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Preface

Mushrooms have often been referred to as a functional food due to their high
nutritional content. They have many medicinal properties such as being an
antioxidant, antimicrobial, anticancer, antidiabetic, immune enhancer, and also
used for the treatment of various diseases such as anthelmintic, anti-inflammatory,
antipyretics, etc. According to current information, there are approximately twelve-
thousand species in the world, and out of them, 2000 species are reported as being
edible. Around 35 edible mushroom varieties are cultivated commercially, whereas
almost 200 wild species could be used for medicinal purposes. Mushrooms produce
various types of extracellular enzymes that are useful for industry and also have the
ability to decolorize dyes, which are very harmful to the environment. The present
volume consists of seven chapters written by researchers from different countries,
including the USA, Nigeria, Kenya, Brazil, Bangladesh, and India. This book covers
most of the recent information about edible mushrooms and their applications

as an alternative source for food production and biomedical fields. The editors
express their robust appreciation to all the contributors for sharing their knowledge
and ideas in this volume. The editors are also thankful to IntechOpen publishers

for giving us a chance to amass this critical volume. We hope that the chapters
presented in this book will be beneficial for students and researchers engaged in the
mushroom research area.

Ajit Kumar Passari and Sergio Sanchez
National Autonomous University of Mexico,
Mexico






Chapter1

Antimicrobial and Antioxidant
Potential of Wild Edible
Mushrooms

Marvia Paula Gomez Romdn, Nathalia Badillo Mantilla,
Sergio Andrés Carrefio Florez, Surajit De Mandal,

Ajit Kumar Passari, Beatriz Ruiz-Villdfan,

Romina Rodriguez-Sanoja and Sergio Sdnchez

Abstract

Wild edible mushrooms have a high nutritional property that has been consumed
by people from different parts of the world, producing a wide variety of bioactive
compounds such as polysaccharides, peptides, glycoproteins, triterpenoids, lipids,
and their derivatives. In the world, multidrug-resistant pathogens have been increas-
ing drastically, and it is very urgent to search for alternative solutions to fight against
multidrug-resistant pathogens. Moreover, unhealthy foods, ultraviolet radiation,
as well as other environmental effects, are responsible for generating free radicals,
oxidative stress, and numerous health diseases. Hence, the wild edible mushroom
could be an alternative source of new antimicrobial potential and possesses antioxi-
dant properties that can play significant roles in preventing various health diseases.
In this book chapter, we focus on investigating the antimicrobial and antioxidant
potential of wild edible mushrooms and their bioactive compound production.

Keywords: edible mushrooms, antimicrobial, antioxidant, bioactive compounds

1. Introduction

Fungi are eukaryotic and spore-bearing organisms with a life cycle divided into
two phases: a growth phase and a reproductive phase. Macro fungi or mushrooms
are species with a natural fruit body that can grow large enough to be visible or
can grow underground. The spores, produced by the fruiting body, are the unit of
sexual and asexual reproduction and are responsible for fungi’s spread [1].

About 14,000 mushroom species have been reported, among them, 2000
mushrooms are reported as edible [2]. Additionally, less than 1% of the recognized
fungus is poisonous, and a less percentage is fatal species [3]. Edible mushrooms
have high medicinal properties due to their great rich content of polysaccharides,
especially f-glucans. Many researchers reported that edible mushrooms have enor-
mous features, including antioxidants, cholesterol-lowering properties, anti-hyper-
tensive, anti-inflammatory, liver protection, as well as anti-diabetic, anti-viral, and
anti-microbial potential (Figure 1) [4-7].
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Figure 1.
Properties of edible mushrooms.

Currently, antimicrobial drug resistance is the serious problem in the world.
The selection of bacterial strains based on physiological or biological aspects used
high doses for the treatment of antimicrobial resistance pathogens [8]. Under
certain conditions, the susceptible bacterial growth is inhibited by the drug while it
becomes high resistant [9]. This problem has eagerly vigored the researchers to find
the alternative source to fight against multidrug resistant pathogens and develop
the new antimicrobial substances from various sources [10]. Hence, the researchers
are studied that various types of mushroom have high antimicrobial potential and
could be useful for new therapeutic activities such as anticarcinogenic, immuno-sup-
pressor, and antibiotic, among others. In recent periods, different genus mushroom
(Lycoperdon sp., Cantharellus sp., Agaricus sp., Clavaria sp., and Pleurotus sp.) extracts
showing great interest as an alternative source to obtain natural products from the
various researchers [11]. Various solvents like methanol, acetone and hexane was
used to prepare mushroom extracts that showed significant antimicrobial activities
[12, 13]. Edible mushrooms have been used in health care for treating diseases for
their compelling bioactive compound content. The most widely cultivated mush-
rooms are Agaricus bisporus, Lentinus edodes, Pleurotus spp., and Flammulina velutipes
[14], which showed the most considerable antimicrobial activity against Gram-
positive and Gram-negative bacteria. Thus, it is essential to be a focus on studying
different types of edible mushroom extracts to find a source of physiologically
beneficial and non-toxic medicines against the multidrug-resistant pathogens [12].

Moreover, full edible mushrooms show significant antioxidant activity.
Antioxidant compounds protect the cells from oxidative stress, a cellular process
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involved in the development of different humans’ diseases as diabetic disease,
Alzheimer’s disease, and cancer, among others. Hence, it is necessary to investigate
the different extracts of mushroom displayed potent antioxidant activity. For
example, Melanoleuca species could be considered for pharmacological studies
because of its high antioxidant capacity [15]. Additionally, a few researchers sug-
gested that higher content of antioxidants present in the mushroom could be used
as a food supplement that can supply high nutrient ability in the body [16, 17].

As we know, edible mushrooms have wide range of industrial and pharmaceuti-
cal applications. In this chapter, we will focus to describe the importance of wild
edible mushrooms with their antimicrobial potential against pathogens as well as
determine their antioxidant activities.

2. General information about mushroom

Mushrooms are eukaryotic heterotrophic organisms defined as macrofungi with
a fruiting body formed by a cap and a stalk [18]. These macrofungi contain a wide
variety of species belonging to the class Basidiomycota [19]. The mushrooms are fila-
mentous fungi with both sexual and asexual reproduction cycle. The characteristic
of basidiomycetes is a spore-producing structure or fruiting body called basidium.
The morphological unit of the basidium is the hyphae, and a mass of hyphae is called
mycelium. The spores produced inside the basidium are called basidiospore and are
responsible for its reproduction and its dissemination. Sexual reproduction begins
when the basidiospore germinates and grown as a haploid mycelium in optimal
environmental conditions [1, 20]. Mushrooms are well-known as edible and non-
edible macro-fungi. The edible and non-edible mushroom can differentiate based on
morphological characteristics like color, appearance, and shape of the cap [3].

In recent years, many studies have been reported that mushroom has extreme
nutritional properties like vitamins, fats, proteins, etc. and could have high thera-
peutic properties that can be used as an antioxidant, anticancer, antidiabetic, car-
diovascular protector, and hepatoprotective effects [19]. Moreover, the mushroom
could be used as potential sources to obtain peptides, vitamins, proteins, lipids,
amino acids, fiber, and antimicrobial compounds [14]. Last 20 years, most of the
food industry could use the mushroom as a food product to prepare different kinds
of jam, pickle, sweets, etc. [21].

3. Antimicrobial potential of edible mushroom

The use of antibiotics is the single most crucial factor leading to increased
resistance of pathogenic microorganisms around the world [22]. Antibiotics are
among the most commonly prescribed drugs used in human medicine. However,
up to 50% of all the antibiotics prescribed for people are not needed or not opti-
mally effective as prescribed [23]. Another major factor in the growth of antibiotic
resistance is spread of the resistant strains of bacteria from person to person, or
from the non-human sources in the environment, including food [24]. Natural
resources have been taken advantage over the years, and among them, wild edible
mushrooms vast diversity of active compounds with nutritional and antimicrobials
properties [25-27]. Mushrooms have long been playing an essential role in several
aspects, having medicinal value; mushrooms have been playing an indispensable
role in several aspects of human activity, like feed and medicinal properties [28, 29].
Current researches have been focused on searching for new antimicrobials thera-
peutically potential compounds of edible mushrooms [22] recognizing that some of
these molecules have health beneficial effects, including antimicrobial properties.
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An Introduction to Mushroom

Nowadays, researchers are interested in searching antimicrobial compounds
isolated from edible mushrooms that can be useful to inhibit the multidrug-resistant
(MDR) pathogens. Recently, Kosani¢ et al. [30] state that acetone extract of Craterellus
cornucopioides has 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 bisporous (white button
mushroom) was used to feed in mice and to evaluate the bacterial microflora, urinary
metabolome, and resistance to a gastrointestinal (GI) pathogen along with control
untreated mushroom. As a result, mice treat with mushrooms increased the diversity
of the microflora and decreased the GI tract Clostridia pathogen [31]. Chaiharn et al.
[32] 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 bacterial pathogens (Table 1).

4. Antioxidant potential of edible mushroom

Free radical is unstable and very reactive molecules defined as any molecule
containing unpaired electrons. These molecules attack nearby chemical compounds
to capture the needed electron for gaining stability [44, 45]. Free radicals can be
derivate from nitrogen compounds [Reactive Nitrogen Species (RNS)] or molecular
oxygen (O,) [Reactive Oxygen Species (ROS)]. ROS are the ruling class of radical
species producing by endogenous and exogenous sources in living systems [25].
The endogenous source is present in aerobic cells that include metabolism of energy
production, respiratory burst, respiratory chain inside the mitochondrial, and
some intracellular enzymes reactions. Exogenous sources are tobacco smoke, stress,
drugs, environmental pollution, xenobiotics, among others [44, 46].

In physiological conditions, antioxidant compounds control ROS levels by an
enzymatic system or a non-enzymatic system. The enzymatic system comprises
superoxide dismutase (SOD), glutathione peroxidases, and catalase, whereas
ascorbic acid (vitamin C), a tocopherol (vitamin E), glutathione, carotenoids, and
flavonoids make part of the non-enzymatic system [45]. However, ROS can be main-
tained at low concentrations because they require different cell processes, including
cell proliferation, apoptosis, and gene expression [46]. The oxidant stress is formed
due to in balance of ROS production and antioxidant defenses. The cellular lipids,
proteins, and DNA can damage due to increase of ROS that can form various stress
like diabetes, cancer, neurological disorders, cardiovascular diseases, mutagenesis,
and the aging process [25]. For that reason, the improvement of antioxidant-
containing foods may help to reduce the harmful effects caused by oxidative damage
[45]. Nowadays, researchers are focused on mushroom antioxidant potential due to
their high levels of antioxidants like phenolic compounds, polysaccharides, tocoph-
erols, carotenoids, ergosterol, and ascorbic acid are present in the mushroom [47].

In Table 2, we have mentioned various mushroom extracts that have abundant
antioxidant activity and produced several phenolic compounds. Total phenolic content
varied from 5.1 + 0.5 to 81.33 + 1.1 mg GAE/g of extract found in Boletus edulis and
Boletus griseipurpureus, respectively. These compounds can act as oxygen scavengers,
peroxide decomposes, and free radical inhibitors as per the various researchers [44, 46].
Additionally, few other compounds like pyrogallol, polysaccharides, flavanols, ascorbic
acid, and carotenoid compounds are beneficial for antioxidant potential.

Table 2 shows the phenolic and non-phenolic compound detection based on
high-performance liquid chromatography (HPLC), nuclear magnetic resonance
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(NMR) analysis, chromatographic method or gas chromatography-mass spectrom-
etry (GC-MS). Moreover, Table 2 described that the different kinds of mushrooms
could be used to determine the antioxidant activity potential in several ways, such

as 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,2'-azinobis- (3-ethylbenzthiazoline-
6-sulphonate (ABTS), and ferric-reducing antioxidant power (FRAP). Further,
Sriramulu and Sumathi [57] demonstrated that extract of edible Agaricus bisporus and
wild Ganoderma lucidum mushroom was used to synthesize silver nanoparticles that
showed photocatalytic activity and biological activities such as in vitro antioxidant
activity, anti-inflammatory activity, and antimicrobial activity against bacterial
pathogens such as E. coli and S. aureus. Garrab et al. [48] reported that ethyl acetate
extract of Agaricus silvaticus Schaeff., Hydnum rufescens Pers., and Meripilus giganteus
(Pers.) Karst. exhibited antioxidant and anticholinesterase activity. Interestingly, ethyl
acetate extract of Hydnum rufescens Pers. indicated the highest antioxidant activity in
DPPH and catalase potential. Recently, many researches are focusing on extracting the
compound like chitosan and chitosan + procyanidin obtained from a mushroom that
can be used to coat the blueberries, which revealed the higher antioxidant potential as
compared to no coated berries [61]. Similarly, Velez et al. [62] reported that AA-loaded
chitosan/tripolyphosphate nanoaggregates obtained from mushrooms, which can

be useful to coat the fresh-cut mushrooms that displayed significant antioxidant
activity. Moreover, some studies had reported that antioxidant activity, total phenolic
compounds, and total flavonoid compounds increased in tarhana and bread after the
addition of Morchella conica, Ramaria flava, and Agaricus bisporus powder [16, 17].

In addition, some researchers are investigated to study the antiangiogenic poten-
tial to prevent neurological disorders and hepatoprotective properties. A p-terphe-
nyl compound is derived from two edible mushrooms that showed the anticancer
effect to averts vascular endothelial growth factor with the presence of antioxidant
and anti-inflammatory activity [63]. Few researchers reported that benzoic
acid derivative compounds such as be p-hydroxybenzoic, protocatechuic, gallic,
gentisic, homogentisic, vanillic, 5-sulphosalicylic, syringic, veratric, and vanillin
obtained from diverse types of much room such as Phellinus rimosus, Ganoderma
lucidum, Ganoderma tsugae, Coriolus versicolor, Lentinus edodes, Volvariella volvacea,
Termitomyces heimii, Helvella crispa, Termitomyces tylerance, Lactarius sanguifluus,
Morchella conica, Termitomyces mummiformis, Pleurotus sajor-caju, Termitomyces
schimperi, Lentinus squarvulosus, Boletus edulis, Pleurotus djamor, Macrolepiota
proceva, Cantharellus clavatus, Morchella angusticeps, and Termitomyces microcarpus
[25]. Recently, a few different polyphenols like curcumin, resveratrol, and quercetin
showed pro-oxidant activity that can act as photosensitizers to produce 10, as per
Lagunes and Trigos [64]. Additionally, Li et al. [65] reported that the aqueous
extract of Amanita caesarea was estimated in an L-glutamic acid to induce the HT22
cell apoptosis model. In contrast, D-galactose and AICl; have improved Alzheimer’s
disease (AD) in the mice model to prevent neurogenerative diseases. One of the
interesting studies Chen et al. [66] explored is that polysaccharides isolated from
Grifola frondosa could be used to improve memory impairment in aged rats by
increasing total antioxidant capacity, glutathione peroxidase activity, superoxide
dismutase activity, and catalase activity. Dong et al. [67] indicated that enzyme-
assisted M. esculenta polysaccharide enhances hepatic antioxidant enzymes that can
decrease the amount of lipid peroxidation in mice models.

5. Conclusion and concluding remarks

Mushroom is widely useful as food supplements and suitable for all the age groups
due to their high content of protein, dietary fiber, vitamins, and mineral. Moreover,
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they contain various bioactive molecules such as polysaccharides, terpenoids, glyco-
proteins, antimicrobial compounds, antioxidants, etc. that can play a major role in
the treatment of numerous diseases like improving immune strength, decreasing the
cancer level in the body, reducing blood sugar level, inhibiting the multidrug resistant
bacterial pathogen, and many more. In this review, we have focused on antioxidant
and antimicrobial activity of edible and non-edible mushrooms all over the world and
their uses. We have found that few of the mushroom are producing wide variety of
bioactive phenolic compounds such as pyrogallol, polysaccharides, flavanols, ascorbic
acid, and carotenoid compounds that can be used to control various diseases like
antitumor, antimicrobial, antioxidant and anti-hypertensive, hypocholesterolemic,
and hepatoprotective activity. Mushrooms like Agaricus silvaticus Schaeff, Hydnum
rufescens Pers., Meripilus giganteus (Pers.) Karst., Termitomyces sp. Tricholoma crissum,
Volvariella volvdcea, Astraeus hygrometricus, Alpova trappei, Auricularia auricula,
Cantharellus cibarius, Cra Craterellus aureus, Lentinus sp., etc. showed significant anti-
oxidant activity and produced various compounds that detected by HPLC, GC-MS,
and NMR spectroscopy as presented in the tables. Further, different solvent extracts
of Xerocomus ichnussanus, Boletus lupinus, Flammulina velutipes, Phellinus igniarius,
Sarcodon imbricatus, Tricholoma aurantium, Agaricus bisporus, Pleurotus ostreatus, and
Lentinula edodes exhibited potent antimicrobial activity against Gram-positive and
Gram-negative bacteria as shown in the table. It can be concluded that mushroom has
high therapeutic potential that could be used for the development of new formula-
tions, which can be beneficial for new nutraceutical products. Hence, new methods
should be used to isolate novel compounds from different mushrooms that can be
used for the deterrence and decrease of several diseases.
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Chapter2

Edible Mushroom: Nutritional
Properties, Potential Nutraceutical
Values, and Its Utilisation in Food
Product Development

Lee-Hoon Ho, Noroul Asyikeen Zulkifli and Thuan-Chew Tan

Abstract

Edible mushrooms are an excellent source of proteins, minerals, polysaccharides,
unsaturated fatty acids, and secondary metabolites. Numerous studies have provided
evidence for the protective effects of edible mushrooms against various chronic
diseases. In this review, details on the compositions and nutritional values of edible
mushrooms were discussed. Furthermore, bioactive compounds such as polyphenolic
compounds and antioxidant capacity of edible mushrooms, as well as the applica-
tion of these edible mushrooms as potential therapeutic agents, were covered. This
chapter also endeavoured to review the recent progress on the potential utilisation of
edible mushrooms in the development of functional food products and its effects on
the nutritional, physical, and organoleptic properties of the developed food products.
Based on the recent socioeconomic trends, the substitution of edible mushroom 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.

Keywords: edible mushroom, nutritional compositions, functional properties,
nutraceutical properties, therapeutic values, food product quality

1. Introduction

Mycophagy describes the practice of eating mushrooms. This practice can be
dated back to ancient times, whereby wild edible mushrooms were collected and
consumed. Mushrooms are an excellent source of vitamins, e.g. B vitamins and
vitamin D [1], and minerals, e.g. phosphorus, magnesium, selenium, copper,
and potassium [2], and are also rich in dietary fibre, chitin and p-glucans [3].
Humans have, for centuries, consumed mushrooms not only for nutrition [4, 5] and
taste [6] but also for their healing properties [7]. Numerous studies have shown that
mushrooms are a rich source of bioactive compounds, e.g. phenolic and flavonoid
compounds, that exert antioxidant properties, and these could be beneficial to

19 IntechOpen



An Introduction to Mushroom

human health [8-12]. Mushrooms could help in reducing the risk of diseases, such
as Parkinsons, Alzheimer’s, hypertension, stroke, and cancer, as well as act as an
antibacterial, immune system enhancer, and cholesterol-lowering agents [13].

Due to the numerous reports and findings on the health benefits of mush-
rooms to humans, studies on the use of mushrooms as a bioactive ingredient in
functional food products have gained attention from the scientific community.
Mushrooms are converted into powder before incorporated into food products,
such as bread, muffins, pasta, patties, and snacks, to increase the nutritional qual-
ity of these products [14-18]. With the introduction of processed food products
incorporated with mushrooms, this further expands the popularity of mushrooms
among consumers. On average, consumers consumed about 5 kg of mushrooms
per person per year, and this number is expected to continue to increase as con-
sumers become more aware of the healthful benefits of incorporating mushrooms
in their diet [19].

For the last 10 years, from 2008 to 2017, the global production of mushrooms
and truffles grew from 6.90 to 10.24 million metric tons [20] (Figure 1). Based on
the latest statistic report from the Food and Agriculture Organization of the United
Nations, in 2017, China (7.87 million metric tons, contributed almost 77% of world
production), the United States (0.42 million metric tons), the Netherlands (0.30
million metric tons), Poland (0.30 million metric tons), and Spain (0.16 million
metric tons) were reported as the top 5 mushroom and truffle producers in the
world. As the demand for edible mushrooms increases and the amount of wild
edible mushrooms shrinks, edible mushroom cultivation is becoming an important
agriculture sector.

The most cultivated edible mushroom worldwide is Agaricus bisporus (com-
mon mushroom) followed by Lentinus edodes (shiitake mushroom), Pleurotus spp.
(in particular oyster mushroom), and Flammulina velutipes (enoki mushroom)

[3, 13, 21]. Moisture content varies around 90% for raw mushrooms. Typically,
mushrooms are low in fat and contain useful minerals and B vitamins. Though
mushrooms are not energy-providing foods, mushrooms are a substantially better
source of nutrition than is often assumed [22].

12000

Production Quantity (1,000 Metric Ton)
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2008 2008 2000 i 202 3 2004 20058 e 2007
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Figure 1.
Growth in world mushrooms and truffles production, 2008-2017. Source: [20].
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2. Nutritional compositions

Edible mushrooms possess high nutritional value, especially protein and carbo-
hydrates. Besides, edible mushrooms have also been described as a rich source of
minerals and vitamins [23, 24]. The mean nutrient values for these raw mushrooms
[25] are presented in Table 1. Han et al. [24] studied the quality properties of pow-
der processed from oyster mushroom, a variety of Pleurotus sajor-caju (PSC). Their
results showed PSC powder had a high content of carbohydrate (60.47 g/100 g),
resulting in 451.60 cal/g calorie. According to Samsudin and Abdullah [21], mush-
rooms provide both digestible carbohydrates (i.e. trehalose, mannitol, glycogen,
and glucose) and non-digestible carbohydrate (i.e. mannans, chitin, and p-glucan).
Later, both these carbohydrates form the larger portion of the total carbohydrates.
Aremu et al. [26] reported that the calculated metabolisable energy values in
Ganoderma spp. (1476.7 kJ/100 g) and in Hebeloma mesophaeum (1513.5 kJ/100 g)
indicate that both varieties of mushrooms are concentrated sources of energy and
compared favourably to cereals in terms of their energy values.

Nutrient Common Shiitake Oyster Enoki
mushroom mushroom mushroom mushroom
Moisture (g/100 g) 9245 89.74 89.18 88.34
Energy (kcal/100 g) 22 34 33 37
Protein (g/100 g) 3.09 2.24 331 266
Fat (g/100 g) 0.34 0.49 041 0.29
Ash (g/100 g) 0.85 073 1.01 091
Carbohydrate (g/100 g) 3.26 6.79 6.09 781
Dietary fibre (g/100 g) 1.0 25 23 27
Ergosterol (mg/100 g) 56 85 64 36
Calcium (mg/100 g) 3 2 3 0
Copper (mg/100 g) 0.32 0.14 0.24 011
Iron (mg/100 g) 0.5 041 133 115
Magnesium (mg/100 g) 9 20 18 16
Manganese (mg/100 g) 0.05 0.23 0.11 0.08
Phosphorus (mg/100 g) 86 112 120 105
Potassium (mg/100 g) 318 304 420 359
Selenium (pug/100 g) 9.3 57 26 22
Sodium (mg/100 g) 5 9 18 3
Zinc (mg/100 g) 0.52 1.03 0.77 0.65
Thiamin (mg/100 g) 0.081 0.015 0.125 0.225
Riboflavin (mg/100 g) 0.40 0.22 0.35 0.20
Niacin (mg/100 g) 3.61 3.88 4.96 7.03
Pantothenic acid 1.50 1.50 1.29 1.35
(mg/100 g)
Pyridoxine (mg/100 g) 0.10 0.29 0.11 0.10

Source: USDA [25].

Table 1.
Mean nutrient content of raw mushrooms per 100 g edible portion.
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On the other hand, Han et al. [24] reported that PSC contained 22.4 g/100 g
protein, 56.99 g/100 g dietary fibre (i.e. 56.99 g/100 g total dietary fibre, 48.79 g/100 g
insoluble dietary fibre, and 8.20 g/100 g soluble dietary fibre), 779 g/100 g ash, and
3.32 g/100 g B-glucan but has low amount of sucrose (0.19 g/100 g) and crude fat
(2.30 g/100 g). According to Elleuch et al. [27], polysaccharides especially dietary
fibres are the most important active compounds among others. Hence, several medici-
nal and pharmacological properties of PSC are believed to be associated with dietary
fibre which can provide functional properties.

