si
os

 
et

 a
l.,

 2
01

9 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
W

he
at

 s
tr

aw
 +

 O
liv

e-
 

m
ill

 w
as

te
s 

(1
:1

 w
/w

) 
71

.3
3 

19
.3

2 
68

.5
6 

2.
70

 
12

.9
7 

9.
42

 
7.

67
%

 ↓
 

26
.9

3%
 ↑

  
K

ou
tr

ot
si

os
 

et
 a

l.,
 2

01
9 

 

504                                                                                                                  WILD MUSHROOMS 



T
ab

le
 1

7.
3 

(C
o

n
ti

n
u

ed
)

B
io

lo
g

ic
al

 e
ffi

ci
en

cy
 a

n
d

 c
h

em
ic

al
 c

o
m

p
o

si
ti

o
n

 o
f 

so
m

e 
w

ild
 m

u
sh

ro
o

m
s 

cu
lt

iv
at

ed
 o

n
 t

h
e 

d
if

fe
re

n
t 

lig
n

o
ce

llu
lo

si
c 

b
io

m
as

s-
b

as
ed

 
su

b
st

ra
te

s 
in

 v
ar

io
u

s 
co

m
b

in
at

io
n

s 
   

   
   

   

M
u

sh
ro

o
m

 
sp

ec
ie

s 
L

ig
n

o
ce

llu
lo

si
c 

su
b

st
ra

te
 

B
io

lo
g

ic
al

 
ef

fi
ci

en
cy

 
(B

E
) 

(%
) 

C
h

em
ic

al
 C

o
m

p
o

si
ti

o
n

 (
%

, 
D

ry
 W

ei
g

h
t)

 
C

h
an

g
e 

in
 B

E
%

 
(C

o
m

p
ar

ed
 w

it
h

 
co

n
tr

o
l)

 

C
h

an
g

e 
in

 
p

ro
te

in
%

 
(C

o
m

p
ar

ed
 w

it
h

 
co

n
tr

o
l)

 
R

ef
er

en
ce

s 
C

ru
d

e 
p

ro
te

in
 

C
ar

b
o

h
yd

ra
te

 
F

at
 

C
ru

d
e 

F
fb

er
 

A
sh

  

P
le

ur
ot

us
 

os
tr

ea
tu

s 
C

as
sa

va
 p

ee
ls

 +
 

C
or

nc
ob

s 
(1

:1
 w

/w
) 

33
.7

 
10

.6
6 

74
.8

0 
2.

16
 

8.
79

 
7.

65
 

29
.1

1%
 ↑

 
0.

47
%

 ↑
  

K
or

te
i e

t 
al

., 
20

14
 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
S

aw
du

st
 +

 S
ug

ar
ca

ne
 

ba
ga

ss
e 

(1
:1

 w
/w

) 
58

.9
4 

24
.1

7 
37

.8
8 

2.
50

 
28

.7
5 

6.
70

 
26

.9
1%

 ↑
 

23
.8

2%
 ↑

  
H

oa
 e

t 
al

., 
20

15
 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
S

aw
du

st
 +

 C
or

nc
ob

s 
(1

:1
 w

/w
) 

58
.8

2 
25

.6
5 

37
.5

0 
1.

80
 

28
.3

5 
6.

80
 

26
.6

5%
 ↑

 
31

.4
0%

 ↑
  

H
oa

 e
t 

al
., 

20
15

 

P
le

ur
ot

us
 

os
tr

ea
tu

s 
W

he
at

 s
tr

aw
 +

 G
ra

pe
 

M
ar

c 
(1

:1
 w

/w
) 

84
.1

4 
N

D
 

N
D

 
N

D
 

N
D

 
N

D
 

5.
62

%
 ↑

 
N

D
  

K
ou

tr
ot

si
os

 
et

 a
l.,

 2
01

8 

P
le

ur
ot

us
 s

aj
or

- 
ca

ju
 

S
ug

ar
ca

ne
 b

ag
as

se
 +

 
E

le
ph

an
t 

gr
as

s 
 

(1
:1

 w
/w

) 

71
.9

0 
26

.3
5 

34
.5

0 
N

D
 

26
.5

5 
6.

95
 

35
5%

 ↑
 

37
.4

5%
 ↓

  
B

er
na

rd
i e

t 
al

., 
20

19
 

P
le

ur
ot

us
 s

aj
or

- 
ca

ju
 

R
ic

e 
st

ra
w

 +
 E

le
ph

an
t 

gr
as

s 
(1

:1
 w

/w
) 

79
.6

4 
23

.9
2 

58
.6

6 
N

D
 

8.
69

 
6.