It is interesting to note that different parts of mushroom, the cap, stalk, or
cap with a stalk of oyster mushroom (Pleurotus ostreatus), an edible mushroom,
presented different proximate compositions [28]. The results showed that the
stalk of mushrooms had the highest moisture content (6.33 g/100 g) than the
other parts of mushrooms, whereas the cap showed the least moisture content
(3.48 g/100 g). In addition, there was a noticeable difference in their protein
content, 34.19 g/100 g of the cap, 20.96 g/100 g of a stalk, and 30.48 g/100 g
of the cap with a stalk. Cruz-Solorio et al. [29] reported that the fruit body of
Pleurotus ostreatus has significant nutritional values and highly valuable protein
concentrates. Protein fractionation revealed that globulin had the highest propor-
tion with 47.31% present in the cap, 23.31% in stalk, and 44.65% present in cap
with a stalk, while albumin varied between 3.29 and 4.18% in cap, stalk, and cap
with a stalk [28]. Moreover, the cap, stalk, and stalk with a cap were reported to
have 3.14 g/100 g, 7.53 g/100 g, and 8.12 g/100 g, respectively, of crude fibre. The
ash content was between 5.30 and 8.24 g/100 g for all parts of the mushroom; the
fat content was 1.48 g/100 g, 1.55 g/100 g, and 1.5 g/100 g for the stalk, cap, and
stalk with the cap, respectively. Carbohydrate content ranges between 51.94 and
61.77 g/100 g [28].

In another study by Kayode et al. [23], they found that the proximate composi-
tions of exotic oyster mushroom grown on Gmelina wood waste and indigenous wild
species of oyster mushroom (i.e. PSC) have 7.00 g/100 g and 715 g/100 g moisture,
19.30 g/100 g and 25.24 g/100 g protein, 7.24 g/100 g and 6.65 g/100 g crude fat,

747 g/100 g and 7.05 g/100 g crude fibre, 7.13 g/100 g and 8.25 g/100 g ash, and
51.86 g/100 g and 45.66 g/100 g total carbohydrate, respectively. This study con-
cluded that oyster mushroom grown on Gmelina wood waste is favourably compared
with the wild counterpart and has potential for use as acceptable human food [23].

According to Aremu et al. [26], Ganoderma sp., Omphalotus olearius, and
Hebeloma mesophaeum are species reported to be among the most edible mush-
rooms commonly found in Nigeria. They evaluated the proximate composition of
these three edible mushrooms. The evaluated samples contained moisture, crude
protein, ash, crude fat, and total carbohydrate in the range of 10.0-11.1 g/100 g,
18.5-21.5 g/100 g, 7.3-8.3 g/100 g, 6.9-8.7 g/100 g, and 50.3-50.9 g/100 g, respec-
tively. Moreover, Valverde et al. [13] reported that the major fatty acids found in
mushrooms are linoleic (C18:2), oleic (C18:1), and palmitic (C16:0). Besides, there
was also a mild amount of crude fibre (2.8-3.5 g/100 g) present in the evaluated
mushroom [26]. This can be concluded that the nutritional content of mushrooms
does not only depend on environmental factors but also on species.

Ishara et al. [30] fortified the maize flour with mushroom flour from Agaricus
bisporus and Pleurotus ostreatus, aimed to improve the nutritional values of the flour.
To this, the compositional characteristics and their interactions were investigated.
Overall, the protein content of maize flour increased with increased mushroom flour
content from 6.9 g/100 g to 15.87 g/100 g (Agaricus bisporus) up to 19.32 g/100 g
(Pleurotus ostreatus), and a significant increase in fibre (0.53-5.89 g/100 g) was
observed [30]. Overall, edible mushrooms contain a high amount and good quality
protein content for approximately 20-40 g/100 g of dry weight basis [31]. They are
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ranked to be richer than most food sources except meat in terms of protein content
[32]. Besides, the mushroom also contains several amino acids that cannot be derived
by a human: phenylalanine, lysine, isoleucine, leucine, valine, histidine, threonine,
methionine, glutamic acids, and aspartic [5, 33]. To this, glutamic acids and aspartic
are the two essential amino acids that give the property umami taste of mushrooms
[34]. Therefore, mushroom provides balancing diet compounds in sufficient
amounts for human health.

Further, Alexopolous et al. [35] reported that the fairy ring mushroom
(Marasmius oreades) is a good edible species containing copper, iron, zinc, folic acid,
and all the essential amino acids required by a human. In addition, Lentinula edodes
is reported to have low sodium and glucose, which are ideal for diabetics [35]. In
another report, several predominant minerals such as potassium, magnesium, cal-
cium, and iron are found in both exotic cultivated oyster mushrooms and indigenous
wild oyster mushrooms. However, most of the mineral values are lower in exotic
cultivated mushrooms as compared with that wild oyster mushroom. Oluwafemi
et al. [28] reported that phosphorus, magnesium, and potassium were the major
abundant minerals in mushroom 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. Also, according to Kala¢ [36], potas-
sium is the major element in edible mushrooms. It was reported that potassium is
unevenly distributed within the different parts of mushroom fruit bodies; potassium
is found to accumulate most concentration in a cap, followed by stipe, spore-forming
part, and the least in spores. Magnesium is the second major mineral after potassium
found in wild edible mushrooms [36]. Interestingly, sodium is found to present the
lowest concentration among all evaluated minerals in the mushrooms [36, 37]. On
the other hand, the fortification of maize flour with mushroom powder resulting
in the mineral content increased from 2.84 to 8.74 mg/100 g for iron and 3.13 to
5.41 mg/100 g for zinc in the composite flours [30].

Another study was performed on the determination of p-carotene (vitamins A);
a-tocopherol and y-tocopherol for vitamin E, ascorbic acid (vitamin C), thiamine
(vitamin B1), and riboflavin (vitamin B2); and several dominant and trace minerals
on selected wild edible mushrooms, namely, Pleurotus sp., Hygrocybe sp., Hygrophorus
sp., Schizophyllum commune, and Polyporus tenuiculus. The results revealed that
Schizophyllum commune had the highest vitamins A and E for approximately
2711.30 mg/g fresh weight and 85.08 mg/g fresh weight, respectively. For other wild
edible mushrooms tested, except Pleurotus sp., vitamins C, B1, and B2 were found
mild [38]. According to Keegan et al. [39], mushrooms generally lacked in vitamin
D,. However, they can act as a biological precursor to vitamin D, due to the presence
of ergosterol, a type of sterol predominantly found in mushrooms. Therefore, this
feature indirectly makes mushrooms as an excellent source for vitamin D,.

3. Functional properties

The functional properties of flours play an important role in determining the level
of utilisation in ingredient formulation as well as in food product development. It is
important to recognise the functional properties (i.e. water absorption capacity, oil
absorption capacity, emulsifying, foaming, and gelification ability) of mushroom
flours for their efficient use and acceptance by consumers [40]. The analysis of
functional properties, water absorption capacity, oil absorption capacity, oil emulsion
capacity, foaming stability, foaming capacity, least gelation concentration, and bulk
density on flour prepared from Ganoderma spp., Omphalotus olearius, and Hebeloma
mesophaeum provided interesting findings [26]. The functional properties’ results of
all the tested edible mushrooms demonstrated that they contained water absorption
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capacity ranges from 260.0 to 390.0%, 450-480% of oil absorption capacity,
57.3-61.0 mL/g of oil emulsion capacity, foaming stability (51.0-54.0%), foaming
capacity ranges from 101.8 to 131.5%, least gelation concentration 12.0-14.0%, and
230.0-410.0 g/mL of bulk density [26]. Moreover, Aremu et al. [26] concluded that
the results of forming stability after 24 h for Ganoderma spp., Omphalotus olearius,
and Hebeloma mesophaeum reflected that the studied mushroom samples might be
attractive for incorporation into meat or bakery products like cakes or whipping
topping where oil absorption and foaming are, respectively, important [26]. Pleurotus
sajor-caju powder presented notable functional properties such as water holding
capacity (13.46 g/g), oil holding capacity (8.52 mL/g), swelling capacity (19.49 mL/g),
emulsifying activity (51.67%), and emulsifying stability (95.37%) [24].

Cruz-Solorio et al. [29] evaluated the functional properties of flours processed
from fruit bodies of three Pleurotus ostreatus strains: a strain from commercial
(POS), a culture collection strain (PCM) and a hybrid derived from POS and PCM
(POS x PCM), and protein concentrates. The authors described pale yellow flours
that were obtained from all three strains of edible mushrooms, while greyish brown
was observed for protein concentrates. They recorded that the bulk density of the
processed flour was to be ranged from 0.52 to 0.64 g/mL which showed higher than
that of protein concentrates (0.30-0.35 g/mL). For water absorption capacities,
300-118.8% was obtained for flours, while protein concentrates demonstrated
higher oil absorption capacity than the flours. Meanwhile, flours and protein
concentrates showed a minimal gelation concentration (2%). For foam capacity
formation, protein concentrates presented a higher value than that of flour at
pH 8.0. However, for foam stability, both flours and protein concentrates showed
high value at pH 8.0 and pH 10.0 (alkaline conditions). The flours presented have
3.96-26.68 m*/g of emulsion activity index, whereas protein concentrates range
from 1.55 to 10.28 m?/g. The authors concluded that flours and protein concentrates
produced from Pleurotus ostreatus presented remarkable functional properties and
it has the potential to be used in the food industry where foaming and emulsifying
properties are required [29].

In addition, another report by Oluwafemi et al. [28] on various parts of Pleurotus
ostreatus showed that mushroom stalk (675%) had higher water absorption capac-
ity than the cap (487%) and the mixture of stalk and cap (530%). The bulk density
varied as 0.483 g/ml cap, 0.297 g/ml stalk, and 0.501 g/ml for a mixture of stalk and
cap. Overall, the mushroom cap has the highest emulsion and foaming capacity of
17.33% and 30.67%, respectively. Ishara et al. [30] found that there was a positive
significant linear effect in the substitution of mushroom flour (i.e. Agaricus bisporus
and Pleurotus ostreatus) for maize flour on foam stability, foaming capacity, swelling
capacity, solubility index, water retention capacity, water absorption capacity, and
oil absorption capacity, but a negative linear effect was observed for the bulk density,
compact density, and syneresis.

4. Nutraceutical properties

The importance of edible mushrooms as a nutraceutical source can be cor-
related to their composition and presence of phytochemicals. Reports have shown
edible mushrooms to contain a wide array of bioactive compounds. These bioactive
compounds present great potential to be applied as therapeutic agents. This is in
agreement with the reports from Kozarski et al. [41], whereby the radical scavenging
antioxidative activities of edible mushrooms come from an array of biomolecules
from the carotenoid and polyphenol groups. Mushrooms are well-known to have
rich various bioactive compounds that are widely used as raw material for the
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development of functional foods. It could emerge as the nutraceutical food for

the next generation [42]. According to Sdnchez [43], phenolic compounds such as
myricetin, quercetin, caffeic acid, catechin, and pyrogallol are present in all edible
mushrooms. Besides, antioxidant components (i.e. phenolics, carotenoids, ascorbic
acid, tocopherols, ergosterol, and polysaccharides) are mainly found constituted in
both fruit bodies, mycelium, and culture of mushrooms [43].

Different edible mushroom cultivars and wild species are reported to possess var-
ied concentrations of phytochemicals and antioxidant activities. Kayode et al. [23]
reported that qualitative analysis of oyster mushroom grown on Gmelina wood waste
and the indigenous wild species of oyster mushroom showed the presence of the five
major phytochemicals: alkaloid, tannin, flavonoid, saponin, and cardiac glycosides.
In addition, for the quantitative analysis, alkaloid presented as the most predominant
phytochemical in both evaluated samples: 10.05% for oyster mushroom grown on
Gmelina wood waste and 9.64% for indigenous wild species. The authors concluded
that oyster mushroom grown on Gmelina wood waste could compare favourably with
the indigenous wild species counterpart on the phytochemical compositions [23].
Total polyphenols are the dominant naturally occurring antioxidant components
found in the wild edible mushrooms that show great scavenging ability due to their
hydroxyl groups [44, 45].

Radzki et al. [46] studied the effect of hydrothermal treatment (i.e. citric
acid solution blanching (5 min) and oiling in water (15 min)) on the antioxidant
capacity (i.e. ferric-reducing antioxidant power assay (FRAP), and scavenging
ability on 1,1-diphenyl-2-picrylhydrazyl (DPPH) assays) of three species of edible
mushroom, namely, Pleurotus ostreatus, Agaricus bisporus, and Lentinula edodes. The
results showed that water extracts for nontreatment mushrooms (control) con-
tained noticeably more phenolic compounds. Both the water and ethanolic extracts
for Agaricus bisporus possessed the highest content of total phenolic compounds and
antioxidant capacity, but the lowest content was found in Lentinula edodes. Overall,
the authors concluded that the blanching and oiling processes caused a decrease in
the antioxidant activity. However, in terms of hydrothermal resistance, Pleurotus
ostreatus was the most vulnerable [46]. Another report by Mau et al. [47] demon-
strated that the methanolic extract of Termitomyces albuminosus mycelia has high
antioxidant properties. On the other hand, an aqueous extract of Agaricus blazei was
a potent free radical scavengers and is possible to be used as a pharmacological agent
against oxidative stress [48]. Several factors may influence the antioxidant activity
of mushroom including the development of fruiting bodies and culture conditions,
processing conditions in industrial and domestic environments, and digestion and
absorption in human intestinal [49].

Muji¢ et al. [44] evaluated the potential antioxidant activity content of antioxidant
compounds, phenolics and flavonoids, and scavenging capacity on DPPH radicals
of three edible mushroom species Lentinula edodes, Hericium erinaceus, and Agrocybe
aegerita. Agrocybe aegerita showed to have the highest total phenolics (23.07 mg
GAE/g) and total flavonoids (5.04 mg CE/g) content. Radical scavenging activity was
found to exhibit ICsq value for extract concentration of 0.198 mg/mL for Hericium
erinaceus, 0.073 mg/mL for Lentinula edodes, and lower than 0.02 mg/mL for Agrocybe
aegerita. The highest antioxidant activity of Agrocybe aegerita extract is in relation to
its highest total phenols content. Therefore, Agrocybe aegerita could be considered as a
raw material with high potential antioxidant activity [44].

Keles et al. [45] evaluated total phenolic and antioxidant activity in the methanolic
extracts of 24 types of dried wild edible mushrooms. The authors concluded that
mushrooms contain 420-12775.56 mg/kg of phenolics and the FRAP and DPPH val-
ues range between 145.50-62771.43 pmol/g and 10.17-97.96% of dried matter, respec-
tively; the total phenolics in methanolic extracts were the highest in Boletus edulis,
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whereas the methanolic extracts from Leccinum scabrum showed most potent radical
scavenging activity (97.96%). It was found that p-coumaric, p-hydroxybenzoic, proto-
catechuic, and cinnamic acids were contained in the phenolic fraction of five wild
mushrooms from Portugal [50]. Thus, edible mushrooms may be applied as natural
antioxidants in food products.

5. Therapeutic values

Apart from the nutritional values, edible mushrooms are also being used for a
very long time to treat many types of diseases. Many of the common edible species
have therapeutic properties and have been eaten for medical treatment purposes [51].
Many therapeutic values of mushrooms traditionally used in folklores of many parts
of countries are being scientifically corroborated and have been found to stem from
numerous biologically active and health-promoting metabolites that the mushrooms
produce [21, 49]. Mushrooms have been reported as useful in preventing diseases
such as hypertension, hypercholesterolemia, and cancer [44] due to the presence of
high antioxidative compounds in mushrooms. The consumption of food containing
antioxidant compounds like mushrooms will protect against the damage of cells
from free radical, delays ageing, as well as prevent various diseases [43]. According
to Zekovic et al. [52], mushrooms’ f-glucans have been reported to exhibit different
effects (i.e. antitumour, immune-booster) when compared with p-glucans from
oats and barley (i.e. lowering cholesterol and blood sugar). Often, the B-glucans
produced by specific mushroom species have specific names such as ganoderan
(Ganoderma lucidum), grifolan (Grifola fondosa), lentinan (Lentinus edodes), pleuran
(Pleurotus ostreatus), and schizophyllan (Schizophyllum commune) [53]. Apart from
the immunomodulatory properties reported, mushrooms’ p-glucans have also been
documented to have antibacterial activity [54]. Many studies demonstrated that
p-glucans, a water-soluble dietary of many edible mushrooms, are responsible for
antioxidant, anticancer, anticholesterolaemic, immunomodulating, and neuroprotec-
tive activities. Furthermore, they are recognised as potent immunological stimulators
in humans. Studies showed that p-glucans bind to a membrane receptor and induce
these biological responses [55-57].

Valverde et al. [13] reported that several active compounds such as phenolics,
ascorbic acid, carotenoids, and tocopherol isolated from the different species of
mushrooms are responsible compounds to boost the immune system of the body
and have anti-hypercholesterolaemic activity, antiviral activity, and anticancer,
and ameliorate the toxic effect of chemo- and radiotherapy. The previous study
conducted by Lau et al. [58] demonstrated that the protein extract from selected
local edible mushrooms (i.e. Pleurotus cystidiosus and Agaricus bisporus) has high
antihypertensive activities. Besides, Pleuran from Pleurotus spp. has shown marked
immunity-stimulating effect and blood cholesterol-reducing effect, whereby
proteoglycans possess immunomodulatory and antitumour activities [59]. A similar
report was also presented by Li et al. [60]; a polysaccharide isolated from Pholiota
nameko (PNPS-1) from the family of Strophariaceae leads to significant decreases in
very low-density lipoprotein/low-density lipoprotein cholesterol and an increase in
high-density lipoprotein cholesterol.

In Japan, lentinan, a complex carbohydrate, is isolated from a variety of mushrooms
such as Lentinula edodes for the natural treatment of cancer. Lentinan is commonly
used in clinic assays as an adjuvant in tumour therapy (i.e. chemotherapy and radio-
therapy) [13]. Lentinula edodes is also a source of selenium, an antioxidant that is said
to prevent cancer [35]. Bioactive proteins and peptides in mushrooms such as lectins,
laccases, ribonucleases, antimicrobial proteins, fungal immunomodulatory proteins,
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and ribosome-inactivating proteins have significant value for pharmaceutical use [61].
According to Zhang et al. [62], lectin isolated from Pholiota adiposa showed antipro-
liferative activity. Lectins are proteins or glycoproteins bound to the carbohydrate cell
surface, specifically [63]. Other than that, Flammulina velutipes is rich in peroxidase,
superoxide dismutase, and others and can prevent some severe diseases like cancer and
coronary heart diseases [64]. A study by Qu et al. [65] showed that fatty acids that are
extracted from Hygrophorus eburneus have antifungal and antibacterial activities. In
addition, hygrophamides isolated from the fruiting bodies of Hygrophorus eburneus are
important constituents of cell membranes that play important roles as antigens and
their receptors. Aina et al. [66] recorded that the chanterelles, an edible mushroom spe-
cies Cantharellus cibarius, have antimicrobial activities against yeast, filamentous fungi,
Gram-negative and Gram-positive bacteria, as well as actinomycetes.

6. Functional foods from edible mushrooms

Mushrooms are generally traded in food industries in three categories, which
are fresh, dried, or canned and processed as mushroom-based products [67]. Most
of the fresh mushroom is used in soup, sauce, and as a filling in buns or pizzas.

The fresh mushroom is usually sold in local markets due to its short shelf life. As
reported by Akbarirad et al. [68], the shelf life of mushrooms is limited under
normal refrigeration conditions. The short shelf life of fresh mushrooms is one of
the constraints in the distribution and marketing of fresh products. Therefore, in
order to maximise the use of mushrooms in the production of high-quality and
nutritional food as well as to preserve and ensure that the mushroom can be used
for a long period, various mushroom-based products are being developed.

Canned mushrooms have been widely marketed and used in the preparation of
mushroom soup, stew, and pizza to replace the use of fresh mushrooms [69-75].
Dried mushrooms have been used in instant soup and sauce preparation [76].
However, the dry form of the edible mushroom has limited uses in food production
compared to powdered mushroom which has broad application in food developments.
The mushroom powder has great potential as an ingredient in various food products
due to its functional characteristics. Mushrooms are recognised as an alternative
source of good quality protein and are capable of producing the highest quantity of
protein per unit area and time from the worthless agrowastes [77]. Based on a study
by Salehi [78], mushrooms contain 22.41% of protein which is higher than the protein
in wheat flour. This finding is in line with Wan Rosli et al. [79] and Mendil et al. [80],
who reported that the protein content in mushroom is around 25%.

A few studies have been done on supplemented mushroom powdered into
food products such as noodles, pasta, rice porridge, as well as bakery products [16,
81-84]. The powder mushroom is mainly being used as a composite flour in bakery
production. According to Coelho and Salas Mellado [85], nowadays, there is a lot
of attention on the substitution of various flour types for wheat flour to satisfy
demands for healthier food. Higher protein content in mushroom powder will
develop a better gluten network and produce the right and better elasticity in bak-
ery products as well as in pasta and noodles. The additional amount of mushroom in
pasta enhances the antioxidant content [16].

Several studies have been done on the application of mushroom as food addi-
tives in food products. Siifer et al. [76] mentioned that the supplemented 5% of
Agaricus bisporus and Pleurotus ostreatus powder in snacks and meatballs gives a
promising factor for the production of aromatic and novel foods. The application of
mushrooms in meatballs is due to a higher amount of protein and other components
such as iron, zinc, selenium, potassium, and vitamin B [86] as well as delicate taste

27



An Introduction to Mushroom

that leads to the growing demand of red meat. Consuming excessive red meat will
lead to serious health problems such as cardiovascular diseases, cancer, and obesity
due to its saturated fatty acids. The supplemented mushroom powder is expected to
reduce the possibility of having those diseases.

7. The effects of edible mushrooms fortification on food quality

The increase in production and consumption of food products using edible mush-
rooms is due to their nutritional values as well as medicinal effects. Several studies
reported that the addition of powdered mushrooms showed an increase in protein,
crude fibre, and ash in various food products. Fortification of powdered mushroom
at 6 and 10% showed better results for nutritional values as well as the quality for
all food products. The protein content in both bread and muffin supplemented with
10% powdered mushroom showed an increase pattern compared to the control. The
increase of protein content in both food products was attributed to the high level of
protein in mushroom powder. However, the high level of protein content does not
affect the specific volume [87]. This suggests that the protein content in powdered
mushrooms is unable to produce/develop the gluten network and improve the visco-
elasticity of bread and muffin. According to Ortolan and Steel [88], gluten in protein
can be categorised into two, which are vital and nonvital glutens. Nonvital gluten is
only used for protein enrichment not for its viscoelastic properties.

The crude fibre content in bread is significantly higher than the control [89].
The higher fibre content in food products is favourable due to its beneficial effect
on human health such as protection from constipation, cardiovascular diseases, and
obesity [90, 91]. The high fibre content in both bakery products is also one of the
main reasons for the lower specific volume in bread and muffins. Increasing fibre
content in composite flour generally increases the requirement of water absorption
[92]. Indirectly it gives heavier loaf and decreases the bread volume. The addition
of high fibre content of flour also shows a negative effect on bread quality due to
longer dough development, reduction of gas retention, and limitation of expanding
the ability of the dough [93].

The supplemented powdered mushroom is high in protein in bakery products
such as bread, cake, muffin, and biscuits [81-83, 90]. The addition of 10% of
powdered desert truffles may increase the diameter and thickness of the biscuit.
According to Gadallah and Ashoush [82], biscuits that have higher spread ratios are
considered most desirable. The additional amount of dessert truffle powdered in
biscuits is also proven to have higher antioxidant activities.

The enrichment of protein in pasta and noodles can be achieved by adding
shiitake, porcini, and powdered oyster mushroom [16, 84]. The moisture content
in noodles supplemented with 10% of mushroom powder shows lower enrichment
than the control. According to Foschia et al. [94], the reduction of water is due to
the competing of fibre in powdered mushrooms with starch during noodle forma-
tion, causing the reduction of starch swelling and water absorption. Besides, the
fibre content in noodles with 10% additional powdered mushroom shows signifi-
cant difference with the control which suggests lower moisture content in noodles.

Most of food products such as bread, cake, biscuits, paratha, rice porridge, and
noodles show higher ash content compared to control. Higher ash content means a
higher amount of mineral present in food products. The taste, texture, appearance,
and stability of food products supplemented with powdered mushrooms also depend
on the concentration of mineral [81, 82, 90]. The mushroom powder favoured in
rice porridge is due to its meaty flavour. Moreover, they contain high protein, fibre,
and minerals. The proximate composition and sensory characteristic of rice porridge
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were investigated by Aishah and Wan Rosli [81]. Their result showed that consumer
acceptability of rice porridge supplemented with 6% of oyster mushroom powder
has a higher score than the control. A similar trend can be seen in paratha bread [81]
except for fat content. Besides, the authors reported that there is a huge reduction of
fat content in paratha bread supplemented with 6% of oyster mushroom [81].

Chun et al. [95] used shiitake mushroom in pork patty production. This pow-
dered mushroom acts as phosphate in pork patties. Phosphate acts as food additives,
which increase the water holding capacity, reduce cooking loss, and improve the
texture of food products. Besides, it also protects the aroma and accelerates the
formation of cured meat colour [95]. However, in term of sensory characteristics,
most of the food products supplemented with powdered mushrooms were less pre-
ferred by the panellists in terms of texture, aroma, taste, and overall acceptability.
The colour of food products supplemented with mushroom powder shows darker
colour, thus affecting the preference of most mushroom-based products [96].

8. Conclusions

Mushrooms are gaining popularity and are widely consumed across the globe
by all age groups. Mushrooms are considered to be one of the superfoods due to its
high nutrient content, especially protein, dietary fibre, vitamins, and minerals. In
addition, mushrooms are also well-known to contain bioactive compounds, such
as ergosterol, p-glucans, lentinan, and peroxidase, which possess health function-
alities. This claim is backed by various studies showing that mushrooms possessed
anti-hypercholesterolaemic, antiviral, anticancer, and antihypertensive activities.
Studies have been conducted to investigate the potential of mushrooms in food
applications. The findings from these studies showed promising results, whereby
the incorporation of mushroom into food products enhances the nutritional values,
as well as the physical properties of the food product. Hence, it is not a surprise to
know that the food and pharmaceutical industries are using mushrooms or bioac-
tive compounds from mushrooms to develop functional foods.
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Chapter 3

Oyster Mushroom Cultivation

on Water Hyacinth Biomass:
Assessment of Yield Performances,
Nutrient, and Toxic Element
Contents of Mushrooms

Sunita Bandopadhyay Mukhopadhyay

Abstract

To obtain a cost-effective production of oyster mushrooms, invasive aquatic
weed water hyacinth has been tried out as a substrate in different combinations
with rice straw (1:1, 1:2, 2:1) for the cultivation of Pleurotus species. The yield of
mushrooms significantly increases with their 1:1 combination (RS + WH 1:1), espe-
cially in the first flush. No significant differences are observed between the nutri-
ent qualities of the oyster mushrooms that grow either on rice straw or on water
hyacinth supplemented rice straw (1:1). Minerals (Fe, Cu, Zn) and toxic elements
(Pb, Cd, As) though flow from the substrate of RS + WH (1:1) to the mushrooms do
not accumulate at a toxic level. The results of the present study indicate that bio-
mass of water hyacinth weed can safely be used with rice straw (1:1) as the alternate
substrate for the cultivation of Pleurotus species to reduce the cost of production of
protein-rich oyster mushroom and to recycle the vast amount of nuisance weed in
an eco-friendly way.

Keywords: oyster mushroom cultivation, Pleurotus florida, P, citrinopileatus,
P, pulmonarius, aquatic weed, water hyacinth, biological yield, nutrient quality,
mineral, toxic elements

1. Introduction

The fruit bodies of the genus Pleurotus are generally referred to as ‘oyster mush-
room. It is a lignocellulolytic fungus of Basidiomycetes and grows naturally in the
temperate and tropical forests [1] on dead and decaying wooden logs, sometimes on
dying trunks of deciduous or coniferous woods or decaying organic matter. It is one
of the most suitable fungal organisms for producing protein-rich food (mushroom)
from various agricultural or forest wastes without composting.

Cultivation of oyster mushroom (Pleurotus spp.) has increased greatly through-
out the world during last few decades due to the ease of its cultivation on various
lignocellulosic wastes, shorter growth time, no need of composting of its substrate,
demand for a few environmental control, high yield potential, high nutritional
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values as well as medicinal values. These features make oyster mushroom cul-
tivation suitable for the beginners and the mushroom farmers with low-tech
equipment. The other reason for the great interest in species of Pleurotus is that
they secrete a wide range of enzymes [2, 3] capable of degrading lignocellulosic
biomass. They are therefore capable of growing on a wide range of substrates.
Furthermore, some species grow and fruit at a relatively high temperature, a
feature that makes for lower production costs in tropical or subtropical areas, or
even in temperate regions during the summer season. Due to these advantages of
oyster mushroom, many researchers have been striving to make use of different
weeds for example, Typha sp. [4], Leonotis sp., Sida acuta, Parthenium argentatum,
Ageratum conyzoides, Cassia sopheva, Tephrosia purpurea, and Lantana camara [5, 6]
as the substrates for cultivation of Pleurotus species with the concept of eradication
through utilization [7-9] and cost-effective production of mushroom. The main
problem in the cultivation of Pleurotus spp. on weed biomass, is their low yield,
especially from the second flush. This problem could be overcome by blending
weed plants with other commonly used lignocellulosic wastes like rice straw, wheat
straw, or sawdust.

Water hyacinth [Eichhornia crassipes (Mart.) Solms.], a fast-growing aquatic
weed in tropics and sub-tropics causes serious ecological and economic problems by
choking water bodies. On the other hand, it has drawn attention as a plant capable
of removing toxic heavy metals (e.g., Cr, Cd, Ni, As, Pb, Eu) from wastewater by
adsorbing them on its root and is being used in wastewater treatment [8, 10, 11].
Utilization of the vast quantities of this weed available throughout the year, as a
low-cost substrate for oyster mushroom cultivation has been reported by several
workers [12-14]. But, the information regarding the effect of this weed on the
nutritional qualities and the heavy metal bioaccumulation in the harvested oyster
mushrooms is not sufficient. Growing up on a substrate contaminated with various
toxic elements may cause edible mushrooms to accumulate those elements at higher
concentrations [2], as many mushroom species are known to be efficient accumula-
tors of trace elements [15]. Analysis of concentrations of essential mineral elements
and non-essential toxic elements (e.g., As, Pb, Cd, Hg) allows the evaluation of
the nutritional quality and health risk of food and is thus part of every food safety
program. Therefore, as a prerequisite to assess the contribution of these undesir-
able elements to the dietary intake as per norms of the food safety program, it is
worthwhile to evaluate their levels in the mushrooms grown (artificially/naturally)
on any substrate and also to report any possible contamination that would represent
a health hazard.

Taking stock of the above needs to assess the feasibility of utilizing water hya-
cinth as a substrate for cost-effective production of oyster mushrooms, the present
chapter highlights the study on (i) the biological yields of three species of Pleurotus
viz., Pleurotus florida, P. citrinopileatus, and P. pulmonarius cultivated separately on
different combinations of rice straw and water hyacinth; (ii) the important bio-
chemical and nutrient qualities of the harvested oyster mushrooms; and (iii) the
concentrations of mineral elements (Fe, Cu, Zn) and toxic elements (Pb, Cd, As)
in the substrate of cultivation as well as in the harvested mushrooms. The study
also attempts to assess the contribution of consumption of these oyster mushrooms
to the recommended dietary allowances (RDA) or provisional tolerable daily intake
set for mineral elements and toxic elements by standard expert council or commit-
tee as The National Academies [16], FAO/WHO [17] or Codex Alimentarius [18] of
food safety program. The chapter finally summarizes the findings to conclude the
feasibility of utilizing the nuisance weed as the low-cost supplement to rice straw
for higher yield of oyster mushrooms, which can be consumed safely.
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2. Materials and methods
2.1 Cultivation of Pleurotus species
2.1.1 Mushroom strains

Three species of Pleurotus namely Pleurotus florida nomen nudum (Eger), P, citri-
nopileatus Sing., and P. pulmonarius (Fr.) Quel., procured from National Center for
Mushroom Research and Training (NCMRT), Solan, Himachal Pradesh, India are
used for cultivation. The cultures are maintained on Potato-Dextrose-Agar slants
and during the period of cultivation, spawns of the mushroom species are prepared
with intact wheat grains [19] in autoclavable polypropylene bags (15 x 12 cm).

2.1.2 Substrate

Rice straw (RS) and sun-dried water hyacinth (WH) plants are used as a sub-
strate for the cultivation of Pleurotus spp. WH plants are collected locally from the
banks of ponds, lakes, and rivers after cleaning of the water bodies. The roots are
discarded (as reported to adsorb heavy metals) from the sun-dried plants to use in
the preparation of mushroom beds.

2.1.3 Preparation of substrates and cultivation of mushroom

Cultivation trials are conducted at different temperature regimes (different
seasons of the year) on five separate combinations of RS and WH (wet weight/wet
weight) viz., (i) only RS, (ii) only WH, (iii) RS + WH (1:1), (iv) RS + WH (2:1),
and (v) RS + WH (1:2). Both the substrates (RS and WH) are pretreated and the
mushroom beds are prepared by packing the substrates in the transparent polythene
bags [20]. The beds are then inoculated with 5% (w/w on the wet weight basis)
grain spawn of the Pleurotus spp. by the layer spawning method [19]. After spawn
run (mycelial colonization of the substrate) at 25 + 2°C and 65 + 5% relative humid-
ity in the semi-dark condition, fruit body formation is triggered by shifting the
environmental variables namely moisture, air exchange, temperature, and light in
the cropping room [19]. Fruit primordia (pinhead) are developed within a tem-
perature and relative humidity regimes of 22-30°C and 70-75%, respectively, for
the moderate temperature requiring species of . citrinopileatus and P. pulmonarius.
The low-temperature requiring species of P, florida fructify at 14-22°C and 75-80%
relative humidity. Mushrooms are harvested manually from each bed when the
pinheads are developed to complete fruit body and weighed the same day. The beds
are maintained until the harvest of third flush. Production of mushrooms per flush
is recorded only at respective optimum temperature regimes (favorable season)
of each species to calculate the biological yield per flush [biological yield (BY.) =
weight of fresh mushrooms harvested (g) per kg dry substrate]. The distribution of
the yield (BY.) of the experimental species of Pleurotus is tabulated to observe any
change in the yield over three flushes.

2.2 Nutrient and biochemical qualities of the mushrooms
For proximate analysis of important nutrient and biochemical properties, the
mushrooms of each species of Pleurotus are harvested from the beds of RS and

RS + WH (1:1) separately, oven-dried at 60°C for 72 h and milled to obtain samples
of oyster mushrooms (dry weight biomass or DWB). The moisture content of the
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fresh mushrooms and the total protein (modified Lowry’s method), total carbo-
hydrate, vitamins (ascorbic acid and niacin), reducing sugar, crude fiber contents
in the DWB are estimated following Sadasivam and Manikam [21]. Exchangeable
potassium (by flame photometry method), water-soluble cations (Na*, K*, Ca*)
(through ion-exchange chromatography; Metrohm 861 Advanced Compact IC), ash
contents, electrical conductivity (EC) and pH in the mushroom samples (DWB) are
determined by the methods of Rao and Reddy [22]. Total soluble salt concentration
is calculated from EC [21].

2.3 Essential mineral and toxic element contents in the mushrooms and the
substrate (RS + WH 1:1) before cultivation

Iron, copper, and zinc (Fe, Cu, Zn), the essential trace elements for human, have
been chosen as representative essential minerals and lead, cadmium, arsenic (Pb,
Cd, As) asrepresentative toxic elements, whose levels in environment represent
areliable index of environment pollution. Concentrations of these representative
minerals and toxic elements in the mushrooms harvested from RS + WH (1:1)
beds and in the respective substrates (before cultivation) are determined [23] with
atomic absorption spectrometer (AAS) [Perkin Elmer 5100 PC for Cu, Zn, Fe, Pb,
and Cd; AVANTA GBC AAS with flamed hollow cathode lamp for As]. Samples
of mushroom are prepared by mixing the dry mushrooms of the three species
of Pleurotus in equal proportions (by weight) and used for AAS estimation after
their acid digestion [24]. The concentrations of all the essential mineral and toxic
elements are the mean of three replicates and expressed in mg per kg dry weight
biomass (mg/kg DWB) of mushroom or substrate.

2.4 Statistical analysis

The experiments on cultivation are laid out in a completely randomized design
with five combinations of substrates and three species of Pleurotus. All the experi-
ments are performed in triplicates and the data are analyzed using descriptive
statistics and also subjected to ANOVA to ascertain any significant difference (at P
< 0.05 for yield and at P < 0.01 for nutrient qualities) between treatments. Least
significant differences (LSD) between the means of biological yields are calculated
for the Pleurotus spp. [25].

3. Results and discussion
3.1 Yield performances of Pleurotus species

Among the three species of Pleurotus, P. citrinopileatus produces the highest
number of fruit bodies per mushroom bed, but the maximum size and weight of
the individual fruit body are obtained from P, florida (maximum size 22 cm x 17
cm, maximum weight-105 g). Mushroom beds with 1:1 and 1:2 combinations of rice
straw and water hyacinth show a faster rate of spawn run, pinhead initiation and
earlier harvest of mushroom than other combinations.

Table 1 represents the distribution of the yield (BY.) of the three Pleurotus
species during the period of three flushes on five different combinations of sub-
strates. A perusal of the yield performances (Table 1) shows a significant increase
in BY. of each species on the 1:1 combination of rice straw and water hyacinth
(RS + WH 1:1) especially, in the first flush. Although the total yields (g/kg DWB
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Substrate Biological yield* (g fresh weight of mushroom/kg dry weight of substrate) of Pleurotus
combination spp.
Species of oyster (Pleurotus) mushroom
P. florida P. citrinopileatus P. pulmonarius
1st 2nd 3rd st 2nd 3rd 1st 2nd 3rd

flush flush flush flush flush flush flush flush flush
Rice straw 581 + 504 + 185 + 617 + 575+ 485+ 558 + 422 + 260 +
(RS) 142 84 50 45 21 15 60 46 56
Water 606 + 350 + 190 607 567 + 37+ 624 + 347 « 168 +
hyacinth 176 14 +10 145 15 42 47 10 25
(WH)
RS + WH 716™* 489 + 215+ 721 + 505 + 408 + 679™* 522+ 278 +
(1:1) +373 172 111 63 148 226 +32 182 30
RS + WH 608 + 498 + 232 + 633 + 387 + 18.6 + 608 + 435 + 212 +
(1:2) 270 95 31 10 10 10 31 33 35
RS + WH 550 + 540 + 230 610 + 514 + 325+ 550 + 340 + 285 +
(21) 98 70 +28 84 35 21 28 70 50
LSD at 5% 1211 794 43 60.1 24.6 77 50.3 76.3 39.1
level

*Results are mean + standard deviation.
**Results are significantly different (P < 0.05) from yields on RS.

Table 1.
Biological yield of Pleurotus spp. upto third flush on five combinations of rice straw (RS) and water hyacinth
(WH).

Total yield (g fresh weight mushroom/kg DWE

E substrate) of Pleurotus spp. after three flushes on five
2 combinations of RS and WH
g R0
=5 1500
E E 1000 I I I I I

% 500
e L o
E - Rice straw ‘Water RS5+WH RS5+WH RS+WH
g (RS) hyacinth {1:1) (1:2) (2:1)
= (WH)
o Substrate combinations
-

mPflorida = Peitrinopileatus P.pulmonarius

Figure 1.
Total yield of mushrooms (g/kg DWB of substrate) of each of the three species of Pleurotus after three flushes
on each of the five substrate combinations.

substrate) after three flushes of P. citrinopileatus (1634 g/kg), P. pulmonarius (1479
g/kg), and P, florida (1421 g/kg) (Figure1) on RS + WH (1:1) do not differ signifi-
cantly. Supplementation of wheat straw with water hyacinth [4] or supplementa-
tion of rice straw with different weeds [5] has been reported to increase the yield
of mushrooms. Though the negative effect of the weed on the yield of P, sajor-caju
has also been reported [26]. The better yield with water hyacinth may be due

to mitigation of optimal nutritional requirements of mushroom fungi, better
aeration and water retention capacity to the mushroom beds by aquatic spongy
plant water hyacinth over rice straw up to the stage of fruit body formation.
Moreover, supplementation of nitrogen by natural nitrogen-rich supplement as
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water hyacinth may have resulted in a higher rate of lignocellulolytic degradation.
In all the subsequent experiments and analyses of this study, the mushrooms grown
on the beds of RS + WH (1:1) are, therefore, taken into consideration for quality
assessment.

3.2 Assessment of nutrient quality of mushroom

Comparisons of important nutrient qualities of Pleurotus mushrooms harvested
from the beds of RS and RS + WH (1:1) reveal no significant differences (Table 2)
except EC (electrical conductivity). The total protein content of the mushroom
varies from 16 to 25% (on the dry weight basis) among the three species of Pleurotus
(Table 3), which are higher than the earlier reports [12] on P, sajor-caju. Previous
workers have reported protein content ranging from 3 to 5% on the dry weight basis
(in P, florida, P. sajor-caju, and P, eous) [27] and from 0.5 to 1% on the fresh weight
basis (in P. ostreatus) [5] of the oyster mushrooms cultivated on different weeds.
The total carbohydrate content of the experimental mushrooms ranges between 19
and 28% (DWB), which is lower than those reported earlier [12, 27]. The vitamin
contents of the mushrooms are higher than the earlier reports [12] on Pleurotus spp.
The crude fiber and the ash contents of the mushrooms are approximately similar to
previous findings on P, sajor-caju [12]. Electrical conductivity (EC) and as such total
soluble salt concentration (calculated from EC) are found to be significantly higher
in mushrooms from RS + WH (1:1), which complies with the previous findings [12]
in P, sajor-caju. The available K* content in mushrooms grown on RS +WH (1:1)

Nutrient qualities Nutritional values* of mushrooms grown on
RS RS + WH (1:1)
Moisture (% FWB) 793 +11.7 827+8.1
Protein (% DWB) 192 +26 22+27
Carbohydrate (% DWB) 265+19 29+17
Vitamins
(i) Ascorbic acid (% DWB) 0.0133 + 0.0003 0.0123 + 0.0002
(ii) Niacin (% DWB) 0.0022 + 0.0001 0.0013 + 0.0006
Reducing sugars (% DWB) 39+13 44 +12
Crude fiber (% DWB) 91+03 94 +0.5
Ash (% DWB) 185+15 184+ 0.7
Exchangeable K* (% DWB) 5.1+ 0.06 4.4 +0.07
Water soluble K* (% DWB) 0.13+0.05 0.18 + 0.06
Water soluble Na* (% DWB) 0.04 + 0.04 0.05+0.04
Water soluble Ca* (% DWB) 0.01 + 0.005 0.01+ 0.004
EC (electrical conductivity) (mS/cm) 15+04 21+ 02"
pH 69+0.3 6.0+0.2

FWB = fresh weight biomass; DWB = dry weight biomass of mushroom.
*Results are mean + standard deviation.
**Results are significantly different (P < 0.01).

Table 2.

Comparisons of nutrient and biochemical qualities of oyster mushrooms (Pleurotus spp.) grown on rice straw
(RS) and water hyacinth supplemented rice straw (RS + WH 1:1).
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Pleurotus spp. Moisture Protein Total soluble salt
% of fresh weight biomass of % of dry weight biomass of mushroom
mushroom (% FWB)* (% DWB)*

P florida 84.9 +10 23813 05£07

P citrinopileatus 81+7 20.8+0.8 07+0.5

P, pulmonarius 82+8 168+1.3 06+04

*Results are mean + standard deviation.

Table 3.

Moisture, protein and total soluble salt contents of mushrooms of three spp. of Pleurotus cultivated on RS +

WH (1:1).

exceeds the values in earlier reports [12] for different Pleurotus species. But as the
recommended dietary allowance (RDA) of potassium is 4.7 g/day/person [16], so
these mushrooms (fresh weight) are safe for daily consumption. Table 3 indicates
no significant variation among the experimental mushroom species (2. florida, P
citrinopileatus, and P. pulmonarius) in their moisture, total protein and, total soluble

salt contents.

3.3 Assessment of mushroom quality based on the levels of important mineral
and toxic elements

Table 4 depicts the concentrations (mg/kg DWB) of representative essential
minerals (Fe, Zn, and Cu) and non-essential toxic metals (Pb, Cd, and As) in the
harvested mushrooms as well as in their respective substrates (RS + WH 1:1) before
cultivation. The results are consistent with the previous studies on cultivated
mushrooms and except arsenic [24], fall within the range reported for Pleurotus
mushrooms in the literature [24, 28-31].

Mineral/toxic Concentration** Concentration** Range of mineral References
element (mg/kg DWB* (mg/kg DWB* and toxic element

of substrate) of mushroom) of contents in

of mineral and mineral and toxic cultivated spp.

toxic element element in the of Pleurotus

in the substrate mushrooms of the in published

(RS + WH present study literature

1:1) before (mg/kg DWB* of

cultivation mushroom)
Iron (Fe) 295 +104.3 216 +92.3 67-1524 [24,28-30]
Zinc (Zn) 56.5+6.2 5315 54-180 [28-30]
Copper (Cu) 119+26 121+ 09 11-182 [28-30]
Lead (Pb) 72+12 2211 nd—44 [28, 29, 31]
Cadmium 27+18 1.8+0.8 0.3-29 [24,28-30]
(Cd)
Arsenic (As) 341+ 0.06 05+0.3 0.04 [24]

*DWB = dry weight biomass.
**Results are mean + SD.

Table 4.

Concentrations (mg/kg) of minerals and toxic elements in the mushrooms and respective substrate before
cultivation (RS + WH 1:1) in the present study and the range of their concentrations in selective veferences.
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3.3.1 Bioaccumulation factor

The bioaccumulation factor represents the element concentration in mushrooms
compared with its concentration in the environment (in soil/substrate) [32]. The
ability of mushrooms to accumulate elements from the substrates [15] is expressed
by a bioaccumulation factor or co-efficient of accumulation (K,), which is the ratio
of the concentration (on the dry weight basis) of an element in the mushrooms
(Cpn) to the concentration (on the dry weight basis) in the underlying substrate
(Cy) (K, = Cp/Cs). K, of the representative elements in the studied mushrooms are
presented in Table 5, which shows the bioaccumulation factor in the descending
order of Cu> Zn > Fe > Cd > Pb > As. This indicates higher mobility of copper
than the zinc or iron in the analyzed species of mushrooms. Lead and arsenic are
accumulated at minimal levels. The bioaccumulation factor for lead decreases as its
concentrations in substrate increases. Thus, the studied oyster mushroom has prob-
ably a regulative mechanism for lead intake. Similar findings have been reported in
the literature for cadmium uptake in Pleurotus ostreatus [15]. Levels of the undesir-
able metals are considerably lower in the cultivated mushrooms than in the same
or taxonomically-related wild-growing species [15]. For a plant or mushroom to
be efficient bio-accumulator, the bioaccumulation factor has to be higher than one
[32]. Therefore, it is obvious that in the present study although the toxic elements
are present in the initial substrates of cultivation (water hyacinth supplemented rice
straw 1:1), but are not accumulating at toxic levels in the mushrooms.