78
 

25
.2

9%
 ↓

 
14

.6
0%

 ↓
  

B
er

na
rd

i e
t 

al
., 

20
19

 

P
le

ur
ot

us
 s

aj
or

- 
ca

ju
 

S
ug

ar
ca

ne
 b

ag
as

se
 +

 
R

ic
e 

st
ra

w
 (

1:
1 

w
/w

) 
95

.4
8 

30
.9

2 
33

.8
5 

N
D

 
24

.5
1 

6.
95

 
50

4%
 ↑

 
26

.6
0%

 ↓
  

B
er

na
rd

i e
t 

al
., 

20
19

 

P
le

ur
ot

us
 s

aj
or

 
ca

ju
 

W
he

at
 s

tr
aw

 +
 M

ah
ua

 
ca

ke
 (

10
%

) 
N

D
 

33
.0

0 
31

.8
6 

1.
76

 
N

D
 

8.
19

 
N

D
 

12
.3

9%
 ↑

  
G

up
ta

 e
t 

al
., 

20
13

 

V
ol

va
rie

lla
 

vo
lv

ac
ea

 
R

ic
e 

st
ra

w
 +

 B
an

an
a 

ps
eu

do
 s

te
m

 (
1:

1 
w

/w
) 

14
.9

0 
N

D
 

N
D

 
N

D
 

N
D

 
N

D
 

34
.2

3%
 ↑

 
N

D
  

B
is

w
as

 a
nd

 
La

ya
k,

 2
01

4 

V
ol

va
rie

lla
 

vo
lv

ac
ea

 
R

ic
e 

st
ra

w
 +

 W
at

er
 

hy
ac

in
th

 (
1:

1 
w

/w
) 

12
.0

5 
N

D
 

N
D

 
N

D
 

N
D

 
N

D
 

8.
55

%
 ↑

 
N

D
  

B
is

w
as

 &
 

La
ya

k,
 2

01
4 

  

N
D

: 
N

ot
 D

et
er

m
in

ed
; 

↑:
 I

nc
re

as
e;

 ↓
: 

D
ec

re
as

e 
 

CULTIVATION OF WILD MUSHROOMS                                                                                         505 



were cereals (2.97 billion tons), sugar crops primary (2.22 billion tons), sugarcane (1.94 billion 
tons), maize (1.14 billion tons), vegetable primary (1.13 billion tons), oil crops (1.10 billion tons), 
fruits primary (0.883 billion tons), roots and tubers (0.861 billion tons), wheat (0.765 billion tons), 
and rice (0.755 billion tons) (FAOSTAT, 2021). Agricultural practices are significantly associated 
with essential agro-industrial sectors, like food, feed, fiber, etc. (Kapoor et al., 2016) which pro-
duce an enormous (1.6 billion tons per year) quantity of agriculture and agro-industrial residues/ 
waste/by-product. Agriculture waste/residue is defined as the plant materials obtained from agri-
culture activities, especially post-harvest, and the agro-industrial residue is the materials result of 
agriculture or animal products processing (Kumla et al., 2020). Mande (2005) sub-grouped agri-
culture residues into crop-based residues and processing-based residues. Crop-based residues are 
generated on-site consisting of plant materials left after the harvesting of the main crop. These 
materials are morphologically distinct and consist of various plant parts such as roots, stem, stalk 
stick, branches, leaves, fibrous materials, empty seed pods, straw, etc. The major sources of these 
materials are oilseed crops, horticulture crops, cereal crops, etc. The processed-based residue is the 
by-product generated during industrial processing of the crop as post-harvest processes that include 
husks, peels, pulp, and shells, etc. Agro-industrial residues include bran, peels, bagasse, etc., 
generated from the industrial processing of horticultural crops (Philippoussis, 2009; Sadh et al., 
2018; Kumla et al., 2020). Food industries produce an enormous quantity of processed residues 
such as bagasse, husks, hulls, corncobs, etc. Further, wood residues like bark, chips, sawdust, etc., 
are also included in processed-based residues (Figure 17.2) (Philippoussis, 2009). 