3.3.2 Contribution of the mushroom consumption to the dietary intake

In order to contribute to the safe consumption of the experimental mushrooms
(grown on RS + WH 1:1) to the dietary intake of essential minerals and to evalu-
ate the risk of dietary exposure to the toxic elements, the concentrations of the
representative elements are compared with the recommended values of dietary
intake for an average adult of 60 kg body weight (bw.) set by standard international
organizations [16-18]. As the recommended values are based on the fresh weight
of mushroom, the mineral and toxic element contents (on the dry weight basis)
are converted on the scale for 100 g fresh mushroom (considering 82 % average
moisture content of the experimental mushrooms) and presented in Table 6.
The concentrations of Fe, Zn, Cu, Pb, Cd, and As are found to be approximately

Mineral/toxic Concentration of mineral/ Concentration of mineral Bioaccumulation
element toxic element (mg) in the and toxic element (mg) factor or coefficient
mushrooms produced per kg DWB of substrate of accumulation
per kg DWB of substrate (rice straw + water (K,=C,/Cy)
(considering 82% moisture hyacinth 1:1) (C;)
content of the mushrooms)
(Cw)
Iron (Fe) 61.6 295 0.21
Zinc (Zn) 151 56.5 0.26
Copper (Cu) 34 11.9 0.28
Lead (Pb) 0.62 7.2 0.09
Cadmium (Cd) 0.51 27 0.19
Arsenic (As) 0.14 34 0.04
Table 5.

Bioaccumulation factor (K,,) of the mineral and toxic elements in the mushrooms produced on RS + WH (1:1).
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Mineral/toxic Recommended values of dietary intake Mineral/toxic element content
element (derived from RDA"**/PTWI ) mg/day/ (mg) per100 g fresh weight of
person experimental mushroom

Iron (Fe) 8/18 (male/female)? 3.8

Zinc (Zn) 11/8 (male/female)® 0.95

Copper (Cu) 0.9° 0.21

Lead (Pb) 0.2 0.04

Cadmium (Cd) 0.06° 0.03

Arsenic (As) 0.12-0.42° 0.009

*RDA, recommended dietary allowances.

"PTWI, provisional tolerable weekly intake.
“Referred to National Research Academies, 2006 [16].
YCodex Alimentarius, 2011 [18].

‘Joint FAO/WHO expert committee, 2010 [17].

Table 6. i
Recommended dietary intake (mg/day/person).

equivalent to 3.8, 0.95, 0.21, 0.04, 0.03, and 0.009 mg, respectively, per 100 g
fresh mushroom. Recommended dietary allowances (mg/day) of iron, zinc, and
copper for average adult persons are 8/18, 11/8 (male/female), and 0.9, respectively
[16], while provisional tolerable daily intake (PTDI) for Cd and Pb are 0.2 and
0.06, respectively [18]. Commission Regulation (EC) [33] has set maximum levels
of Cd and Pb at 0.2 mg/kg wet weight and 0.3 mg/kg wet weight, respectively in
oyster mushrooms like Pleurotus ostreatus [33]. For arsenic, the safe range value in
toxicological guidance is 2-7 pg/kg body weight per day [17] allowing 0.12 mg of
arsenic to be consumed daily by a person of 60 kg in weight. Considering the above-
recommended values, an adult person can, therefore, safely consume 100 g of these
experimental mushrooms daily without exceeding (Table 6) the permissible levels
set by standard expert committee or commission for human consumption.

4, Conclusion

The above study indicates that the supplementation of rice straw with the weed
water hyacinth supports a higher yield of oyster mushrooms and also reduces the
production time of mushrooms. The small-scale mushroom farms or enterprises can
maintain consistency in the supply of mushrooms throughout the year by cultivat-
ing different species of Pleurotus at their optimum temperatures in the same crop-
ping room. The nutrient qualities of the mushrooms grown on common substrate
rice straw are not adversely affected by the supplementation with water hyacinth.
Besides, these oyster mushrooms will serve as good sources of protein as well as
iron, zinc, and copper. The undesirable elements like lead, cadmium, or arsenic
although translocated from the substrate to the mushroom, are not accumulating
therein and their levels in the mushrooms fall in line with the recommendations
by standard expert committee or commission. Regarding heavy metal contamina-
tion, the presence of some heavy metals in soil, air, water, and living objects are
unavoidable contaminants and regular monitoring of these toxic elements in
the mushrooms grown naturally or artificially is required to do vegetable safety.
Utilization of water hyacinth as an alternate substrate for oyster mushroom cultiva-
tion can therefore contribute to reducing the cost of mushroom production as well
as alleviating its adverse ecological impact. This will change the status of the aquatic
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weed from prolific pest to the potential provider of protein-rich mushroom, whose
controlled consumption daily will not pose any toxicological risk.
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Mushroom Polysaccharides:
Chemistry and Anticancer
Potentials

Moyen Uddin Pk, Rumana Pervin, Jabin Jahan,
Rabiul Islam Talukder, Sourav Ahmed and Matiar Rahman

Abstract

Mushrooms have been used as a common folk medicine due to their effective
bioactive compounds including polysaccharides. It is known that the glucans are the
main bioactive mushroom polysaccharides. This review study explains the method
of isolation, structural characterization, and antitumor activities of mushroom
polysaccharides. In many laboratories, these trials are still underway, and the func-
tion of polysaccharides as an antitumor agent is particularly under intense discus-
sion. This review aims to summarize the accessible data and reflect this study area’s
current status with a perspective to future direction.

Keywords: polysaccharides, edible mushrooms, immunomodulation, glucans,
tumoricidal

1. Introduction

Polysaccharides obtained from mushrooms have played a significant role as food
and medicinal agent in the therapy of cancer in Asian nations such as China and Japan
[1]. The consumption of fresh or dried mushroom powder in pre- and postmenopausal
females might prevent breast cancer [2]. Mushrooms with distinctive fruiting bodies
that have an impact on cancer curing belong to Basidiomycetes class and sometimes
Ascomycetes classes. The main typical taxa are Ganoderma lucidum, Lentinus edodes,
Tremella fuciformis, and Pleurotus ostreatus. For the first time in 1957, Lucas verified
the bioactivity of Basidiomycetes mushrooms. Lucas isolated a Boletus edulis substance
with an important inhibitory impact on tumor cells from sarcoma S-180 [2]. In 1966,
Gregory conducted an extensive study, using submerged fermentation to the respective
mushroom types, to isolate the active substances from fruiting bodies of mushroom
species [3]. Applied to rodent animal model antitumor testing for the active agents,
polysaccharides, which were isolated from 22 mushroom species, had inhibitory effects
on tumor cells like sarcoma S-180, adenocarcinoma 755, and leukemia L-1210 [4].

2. Chemistry of polysaccharides

Polysaccharides are the most recognized and powerful mushroom-derived
substances with antitumor and immunomodulating characteristics. Because of its
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wide biological range, polysaccharide f-glucan is the most versatile metabolite. The
p-glucans consist of a backbone of glucose residue associated with p-(1 to 3) glyco-
sidic bonds, often connected by B-(1 to 6) linkages with the adjoining side-chain
glucose residue [5]. It may be linear or branched to polysaccharides. Polysaccharides
are split into two groups according to the number of distinct monomers: homopoly-
saccharides consist of only one type of monosaccharides, whereas heteropolysac-
charides consists of two more types of monosaccharides [6]. Homopolysaccharides
and heteropolysaccharides may have homolinkages or heterolinkages in configura-
tion and/or position of connection. Polysaccharides with a powerful antitumor
action vary significantly in their chemical structure. Antitumor activity is shown
by a broad spectrum of glycans ranging from homopolymers to extremely com-
plicated heteropolymers [7]. A broad variety of antitumor or immunostimulating
polysaccharides were explored from distinct chemical structures from greater
Basidiomycetes mushrooms, and the primary kinds are listed in Table 1.

Antitumor polysaccharides comprise monosaccharides like glucose, mannose,
xylose, fucose, arabinose, galactose, glucuronic acid, and ribose. In few mush-
rooms, polysaccharides are conjugated with peptides or proteins which exhibited
potent anticancer activity [8]. The origin, type, and bioactivity of the most com-
mon edible mushrooms, in Bangladesh, are given in Table 2. Some of them have
been sold for clinical treatment in patients receiving anticancer treatment with
polysaccharides and polysaccharide conjugates.

Glycans are structurally diversified. There are no unique protocols for the
analysis of glycans. The primary structure of mushroom polysaccharide comprises
the sequence and composition of monosaccharide, position, and configuration of
monosaccharide, nature, and number of noncarbohydrate moieties.

During structure analysis, the composition of monosaccharide gives information
on the molar ratio of monomers and nature and the location of glycosidic linkages,

Polysaccharides Glycosidic linkage

Linear

Amylose a-(1 - 4)-Glc

Xylan B-(1— 4)-Xyl

B-Glucan B-(1-4,1-3)-Glc

Branched

Amylopectin a-(1—>4,1-6)-Glc

Glycogen a-(1—-4,1-6)-Glc
Table 1.

Examples of homopolysaccharides [8].

Mushrooms Polysaccharide Type Bioactivity
source
Ganoderma lucidum [9] Fruiting bodies Heteroglycan Antitumor
Glycopeptide Antioxidative
Immunomodulating
Lentinus edodes [10] Fruiting bodies Glucan Antitumor
Immunomodulating
Pleurotus tuber-regium [11] Fruiting bodies B-D-glucan Anticancer
Mycelium Hepatoprotective
Table 2.

Common edible mushrooms in Bangladesh.

54



Mushroom Polysaccharides: Chemistry and Anticancer Potentials
DOI: http://dx.doi.org/10.5772/intechopen.92293

Methods Structural features
GLC-FID, GLC-MS, HPLC Monosaccharide compositions
IR, NMR Glycosidic bonds, configuration
NMR Sequence analysis

Table 3.

Common methods for primary structure analysis of polysaccharide [12].

detection, and quantification of monomers. In Table 3, we represented the analyti-
cal methods that are used to analyze the primary structures of polysaccharides.

3. Purification of polysaccharides

Mushroom polysaccharide consists of two main polysaccharide kinds as the
structural elements of the fungal cell wall. The celluloses and matrix-like glycoprotein
are a rigid cellulose fibrilla, a-glucan or f-glucan. The selection of mushroom poly-
saccharides is usually based on the cell wall structure. A reliable procedure has been
developed for successful polysaccharide mining of either cultivar mycelia or fruit body
[13]. The process of extraction usually involves 80% ethanol to remove low molecular
substances from the pest material and 3-5 repeated water extractions (100°C, 2-4 h).
Alternatively, 5% sodium hydroxide (80°C, 6 h) or 2% ammonium oxalate (100°C, 6 h)
is used. Using a mixture of methods such as ethanol precipitation, fractional precipita-
tion, acidic precipitation with acetic acid, ion-exchange chromatography, gel filtration,
and chromatography of affinity, extracted polysaccharides can be further purified. The
precipitation of ethanol excludes polysaccharides from the impurities. Acidic and neu-
tral polysaccharides can be separated on a DEAE-cellulose column by anion-exchange
chromatography. First, a suitable running buffer elucidates the neutral polysaccharide
in the blend; then the acid polysaccharide is eluted at a greater salt concentration [14].
Using gel filtration and affinity chromatography, neutral polysaccharides can be further
divided into a-glucans (adsorbed fraction) and p-glucans (non-adsorbed fraction).
Affinity chromatography is a selective adsorption method and the subsequent regenera-
tion from an immobilized ligand of a compound. This method now enables some carbo-
hydrates to be extremely specific and efficiently purified [15]. Previous studies have
indicated that the mushroom sample fractionation for polysaccharides usually began
with the extraction of warm water. Pk et al. described the isolation and characterization
and anticancer effect of antioxidant polysaccharide from Pleurotus ostreatus [16].

4, Anticancer role
4.1 Pleurotus ostreatus

Pleurotus ostreatus protein extracts demonstrated therapeutic effectiveness
against human colorectal adenocarcinoma cells and cells of human monocytic
leukemia [17]. Cao et al. investigated that the colony-forming potential of the BGC-
823 cells was significantly reduced, after Pleurotus ostreatus polytherapy [18]. Ivette
Gonzdlez-Palma et al. (2016) studied the antioxidant properties of fungi Pleurotus
ostreatus obtained from a local farm in Thailand [19]. Studies of histopathology
confirmed the hepatoprotective effect of P. ostreatus extract. Such findings suggest
that a P, ostreatus extract can significantly reduce hepatotoxicity [20]. Vamanu
isolated exopolysaccharides and internal polysaccharides from Pleurotus ostreatus
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and investigated in vitro antioxidant activity revealed strong antioxidant ability,
which was demonstrated by the EC50 value for DPPH, ABTS scavenging activity,
energy reduction, and iron-chelating operation [21]. Figure 1 shows the concentra-
tion effects of polysaccharides from Pleurotus ostreatus.

The antimicrobial activity of P. ostreatus extracts was determined by the disc dif-
fusion method for Gram-negative bacteria and Gram-positive bacteria. The acetone
extracts had antimicrobial activity against only B. subtilis and E. coli, while the other
extracts inhibited the growth of most oral bacteria, indicating a significant growth
inhibition of S. sanguinis [22].

4.2 Ganoderma lucidum

G. lucidum polysaccharides perform anticancer action, by inhibiting the devel-
opment and growth of the tumors [23], by increasing the immune function of
patients, and by different mechanisms, such as anti-proliferating, anti-metastatic
[24], antioxidant, and immunomodular [25] (Figure 2).

GLP shows activity against cancer by inducing immune responses and directly
cytotoxic effects on tumor cells. GLP blocked the proliferation of mouse melanoma
cells (B16F10) and human bladder cancer cells (HUC-PC and MTC-11). Several
studies have found the mechanism of GLP anticancer role [26].

100+

80+ - DPPH

i -+ ABTS

40+

% Free radical scavenging

o

2.5 3.0 3.5 4.0
LogC.

N
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Figure 1.
The effects of POP on DPPH and ABTS radical scavenging.

Cell proliferation Apoptosis
Cellmotiity \~cLe/”] Antioxidant
Inflammation Immunomodulaion

Figure 2.
Ganoderma lucidum polysaccharides (GLP) results associated with cancer. Arrows are activation, but bars are
inhibition.
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Figure 3.
Tentative velationship between SOD and CAT expressions and Ganoderma lucidum.

Mechanism 1: GLP downregulation of cyclin D1 in human ovarian OVCAR-3
cells is associated with growth inhibition and cell cycle arrest [27].

Mechanism 2: The anticancer activity of GLP includes both phosphoinositide
3-kinase (PI3K)/AKT/mammalian rapamycin (mTOR) and MAPK signaling
pathways [28].

Mechanism 3: GLP decreases the expression of certain signaling molecules at
gene and protein levels in the PI3K/AKT/mTOR and MAPK pathways [29].

It has been shown that many plants contain high levels of natural antioxidants
that can scavenge free radicals [30]. In addition, this property may well decrease
the level of DNA damage caused by oxidative stress and thus partially account for
chemopreventive mechanisms that are attributed to antioxidants derived from
plants [31]. Both the extracts of triterpene and polysaccharide have an antioxidant
effect on pyrogallol-induced membrane oxidation and lipid peroxidation mediated
by Fe(II)-ascorbic acid [32]. The findings of this study showed that GL extracts
displayed dose-dependent antioxidant activity by increasing the expression of SOD
and catalase [33]. Figure 3 shows the expression patterns of SOD and CAT genes.

4.3 Lentinus edodes

As edible and medicinal tools, Lentinus edodes are appreciated. The most active
antitumor and immunomodulatory agents in Lentinus edodes have been found to
be polysaccharides. Lentinan is an isolated component of highly distilled polysac-
charide from Lentinus edodes (shiitake). It is known as a f-glucan in terms of its
chemical composition. The main chain consists of glucose units bound by p-(1-3)
glycosidic bonds, while f-(1-6) glycosidic bonds link side chains with the main
chain [13]. It is an authorized anticancer drug that is widely used in Japan. It is com-
monly used in cancer therapy in combination with other traditional pharmaceutical
drugs, e.g., against cancer of the bowel, liver, stomach, ovary, and lung. It increases
the efficacy of treatment and therefore the survival of patients [34].

5. Chemical structure

The chemical structure of lentinan has a main chain consisting of p-D-
(1 - 3)-linked D-glucopyranosyl residues with two (1 — 6)-p-glucoside branches
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for every five D-glucose residues, and the side chains of lentinan consist of p-D-
(1,6)-linked and p-D-(1 — 3)-linked glucose residues [35] (Figure 4).

It has been shown that many mushroom f-glucans stimulate production of
interferons (IFNs), interleukins (ILs), and other cytokines [34]. It is based mainly
on the activation of T and B lymphocytes, macrophages, and natural killer cells
[36]. Studies have found that the proliferation of mononuclear blood cells includ-
ing lymphocytes, monocytes, and macrophages is induced by lentinan [37]. In
addition, the production and differentiation of cells involved in the host defense
mechanisms are encouraged. Lentinan can also improve immune cell reactivity and
activate cytokines, hormones, and/or other biologically active substances to secrete.
Lentinan increases the resistance of the body to malignant transformation by these
properties [11]. Lentinan therapy has also been shown to inhibit prostaglandin
synthesis, which often leads to a slowing of the differentiation of T lymphocytes
and inhibition of Treg cell activities, in patients suffering from stomach cancer [38].
Increased levels of activated and cytotoxic T lymphocytes in spleen and peripheral
cell mononuclear blood stimulation were also observed in generating interleukin 1o
(IL-1ar), IL-1p, and TNF-a [39]. Certain tumor forms have demonstrated the ability
of lentinan in stimulating IL-1 release [40]. In addition to the indirect action, most
polysaccharides had direct effects on cancer cells. Many researches about the tumor
cell proliferation and/or apoptotic deaths in vitro and in vivo indicate that polysac-
charides inhibit tumor cell growth [41]. The modulation of NF-p activity is one
of the best-described mechanisms for direct anticancer action of polysaccharides
derived from Basidiomycetes. Most types of cancer have excessive activation of NF-f.
Effective NF-a encourages the development of tumors by stimulating gene tran-
scription, inhibiting cell proliferation, or promoting angiogenesis and metastasis
[42]. Polysaccharides have been proven to inhibit NF-o inhibitory phosphoryla-
tion and/or degradation [43], which prevents the transcription factor from being
activated and therefore its subordinate gene expression [44]. Polysaccharides can
influence cancer cells in other ways, in addition to NF-f pathway modulation. The
polysaccharide protein complex derived from Trametes versicolor as the PSP is an

H
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o™ o
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Figure 4.
Chemical structure (2D).
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excellent example of this. It was shown that in the leukemia cells U-937 and in the
breast cancer cells MDA-MB-231, PSP induced the arrest of cells at G1/S and G2/M
restrictive points and inhibited antiapoptotic proteins that caused cell division
repression and increased apoptosis [45]. In leukemia cells HL-60, however, the
effect of PSP was similar by a decrease of NF-f and ERK kinase expression [46]. In
oriental medicine, it is a fundamental principle to control the whole body’s homeo-
stasis and return the patient to its normal state [47].

6. Conclusions

Polysaccharides’ anticancer properties depend on sugar composition [48],
molecular weight [49], water solubility [1], glucose relation [25], tertiary structure
[48], branching frequency and shape [41], chemical modification [40], and ligand
presence [38]. Scientific approaches to mushroom compounds have allowed the
isolation of many of the important active substances used in lifestyle disease pre-
vention and treatment, including cancer. The immune system was strengthened by
various polysaccharides from different mushroom varieties. Their ability to stimu-
late the host’s immune system, rather than direct cytotoxicity, all has demonstrated
strong antitumor activity. Chemotherapy or radiation therapy seem to withstand
and compatible mushroom polysaccharides. Nonetheless, there are urgent needs to
be studied that describe the molecular mechanism of mushroom polysaccharides
such as receptors and downstream events induced by these polymers being bound
to their target cells.
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Chapter 5

Molecular Mechanism Induced by
Beta-Glucans from Maitake to
Recover T Cell-Subpopulations
during Immunosuppression

Aguilera Braico Diego Maximo and Balogh Gabriela Andrea

Abstract

Breast cancer is the most frequent neoplasia in the world and one of the main
causes of death among women. Some of the conventional treatments for cancer are
chemotherapy or radiotherapy, knowing that both generate very toxic side effects
since they usually affect all cells in active division (healthy or tumoral cells).
Therefore, specific treatments are necessary, with therapies aimed at the molecular
characteristics of the tumor and its microenvironment. An approach to this could be
the search for natural compounds with immunopotentiating capacity and selective
toxicity on tumor cells. Recently, immunomodulatory and antitumor activities have
been discovered in various fungi. Among them, p-glucans of D-Fraction of Grifola
frondosa (Maitake) can generate innate and adaptive immune responses, exerting
antitumor effects. The reported therapeutic benefits of treatment of breast tumor-
igenesis with D-Fraction of Maitake require to deepen pharmacological and toxico-
logical studies, in order to guarantee innocuousness and efficacy in the
administration to a patient. Therefore, this chapter aimed to elucidate toxicological,
pharmacodynamic, and pharmacokinetic aspects of f-glucans from D-Fraction.
In this way, we hope to make a significant contribution to the pharmacological
knowledge of these bioactive compounds by promoting an immunotherapeutic and
antitumor strategy novel agent.

Keywords: beta-glucans, Maitake, D-fraction, toxicological, pharmacodynamic,
pharmacokinetic studies, immunosuppression, T-cell lymphocyte

1. Introduction

Grifola frondosa, better known as Maitake, is an edible and medicinal fungus
widely known and respected in Eastern countries for thousands of years [1]. It
belongs to the Basidiomycota division, Meripilaceae family, and Polyporales order;
it grows as a parasite on the bases of deciduous and coniferous trees in forests from
Asia, Europe, and eastern North America. It has large annual basidiocarps that can
measure up to 1 m in diameter and weigh 20 kg. These are branched and formed by
numerous small fan-shaped hats, found themselves imbricated. At the nutritional

65 IntechOpen



An Introduction to Mushroom

level, fresh specimens of Grifola frondosa have 80% aqueous content, while 22-27%
dry weight corresponds to proteins, 50-60% of carbohydrates, and 4% of fats. It has
vitamins C, D, and B (B1, B2, B6), niacin, and folic acid. Among its minerals, K, P,
and Mg predominate, followed by Zn, Na, Fe, and Ca. As free sugars it has glucose,
trehalose, and mannitol. In the formation of basidiocarps, mostly malic acid was
identified, but also lactic acid, acetic, formic, citrus, succinic, oxalic, and
pyroglutamic acids. The presence of a lectin (N-acetylgalactosamine) capable of
agglutinating erythrocytes was also determined. In the early 1980s, Japanese
mycologist Hiroaki Nanba identified a fraction present in its mycelium, but also in
the fruiting body of Grifola frondosa that exhibited greater antitumor activity and
significant immunomodulatory effect [2, 3] when administered orally and intrave-
nously, which he called D-Fraction [4, 5]. Since it could be an effective immuno-
modulator orally, this characteristic made it extremely easy to administer
compared, for example, with Shiitake (lentinan) extracts, whose effect was only
optimal in intravenous administration [6]. During the 1990s, Nanba and Kubo
achieved greater purification of the D-Fraction extract, achieving the MD-Fraction,
with superior biological activity [5], highlighting the important antitumor effect of
Grifola frondosa [7-10]. D-Fraction is insoluble in acid, soluble in alkali, and
removable with hot water. Starting with Grifola frondosa, a polysaccharide formed
by a main chain of branching —1-6-D-Glucoso was placed for every three residues
of D-glucose. Glucans are polysaccharides made up exclusively of D-glucose units
bound through glycoside bonds, with the glycine being the ones with the greatest
therapeutic potential [11, 12]. The purified extract of D-Fraction has main-chain
glycogen with branches of —1,3 and the main-chain glucans of the main chain —1,3
with branches —1,6; it also has high molecular weight proteins close to

1,000,000 Da [4, 5].

Numerous fungal compounds—such as D-glucans, proteoglycans, proteins—
have been studied in recent years due to their ability to stimulate or inhibit specific
components of the immune system [13]. The immunomodulatory effects of D-
glucans on the immune system of mammals involves innate and adaptive immune
responses, being able to attribute these effects to be a polysaccharide that the body
cannot synthesize; the immune system recognizes it as triggering the innate and
adaptive immune responses [14] that contribute to the blocking of tumor progres-
sion.