The conventional use of agriculture and agro-industrial-based residues include cattle feeding, 
animal bedding, soil mulching, organic manure, thatching for rural homes, fuel for domestic 
purposes, etc. Nowadays, with available non-conventional strategies, these residues are converted 
into different high-value products such as biofuel, enzymes, chemicals, etc. (Da Silva, 2016;  
Kumla et al., 2020). After being used in various applications, nearly 30% of these residues remain 
available as surplus, which are disposed of by farmers and industries in an inappropriate manner 
(Devi et al., 2017). The most common practices for crop-based and processed-based residue 
disposal are onsite burnings and open dumping. Burning is the most common on-site practice for 
rice, wheat, and maize crop residues that not only release shoot particles (causing health problems), 
and generate greenhouse gases but also cause loss of important crop nutrients like nitrogen, 
phosphorus, potassium, selenium, etc. (Domínguez‐Escribá & Porcar, 2010; Kapoor et al., 2016). 
The unattended open dumping of residues like cereal straw causes rotting and their associated 
environmental issues (Kapoor et al., 2016). The processed-based residue like cereal bran, is a good 
source of various important nutrients used in supplemented feed for ruminants and poultry (Muazu 
& Stegemann, 2015). These practices of crop residues (field or processed) handling cause various 
environmental problems and wasting valuable resources of energy and carbon (Momayez et al., 
2019). These residues act as a pool of nutrients that are suitable for mushroom cultivation using the 
solid-state fermentation method (Sánchez, 2009; Kumla et al., 2020). 

In terms of production and yield, sugarcane, maize, rice, and wheat are the top crops (Millati 
et al., 2019) and, except sugarcane, the remaining three fulfilled more than 42% of calorie demand 
of the human population (Ricepedia, 2021). The utility of these kinds of materials as a substrate for 
mushroom cultivation has been discussed further in the chapter. 

17.5.1 Rice 

Rice (Oryza sativa) holds the tenth place in the world of most produced commodities with 755 
million tons of production in the year 2019, and continent leader was Asia (89.6%) followed by 
Africa (5.1%), America (4.7%), Europe (0.5%), and Oceania (0.1%) (FAOSTAT, 2021). Among 
the countries, China shares a 27.74% portion followed by India (23.51%), and both together share 
more than half of the total global rice production (FAOSTAT, 2021). Rice cultivation produces 
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two major rice residues, i.e. straw and husk. Rice husks (known as rice hulls) contain mainly silica 
and lignin and roughly 1 kg processed white rice generates 0.28 kg of the husk (Rice Knowledge 
Bank, 2021; Millati et al., 2019). Therefore, in accordance with the aforementioned ratio, 140.5 
million tons of rice husks were produced globally in the year 2020 (USDA, 2020). A typical 
composition of rice husk includes cellulose (28.6–43.30%), hemicellulose (22.0–29.7%), and 
lignin (19.2–24.4%) (Mirmohamadsadeghi & Karimi, 2020). Rice straw is another major residue 
of rice cultivation, and the amount is dependent on the cutting height (Van Hung et al., 2020). 
Moreover, various environmental and genetic factors also define the straw-to-grain ratios such as 
the variety of crop, seasonal fluctuation, plant height at maturity, soil texture and fertility, plant 
density, water availability, fertilizer quality, and quantity, nature of weeds, and their control, crop 
harvesting methods, and stages. Typically, the straw-to-grain ratio range between 0.7–1.5 (Lal, 
2005; Kapoor et al., 2016) and, considering an average value (1.0), the rice straw production was 
more than 755 million tons in the year 2019. The rice straw utilization is restricted to around 20% 
of total production in applications like biofuel production, animal feed, paper, fertilizer production, 
etc. The rest of the portion is either burned at the site or incorporated in soil (Hanafiet al., 2012;  
Goodman, 2020;Van Hung et al., 2020). 

Rice straw is a lignocellulosic material that consists of 32–38.6% of cellulose, 19.7–35.7% of 
hemicellulose, and 13.5–22.3% of lignin (Goodman, 2020). The rice straw acts as the main source 

Figure 17.2 Type of agriculture and agro-industrial residues.    
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of carbon and nitrogen and is efficiently utilized for mushroom cultivation in their raw or com-
posed form. However, the high carbon-to-nitrogen ratio indicates a poor source of nitrogen supply 
for the desired growth of mushrooms. Nitrogen deficiency of the substrates for mushroom culti-
vation can be compensated by adding various organic natural materials like cereal bran, shell, 
meal, manure, etc. However, the superiority of inorganic materials like ammonium, chloride, and 
urea over natural materials is the timing and efficiency (Ragunathan & Swaminathan, 2003; Cueva 
et al., 2017; Kumla et al., 2020). The low bulk density and better water-holding capacity make rice 
residue a suitable substrate for mycelium formation and better growth of the fruiting body of 
mushrooms (Khir & Pan, 2019). Moreover, the high carbon-to-nitrogen (C:N) ratio of rice husk 
and rice straw is responsible for their poor degradation by mushrooms but can be overcome by 
combining with other lignocellulosic biomass and adding supplements (Table 17.3). White rot 
fungi such as Pleurotus ostreatus degrade 41% of lignin, 52% of hemicellulose, and 44% of 
cellulose (Taniguchi et al., 2005; Khir & Pan, 2019). Another mushroom species is a rice-straw 
mushroom, Volvariella volvacea, which grows better on rice straw and a yield of 0.8 kg per 10 kg 
of dried rice straw can be achieved after the third week of inoculation (Van Hung et al., 2020). 

17.5.2 Wheat 

Wheat crop (Triticum aestivum) is the fourth most popular crop, reported to meet 21% of the 
world food demand with annual global production of more than 765 million tons in the year 2019 
(Momayez et al., 2019; FAOSTAT, 2021). Wheat straw, a harvesting residue of wheat grains 
mainly consists of internodes, nodes, leaves, chaffs, and rachis (Kapoor et al., 2016). Wheat straw 
is a low commercial value product generated in abundant quantity depending on climate and 
agronomic parameters. A typical average range of straw to grain ratio of 1.3–1.4 was reported from 
numerous areas (Saha et al., 2005; Lal, 2005; Momayez et al., 2019). According to the mentioned 
ratio, the global annual production of wheat straw was more than 995 million tons in the year 2019 
and shared in the following proportions, i.e. Asia (44.1%), Europe (34.8%), America (15.3%), 
Africa (3.5%), and Oceania (2.4%) (FAOSTAT, 2021). The leader nations in wheat straw pro-
duction are China and India, i.e. 31% together. Such an amount raising the concern of sustainable 
management of straw. Several conventional uses of wheat straw include feed sources for animals 
(especially dairy animals), for thatching (craft of building roof), and other tradable commodities. 
However, on-site crop residue burning is still one of the most popular methods for straw man-
agement, which ruins valuable resources (Momayez et al., 2019; Duncan et al., 2020). Wheat straw 
is a lignocellulosic biomass that represents a valuable source of cellulose (34–40%), hemicellulose 
(20–25%), lignin (20%), and other organic and inorganic compounds (Rodriguez-Gomez et al., 
2012; Momayez et al., 2019). Wheat bran is a by-product obtained after the milling process of 
wheat grain that generally contributes 14–19% (w/w) portion (Cui et al., 2013). Wheat bran 
contains 15% protein and other nutrients, which make it a better supplement to compensate ni-
trogen deficiency of lignocellulosic biomass for the commercial cultivation of mushrooms 
(Tiefenbacher, 2017). Similar to rice straw, the high C:N ratio of wheat straw also restricts the 
adequate utilization of lignocellulosic biomass by mushrooms for their growth but either com-
bining with other low C:N ratios lignocellulosic biomass or supplement can remove hurdles for 
commercial cultivation of mushrooms (Table 17.3). 

17.5.3 Maize 

Maize (Zea mays) is the most popular commercial agriculture crop, where global production 
increased about 40% in the last decade, and the production was about 1148 million tons in the year 
2019 (FAOSTAT, 2021). The top three producers of maize were the United States (30.21%), China 
(22.70%), and Brazil (8.80%) with a total share of 61.71% of the world’s entire maize production 
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(FAOSTAT, 2021). Cornstalk, corn leaves, and corn husks (together known as corn stover) are 
the main residues obtained after harvesting the ear of maize and corncob residue produced after 
the milling process of maize grain. Typically, 1.01 kg (expressed in dry matter) of corn stover is 
obtained from 1.0 kg of harvested maize grain (Mazurkiewicz et al., 2019; Ruan et al., 2019) 
and, according to this ratio, the world corn stover generation was over 1 billion tons in the year 
2019. Corn stover is a lignocellulosic biomass consists (w/w) of cellulose (about 35%), hemi-
cellulose (about 20%), and lignin (about 12%) (Ruan et al., 2019). Corncob, the central core of 
the maize ear, is the most commonly used substrate in mushroom cultivation because of its high 
cellulose content (40%) with comparatively low lignin content (8%) (Table 17.1) (Millati et al., 
2019). The processing of 1.0 kg of ear corn produces 0.22 kg of corncob (Basalan et al., 1995;  
Millati et al., 2019). Following the aforementioned ratio, the global production of corncob was 
approximately 253 million tons in the year 2019. Due to the low lignin content of maize crop 
residues, white rot fungi (like Pleurotus spp., Lentinula edodes, Ganoderma spp.) efficiently 
utilize the corn residue as a substrate through the action of lignocellulosic enzymes. Moreover, 
for litter-decomposing fungi (LDFs), like Agaricus spp. corncobs serve as the best substrate as 
they are deficit in lignin enzymes (Tables 17.2 and 17.3). The amount and composition of 
corncob residue make its efficient utility in mushroom cultivation with less effort due to the 
better utilization of substrates. 