Natural killer cells, which are part of innate immunity or first line of defense at
birth, are the main weapon of immunosurveillance against tumor development [1],
releasing IFN-y, TNF-a, and GM-CSF in fulfilling its role of smoothing tumor cells.
Innate immunity is also composed of monocyte (macrophages) and neutrophils,
which, when recognizing foreign agents and put into action various enzymes such
as nitric oxide synthase (iNOS), which results in bactericidal intermediaries [13].
Macrophages secrete cytokines (IL-1, IL-6, IL-10, IL-12, TNF-a) capable of modu-
lating innate and adaptive responses, activating, in turn, other macrophages, neu-
trophils, NK, and T lymphocytes. Tumor activity in NK is enhanced by IL-2, IL-12,
and interferons [15]. T cells and NK lymphocytes produce IFN-y that reinforces the
activation of macrophages. The innate response induced by D-Fraction p-glucans
involve activation of the protein receptor Dectin-1, which after recognizing these
polysaccharides triggers events of phagocytosis and release of cytokines [16, 17].
The extract D-Fraction of Maitake activates the macrophages to secrete IL- 1
[4, 18], IL-12 [8, 17], and TNF-a [19] and stimulates the expression of nitric oxide
synthase [20]. In addition to stimulating macrophages, IL-1 promotes the cytotox-
icity of splenic T cells, increasing their bactericidal activity [18]. Maitake can stim-
ulate NK cells both in vitro and in vivo, through the increase of IFN-y and TNF-« in
mice [8, 21]. In addition, in macrophages IL-12 secretion associated with NK
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activation is stimulated by the increased binding to perforins in target cells,
increasing tumor lysis [8, 21]. It has been suggested that NK cells are self-activated
by the IFN-y released by themselves [8]. Increased activation of NK was confirmed
by increased CD69 expression—NK activation marker—present on the surface of
these cells [22]. Subsequent clinical studies in cancer patients revealed that treat-
ment with D-Fraction stimulated and maintained normal activity of NK in periph-
eral blood [7]. In acquired immunity, which presents as main characteristics
specificity and memory [23], D-Fraction of Maitake decreases the expression of the
CD69 activation marker of B lymphocytes and stimulates Th lymphocytes, specifi-
cally to the Th1 lymphocytes of lymph nodes [8, 19], presenting effects on the
balance of Th1 lymphocytes/Th2 lymphocytes [19]. Carcinogenesis has been
reported to imply significant imbalance Th1L/Th2L, with a progressive decrease in
Th1L (main TLc inducers) and increased Th2L [24]. D-Fraction of Maitake can
reverse that imbalance by polarizing the ThL response to Th1L by stimulating the
secretion of IL-12 and IL-18 crucial for Th1L activation and blocking Il-1 release
important for Th2L activation [19].

2. Immune-restorative capacity of Maitake Pro4X’s beta-glucans in
immunosuppressed BALB/c females

2.1 Quantification of 1,3-beta-glucans in Maitake Pro4X

The total content of p-1,3 glucans of the purified extract of Grifola frondosa
(Maitake PRO4X) was quantified through a colorimetric method called Megazyme,
a B-glucan commercial kit (Megazyme International Ireland, Bray, Co. Wicklow,
Ireland). The samples were performed by triplicate. According to the manufac-
turer’s instructions, 0.1 pl of Exo-1,3-glucanase (20 U/ml) was added to 0.1 ml of
sample in sodium acetate buffer at 200 mM concentration and pH 5. The contents
were mixed by vortex and incubated at 40°C for 60 min. Subsequently, 3 ml of
Buffer GOPOD (glucose oxidase/peroxidase) was added and incubated for 20 min
at 40°C. The absorbance value of all samples at 510 nm was read on a Cary 50
Agilent brand UV-Vis spectrophotometer. Finally, the following equation was
applied to calculate the concentrations of 1,3-p-glucans:

B — Glucan (%w/w) = AE x F/W x 90

where.

AE = Absorbance value of the sample at 510 nm.

F = Conversion factor = 100.

W = Sample weight (mg).

Finally, this equation was applied to refer the values with the beta-glucan stan-
dard employed in the assay.

Abs Standard (510nm) _ Abs Maitake ProdX (510nm)
5t. B-glucan Unknown (X)

5t. f-glucan = Standard p-glucan concentration
Unknown (X) = Maitake Prodx p-glucan concentration

Then, applying the formula, using the values from Table 1, the concentration of
1,3-beta-glucans from Maitake Pro4X was obtained.
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0.7937 0.7222

¥ =0.91 mg/ml 1,3 [ glucan in Maitake ProdX

1.0 mg/mil X

2.2 Polarity and solubility of f-glucans from Maitake Pro4X
2.2.1 Polarity of Maitake extract
Evaluation of Maitake Pro4X’s polarity by dissolving commercial samples into

solvents of increasing polarity. It was checked whether they were soluble, highly
soluble, or insoluble. The results are given in Table 2A. The results of Table 2A on

Sample Welght | Absorbancel | Absorbance? | Abksorbance 3 Average of Hi-glucan
{mgl [S10men] {510mm) [51 0] Abgorbance = 5.0 [wfuf
Italcake Mrody 100 (L7844 07111 LG [ +1L05R 0 mgfnl

Total concentration of 1,3-b-glucans correspond to Maitake Pro4X commercial sample. The test was performed
according to the colorimetric method of the Megazyme b-Glucan kit measuring the absorbances of the samples at 510
nm. The Absorbances values indicated in the table are the corrected values referrved to the blank of reagents.

Table 1.
Colorimetric quantification of beta-glucan content in Maitake Pro4X.

A
N-hexane Insoluble =
] w3
_;_:E Ethyl-acetate Insaluble e
32z =3
e Acetone Insoluble 5 g
L Ethanal Soluble
g Methanol Highly Soluble
+ Distilled water Highly Soluble ¥
B

[ Solvents | Acid/Basic Maitake ProdX

Distilled Water Meutral Highly Soluble
Hydrochloric Acid Acid Highly Saluble
Bicarbonate 7.5% Basic Soluble

Qil - Insoluble

(A) The solubility of the commercial versions Maitake Pro4X was verified in solvents with increasing polarity. (B)

Maitake Pro4X Solubility in acidic or alkaline solvents. The vesults obtained were recorded as soluble, highly soluble

or insoluble.

Table 2.
Polarity/solubility of Maitake.
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polarity/solubility of purified Maitake extracts in solvents of increasing polarity
showed that both extracts were highly soluble in polar solvents and insoluble in
nonpolar solvents. This suggests hydrophilic and polar nature of that compound.
Acetone solubility, an aprotic polar solvent (without O=H, N=H links), was dif-
ferential for both extracts. While Maitake Pro4X proved insoluble, the standard
version was soluble. Next, to evaluation the solubility of p-glucans, a 1:4 aqueous
dilution of Maitake Pro4X was performed; an aliquot of this dilution was taken in
volume similar to the tested for Maitake Standard and dissolved in acetone, being
soluble. Dissolution in apolar solvents (n-hexane and ethyl acetate) resulted in the
formation of an insoluble upper phase of Maitake (heterogeneous system). In the
case of ethanol, both extracts generated a homogeneous system.

2.2.2 Maitake PRO4X solubility

The solubility results of Maitake Pro4X in water-soluble or fat-soluble sub-
stances, of an acidic or alkaline nature, are summarized in Table 2B. The results of
Table 2A regarding the solubility of Maitake Pro4X in solvents of acid or alkaline
character demonstrated high solubility in acidic pH (hydrochloric acid) and neutral
(distilled water) substances. Solubility was observed in bicarbonate 7.5% (m/v)
(alkaline pH), with slight ionization of the extract in the form of small whitish
precipitates. Maitake Pro4X was insoluble in fat-soluble substances (oil).

2.2.3 pH measurement of Maitake Pro4X

The acidic or alkaline nature of the purified Maitake D-Fraction Pro4X extract
from G. frondosa mushroom was determined by pH measurement at two different
temperatures (20 and 37°C) by the potentiometric method through a pH meter
Accumet (Fisher Scientific, USA), using three calibration points and accuracy of
pH 0.01. The results of pH indicated an acidic pH for Maitake Pro4X, 5.8 and 5.77,
at 20°C and 37°C, respectively. Considering the oral route of administration of beta-
glucan compound in mice, we have observed that the pH of Maitake Pro4X is
closely related to gastrointestinal organs, the duodenum and colon.

2.3 Role of 1,3-p-glucans from Maitake Pro4X in the mechanism of cell death
(apoptosis) mediated by Dectin-1 receptor activation in tumoral MCF-7
cells

2.3.1 Effect of Maitake on human tumor cells with Dectin-1 blocking

The effect of Maitake Pro4X on the feasibility and death of MCF-7 tumor cells
was investigated by mediating blocking of Dectina-1 transmembrane receptors with
Laminarin. Laminarin, 1,3-f-glucan extracted from Laminaria digitata, can specifi-
cally bind to the Dectin-1 receptor. It is considered as a Dectin-1 specific blocker.
The study indicated that Laminarin connected with ovalbumin OVA could be espe-
cially recognized by the Dectin-1 receptor expressed on dendritic cells and macro-
phage [25]. Figure 1 illustrates the mechanism of Laminarin blocking the Dectin-1
receptor through activation of certain proteins that inhibit the tumoral cell death
induced by Maitake Pro4X alone. This figure’s ideas were taken from the publica-
tion of Fesel and Zuccaro [26].

In order to study the role of Dectin-1 receptor on cell death induced by Maitake
Pro4X, in vitro cultures of MCF-7 cells were treated for 24 h with p-glucans from
Maitake Pro4X (367 pg/ml) in the presence and absence of Laminarin (200 pg/ml).
The count of living and dead cells was performed in Neubauer’s chamber, using
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Laminarin
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Transmembrane Domain
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Tumoral Cell Death
Induced by Maitake

Figure 1.

p-glucan receptor and laminarin. Upon laminarin binding it is proposed that two Dectin-1 proteins form a
receptor co-motif) of both receptor molecules which is subsequently phosphorylated by SRC. Both phosphorylases
(SYK, spleen tyrosine kinase) trigger downstream events to block the tumoral cell death induced by Maitake
ProgX. The idea of this graphic was taken from Fesel and Zuccaro [26].
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Figure 2.

Effect of tumoral MCF-7 cell death induced by Maitake and dependence of Dectin-1 receptor. In vitro
culture of MCF-7 human tumoval cells was employed to measure the effect of blocking the Dectin-1 receptor
(Laminarin 10ug/ml) in the cell death mechanism induced by Maitake Pro4X (5 mg/ml). The experiment was
performed by triplicate. The results correspond to mean + 2 standard deviations. In the graphic * means p

< 0.05 and n.s means not statistically significant (p > 0.05).

Trypan blue exclusion technique. The control group was used as untreated. All the
experiments were performed by triplicate. The results listed in Figure 2 about the
death of MCF-7 tumor cells demonstrated that treatment with Maitake Pro4X
significantly increased (*p < 0.05) the death of tumor MCF-7 cells (from 26,666.67
x 10% (2.66 x 10”) in the control untreated to 42,916.67 x 10> (4.3 x 107)). A
significant decrease in cell death (*p < 0.05) (26,3750 x 103 (2.67 x 107)) was
found when Dectina-1 receptors were blocked with Laminarin (Figure 2).
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2.4 Biodistribution of 1,3-beta-glucans from Maitake Pro4X
2.4.1 Biodistribution in oral administration

The uptake of the 1,3-p-glucans from Maitake Pro4X in the various organs was
investigated, as well as their accumulation and passage through the blood-brain
barrier, after oral intake in BALBc mouse. To achieve this goal, two animals of both
sexes were used for each time (n-16), which were administered orally with a single
therapeutic dose of 4 pl of Maitake/mouse dissolved in 8 pl of distilled water,
corresponding to the therapeutic dose of 5 mg of B-glucans/kg. Subsequently, the
mice were treated for 30 min, 1, 2, 4, 7, 16, 24, and 30 h with oral administration
with Maitake Pro4X. After that, animals from all groups were induced to death by
suffocation with CO, in euthanasia chamber and subsequent cervical dislocation.
During the autopsy, the hepatic, renal, gastrointestinal (duodenum and colon)
organs, lung, and brain removed from each mouse were arranged on a metallic
mesh or cell strainer moistened with cold PBS. By means of gentle circular move-
ments with the plunger of the syringe, the organ was disaggregated in the strainer,
collecting the homogenization in a falcon tube. In the case of gastrointestinal tissue,
its contents were previously removed prior to processing in order to avoid cellular
agglomerations. With Pasteur pipette, three washes of 1 ml each of cold PBS were
performed to facilitate disintegration; the homogenate remained on ice. With 10 ml
syringe and 27 G needle, several passages of aspiration expulsion of tissue filtration
were performed, in order to generate complete homogenization and rupture of any
cell clusters. Subsequently, it was centrifuged at 1000 rpm for 7 min at 4°C, and the
supernatant was discarded. The pellet was resuspended in 4 ml of PBS + SFB 1% and
preserved in the freezer at —80°C for subsequent quantification of the glycoprotein
extract glucans.

Plasma quantification of 1,3-B-glucans was performed after oral administration
of Maitake Pro4X in BALB/c mice. To do time-course curve, two animals were used
for each time (condition), making the slaughter of them at 0.5, 1, 2, 4, 7, 10, 16, 24,
and 34 h. The determination of 1,3-glucans was performed by the colorimetric test
called Glucatell kit (carried out at the Cape Cod Inc. Laboratory, Maryland, USA),
which allowed to obtain curves of plasma concentration (pg/ml) vs. post-
administration time (h) (Figure 3).
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Figure 3.

Plasmatic concentration of 1,3 f -glucans vs time of postoral administration. The blood was collected
during the slaughter of BALB/c mice at pre-established times. Plasma determinations of 1,3-b-glucans were
made using the colorimetric method called Glucatell kit. Three peaks of Cpmax were observed following oral
administration of Maitake Pro4X (5 mg/kg).
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The pharmacokinetic parameters that were determined are: area under the curve
(AUC) Cp vs. time), T 1/2 (half-life time), Cp max (maximum plasma concentra-
tion), ke (elimination constant), ka (absorption constant), Tal/2 (absorption half-
life time), Vd (apparent volume of distribution), and Clt (total systemic clearance).

1.Maximum plasma concentration (Cpmax) and maximum time (Tmax).
The results recorded in Figure 3 suggest that plasma levels of 1,3-glucans
increased rapidly after oral administration, presenting three peaks of
maximum plasma concentration:

a. First peak Cpmax >5000 pg./ml at half an hour after oral administration
of Maitake

b. Second peak Cpmax >5000 pg./ml between 2 and 10 h of oral
administration of Maitake

c. Third peak Cpmax >5000 pg./ml at 34 h of oral administration of
Maitake

After the first peak Cpmax, plasma levels of 1,3-glucans fell sharply, resulting in
a new Cpmax peak between 2 and 10 h. From 10 h., there was a gradual decrease in
the concentration of 1.3-p-glucans. However, after 16 h, a progressive growth of the
concentration of 1,3-B-glucans began again, reaching a third peak Cpmax at 34 h
after oral administration.

2.Elimination speed constant (Ke). The results recorded in Figure 3 suggest
that the removal of 1,3-p-glucans correspond to a first-order kinetic (mono-
compartmental) model. The first Kel constant has a 4489/h removal speed and
Ke2 has a speed of 0.236/h. This indicates a high elimination speed for the
range 0.5 to 1 h and more gradual elimination between 10 and 16 h. The first
elimination (Kel) is 19 times faster than the second (Kel x 19 Ke2).

3. Absorption speed constant (ka). The ka absorption constant was determined
by the residual method, assuming a kinetic model of first order with Kal > Kel.
First, to calculate kal, it was drawn the Elimination line Log Cp vs. 0.86 to 0.94 h.
Extrapolation was performed to the axis of the ordered, resulting in a line
and —22,011x + 4.8472. The selected absorption Cps corresponded to the times
0.6 h (3850 pg./ml), 0.7 h (2300 pg./ml), and 0.8 h (1350 pg./ml). For each
time, the Log Cp value was determined on the semilogarithmic elimination line
and —22,011x + 4.8472, resulting in 3.53 (0.6 h), 3.31 (0.7 h), and 3.09 (0.8 h).
Applying antilogarithm, the elimination Cp was obtained resulting in
3388.44 pg./ml (0.6 h), 2041.74 pg./ml (0.7 h), and 1230.27 (0.8 h). The
absorption constant kal was calculated from the slope of the absorption line
and —29,301x + 44,359, resulting in kal x 6.75/h. It was verified that kal > kel.
The second absorption constant ka2 was determined by the residual method,
assuming a kinetic model of first order with Ka2 > Ke2. The elimination line Log
Cp vs. time was plotted in the interval 13 to 15 h, with its corresponding
extrapolation to the axis of ordered, resulting in the line and — 0.1144x + 4.83.
The absorption Cp stakes chosen in the oral administration curve correspond to
the times 1.2 h (1650 pg./ml), 1.4 h (2850 pg./ml), and 1.6 h (3750 pg./ml).

4. Absorption half-life time (Tal/2). From both ka, the absorption half-life
time (tal/2) was established. Using the expression t1/2-0.693/ka, the tal 1/2 x
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0.1 h was obtained for kal, while for ka2, the ta2 1/2 x 1.9 h. These results
suggest that the plasma concentration of 1,3-glucans that remains to be
absorbed was halved to 0.1 and 1.9 am of oral administration.

5.Elimination half-life time (T1/2). From both Ke, the elimination half-life time
(t1/2) was set, using the expression t1/2-0.693/Ke. For the range 0.5-1h, t1 x 2
% 0.15 h, while between 10 h to 16 h, t1 x 2.93 h. The plasma concentration of
1,3-glucans was halved at 0.65 and 12.93 h of oral administration.

6.Distribution volume (Vd). The apparent volume of distribution was
calculated by the expression “Dose/Cp0.” The dose administered to the
animals was 120 mg of p-glucans (4 ml Maitake PRO4X). Cp0O was determined
by extrapolation with the axis of the ordered (In Cp) in the range 0.5-1 h. So,
for a 20 g mouse, the Vd is 2.551/0.02 kg, i.e., Vd is 127 ml/g (127 l/kg), thisis a
great value for Vd on the mouse.

7.Clearance total (Clt). Total systemic clearance (Clt) was determined by the
expression Clt -Vd (-Ke). For Kel, Clt-2,551 x 4489 h-1-11.45 1/h or 190.78 ml/
min), while for Ke2, its Clt is 10.03 ml/min.

8. Area under the curve. The area under the curve Cp vs. time reflects the
amount of bioavailable compound that reaches the systemic circulation and is
capable to produce an effect, as determined by the trapezoidal method,
resulting in 0.118 mg.h/ml for the time interval 0-34 h.

The results shown in Figure 4 about tissue uptake of p-glucans following oral
administration suggest that the highest concentrations occurred in the stomach
(5.52 x 10’ pg.h/ml), duodenum (3.66 x 107 pg-h/ml), and colon (3.44 x 107 pg.h/
ml). In addition, we have recorded an important level of uptake in the brain (AUC
of 3.77 x 10* pg.h/ml) and lung and to a lesser extent at the liver (1.89 x 10* pg.h/
ml) and renal (2.44 x 10* pg.h/ml) level. The area under the tissue biodistribution
curve of 1,3-B-glucans for the different organs is indicated in Figure 5. The results
recorded in Figure 5A represents the area under the stomach, duodenum, and colon
uptake curve of p-glucans. The highest hepatic uptake (Figure 5B) occurs at 7 h (*p
< 0.05 vs. 2 h) and the lower at 30 h (with **p < 0.01 vs. 2 h). On the other hand,
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Figure 4.

Mouse tissue biodistribution of 1,3-p-glucans. The catches in the various murine ovgans were compared between
2 and 30 a.m. after 1,3-b-gucans Maitake Pro4X (5 mg/kg) oral administration. The determinations were
made using the colorimetric method of the Glucatell kit. Biodistribution in gastrointestinal ovgans (stomach,
duodenum, colon) was in the order of millions of pg.h/ml, while in others it was thousands of pg.h/ml.
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liver uptake at 2 h is significantly higher than that which happens at an equal time in
the brain (with *p < 0.05). Also, brain uptake at 30 a.m. is significantly less than
that occurred at the same lung time (with **p < 0.01) (Figure 5B).

2.5 Molecular mechanism of dexamethasone in immunosuppression

In order to induce immunosuppression in the experimental murine model,
dexamethasone was employed, a synthetic glucocorticoid class of steroid hormones
with potent anti-inflammatory and immunosuppressant activities [27].
Dexamethasone-mediated T-cell suppression diminishes naive T-cell proliferation
and differentiation by attenuating the CD28 co-stimulatory pathway [28]. How-
ever, the exact molecular mechanism induced by dexamethasone in the immuno-
suppression is not yet known. Figure 6 illustrated the possible molecular
mechanism of glucocorticoids (GC) such as dexamethasone on immune cells; GCs
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Tissue biodistribution curves of p -glucans. These correspond to the area under the uptake curve of 1,3-
glucans of different murine organs after orval administration of Maitake Pro4X. Mean values +2 standard
deviations of: (A) gastric, colonic, and duodenal uptake in millions of pg./ml. (B) Brain, pulmonary, hepatic,
and renal uptake in thousands of pg./ml. Significant differences were observed ("p < 0.05; *p < 0.01)
between tissue captures and their times.
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Figure 6.
Glucocorticoid (GC such as dexamethasone) activity on periphery immune cells. GCs act upon almost every
immune cell type. This figure was modified from Liberman et al. [29].
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promote an anti-inflammatory state on both monocytes and macrophages. GCs
prevent monocytes from entering apoptosis and inhibit the liberation of pro-
inflammatory mediators by both types of cells. Particularly in macrophages, GCs
promote phagocytosis and motility, while they inhibit adhesion, apoptosis, and
oxidative burst. They also act upon neutrophil function by inhibiting rolling, adhe-
sion, and activation. GCs act toward dendritic cells by promoting their maturation,
survival, migration, and motility, and at the same time GCs inhibit their ability to
activate T cells by suppressing the production of pro-inflammatory molecules. A
naive helper T (Th) cell can differentiate into different Th lineages, and GCs exert
different actions. They act upon Th1 by decreasing T-bet transcriptional activity
and suppressing the production of pro-inflammatory molecules such as IL-2 and
IFN-y. They also suppress GATA3 activity in Th2 cells inhibiting the expression of
IL-4 and IL-5. The action of GCs toward Th17 and regulatory T cells is not yet well
understood [29] (Figure 6).

In order to induce BALBc mouse immunosuppression, 3 g dexamethasone/
mouse was administered daily from the beginning to the end of the experimental
trial, which lasted approximately for 4 weeks. A suspension of glucocorticoid 0.02%
m/v was prepared, for which five tablets of a trademark 0.5 mg were bitten until
completely sprayed and suspended in 12.5 ml of 10% aqueous glucose solution. The
suspension was prepared weekly and kept in a refrigerator until use. From the
suspension of glucocorticoid, daily dainty was administered 15 pl/mouse equivalent
to 3 g/mouse/day (0.15 mg de dexamethasone/kg/day).

2.6 Effect of 1,3-p-glucans in the hematology and white blood cell formula
2.6.1 Blood microscopic analysis

Microscopic peripheral blood spread observations were performed for each of
the experimental conditions. The blood was collected during the autopsy of the
animals and colored with May-Grunwald-Giemsa. Mouse peripheral blood collected
during the autopsy of the animals was transferred to Eppendorf tubes containing
0.5% EDTA, at room temperature. A blood smear was performed, placing a drop of
blood in the center of a clean slide. A thin film of blood was obtained by means of an
object cover (smear). After obtaining the blood smear, it was immediately allowed
to air-dry at room temperature, to proceed to its staining. A few drops of methanol
were added to fix the preparation, and after evaporation of the preparation, the
entire spread was covered with a solution of the May-Grunwald dye for 2-3 min.
Subsequently, and unwashed, the Giemsa dye was added for 20 min. Finally, the
preparation was washed with distilled water by removing the dyes by trawling and
dried at room temperature. Figure 7 shows the following conditions:

2.6.2 Healthy control group

Normal red blood cells, clustered platelets, lymphocytes, neutrophils, and
monocytes were observed (Figure 7 Superior). No immature cells were recorded.

2.6.3 Immunosuppressed group

This group presented in his blood abundant large cells, with prominent nucleus,
and small and vacuolated cytoplasm (compatible with megakaryocytes); other mice
featured megakaryocytes grouped in masse, mastocyte, and PMN basophil and also
exhibited monocytes with well-condensed chromatin and megakaryocytes in
apparent cell division process. Unevenly sized red blood cells (anisocytosis) were
observed (Figure 7 middle).