17.5.4 Sugarcane 

Sugarcane (Saccharum officinarum) holds the third position in terms of the world’s largest 
produced commodities with 1.9 billion tons production in the year 2019 (FAOSTAT, 2021). Brazil 
(0.75 billion tons) is the largest producer of sugarcane, followed by India (0.40 billion tons) and 
both together share around 60% of the global total production. The sugarcane processing industries 
produce two types of residues, i.e. bagasse (fibrous fraction as a result of the cleaning, preparation, 
and extraction of sugarcane juice) and straw (harvest residue). The residue ratio (unit weight of 
residue to product) for sugarcane bagasse was reported to be about 0.25–0.30 (Hernández et al., 
2019). According to the mentioned ratio (considering average value, 0.275), about 536 million tons 
of sugarcane bagasse were produced globally in the year 2019. Sugarcane bagasse and straw 
consist of cellulose (34–47% and 33–45%), hemicellulose (24–31% and 18–30%), and lignin 
(14–22% and 17–41%), respectively (Costa et al., 2013; Kapoor et al., 2016). 

17.5.5 Sawdust 

Sawdust is obtained from two different types of wood, i.e. hardwood and softwood. Hardwood 
belongs to deciduous trees and softwood belongs to coniferous and evergreen trees. Wood wastes 
produced from both primary and secondary manufacturing processes include sawdust, chips, 
coarse residues, etc. (Millati et al., 2019). Sawdust comprises 11%–15% of the total percentage in 
wood (Millati et al., 2019). In the year 2019, the industrial round wood production was about 2 
billion m3 (FAOSTAT, 2021) and, according to the aforesaid proportion (13%, average value 
considered), the sawdust produced was around 263 million m3. Sawdust consists of cellulose, 
hemicellulose, and lignin as lignocellulosic components that vary with the types and parts of the 
tree. The hardwood sawdust consists of 38–51% of cellulose, 17–38% of hemicellulose, and 
21–31% of lignin (Table 17.1). Softwood sawdust consists of 33–42% cellulose, 22–40% 
hemicellulose, and 27–32% lignin (Table 17.1). Sawdust produced from wood or forest waste is a 
plentiful source of lignocellulosic biomass that is proficiently utilized for mushroom cultivation. 
Ganoderma lucidum is one of the most efficient wood biomass degrader mushrooms (Rashad 
et al., 2019). 
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17.6 RAW LIGNOCELLULOSIC BIOMASS AS A SUPPLEMENT FOR WILD 
MUSHROOM GROWTH 

The heterotrophic nature of mushroom means its dependence on external nutrients for growth. 
Carbon, nitrogen, phosphorus, potassium, and magnesium are the major macronutrients, and iron, 
selenium, zinc, manganese, copper, and molibidium as trace elements are mandatory for better 
growth of mushroom. Along with nutrients, suitable oxygen availability and specific pH range are 
also required for normal metabolism, which enhances mushroom growth (Carrasco et al., 2018). 
The vegetative mycelium draws nutrients from the growing substrate, mainly of either two origins, 
i.e. composted materials acquired via fermentation and pasteurization process (Vos et al., 2017) or 
non-composted materials (a mixture of various lignocellulosic biomass) after steam sterilization 
(Yamanaka, 2017). Whatever the substrate, both are procured from agriculture and agro-industrial 
residues (Carrasco et al., 2018). Supplementation of substrates for nutrient enrichment stimulates 
the mycelium growth, promotes fructification, and enrich nutrient profile in mushrooms. 
Supplements are of a variety of origin depending on the country like defatted vegetable meal and 
dry nuts, cereal bran, fruits peels, grape pomace, cottonseed meal, chicken manure, urea, super-
phosphate, ammonium sulfate, etc. (Pardo-Giménez et al., 2018). Cereal straw (wheat, rice) and 
sawdust are usually considered the base material for substrates; however, their nitrogen supply is 
exhausted in the mycelium formation, which results in the decline of yield and protein content 
(Pardo-Giménez, Carrasco, Roncero, Álvarez-Ortí, Zied, & Pardo-González 2018; Pardo-Giménez 
et al., 2020). The nitrogen deficiency can be compensated by animal litter (chicken or turkey 
manure) in the compost along with gypsum, which conserves nitrogen and balances the desired pH 
throughout mushroom development (Pardo-Giménez et al., 2020). 