75



An Introduction to Mushroom

Figure 7.

Blood smear of leukocyte formula. The figure shows the microphotographs from the slides (may-Grunwald-
Giemsa x40) indicated in each condition: Healthy control, immunosuppressed in the absence of Maitake Pro4X,
immunosuppressed with Maitake Pro4X, and immunosuppressed in the presence of Maitake Pro4X and
verapamil.

2.6.4 Immunosuppressed group treated with Maitake

It exhibited mature blood cells such as lymphocytes and polymorphonuclear
granulocytes (neutrophils and basophils). In addition, some multinucleated giant
cells compatible with megakaryocytes were observed (Figure 7 middle).

2.6.5 Immunosuppressed group treated with Maitake + verapamil

Spiculate red blood cells with hypochromia and/or loss of hemoglobin and signs
of anisocytosis and hemolysis were observed. In addition, megakaryocytes were
released releasing platelets and mastocyte cells in degranulation (Figure 7 bottom).

2.7 Flow cytometry studies: expression of CD19, CD3e, Ly6G, and CD105
molecular markers in immune cells

Flow cytometry studies were performed to analyze the immune-restorative
ability of Maitake PRO4X’s glucans and recover the immune cell populations with
an antigenic expression of CD3e, CD19, CD105, or Ly6G. Such studies were
conducted on murine lymphoid tissues (spleen and lymph nodes) removed during
the autopsy of the animals. Maitake’s ability to recover immune cell populations in a
murine model of immunosuppression was investigated. To do this, 29 healthy
BALB/c female mice, 6-8 weeks of age with a weight between 15 and 21 g, were
randomly divided into five groups:

1. Condition 1: Healthy control (n = 8)

2.Condition 2: Immunosuppressed (induced by daily administration of
dexamethasone 0.15 mg/kg) (n = 8)

3.Condition 3: Immunosuppressed with Maitake PRO4X (6 mg of p-glucan/kg/
Day) (n = 8)

76



Molecular Mechanism Induced by Beta-Glucans from Maitake to Recover T Cell-Subpopulations...
DOI: http://dx.doi.org/10.5772 /intechopen.90413

Merei iy |
AxiftryiN Lk ey

Begpural LN [ e 11y

Mrssreionsces

i Cadinumng
3 B om0
frassail g ¥ i Cyinsirity
455
K .
Fl
B
i
L >
o 2 HTCs
Craresi 1 o
1158 138
L oy —
« - L -

Figure 8.

Lymphoid cell collection. Mice lymphocytes were obtained from the processing of peripheral lymphoid organs
(spleen and murine lymph nodes (mesenteric, axillary, and inguinal LN). The organs were subjected to
mechanical disintegration to obtain the cell suspension. After that, a pool of immune cells was performed from
each condition studied, cells were stained with specific monoclonal fluorescent anti-mouse antibodies, flow
cytometry was performed by triplicate in a BD Accuri C6, and data were analyzed and interpreted as is
illustrated in the figuve.

Mice Lymphoid Tissues removal

Inguinal LN sSpleen

Figure 9.

Removal of peripheral lymphoid organs. The spleen and lymph nodes (axillary, inguinal, and mesenteric LN)
from the BALB/c mice were removed during the autopsy of the animals and subjected to mechanical disintegration
to obtain immune cells that were subsequently labeled with the specific antibody to perform flow cytometry.

4. Condition 4: Immunosuppressed with Maitake PRO4X in the presence of a
calcium blockage verapamil (10 mg/kg/Day) (n = 5)

After 30 days of treatment, all animals were sacrificed using CO, asphyxiation
camera, and the autopsy was performed in all of them. To perform the flow
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cytometry studies, immune cells were obtained from peripheral lymphoid organs
(spleen and lymph nodes), which were removed during the autopsy of the mice.
These organs were placed in a strainer, located in the opening of a falcon tube, to
facilitate mechanical disintegration (Figure 8). With the plunger of a syringe,
gentle circular movements were made resulting in tissue disintegration. The
homogenate was collected in the falcon tube. The processing of lymph nodes
involved the removal of the inguinal, mesenteric, and axillary nodules (Figure 9).
Inguinal nodes were observed as small white spots or hardness in the junctions of
the blood vessels, while mesenteric nodules were visualized from the unrolling of
the small intestine, being observed as a chain of small whitish granules located
above the small intestine. From the axillary region, whitish points corresponding to
the axillary nodes were removed (Figure 9). All three types of nodes were placed in
the same strainer after removal, which was previously moistened with cold PBS.
The procedure indicated in Figure 9 allowed to obtain a ganglion homogenate pool,
washed three times with 1 ml of cold PBS, and the homogenate was kept on ice
during the procedure. With 10 ml syringe and 27 G needle, several suction expul-
sion passages of filtration were performed to generate complete homogenization
and smooth any cell cumulus. Subsequently, the homogenate was centrifuged at
1000 rpm for 7 min using a temperature of 4°C; the supernatant was discarded. The
pellet obtained from ganglion cells was resuspended in 4 ml of PBS with bovine fetal
serum (FBS 1%), kept in ice until the time of labeled with fluorescent antibodies for
flow cytometry. Immune cells were count in Neubauer’s chamber before to labeled
with fluorescence. In parallel the same procedure was applied with the spleen tissue.

Different populations of immune cells (T lymphocytes, B lymphocytes, natural
killer cells, stem cells, PMN granulocytes, and macrophages) derived from the
spleen and lymph nodes (Table 3 and Figure 10) were labeled with the following
monoclonal anti-mouse fluorescent antibodies:

e Anti-CD3e-FITC

¢ Anti-CD19-PE

monoclonal Antibody Antl-mouse Clone Kumber Lakel e White Cell Type Labelled
Lllg-FITC con ugated 1405-31111 o3 Iyrapheocytas {11]
Hatur gl Hillae (M)
CL1Y-PE conjuzated elal 19 b ymphocyes (BLI
Deneeilie Ceells §00C)
Stern Cells (50
L131 C=- Al e Fluar con ugatar) IR CDl05 Marraphagar
Mornueyics
Lyiati-FITC zonjJRated 1nd LysG FaAM-aranulosytes

The different populations of immune cells (T lymphocytes, B lymphocytes, Natural Killer Cells, Stem cells,
Polymorphonuclear (PMN) granulocytes and macrophages) from splenic and ganglion tissues were labelled with
fluorescent anti-mouse monoclonal antibodies, according to the detail of this table. The conjugated antibody FITC
(Fluorescein isothiocyanate), has excitation and emission spectrum peak wavelengths of approximately 495 nm/519
nm, giving it a green color. PE (phycoerythrin)-conjugate fluovescence has an excitation maximum at 564 nm and an
emission maximum at 574 nm, giving yellow color. Alexa Fluor (AF) conjugated antibody has the longest wavelength
with excitation/emission maximum of 784/814 nm.

Table 3.
Fluorescent anti-mouse antibodies used in flow cytometry.
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B Lymphocyte
PMN
Meutrophils
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Figure 10.

Molecular markers in flow cytometry. The immune-restorative effect of Maitake Pro4X in the recovery of
immune cells with antigenic expression of CD3¢, CD19, CD105, and Ly6G of the lymph nodes and splenic
organs, removed after the sacrifice of the mice, was studied.

¢ Anti-CD105-AF
* Anti-Ly6G-FITC

The anti-mouse antibodies used in this study recognize specific markers (surface
antigens) of murine immune cells (CD3, CD19, CD105, and Ly6G) and emit fluo-
rescence by being found conjugated with fluorochromes (FITC, PE, and AF), which
have different excitation (excitation) and emission wavelengths (Emission) (see
Table 3). For the fluorescent labeling with the conjugated antibody with PE + FITC,
500 pl of cells from the pellet were taken from the sample pool, and added 150 pl of
PE antibody (1:30) plus 150 pl of FITC antibody (1:30) were mixed and incubated in
dark for 30 min at room temperature. After that time, the cells were washed twice
with 500 pl of cold PBS and centrifuged for 7 min at 1000 rpm. The supernatant was
discarded, the cell pellet was resuspended with 400 ul PBS + PFA (paraformalde-
hyde acid) 1% and kept on ice (always safe from light), until the time of reading on
the cytometer, after homogenization of the samples, and according to the manu-
facturer’ instructions. A BD Accuri C6 flow cytometer was used with a blue laser
(480 nm) for the excitation wavelength and a red laser (640 nm) for the emission
wavelength. The data was acquired on a logarithmic scale and analyzed with the
FlowJo software (Tree Star, Ashland, OR, USA) (Figure 8).

The flow cytometry results of Table 4, Figures 11 and 12 regarding the recovery
of CD3 immune cells suggest that treatment with Maitake Pro4X allows a very
significant recovery (**p < 0.01) of % T/natural killer lymphocytes (from
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6.80 £ 7.08% to 21.09 + 12.39%) in female BALB/c immunosuppressed with dexa-
methasone with respect to the immunosuppressed control (Figures 11A-C and 12A).
On the other hand, immune-restoration reaches normal values when Maitake
treatment is adjuvant with Verapamil (from 21.09 =+ 12.39% to

27.04 +29.96%) (Figures 11D and 12A). As for the CD19 labeling, the results of

GanglionCells CD3¢& (%) (LT/NK) CD19 (%) (LB/SC)
Healthy Control 51,14 + 9,85 9,85+ 2,62
Immunosuppressed
(Dexamethasone) 6,80 £ 7,08 (**) 0,0+ 0,00 (**)
Immunosuppressed
with Maitake 21,00 + 12,39 (**) 1,10 £1,67 (**)
Immunosuppressed
+ Maitake 27,04 + 29,96 (**) 0,00 +0,00 (**)
+ Verapamil

The percentages obtained by flow cytometry correspond to axillary, mesenteric and inguinal lymph nodes of BALB/c
females treated with Maitake Pro4X in the presence of immunological depletion and/or channel calcium blockage.
The statistically very significant difference are indicated with (**).

Table 4.
Ganglion CD3e and CD19 expression.
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Figure 11.

Expression ganglion CD3/CD19. These correspond to axillary, mesenteric, and inguinal lymph nodes of BALB/
¢ females of four experimental conditions: (A) healthy control group, (B) immunosuppressed condition, (C)
immunosuppressed group treated with Maitake, (D) immunosuppressed group treated with Maitake +
verapamil.
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Pyr—

Figure 12.

Maitake’s immune-restorative effect on CD3 and CD19 mouse immune ganglion cells. The cytometric
assay was performed on BALB/c females immunosuppressed with dexamethasone. The following ave plotted:
(A) CD3e marking with very significant recovery of LT/NK (*"p < 0.01) by Maitake effect in the
immunosuppressed group and (B) CD19 marking with tendency to recover FROM LBT/SC by Maitake effect
(ns, p > 0.05).

il
|
i
;
4

L LR AT

c o

Figure 13.

LyggE/ CD105 mouse ganglion expression. (A) Flow cytometry charts correspond to axillary, mesenteric, and
inguinal lymph nodes of BALB/c females of three experimental conditions: Healthy group, immunosuppressed
group alone, and treated with Maitake (B) and (C) Maitake’s immune-vestorative effect on Ly6G and CD105
immune ganglion cells. The cytometric assay was performed on BALB/c females immunosuppressed

with dexamethasone. Graphed: (B) shows Ly6G labeling with significant differences in % of PMN granulocytes
("p < 0.05) and (C) shows the CD105 labeling cells without significant differences in the % of SC (stem cells)/
macrophages cells (ns, p > 0.05).

Figures 11A-D and 12B suggest that daily dexamethasone depletes the LB/SC
population, while treatment with Maitake Pro4X tends to recover the LB/SC popu-
lation (from 0.00 to 1.10 + 1.67) (ns, p > 0.05). But this immune-restoration tends
to disappear when treatment involves verapamil (from 1.10 £ 1.67 to 0.00 £ 0.00).
The flow cytometry results indicated in Figure 13A and B regarding the recov-
ery of Ly6G ganglion immune cells suggest that treatment with Maitake Pro4X
significantly increases (with *p < 0.05) the % polymorphonuclear granulocytes
(PMNG) in the immunosuppressed mice with dexamethasone
(immunosuppressed) from 3.88 + 3.55% to 27.18 + 9.57%, but does not increase it
in healthy mice group. With respect to the CD105 cells, the results shown in
Figure 13A and C suggest that dexamethasone does not induce depletion of % of
stem cells (SC)/macrophages, given the not that significant differences (ns,
p > 0.05) in the level of these cells among the experimental groups.
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CD3: Splenic Cells (%) | CD19 Splenic Calls (%)

Healthy Control BAT+749 69042388
Immungsuppressed 1668 +9.17 0.953 £ 0.767
Immunosuppressed + Mailake Prod), 1193 1342043
| eGSplenicCels(X) | CDIOSSlnic ol %)
Healthy Control 4131+1532 0.06£0.08
Immunosuppressed 1809301 073072
Immunaosuppressed + Maitake ProdX 1645 +4.94 012021

The percentages obtained by flow cytometry correspond to murine spleen tissue of BALB/c females treated with
Maitake Pro4X in the presence of immunological depletion with Dexamethasone.

Table 5.
Splenic CD3¢, CD19, Ly6G, and CD1o05 cell expression.

2.7.1 Mouse splenic labeling of CD3 and CD19 cells

Flow cytometry results for splenic immune CD3 and CD19 cells’ recovery are
listed in Table 5. This trial was conducted with three experimental conditions:
healthy control, immunosuppressed group alone, and immunosuppressed group
treated with Maitake Pro4X. The flow cytometry results suggest that treatment with
dexamethasone does not induce a significant depletion of the LT/NK population
compared to the other experimental groups (ns, p > 0.05). There is a trend of the
reduction of LT/NK % per share of dexamethasone and a trend of increased LT/NK
by Maitake effect in the immunosuppressed group. Regarding the CD19 labeling
(Table 5), we observe a significant depletion of the splenic population of LB/SC by
dexamethasone (*p < 0.05 vs. healthy group) and a tendency to recover that
population by Maitake (ns, p > 0.05).

As for the immune system, regulating its activation or suppression could con-
tribute to the maintenance of good health. The use of agents that activate host
defense mechanisms (immune-stimulators, immuno-suitors, or biological response
modifiers) could provide an additional therapeutic tool to conventional chemother-
apy [25]. For this reason, many biomedical researches are geared toward the search
for new compounds capable of stimulating an immune response in immunodefi-
cient patients, with pathologies such as HIV/AIDS, cancer, or malnutrition [30, 31].
Numerous immunostimulatory substances have been isolated from plants and
superior fungi, opening the doors for the development of new drugs [30]. This
provides an effective alternative for the treatment of conditions that alter the
normal balance of the body’s immune response [32, 33].

Within this context, we have investigated the immune-restorative capacity of
Maitake Pro4X’s glucans in BALB/c females immunosuppressed with dexamethasone.
In parallel to immunosuppressive treatment, we treat mice with Maitake glycoprotein
extract; it is important to note that no animals perished as a result of immunosup-
pressive treatment and that clinical signs of toxicity or disease were also not observed.

3. Discussion and conclusions

The antitumor and immunosurveillance properties of D-Fraction of Maitake
have been little explored for the application in breast tumor or clinical
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immunosuppression pathologies. For this reason, this chapter aims to deepen
research on the pharmacokinetic and pharmacodynamic aspects of f-glucans from
Maitake D-Fraction, as well as their therapeutic effects on immune recovery of
specific lymphocyte populations. This is in order to make a significant contribution
to the development of new preventive and therapeutic strategies to optimize the
pharmacological use of Maitake’s glucans.

As part of our experimental studies, we have observed in physicochemical char-
acterization assays that the pH value of purified Maitake extracts measured at 20°C
(ambient temperature) and 37°C (body temperature) resulted to be acidic with
pH 5.8 for Maitake Pro4X. Moreover, this product was soluble in polar solvents
(water, methanol, ethanol) and insoluble in apolar solvents (n-hexane, ethyl ace-
tate), demonstrating its hydrophilic and polar nature. We also observe an inverse
relationship between the proteoglycan concentration and its solubility in polar
solvents (such as acetone), resulting in insoluble in acetone. The above suggests that
D-Fraction of Maitake has hydrophilic and polar nature. The pH similarity of the
product to the gastrointestinal pH suggests a good absorption at that level, which is
associated with the biodistribution results shown here for oral administration.

The high molecular weight of p-glucans from Maitake extract suggests the great
difficulty of these molecules in crossing biological membranes by simple diffusion,
requiring a specific receptor after entering the systemic circulation, in order to
trigger their molecular action mediated by second intracellular messengers.
Nakashima et al. [34] in agreement with Brown et al. [35, 36] had reported that the
Dectina-1 membrane receptor recognizes “glucans” with links “p-1,3” and/or “p-
1.6” present on the fungal walls, proposing that receptor as a new receptor and as a
therapeutic target for the immunomodulatory effects of glucan compounds.

Another of our in vitro assays showed that the treatment of MCF-7 breast tumor
cells with Maitake + laminarin (Dectin-1 inhibitor) significantly reduced the effect
of cell death triggered by Maitake (p < 0.05). These results suggest a greater
affinity of Dectina-1 receptors with laminarin than Maitake’s glucans. In addition, a
likely laminarin-Dectin-1 complex would prevent the binding of p-glucans to the
tumor receptor by blocking the mechanism that leads to programmed cell death.

As for our pharmacokinetic parameter studies in oral administration, we have
observed three peaks of plasma concentration of 1.3-p-glucans with a maximum peak
that was recorded half an hour after administration (followed by an abrupt decline).
The second peak was recorded between 2 and 10 h thereafter and the last at 34 h after
oral administration of Maitake Pro4X-glucans (5 mg/Kg). The results of our trials
suggest that the plasma removal (clearance) of 1.3-B-glucans corresponds to a first-
order kinetic model (mono-compartmental), obtaining a very rapid first plasma
disappearance initiated at half an hour and a second more gradual elimination at 10 h
later. Hong et al. [37] have reported that orally administered p-1,3-glucans are
transported by macrophages to the spleen, lymph nodes, and bone marrow, implying
a possible plasma reduction of the compound. For our part, we have observed that the
absorption of the compound was higher than the elimination of the compound and
that the volume of the distribution obtained was very high (127 ml/g). These results
would indicate the extensive distribution of glucans in tissues and poor plasma
protein binding. So that probably the 1,3-p-glucans could be found mostly in their
“free” form in blood circulation, being able to diffuse the extravascular compart-
ments, to interact with their receptors, and to trigger a biological response.

Moreover, in the hematological analysis of mouse peripheral blood in various
experimental conditions, we have observed that the dexamethasone
(immunodepleted) group had many giant cells of immature appearance compatible
with megakaryocytes, while the condition with Maitake + dexamethasone group
presented low number of immature cells, in addition to increasing number of
lymphocytes, PMN neutrophils, basophils, and some megakaryocytes. In turn, the
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group dexamethasone + verapamil + Maitake exhibited megakaryocytes and mast
cells in degranulation [38]. The healthy control group did not have immature cells,
with clustered platelets, lymphocytes, neutrophils, and monocytes observed. Our
microscopic observations suggest that as a result of immunodepletion in mice by
dexamethasone, large immature cells are recruited into the bloodstream, while
concomitant treatment with Maitake could contribute to cell maturation, corrobo-
rated by the presence of mature basophil cells, lymphocytes, and polymorphonu-
clear granulocytes. These results suggest that Maitake’s glucans could induce
cellular maturation leading to immune-restoration. However, when treatment with
Maitake involves calcium receptor blockage, its immunosurveillance capacity
would be reduced, highlighting the dependence of extracellular calcium. Estrada

et al. [39] have reported that the “glucans” increase the proliferative capacity of
cultured lymphocytes treated with dexamethasone, reversing the immunosuppres-
sive effect of glucocorticoid, suggesting the ability of the glucans to restore signifi-
cantly specific and non-specific immune parameters in both cell cultures and
animals treated with dexamethasone. For their part, Kotthoff et al. [40] have
reported that antigen-presenting cells generated in the presence of dexamethasone
have reduced the ability to stimulate the proliferation of T cells, while treatment
with p-glucans induces the expression CD69 T-cell maturation markers and pro-
motes Syk and STAT3 phosphorylation, with increased IL-10 secretion, while reduc-
ing the production of IL-12, IL-23, and TNF-A. Masuda et al. [41] reported, in murine
models of tumorigenesis, that MD-Fraction of Grifola frondosa could generate sys-
temic immune response, directly inducing the maturation of dendritic cells through a
Dectin-1 pathway of the receptor Dectin-1 lectin type C. The therapeutic response of
orally administered MD-Fraction was associated with specific T-cell responses of
induced systemic tumor antigen through Dectin-1-dependent activation of dendritic
cells, (ii) increased T-cell infiltration, and (iii) decreased number of immunosup-
pressive cells caused by tumors, such as regulatory T cells and myeloid-derived
suppressive cells [41]. For our part, the studies of flow cytometry in dyed lymph
nodes with CD3e (LT, NK)/CD19 (LB, SC) suggested that treatment with Maitake
allows a very significant recovery (**p < 0.01) of the T/natural killer lymphocyte
population of immunosuppressed animals with dexamethasone. In turn, concomitant
treatment with verapamil would not affect the described immune-restoration but
would instead contribute to lymphocyte recovery reaching normal values. So
Maitake-induced cellular maturation could be affected by extracellular calcium
blockage based on our microscopic results, but recovery of T/natural killer lympho-
cytes would not be influenced by the ion sequestration. With respect to the LB/SC
population, we note that Maitake Pro4X tended to recover that lymphocyte popula-
tion, but without statistical significance, while joint treatment with verapamil
inhibited this trend. The results described support our hypothesis that extracellular
calcium sequestration affects some of the functionalities of Maitake’s glucans. On
another hand, the molecular marker CD105 (for stem cells/macrophages) was found
no significant differences in the cell population between the different experimental
conditions. Similar results were obtained for ganglion molecular marker CD19 (stem
cells/LB) with no significant differences between animal groups. Regarding Ly6G
ganglion molecular marker (polymorphonuclear granulocytes), we observe that
treatment with Maitake significantly increased the percentage of the cell population
in immunosuppressed mice (*p < 0.05) but not in healthy animals.

Lin et al. [42] in previous studies reported the ability of Maitake’s glucans to
activate the biological response in hematopoiesis, promoting bone marrow recovery
after injury and stimulating activation of the Maitake forming unit granulocyte
and monocyte colonies (GM-CFU), while Kodama et al. [43] have reported that
D-Fraction derived from Grifola frondosa is able to activate immunocompetent cells
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such as macrophages and T cells, with modulation of the balance between T-helper
lymphocytes 1 and 2. Continuing with our studies at the splenic level, we do not
find in the spleen more significant effect of immune-restoration than that described
for lymph nodes, prompting the tendency to recover immune populations by
Maitake effect. In splenic tissue the CD19 (LB/SC) molecular marker labeling was
significantly depleted during treatment with dexamethasone compared to the
healthy group treated with Maitake Pro4X (*p < 0.05), while treatment with
Maitake alone induced only trend in the recovery of B lymphocytes (p > 0.05). In
another sense, dexamethasone did not induce significant depletion of the splenic
CD3 cell population (LT/NK) with respect to the healthy group treated with
Maitake, although it tended to reduce LT/NKs, while concomitant treatment with
Maitake tended to increase this population. Dexamethasone also did not signifi-
cantly deplete the splenic Ly6G cell population (PMN granulocytes) and CD105
(SC/macrophages) for the healthy group treated with Maitake. In the splenic CD105
(SC/macrophages), dexamethasone tended to increase that population compared to
the healthy group treated with Maitake, while joint treatment with Maitake tended
to reduce it. These effects were like those observed for SC/macrophages at the
ganglion level. These results suggest greater relevance of the immune-restorative
effect of Maitake and immunosuppressant effect of dexamethasone at the ganglion
level rather than splenic. Kay and Czop [44] previously reported that dexametha-
sone stimulates monocyte gluconic receptors and promotes phagocytosis by macro-
phages of particles of p-glucans. In vivo studies in murine models of
immunosuppression showed that dexamethasone (immunosuppressant) promotes
the presence of immature immune cells in circulation, while concomitant treatment
with Maitake stimulates maturation and cell differentiation (with the presence of
polymorphonuclear granulocytes, lymphocytes, and basophilic cells). Extracellular
calcium blockage (Maitake + verapamil adjuvant) partially affects the immune-
restorative effect for certain lymphocyte populations. Flow cytometry studies dem-
onstrated a significant immune-restorative effect of Maitake at the ganglion level,
with recovery from polymorphonuclear granulocytes and LT/NK, while concomi-
tant treatment with verapamil further increased the recovery of LT/NK.

In conclusion, the in vivo studies in murine models of immunosuppression
showed that dexamethasone (immunosuppressant) promotes the presence of the
high number of immature immune cells in circulation, while the concomitant treat-
ment with Maitake stimulates maturation and cell differentiation (with the presence
of polymorphonuclear granulocytes, lymphocytes, and basophilic cells). The extra-
cellular calcium blockage (Maitake + verapamil adjuvant) partially affects the
immune-restorative effect for certain lymphocyte populations. Flow cytometry stud-
ies demonstrated a significant immune-restorative effect of Maitake at the ganglion
level, with recovery from polymorphonuclear granulocytes and LT/NK, while con-
comitant treatment with verapamil further increased the recovery of LT/NK.

From the in vivo biodistribution studies in murine models, we have concluded
that after oral administration, there was increased uptake of the gastrointestinal
compound with the predominance of gastric uptake but also important uptake in the
duodenum and colon (in the order of millions of pg.h/ml). The presence of p-glucans
in the brain allows Maitake’s ability to pass through the blood-brain barrier (BHE).
The lower relative uptake recorded at the hepatorenal level allows us to conclude a
lower rate of inactivation and excretion of the compound, evidenced by the longer
circulation time of the compound in the body after a single administration.

In resume, based on the results obtain in this work, we can propose the following
putative molecular mechanism on mice (Figure 14): After oral administration of
1,3-1,6-p-glucans from Maitake Pro4X, due to its hydrophilic nature and high solubility
in the stomach/duodenum with similar Ph, the complex 1,3-1,6-p-glucans are captured
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Figure 14.

Putative molecular mechanism induced by 1,3-b-glucans from Maitake Pro4X to revert the
immunosuppression situation. We have demonstrated Maitake’s D-fraction’s ability to restore specific
lymphocyte populations in lymph nodes, including polymorphonuclear granulocytes and LT/NK, as well as
induce maturation of T cells on bone marrow and lymph nodes.

by mastocytes/macrophages through Dectin-1 receptors in M cells in the epithelium
from the small intestine; after that, beta-1,3-glucan fragments (are broken in pieces)
pass through the blood vessels’ endothelium impacting the receptor Dectin-1 on T-
lymphocyte cells, stimulating their expression of lymphokines such as IL-12 and IL-1,
attracting more T lymphocytes, and helping in the recovery of T-cell population during
immunosuppression. On lymph nodes (ganglion cells), f-1,3-glucan fragments stimu-
lated the stem cells to differentiate into TL and mature to reestablish the TL cells on
blood circulation due to dexamethasone effect on immunosuppression. The most spec-
tacular action of beta-glucans is the effect on PMN granulocytes especially on neutro-
phils (the first barrier of defense in the body) (Figure 14). In conclusion we can be
optimistic to see how promising the beta-1,3-glucan natural compound can be to be
applied in immunodepleted situations helping the T cells and PMN granulocytes
recover its population through stem cell differentiation, maturation, and activation in
order to reestablish a new immune barrier ready to defend the body.
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Abstract

Contamination of soil, water, and air by hazardous substances is the major envi-
ronmental problem of today’s world. Mushroom consumption has become a tradi-
tion among many people due to its richness in flavors, proteins, and some medicinal
importance. But its ability to degrade/decolorize hazardous substances and dyes
by secreting various enzymes or by absorption and adsorption of colors from
waste substances has made them of interest for use in the field of bioremediation.
Mushroom acts as a good decomposer as it degrades cellulose and lignin of plants
for their growth and development. It also maintains soil health by performing the
role of hyperaccumulators. This chapter focused on the mushroom-based biodeg-
radation/decolorization of dyes and effluents released from various industries or
other sources. It also emphasizes the probable mechanisms involved in mushroom-
based degradation and decolorization of dyes along with their recent achievements,
advancements, and future prospective.

Keywords: mushroom, biodegradation, biosorption, bioconversion, decolorization,
dye, agro-industrial wastes

1. Introduction

To fulfill the demand of growing number of people, rapid industrialization and
modernization not only give useful products but also release hazardous elements to
nature. The release of industrial effluents and the accumulation of toxic substances
into the biosphere destroy the environment by interacting with various compo-
nents of the natural ecosystem [1]. The effluents released from textile industries,
food processing industries, pharmaceutical industries, etc., containing various
synthetic dyes, toxic heavy metals, and other wastes, directly or indirectly come in
contact with water and soil and destroy water and soil properties by changing the
pH, total organic carbon (TOC), biological oxygen demand (BOD), and chemical
oxygen demand (COD) [1, 2]. Various types of synthetic dyes are used extensively
in the field of textile industries for coloring purposes. For example in batik indus-
tries, Remazol Brilliant Blue R (RBBR) and naphthol are used as coloring agents.
Remazol Brilliant Blue R is a heterocyclic compound, and its derivatives are toxic
to the environment. On the other hand, naphthol is insoluble in water and is used
to dye cellulosic fibers. Improper handling, carelessness, and inefficient dye waste
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treatments of industries are the main reasons for the contamination of soil and
water [3]. The concentration of carcinogenic heavy metals like As, Cd, Co, Cr, Cu,
Fe, Hg, Mn, Ni, etc. are relatively high in untreated industrial wastes. The rapid
depletion of dissolved oxygen in water due to the presence of toxic heavy metals
and other industrial wastes leads to “oxygen sag” [1]. Majority of the synthetic
dyes are used in the field of textile industries, and the effluents are discharged as
wastewater. The dyes or their breakdown products are hazardous they are found to
be carcinogenic [4].

Remediation refers to the complete or partial removal of contaminants from the
polluted sites to provide a sustainable environment. Various physical and chemical
remediation technologies are developed to eliminate the pollutant from the soil and
improve soil health. Higher costs, limited applications with limited opportunities,
and the inability to enhance intrinsic soil health make them almost abandoned [5].
Bioremediation refers to the use of biological agents such as microbes, plants, or any
other living things that help to reduce contamination to a nontoxic level or untrace-
able level [5]. Paul Stamets first coined the term “mycoremediation” based on the
fungal detoxification of contaminated soil. He defined the term mycoremediation
as a process of sequestration of contaminated soil or water by using fungi to reduce
contaminants [6]. Mushrooms are sources of protein and their enzymatic machin-
ery have the ability to degrade pollutants for their growth and developments. Thus,
mushroom cultivation got much more attention in the field of decolorization and
biodegradation research. Mushrooms are mostly basidiomycetes, a class of fungi
which secretes a variety of extracellular enzymes for their growth and development
[7]. These enzymes include laccase, lignin peroxidase (LiP), versatile peroxidase
(VP), manganese peroxidase (MnP), phenoloxidases, etc. [8]. Singh reported that
the lignin degradation ability of white-rot fungi is due to the presence of pheno-
loxidase [1]. Due to the potential role in bioremediation of various dyes, lignin, and
cellulosic compounds, the white-rot fungi became a model organism for mycore-
mediation [1]. Due to the structural similarity of polycyclic aromatic hydrocarbons
(PAH), polychlorinated biphenyl (PCB), various dyes, dioxins, and pesticides
with lignin, cellulosic compounds, and with their substrates, mushroom-based
mycoremediation processes got much more emphasized in the recent years [9]. This
chapter focused on the mushroom-based biodegradation/decolorization of dyes
and effluents released from various industries or other sources. It also emphasizes
the probable mechanisms involved in mushroom-based degradation and decolor-
ization of dyes along with their recent achievements, advancements, and future
prospective.

2. Role of mushroom in decolorization of dyes

Industries like textile, food processing, chemical, leather, dyestuff, dyeing, and
pharmaceutical industries release a huge number of effluents containing various
types of dyes. Textile industries are thought to be leading producers of dyes, and the
dyes released from industries directly penetrate into the soil and water and disturb
the natural ecosystem [10]. Around 80,000 tons of dyestuff and shades are created
in India. It has been assessed that 10,000 distinctive colored materials are economi-
cally accessible worldwide and the yearly generation is evaluated to be 7 x 10° metric
tons [11]. In the field of textile industries, azo dyes are mostly used as a colorant
agent. The presence of one or more azo groups helps to prevent the molecules from
breakdown and degradation and hence persistently accumulated into the environ-
ment. The entry of industrial effluents into the water causes a drastic reduction of
dissolved oxygen; as a result great environmental damage will occur [10]. The entry
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of dyes into the aquatic ecosystem disturbs light penetration into the deeper part;
as aresult, reduction of water quality, photosynthetic activity, as well as gas avail-
ability into the aquatic ecosystem is observed [6].

Different physical and chemical methods are developed for decolorization of
dyes from the pollutant sites which includes absorption through activated carbon,
flocculation, ion exchange, membrane filtration, etc. but due to high expensive,
inefficient, and these methods also release different types of wastes which are also
toxic for nature [10]. On the other hand, mushroom-based decolorization and
degradation of dyes got much more research attention because it is less expensive
and eco-friendly and also produces negligible amounts of wastes [6]. Due to the
powerful enzymatic activities as well as high adaptability under physically harsh
conditions, microbial decolorization and biodegradation is one of the most focused
research areas for sustainable developments [1]. Aromatic amines, phenolics, etc.
are some intermediates generated during decolorization processes which are highly
toxic with low biodegradability as compared to dye. Sometimes, such intermediates
inhibit the decolorization ability of bacteria. While fungi have the ability to degrade
complex organic compounds and the intermediates through their extracellular
enzymes secretion. On the other hand, it is thought that the large surface area of
fungi has a greater ability for biodegradation [12]. The decolorization ability of
dyes varies from strain to strain, and most of the studies are confined to single-
strain-based degradation or decolorization of specific dyes. However, industrial
effluents are a cocktail of various organic and inorganic pollutants. Considering
these factors, the researcher proposed that the use of novel microbial consortium in
the field of bioremediation could be a better option [13]. And many reports suggest
that the microbial consortium possesses greater biodegradation ability due to their
interactive effect with the contaminants [13-15]. According to Forgacs et al., the
individual strain of a consortium has a specialized role for specific contaminants
and may attack the different portions of dye and also has the ability to degrade the
intermediate components such as phenolics and aromatic hydrocarbons produced
by co-strains [16]. By using this approach, several components of the contaminants
can be treated at the same time.

Biodegradation and decolorization ability of mushroom has shown a promising
approach since the 1980s. There are many reports regarding the decolorization of
different types of dyes by using mushrooms. Cripps et al. reported the decoloriza-
tion of azo dyes by ligninolytic enzymes secreted by Phanerochaete chrysosporium,

a white-rot fungus [17]. A similar degrading activity was later reported on another
species of white-rot fungi [18]. White-rot fungi have a variety of advantages that
can be utilized in the field of bioremediation. The extracellular lignin-degrading
system of white-rot fungi has the ability to degrade various toxic chemicals like
polyhydroxy aromatic carbons and other phenolic compounds [19]. Freitag and
Morrell screened 170 fungal strains to understand the decolorization of poly
R-478, a polymeric dye, through ligninolytic activity of the fungi and the existence
of peroxidase and phenoloxidase activity. In the plate test, they found that the
decolorization rate increased with the increase of radial growth of fungi, indi-
cating that decolorization is directly correlated with hyphal development [20].
Reddy et al. reported that the growth of white-rot fungi through hyphal extension
and hence penetration of fungal hyphae into the contaminated soil could help in
bioremediation [12, 20]. While, according to Moreno-Garrido, immobilization of
mushroom fungi is one of the strategies for biodegradation [21]. Yao et al. studied
the decolorization of three different azo dyes by extracellular enzymes produced
by Schizophyllum sp. F17, and they found that manganese peroxidase (MnP) played
an important role in the process of decolorization [22]. The copper-containing
laccase is one of the important enzymes that also play a significant role in the
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bioremediation of dyes. Lallawmsanga et al. screened 40 enzymes for their laccase
productions and their role in decolorization of dyes. They found eight strains that
have elevated levels of laccase producing ability; P. pulmonarius BPSM10 strain
decolorizes seven dyes under the aqueous condition and can be used as an alterna-
tive biosorbent to decolorize dyes under aqueous condition [23]. Chakraborty et al.
reported another white-rot fungus Alternaria alternata CMERI F6 having a 99.99%
decolorization ability of Congo red within 48 h. The metabolites produced through
HPLC and FTIR suggested that the decolorization of dye occurred through the
biosorption and biodegradation process [24]. Mahmoud in 2016 studied the decol-
orization ability of Baker’ yeast under aqueous condition. He reported that Baker’s
yeast can reduce the color and COD of textile effluents by 100% and 61.8% and can
be used for bioremediation [25]. Another white-rot fungal strain, KRUS-G, is able
to decolorize Remazol Brilliant Blue R up to 1500 ppm concentration by secret-

ing laccase and manganese peroxidase. And it is also reported that an increase in
concentration slightly decreases the hyphal growth [26].

3. Mechanism of mushroom-based decolorization of dyes

The biodegradation or decolorization of dyes mainly consists of three basic
processes [1, 27]. These are as follows:

1. A slight change in additional organic molecules without changing the main
structure of the compounds.

2. Fractionation of the complex structural organic molecules in such a way that
the combination of the fractions could give rise to the original molecules.

3. Mineralization of the complex structural molecules, i.e., transformation of the
complex molecules into the mineral forms.

It is thought that adsorption of the dyes is the primary mechanism of dye
decolorization by fungus or any other biological mode of decolorization. In many
reports, it was found that adsorption of dyes is the important mechanism of dye
decolorization by which the transformation of dyes starts [1, 28]. Microscopic
observation of the fungal cells showed that instead of fungal hyphae, fungal spores
are the main dye-absorbing components [1]. Hydrophilic and hydrophobic interac-
tions of fungi and dyestuff play a crucial role in the enhancement of dye absorption
[28]. Some reports also state that when the concentration of extracellular enzymes
and cell mass increased, the dye color in the medium decreased indicating that the
decolorization of dyestuff is directly proportional to the cell mass as well as the
extracellular enzymes produced by the fungus [1].

Mushroom-based degradation or decolorization of dyes is mainly classified into
[1] biosorption and [2] biodegradation [1, 29].

3.1 Bio-sorption

Biosorption is a complex physicochemical method of biological materials that
have the ability to accumulate pollutants into cellular components through adsorp-
tion, ion exchange, deposition, etc. and plays an important role in dye decoloriza-
tion by fungi [1, 30]. Fu and Viraraghavan reported that the decolorization of dyes
like Disperse Red I, Congo red, Acid Blue 29, and Basic Blue 9 by Aspergillus niger is
due to the presence of carboxyl, amino phosphate group, and lipid fractions [31].
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Carboxyl, amino phosphate group, and lipid fractions together act as a binding site
for Congo red. While for decolorization of Basic Blue 9, carboxyls, and amino groups
are the binding sides. The amino group of Aspergillus niger alone acts as a binding
site for Acid Blue 29, whereas amino groups along with lipid fractions have the
binding ability for Disperse Red I. They also reported that along with adsorption,
electrostatic attraction mechanisms also have a crucial role in dye decolorization [9].

Fu and Viraraghavan from their study suggested that the adsorption efficiency
could be enhanced by treating the biomass with suitable organic or inorganic mol-
ecules like formaldehyde, sulfuric acid, sodium hydroxide, calcium chloride, and
sodium bicarbonate and by high temperature. Increase in temperature by autoclav-
ing and chemical treatments by 0.1 N NaOH, 0.1 M HCl, and 0.1 M H,SO, increased
the biosorption. It was found that the physical treatments increased the biosorption
rate of the Basic Blue 9 dye by 15 times, whereas chemical treatment with 0.1 M
H,SO,4 enhanced the rate of biosorption of Acid Blue 29 dye by 2 times. The physical
treatment of autoclaving of fungal biomass could change the surface charge, and
acid pretreatment enhanced the affinity of anionic dyes to bind with the fungal
surface [31]. Arica and Bayramoglu also observe the same result by autoclaving
Lentinus sajor-caju at 100°C for 10 min; the biosorption capacity of fungal biomass
Lentinus sajor-cafju for Reactive Red 120 dye increased [32]. A number of a research
articles have been published based on the dye biosorption ability of mushroom
fungi, and these are depicted in Table 1.

Serial Mushroom Name of Remarks References
number used the dye
1. Ganoderma sp. Orange II, Ganoderma sp. able to degrade woods, [33]
10B (Blue), based on this fact the decolorization
RS (Red) test against those dyes showed
significant results
2. Agaricus Basic Red Mushroom stump wastes are [34]
bisporus 18, Levafix found to play a promising role in
Braun the decolorization of wastewater
E-RN, Acid containing dyes released from various
Red 111 industries. Freeze-dried mushroom

stumps showed higher decolorization
efficiency for basic dyes, while
heat-dried stumps showed greater
biosorption efficiency for acidic dyes

3. Pleurotus Malachite pH plays an important role in dye [35]
ostreatus green, decolorization. Maximum biosorption
xylidine was observed at pH 3 for malachite
green, while, for xylidine, the pH values
varied from pH 3 to 4
4, Pleurotus Malachite Biosorbant dose, time, and pH were [36]
ostreatus green important factors for biosorption.

Ca" and Na' ions play a crucial role in
biosorption. The presence of hydroxyl,
carboxylic acid, phosphate, and amino
group on the surface of biosorbent,
i.e., Pleurotus ostreatus, was confirmed

by FTIR
5. Lentinus Reactive Maximum uptake was noticed at pH [32]
sajor-caju Red 120 3.0 for all the fungal preparations. And

highest dye uptake efficiencies were
observed in heat-treated preparations
followed by acid-treated, native, and
base-treated preparations
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Serial
number

Mushroom
used

Name of
the dye

Remarks

References

6.

Agaricus
bisporus and
Thuja orientalis

Reactive
Blue 49
(RB49)

Mix culture of Agaricus bisporus and
Thuja orientalis showed efficient
decolorization of Reactive Blue 49
(RB49) dye by biosorption. FTIR

and SEM analysis confirmed the
presence of hydroxyl, carboxyl, amine,
and amide groups on the surface of
biosorbent

[37]

Pleurotus
ostreatus

Methylene
Blue

The biosorption ability of a white-rot
fungi Pleurotus ostreatus is studied
against Methylene Blue. And it was
found that pH, dye concentration, and
fungal biomass plays an essential role in
biosorption

(37]

Agaricus
bisporus

Crystal
Violet-
Brilliant
Green

Thermodynamic studies show

that Crystal Violet-Brilliant Green
adsorption by Agaricus bisporus is a
spontaneous process. Dye-fungus
interaction was studied by SEM, X-ray
crystallography, and Fourier transform
electron spectroscopy to understand
the mechanism of dye adsorption.
And it was concluded that the process
is eco-friendly and economical and
can be used for the cationic dye
biosorption process

(38]

Agaricus
bisporus and
Thuja ovientalis

Reactive
Red 45

Biosorption of Reactive Red 45 by
Agaricus bisporus and Thuja ovientalis

is highly pH-dependent, and the
process is spontaneous and exothermic.
Mix culture treatment showed 100%
biosorption. It can be used as an
alternative mode of biosorbent for
industrial dye removal

10.

Lentinus
concinnus

Disperse
Red 60

Immobilized fungal biomass of Lentinus
concinnus has maximum biosorption

at pH 6.0 and can be used for Disperse
Red 60 dye removal from industrial
effluents

[40]

Table 1.
Role of mushrooms in biosorption of dyes.

3.2 Biodegradation
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Biodegradation is the process by which complex organic molecules are con-
verted into its simpler forms by the action of enzymes secreted by fungi, bacteria,
or any other living microorganisms [41]. A lot of studies have been carried out to
understand dye degradation by mushrooms and the enzyme produced by them,
and these are represented in Table 2. Many reports suggested that the extracellular
enzymes produced by mushroom have a potential role in dye decolorization and
also have degradability for non-polymeric compounds like polyhydroxy aromatic
hydrocarbons, nitrotoluene, and pentachlorophenol under in vitro conditions [46].
In recent years, degradation of polymeric compounds like plastics by various types
of mushrooms is also reported [51].
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Serial Mushroom used Name of the dye Enzyme produced References
number
1 Pleurotus Malachite green Laccase [23]
pulmonarius
BPSM10
2. Pleurotus Remazol Brilliant Blue R Manganese peroxidase, [42]
ostreatus manganese-
independent
peroxidase, and
phenoloxidase
3. P, ostreatus, . Coralene Golden Yellow, Laccase, manganese- [43]
sapidus, P florida Coralene Navy Blue, and dependent peroxidase
Coralene Dark Red (MnP), and lignin
peroxidase
4, Pleurotus Remazol Brilliant Blue Laccase and manganese [44]
pulmonarius R, Congo red, Methylene peroxidase
Blue, and ethyl violet
5. Pleurotus Acetyl Yellow G (AYG), Dye-decolorizing [45]
ostreatus Remazol Brilliant Blue peroxidase (DyP)
R or Acid Blue 129
(AB129)
6. Lentinus edodes Poly-478 and Remazol Manganese peroxidase [1]
Brilliant Blue R
7 Lasiodiplodia sp. Malachite green Laccases [46]
8. Pleurotus Synthetic dye Laccases, lignin [47]
ostreatus peroxidases
9. Pleurotus flovida Blue CA, Black B133, Laccases [48]
Corazol Violet SR
10. Pleurotus CK, Congo red, Trypan Laccases [29]
pulmonarius blue, methyl green,
Remazol Brilliant Blue
R (RBB), methyl violet,
ethyl violet, and Brilliant
Cresyl Blue
11. Ganoderma sp. Textile effluents Laccases [49]
12. Pleurotus Synthetic dye Ligninolytic enzymes [50]
ostreatus IBL-02
Table 2.

Role of mushroom in biodegradation of dyes by means of engymatic secretions.

The degradation of polycyclic aromatic carbons by cleaving a carbon-carbon
single bond is an important feature of white-rot fungi [1]. The lignin-degrading
enzymes of white-rot fungi such as lignin peroxidases or ligninases have a
potential role to initiate oxidative depolymerization of lignin for degradation
of various organo-pollutants. The ligninolytic activity of a white-rot fungi P
chrysosporium has the capability to degrade various industrial dyes and other
toxic aromatic ring-containing compounds [52]. Various mechanisms have
recently been identified for fungi-based degradation of dyes. The generation
of free radicals by white-rot fungi for the degradation of various synthetic dyes
or other pollutants is one of the best-known mechanisms or decolorization of
dyes [1]. Due to their highly reactive nature, free radicals are able to donate or
accept electrons from other chemicals, and sometimes chain reactions occur due

99



An Introduction to Mushroom

Mushrogom groww on wailes secretes sugymnes suck ox:
Lasesns, widaien,
Ligmolrist ensyaves, Ape-reductanes o

Blodegradation process Blocouversion process

A

Tadustrial wastes: Heary metabs. Graia strav, grape vimes,
Pl like zndhracens, benpofa) pyrenc o, r ; " wegesable wases erc. Rich bs digain, coimbar aic

Dhvw bk Coag wed, anseibisl v, scial blue, baic blus sic.
o mu—

I
e radectaan secryind by mushTion
B Ambapsinen

R

Ba-roavertion «f sge-wastes h‘h,nﬁlm‘l compoands
Unideatifisd prouct Bipbenyl-d 4 diamine.  Plaic wrid = Oy

Figure 1.
Schematic vepresentation of mushroom-based enzymatic biodegradation and bioconversion of dyes and other
agro-wastes.

to donation and accepting of electrons, and also various radicals are generated
along with the formation of initial radicals. These free radicals are catalyzed by
peroxidase enzymes produced by white-rot fungi which play a subsequent role
in the degradation process of various industrial pollutants [1, 53, 54]. The role of
veratryl alcohol in azo dye degradation catalyzed by ligninase enzyme produced
by white-rot fungi along with H,0, was reported by Paszczynski and Crawford
[55]. Peroxidases, laccases, and azoreductases are the major enzymes produced
by mushrooms during the biodegradation of dyes. Azo linkage and chromo-
phoric groups of azo dyes are reduced by the enzyme azoreductases produced
by mushrooms responsible for azo dye degradation (Figure 1) [56]. An edible
mushroom Lentinus edodes which produces a high amount of manganese per-
oxidase degrade Poly-478 and Remazol Brilliant Blue R [1]. Vyas and Molitoris
reported the decolorization of Brilliant Blue R by mushroom Pleurotus ostreatus
by secreting H,O,-dependent enzymes [42]. Laccase enzyme produced by P
pulmonarius BPSM10 showed efficient dye decolorization, especially malachite
green (MG). The decolorization efficiency of P. pulmonarius BPSM10 was
confirmed by FTIR [23].