The low-cost lignocellulosic biomass-based residues as supplements are a promising approach 
that balances the nutrient availability problems for better mushroom cultivation as well as offers 
better management of lignocellulosic biomass as waste through mushroom cultivation. Processed- 
based residues like wheat bran, rice bran, mustard cake, cottonseed cake, soya cake powder, carrot 
pulp, molasses, etc., are low cost and are easily available supplements that compensate nutrient 
deficiency of base substrates (Jafarpour et al., 2010; Salama et al., 2019). The C:N ratio, pH, 
moisture content, compaction, oxygen, and carbon dioxide concentrations, and temperature of the 
substrates also influence mushroom growth; however, they are strongly influenced by the type of 
base substrate and supportive supplement percentage along with precise timing and proper method 
of application (Salama et al., 2019). The nutritional aspects of Pleurotus ostreatus cultivated with 
various types of sawdust (eucalyptus tree, mahogany tree, rain tree, ipil ipil tree, fig tree), as base 
substrates in individual and in combination were evaluated with 30% wheat bran as a supplement 
(Telang et al., 2010). The results revealed the highest protein content (27.30%) with ipil ipil tree 
sawdust, and fig tree sawdust showed the highest amount of dry matter (10.53%), lipid (4.46%), 
nitrogen (4.52%), iron (42.55 mg/100 g), zinc (27.65 mg/100 g), and selenium (6.77 mg/100 g). 
Moreover, mahogany tree sawdust exhibited the highest amount of carbohydrates (42.36%), cal-
cium (31.98 mg/100 g), and magnesium (19.85 mg/100 g). Pardo-Giménez et al., (2018) estimated 
the protein content of Agaricus bisporus and Pleurotus ostreatus cultivated on wheat straw as 
substrates supplemented with defatted pistachio meal (5 g/kg dose) and reported a high content of 
protein (207 g/kg for Agaricus bisporus and 147 g/kg for Pleurotus ostreatus) in comparison to the 
control. 

In another study, Pardo-Giménez et al., (2018) used a mixture of compost (chicken manure), 
and wheat straw as the substrate supplemented with a 5 g/kg dose of defatted pistachio meal and 
reported protein content of 201 g/kg and 153 g/kg (dry weight) in Agaricus bisporus and Pleurotus 
ostreatus, respectively. In both studies, supplemented substrate produced high protein content in 
mushrooms than the non-supplemented substrate. Jeznabadi et al. (2016) evaluated various 
combinations of agriculture residue as substrate and supplements for protein content (g/100 g 
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edible weight) in Pleurotus eryngii. The results revealed the highest value of protein content of 
13.66% for wheat straw, wheat bran, and soybean powder combination, followed by a wheat straw, 
soybean powder, and rice bran combination (13.53%) and barley straw and soybean powder 
combination (11.82%). The barley straw and wheat bran combination produced the least protein 
content (4.64%) in Pleurotus eryngii. Moreover, Pleurotus eryngii showed high-protein content in 
the fruit body with wheat bran supplement (7.70%) in comparison to rice bran (6.74%). 

Moonmoon et al. (2011) calculated the biological yield of Lentinus edodes grown on the sawdust 
substrate supplemented with wheat bran and rice bran and observed the higher biological yield 
(153.3/500 g packet) with 25% wheat bran in comparison to rice bran (105.3/500 g packet). 
Furthermore, a better-quality mushroom was achieved with 40% wheat bran supplement and 
sawdust-based substrate. Lignocellulosic biomass as a basic substrate and bran as the supplement has 
shown improved characteristics for nutrient enhancement in growing mushrooms due to efficient 
uptake of naturally available nitrogen of organic origin such as wheat bran by mushroom instead of 
synthesizing the molecules (Salama et al., 2019). The wheat bran presence improved the water 
retention in the substrate as well as the high content of protein of wheat bran (15.6%) over rice bran 
(13.4%) makes wheat bran a better supplement that enhanced mushroom yield and quality by pro-
viding certain amino acids available in wheat bran (Tiefenbacher, 2017; Salama et al., 2019). 

A mixture of cotton stalk, rice straw, sugarcane bagasse, and wheat bran improved the protein 
content (16.69%), polysaccharides (3.61%), and minerals (3,433 mg/100 g) (Rashad et al., 2019). 
The nutritional aspect of Pleurotus ostreatus grown on conifer sawdust (CS) and bamboo 
(Phyllostachys pubescencs) sawdust (BS) as a base substrate and sweet potato schochu lees (SPSL) 
(dry) as a supplement was explored (Yamauchi et al., 2019). BS+SPSL combination expressed 
superiority over CS+SPSL in terms of protein content (43.8 and 41.1 g/100 g, dry weight), 
phosphorous value (1,573 and 1,474 mg/100 g), leucine amino acid value (453 and 252 mg/100 
mg), isoleucine amino acid value (301 and 135 mg/100 mg), and valine amino acid value (355 and 
180 mg/100 mg), respectively. The results show an enriched nutrient profile in Pleurotus ostreatus 
with BS in comparison to CS substrate. Rice straw with wheat bran and rice bran revealed a higher 
potassium content of 0.97 g/100 gm and 0.81 g/100 g, respectively, than the control (0.33 g/100 g) 
in Pleurotus ostreatus (Salama et al., 2019). Schizophyllum commune grown on 94% grape residue 
supplemented with 5% wheat bran displayed high protein content (16.59%) compared to the 
control (9.96%) (Basso et al., 2020). Wheat bran (25%) supplemented waste paper (75%) substrate 
indicated improvement in biological efficiency from 179% to 522% with Pleurotus ostreatus 
(Tesfay et al., 2020). 

17.7 MODIFIED LIGNOCELLULOSIC BIOMASS AS A SUPPLEMENT FOR THE 
GROWTH OF WILD MUSHROOMS 

Biochar is a pyrogenous carbon-rich solid derived from lignocellulosic biomass, commonly 
produced via the pyrolysis process, offers dual benefits. Biochar production serves as a sustainable 
option for lignocellulosic biomass-based waste management as well as it is an environmentally 
friendly low-cost material with various environmental applications (Tomczyk et al., 2020). Biochar 
exhibits high-carbon content, resistivity to hydrolysis and chemical reaction (Nam et al., 2018), 
high porosity, and large surface area (200 m2/g–400 m2/g) (Li et al., 2016). The adsorptive porous 
structure of biochar improves the retention and translocation of nutrients and water (Nam et al., 
2018; Mahari et al., 2020). These promising features make biochar a stable supplement in 
mushroom cultivation. The slow pyrolysis (known as bio-carbonization) process produces a greater 
amount of biochar yield (35%, dry weight) in comparison to fast pyrolysis (12%, dry weight) 
(Mahari et al., 2020). Microwave vacuum pyrolysis (MVP) is a recently developed, promising, and 
innovative technique for biochar production (Lam et al., 2016; Nam et al., 2018; Liew et al., 2018;  
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Kong et al., 2019; Mahari et al., 2020; Foong et al., 2020). Nam et al. (2018) evaluated the growth 
of Pleurotus ostreatus on a mixture of sawdust (883 g), rice bran (85 g), and supplemented with 
biochar (20 g) which was produced by microwave vacuum pyrolysis technique from the palm 
kernel shell. The biochar presence reduced the mycelium colonization period to 21 days in 
comparison to conventional mushroom cultivation methods, i.e. 32–49 days. Furthermore, biochar 
significantly improved the mushroom yield (400–600 g/month) compared to the control (100–300 
g/month). Spent mushroom substrate (SMS) transformed biochar via microwave vacuum pyrolysis 
enhanced the water retention up to 59%; total mycelium growth volume of 317 cm3 and Pleurotus 
species yield of 200 g/month (Lam et al., 2019). 

Mahari et al. (2020) used biochar produced by microwave vacuum pyrolysis (750 W) of palm 
kernel shell (yield of 28 wt%) with a mixture of rice bran and sawdust as a growth medium for 
Pleurotus ostreatus cultivation. The results revealed that a 1-month period with 150 g of biochar 
was sufficient for complete colonization of the mycelium (Mahari et al., 2020). High temperatures 
(750 W) resulted in a low biochar yield (28 wt%) and vice versa (550 W, 36 wt%) because high 
temperatures intensified the process of biomass decomposition, which reduced the carbon content, 
active surface area, and porosity (Nam et al., 2018; Mahari et al., 2020). The adsorptive porous 
surface of the biochar provides various sites and porous networks that absorb, retain, and trans-
locate the necessary nutrients from rice bran for faster mycelium growth (Zhu et al., 2017; Nam 
et al., 2018). The addition of 10% biochar in a substrate consisting of a mixture of cotton stalks 
(27%), rice straw (27%), sugarcane bagasse (27%), wheat bran (18%), and CaCO3 (1%) responded 
to the highest yields (238.40 g/kg), biological efficiencies (23.84%), protein content (19.58%), and 
minerals (4,092 mg/100 g) (Rashad et al., 2019). Better retention of water, nutrients, and neu-
tralizing potential made biochar a potential additive in mushroom cultivation (Peiris et al., 2019;  
Mahari et al., 2020). 

17.8 CONCLUSION 

The cultivation of different mushroom species is established as a popular agro-commercial 
activity recognized for high nutritional and medical values. Besides being rich in protein content 
and other nutritional components, mushrooms also produce various bioactive compounds that are 
used in prevention and treatment for various chronic diseases like cancer, asthma, hepatitis, car-
diovascular problems, etc. Ganoderma lucidum and Lentinula edodes have been widely explored 
for their antitumor activity. Moreover, some of the researchers also reported the use of different 
mushroom species for animal feed, making them a valuable resource for animal husbandry. The 
cultivation of mushrooms is primarily associated with nutritional aspects but also exhibits both 
ecological and economical gain. Besides nutritional and health aspects, some of the edible wild and 
cultivated mushrooms are reported to be associated with toxicity issues and may be consumed 
judiciously. 

Mushroom cultivation is one of the important commercial activities associated with the sus-
tainable use of different lignocellulosic biomass-based residues as substrates. Mushroom culti-
vation on a lignocellulosic biomass-based substrate not only enhances the protein content but also 
transforms them into efficient animal feed. The lignocellulosic biomass residue like rice straw, 
sugarcane bagasse, etc. can easily be degraded by white rot mushroom-forming fungi and so obtain 
a fermented product used as ruminant feed supplement due to enhanced digestibility. Wild 
mushrooms draw nutrients from their growing substrate via solid-state fermentation of the lig-
nocellulosic biomass with the help of their enzymatic system. This clears a way for eco-friendly 
management of different agriculture and agro-industrial residue (lignocellulosic biomass-based), 
resulting in the production of value-added products for different human needs such as enzymes, 
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etc. Pleurotus spp. and Lentinula edodes are widely explored for enzyme production of industrial 
applications as well as efficient bioremediation and biodegradation potential for toxic substances. 

Apart from all the positive aspects of the usage of different lignocellulosic biomass-based 
residues as substrates for the cultivation of mushroom species, some risks are also associated with 
the consumption of edible mushrooms as they tend to accumulate various heavy metals, which may 
pose hazardous effects on human health and the food chain, e.g., Pleurotus ostreatus, Flammulina 
velutipes, Lentinus edodes, Boletus edulis Bull, Lactarius spp., Clitocybe alexandri, etc. 

Various lignocellulosic biomass-based residues utilized as substrates play an important role in 
supplying the nutritional requirement for the growth of different mushroom varieties. However, 
growth conditions also play an important role in mushroom cultivation as different factors or 
variables influence the vegetative growth of mushroom species such as the C:N ratio, temperature, 
moisture, competition with other organisms, microbial contamination, etc. The major issue related 
to the use of lignocellulosic biomass-based resides as substrates for mushroom cultivation is the 
inadequate supply of nitrogen until the maturity of the fruiting body that reduced the protein 
content and other nutritional qualities of mushrooms. However, mixing with other lignocellulosic 
biomasses, the addition of agriculture and agro-industrial based products like bran and modified 
lignocellulosic biomasses like biochar overcome this major problem. 

Intensive studies involving biochemical, nutrigenomics, and molecular studies should be con-
ducted to explore novel mechanisms and characterization of biologically important metabolites and 
the farming community may be made aware regarding the production of this value-added product for 
the sustainable use of resources with good economic gain. Mushroom cultivation is a small com-
mercial activity involving the agricultural community and technical experts, which fulfills three 
sustainable development goals, i.e., nutrition (proteinaceous food), good health and well-being 
(medicinal value), and lignocellulosic biomass-based waste management, making Earth a better place 
for human survival with less environmental and nutritional challenges. 
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