4. Degradation of agricultural pesticides, chemical, and other wastes

Nowadays, agricultural management practices depend on the efficient man-
agement of biotic factors such as insects, pests, various diseases, weeds, etc.;
otherwise, plant growth and development along with crop yields would decrease
drastically. To minimize such drastic loss in crop production, there is continuous
use of insecticides, pesticides, weedicides, and chemical fertilizers constantly
releasing xenobiotic compounds into the environments [19, 57]. Xenobiotic
compounds are not easily degraded by microbes and hence remain active in the
soil and water [58]. The use of pesticides in India is considerably increasing after
2009-2010. It was reported that the consumption of pesticides in 2014-2015 is
0.29 kg/ha which is 50% higher than that in 2019-2010 [59]. According to previous
reports, only 5% of the applied pesticides are effective in targeted pest manage-
ment, and the rest of the pesticides are mixed with soil and water, affecting human
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health by interfering with the food chain [60, 61]. On the other hand, moderniza-
tion, industrialization, and other anthropogenic activities continuously releasing
wastes containing hazardous compounds like heavy metals, dyes, phenolic com-
pounds, polyhydroxy aromatic hydrocarbons, etc. are also disturbing agricultural
lands [19].

5. The mechanism involved in the degradation of agrochemicals and
other wastes by mushroom

Mushroom-based degradation of agrochemical wastes, heavy metals, phenolics,
polyhydroxy aromatic hydrocarbons, and other wastes basically involves enzy-
matic degradation, biosorption, and bioconversion techniques. Researchers have
published a number of research articles on mushroom-based biodegradation of
agronomic wastes [19, 62].

5.1. Enzymatic degradation of agricultural wastes

Mycologists and environmental researchers are giving attention to enzymatic
degradation of agricultural wastes by using mushrooms. However, the proper
role of enzymes in pesticide degradation is not clear. But there is some evidence
suggesting that lignin-degrading enzymes are responsible for pesticide degrada-
tion. Mushrooms do not secrete pesticide-degrading enzymes in a similar manner;
that is, it varies from species to species, type of condition, and other physical and
chemical factors [5, 19]. Xenobiotics are chemical compounds that are found in the
environment but not naturally produced in the environments. Sometimes, a natu-
rally occurring component is also called xenobiotic when it is excessively available
in the environment. Xenobiotics are not easily degradable in nature and hence
actively present into the environment. Polycyclic aromatic hydrocarbons, alkanes,
oil spills, azo dyes, antibiotics, dioxins, polychlorinated, chlorinated, polyaromatic
compounds, etc. are major xenobiotics continuously released into the environment
[63]. Microbes play a significant role in the field of biodegradation. There are some
reports suggesting the involvement of mushroom fungi in the degradation process
of agrochemicals such as xenobiotics, heavy metals, and other agricultural wastes by
secreting various enzymes like oxidoreductases, laccases, oxygenase, and peroxi-
dases. These enzymes can degrade the hazardous compounds by the breakdown of
ester, amide, ether bonds, and sometimes the aromatic ring or the aliphatic chains of
those compounds [6, 19, 64]. The concentration of hazardous compounds, reaction
conditions, and the suitable sites are also responsible for the degradation of such
compounds. Sometimes, xenobiotic compounds are utilized by mushrooms for their
growth and development as their source of energy, carbon, nitrogen, and sulfur [6].
Some researchers reported that the ligninolytic enzyme produced by mushrooms
can degrade the PAHs into mineral forms. For example, the ligninolytic enzyme
produced by P. chrysosporium can produce anthraquinone by degrading anthracene,
a PAH. Further degradation of anthraquinone can produce phthalic acid and carbon
dioxide (Figure 1) [65]. Few examples of mushroom which have the ability to
degrade agrochemical pollutants by secreting enzymes are listed in Table 3.

As there are so many reports on enzymatic degradation of xenobiotics, there are
also some reports on the non-ligninolytic degradation of xenobiotics. Jackson et al.
reported the degradation of 2,4,6-Trinitrotoluene (TNT) by P. chrysosporium in the
absence of ligninolytic enzymes [80]. Bending et al. also reported white-rot fungal
degradation of atrazine and terbuthylazine in the aqueous condition in the absence
of ligninolytic enzymes [81].
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Serial Mushroom used Name of the pollutant Enzyme produced References
number
1. Pleurotus ostreatus Plastics Lignocellulolytic [66]
enzymes
2. Lentinula edodes 2,4-Dichlorophenol Ligninolytic [67]
enzyme-derived
vanillin
3. Pleurotus pulmonarius Radioactive cellulosic- Ligninolytic [68]
based waste enzymes
4. Auricularia sp., Malachite green Biosorption [69]
Schizophyllum and enzymatic
commune, and degradation
Polyporus sp.
5. Pleurotus pulmonarius Crude oil Peroxidase [70]
6. Coriolus versicolor PAHs Laccase, manganese- [71]
dependent
peroxidase, and
lignin peroxidase
7 P, ostreatus Anthracene Lignin peroxidase, [72]
laccase, and
manganese
peroxidase
8. Pleurotus ostreatus Green polyethylene Laccase [66]
9. Pleurotus Crude oil Ligninolytic [73]
palmonarius, enzymes
Pleurotus tuber-
regium, Lentinus
squarrosulus
10. Pleurotus Crude oil Ligninolytic [74]
tuber-regium enzymes
11. Bjerkandera adusta PAHs, PCBs lignin-degrading [53]
enzyme
12. Irpex lacteus PAHs, TNT, bisphenol, Laccase, lignin [75]
dimethyl, phthalate peroxidase,
manganese
peroxidase, versatile
peroxidase
13. Pleurotus ostreatus PCBs Oxidoreductases [76]
and Irpex lacteus
14. Phanerochaete DDT, PHAs, PCBs, Lip, MnP [77]
chrysosporium
15. Phanerochaete PAHs Peroxidases [52]
chrysosporium (LiP, MnP)
16. Schizophyllum Malachite green dye Ligninolytic [69]
commune, Polyporus enzymes
Sp.
17. Trametes versicolor Lignin, polycyclic Ligninolytic [75]
aromatic hydrocarbons, enzymes
polychlorinated biphenyl
mixture, and a number
of synthetic dyes
18. P, chrysosporium Styrene Peroxidases [78]
19. Pleurotus ostreatus Fluoranthene Manganese [79]
HP-1 peroxidase (MnP)
and laccase
Table 3.

Role of mushrooms in degradation of pollutants by secreting enzymes.

102



The Role of Mushrooms in Biodegradation and Decolorization of Dyes
DOI: http://dx.doi.org/10.5772/intechopen.9o73y

Serial Mushroom Agro-industrial Results References
number species wastes
1. V. volvacea Banana leaves Improved yield and provide [83]
sustainable feed for ruminant
animals
2. Lentinula edodes Wheat straw Bioconversion of wheat [84]
straw by synthesizing
lignocellulosic enzymes and
increased yield.
3. Pleurotus sapidus Wheat straw, Bioconversion by producing [85]
rice straw, corn ligninolytic and cellulolytic
stover, corncobs, enzymes
sugarcane
bagasse (SCB),
and banana stalk
(BS)
4. Pleurotus Cotton waste, Lipase, peroxidase, cellulase, [86]
tuber-regium rice straw carboxymethylcellulose
enzyme activity increased
5. Pleurotus eous, Rice straw, Yield increased, degradation [87]
Lentinus connatus banana stem, of lignin was observed
sorghum stalk
6. Pleurotus flovida Paper waste, High protein content was [88]
cardboard observed
industrial waste
7. Pleurotus ostreatus Sawdust Temperature and pH are [89]
important factors for the
growth of mushrooms
8. Volvariella Sawdust Enzyme activity was [90]
volvacea measured, and high cellulosic
activity is responsible for
bioconversion
9. Pleurotus Paper waste, Basidiocarps are grown and [91]
citrinopileatus cardboard waste having high nutrients with no
genotoxicity
10. Pleurotus Rice straw, Yield improved with high [92]
tuber-regium cocoyam peels protein content, fat content
11. Lentinula edodes Eucalyptus waste Successful bioconversion [93]
by lignin degradation was
observed. Qualitative and
quantitative changes are also
noticed
12. Lentinus tigrinus Wheat straw Bioconversion of wheat [84]
straw and production of
lignocellulosic enzymes are
observed
Table 4.

Role of mushroom in bioconversion of agro-industrial wastes.

5.2 Bioconversion of agricultural wastes

Agro-industrial wastes are the by-products of agricultural processing industries
such as grain milling industries, oilseed-processing industries, brewery industries,
and fruit and vegetable processing industries. These agro-industrial wastes are rich in
various nutrients and bioactive compounds. Nowadays, researchers employ attention
in bioconversion of such agro-industrial wastes into some other useful components
[5]. Mushroom cultivation on agro-industrial wastes is one of the most important
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examples of bioconversion where fruiting bodies are used as a product [82].

The choice of agro-industrial substrates depends upon the availability of the sub-
strates [5]. Mushroom cultivated on agro-industrial wastes is mentioned in Table 4.
As agro-industrial wastes are rich in nutrients, mushroom-based mycoremediation
of such components gives rise to protein-rich fruiting bodies by degrading such
industrial wastes (Figure 1) [82].

6. Biosorption of heavy metals

Biosorption is defined as “the ability of biologically active i.e. living or inactive i.e.
non-living or dead organisms/materials that can accumulate and concentrate heavy
metals even from very dilute medium by means of adsorption, absorption, ion-
exchange or by using metabolic processes” [94]. Biosorption is a complex process,
depending upon different factors like temperature, pH, the concentration of the
substrates, nature of the substrates, contact time, as well as the property of the host,
i.e., cell wall composition, types of proteins, amino acids, lipids, etc. [8, 19, 94].

In recent years, mushroom-based biosorption for waste management is one of
the important research interests. A lot of research is going on regarding mushroom-
based bioremediation for the cleanup of the environment, and mushroom-based
biosorption of heavy metals is an important one [5]. Few reports on mushroom-
based biosorptions of heavy metals are mentioned in Table 5.

Serial Mushroom species Pollutants Results References
number
1. Pleurotus sajor-caju Heavy metals Absorb heavy metals from [95]

contaminated sites

2. Pleurotus ostreatus Cadmium Mushrooms are grown on the [96]
substrate containing cadmium
and absorbed cadmium by the

fruiting bodies
3. Pleurotus Heavy metals Mushroom species are grown [97]
tuber-vegium in soil by mixing heavy metals
and played an efficient role in
bioabsorption
4, Flammulina Copper Flammulina velutipes were [98]
velutipes grown in aqueous conditions

containing copper and
were found as an efficient

bioabsorbant
5. Pleurotus platypus, Copper, Mushroom species are grown [99]
Agaricus bisporus, zinc, iron, in aqueous wastes containing
Calocybe indica cadmium, heavy metals (copper, zinc,
lead, nickel iron, cadmium, lead, and nickel
and were found as an efficient
bioabsorbant
6. Fomes fasciatus Copper Mushroom species showed [100]
efficient bioabsorption of
copper
7. Agaricus bisporus, Cadmium Agaricus bisporus, [101]
Lactarius pipevatu Lactarius piperatu has higher

cadmium removal efficiency

Table 5.
Role of mushroom in bioremediation of heavy metal pollutants by biosorption process.
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7. Factors affecting the degradation

Biodegradation by means of mushroom basically depends on the survival and
multiplication of mushrooms [102]. Different intrinsic and extrinsic factors play
an essential role in mushroom survival and multiplication. Substrate concentra-
tion, source of nitrogen, carbon-nitrogen ratio, pH, moisture, minerals, particle
size, spawning level, surfactant, etc. are important intrinsic factors, while tem-
perature, humidity, luminosity, air composition, etc. are extrinsic factors [103].
Alteration on those factors largely affects mushroom multiplications, and ulti-
mately mushrooms will be unable to survive [102, 103].

pH plays an essential role in mushroom growth and it varies from mushroom to
mushroom. Bellettini et al. reported the pH value of 4.0-7.0 helps mycelium growth,
while pH value between 6.5 and 7.0 helps basidiocarp development [103]. Velioglu
and Ozturk Urek reported that pH of 6.0 gives better growth of P. djamor [104].

Moisture is another important factor for mushroom growth as the flow of mois-
ture helps to transfer nutrients from mycelium to fruiting body [105]. High moisture
contents cause difficulties for mycelium respiration and interpretation of the
development of the fruiting body, while low moisture contents lead to the death of
the fruiting body [103]. Chang and Miles reported that 50-75% of moisture contents
are suitable for the growth of mushrooms [105].

8. Advantages of mushroom-based mycoremediation

Mushroom cultivation under suitable conditions can help to detoxify various
types of contaminants by secreting different types of nonspecific enzymes [106].
Hyphae help to establish direct contact with the contaminants [95]. Mushroom-
based bioremediation of pollutants have several advantages, which are mentioned
below:

* Due to the low cost, it got much more public acceptance.
* Safe and eco-friendly technique.

* Easy and simple cultivation process.

* Low maintenance.

* Mushrooms grow faster and produce reusable end products.

9. Limitations of mushroom-based degradation

The role of mushrooms in bioremediation of environmental pollutants
like industrial wastes containing dyes; heavy metals; agrochemical wastes like
pesticides, herbicides, insecticides, and other xenobiotic compounds; and agro-
industrial wastes like brewery wastes, grain milling wastes, and fruits and vegetable
processing wastes are studied [85]. However, certain drawbacks are noticed in
mushroom-based remediation. Fungi-based degradation of pesticides is a slower
and incomplete process; accumulation of incomplete substrate produces various
secondary metabolites that might be harmful [19]. Adaptation of the chosen mush-
room species against the pollutant is another major problem of mushroom-based
bioremediation [5]. Physicochemical properties of soil and climatic conditions
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are sometimes problematic for bulk transfer of mushroom under field conditions
[107]. The use of mushrooms with beneficial bacterial strain could help to degrade
pollutants at faster rates. Identification of genes that are responsible for biodegrada-
tion of pollutants and the introduction of such genes to the indigenous strain could
solve the availability of capable strain under field conditions [108]. Mushrooms

are famous due to their richness in proteins and flavors and also for their medicinal
importance. Mushrooms cultivated into the contaminated sites or cultivated for
remediation of pollutants can accumulate different types of toxic substances into
their fruiting bodies. Consumption of those mushrooms could cause major health
problems and sometimes may become the reason for death [109].

10. Conclusion and future prospective

Logical advancements are considered as key components for the progression of
underdeveloped countries. But the majority of industries do not have a legitimate waste
treatment plan and discharge an enormous amount of effluents. The accomplishment
of a microbial procedure for color removal from the industrial discharge relies upon the
usage of microorganisms that viably decolorize manufactured colors of various com-
pound structures. Most of the mushroom-based degradation/decolorization of dyes and
other wastes has been performed under laboratory conditions. The outcomes gotten for
the most part from the research facility tests rely upon explicit development and opti-
mization of medium, proper handling of mushroom species, and biomass. Therefore,
essential works on the topic are still under investigation to assess the information on
the process of implementation under field conditions. Certain species of mushroom
showed efficient degradation/decolorization/mineralization of the dyes, organo-
chemicals, and other industrial wastes either by biosorption or by enzymatic secretion.
Based on those facts, proper design of the waste management process by using proper
strain is an essential step. The inhibition of growth and secretion of degrading enzymes
of mushrooms by the contaminants containing different form of hazardous pollutants
is another major problem in mushroom-based degradation of dyes or other pollutants.
Utilizing molecular tools for identification of the genes responsible for the degradation
of specific dyes may be helpful for biodegradation. Genetic engineering technologies
for the development of genetically modified strain for the degradation or decolorization
could solve the problem. The connection among the researchers of interdisciplinary
research fields like biotechnology, microbiology, chemistry, and genetic engineering
could help to develop a successful technique for bioremediations.
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Foods
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Abstract

The accumulated secondary metabolites in medicinal mushrooms have been
widely accepted as sources of safe and effective nutraceuticals, cosmeceuticals, and
pharmaceuticals. Medicinal and edible mushrooms are foods appreciated for their
exquisite flavor and medicinal properties. The nutritional values and biologically
active compounds in mushrooms have immense potentials for producing new drugs
of great health benefits to mankind. In recent times, medicinal mushrooms are
being exploited for new and natural compounds that could modulate immune cell’s
response, and possess antimicrobial, antioxidants, and anticancer properties. In
Nigeria, where there is vegetation that supports the luxuriant growth of varieties of
naturally occurring macrofungi, some of the wild macrofungi have not been prop-
erly identified, adequately studied, and fully harnessed for their potentials as food
and medicine. It is therefore pertinent to bring to limelight the nutraceutical
potentials of some of these wild macrofungi that are currently underutilized.

Keywords: Nutraceuticals, medicinal mushrooms, mycochemicals, basidiomycetes

1. Introduction

Medicinal and edible mushrooms are mostly found in the higher basidiomycetes,
and they usually have a saprophytic and aerobic growth habit, which allows them to
grow on different lignocellulosic materials [1]. Fungi as a kingdom have very
diverse group of living organisms found across all ecosystems [2]. Fungi are
eukaryotes; they have microscopic organelles within their cells called nuclei which
contain genetic materials in the form of threadlike chromosomes and enable hered-
itary characters to be passed on to subsequent generations [3]. The Basidiomycetes
make up a colossal variety of fungi. Their taxonomic determination has been con-
troversial and sometime challenging due to limited distinguishing characters and
disagreement in features characteristics to be adopted for separating the different
species [4]. The use of fruit body morphological characteristics such as appearance,
color, dimension, spores and form of the fungus on pure culture, physiological
factors, and environmental growth preferences can often mislead the identification
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of macrofungi without the use of microscopic examination coupled with molecular
tools [5]. Therefore, the advancement and upsurge in the use of Deoxyribonucleic
Acid (DNA) technology has proven to be a powerful tool for traditional taxonomic
methods by solving the challenges of taxonomic chaos [6]. The rapid development
with the use of versatile molecular techniques has provided easy approach, which is
already being used to identify unknown basidiomycete isolates by comparing their
DNA profiles with those fruit bodies that have been authenticated in GenBank.
DNA techniques for the identification of fungi have been widely used in human and
veterinary medicine; it is rapid and displays the accurate identity of pathogenic
fungi in order to select appropriate treatment. They have also been applied to food
quality control for the detection of contaminants [7]. The body or thallus of the
basidiomycete fungus (the mycelium) is normally hidden within the substrate, and
it is generally only the fruit body or basidiocarp that is visible at the surface. For this
reason, the fruit body tends to show the greatest morphological variation. Conven-
tional mycologists rely on a number of macroscopic and microscopic features of the
fruit body to distinguish between macrofungi species [5].

2. Mushrooms

Mushrooms are foods that are commonly consumed since earliest history;
ancient Greeks believed that mushrooms are a source of strength for warriors in
battle; the Romans regard mushrooms as the “Food of the Gods” served them only
on festive occasions. For centuries, the Chinese culture has treasured mushroom as
a health food, an “elixir of life” [8]. Mushrooms are originally defined as
macrofungi with a distinctive fruiting body, which is large enough to be seen with
the naked eye and picked by hand [1]. They do not have the green pigment called
chlorophyll that enables the plant to utilize energy from sunlight to change chemical
into substances necessary for growth, a process commonly known as photosynthesis
instead mushroom produces a wide range of extracellular enzymes [9]. This enables
them to degrade complex organic matter into soluble substances, which can be
absorbed for nutrition and stored as secondary metabolites [2]. The growth and
fruiting of an individual mushroom species on particular substrate will depend
upon their ability to produce enzymes that degrade the major component of the
substrate such as cellulose, hemicelluloses, and ligin [10].

Macrofungi produce valuable enzymes and bioactive molecules with different
therapeutic effects. Therefore, they are considered as flourishing organisms to
develop different healthcare and biotechnological products [11]. Mushrooms have
been a part of the human culture for thousands of years with considerable interest
in civilization history because of their sensory characteristics and medicinal prop-
erties; they have been recognized for attractive culinary with low calories, carbo-
hydrates, fat, and sodium with no amount of cholesterol [12, 13]. It has been
estimated that there are about 140,000 species of mushrooms present on earth and
only 5% are explored for uses, while 7000 were undiscovered species that could be
of medicinal value to mankind [14]. With recent advances in medical and nutrition
sciences, natural products from both edible and nonedible mushrooms have
received extensive attention from individuals and health professionals due to the
presence of biologically active compounds with denoted health benefits [15].

Owing to the increasing demand of natural bioactive compounds as an option to
replace some synthetic drugs or additives in the pharmaceutical and food industries,
the interest in fungi (medicinal mushrooms) has risen in recent years. The potential
uses of the mushrooms have appeared as a nutraceutical, nutritional therapy,
phytonutrients, phytotherapy, and pharmaceutical due to the accumulated number
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of secondary metabolites [16]. Several biologically active compounds such as
polysaccharides (beta 1-3, 1-4, 1-6 glucans, hetero-beta glucans, proteo-glucans),
krestin, lentinan, coriolan, schyzophillan, sesquiterpenes, quinones, hydrophobins,
galectins, sterols, ergothionin, tri-teripenes, sterols, germanium, nucleotide,
drosophilin, armillasin, amphalone, eloporoside, and volatile (skatole) were
reported in medicinal mushrooms [17]. Mushrooms are the producers of extracel-
lular proteolytic enzymes with fibrinolytic and thrombolytic activities [18]. Thus,
the available information about bioactive molecules and enzymes in medicinal
mushrooms suggests that they are promising candidate of choice microorganisms
to develop health-enhancing biotechnological products. The presence of wide
biomolecules in medicinal mushrooms has been attributed to different therapeutic
effects such as antibacterial, antifungal, cytotoxic, antiinflammatory, insecticidal,
nematocidal, and antioxidant [19].

2.1 Lifecycle of higher fungi (macrofungi)

The lifecycle of basidiomycetes includes special stages such as the alternation of
generations [3]. Spores from basidium are generally produced for sexual reproduc-
tion, rather than asexual reproduction [20]. The club-shaped basidium carries
spores called basidiospores. In the basidium, nuclei of two different mating strains
(— and +) fuse (karyogamy), giving rise to a diploid zygote that then undergoes
meiosis as shown in Figure 1. The haploid nuclei migrate into basidiospores, which
germinate and generate monokaryotic hyphae. The mycelium that results is called a
primary mycelium. Mycelia of different mating strains can combine and produce
a secondary mycelium that contains haploid nuclei of two different mating strains.
This is the dikaryotic stage of the basidiomycetes lifecycle, which also referred to as
dominant stage. Eventually, the secondary mycelium generates a basidiocarp,
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a fruiting body that protrudes either above the soil (epigeous macrofungi) as the
basidiocarp bears the developing basidia on the gills under its cap at depths of
10-20 cm or below the soil surface as hypogeous macrofungi or truffles. In the
phylum Basidiomycota, sexual reproduction is often dictated by two independent
sets of mating-type specific genes, which control the stages of the sexual cycle. The
genes encode premating lipopeptide pheromones and their cognate receptors medi-
ate the recognition of mating partners, cell fusion, and homeodomain transcription
factors, which form heterodimers to regulate postmating behavior. Sexual
reproduction in many fungal species has a central role in pathogenic development,
promoting genetic variation, adaptation to fluctuating environments, and

a long-term survival [21].

3. Examples of some wild and medicinal mushrooms
3.1 Ganoderma species

It is a polypore mushroom, which grows on wood. Ganoderma can be differen-
tiated from other polypores because they have a double-walled basidiospore. The
name Ganoderma is derived from the Greek ganos “brightness-sheen” or “shining”
and derma “skin” [22]. Ganoderma is characterized by basidiocarps that are large,
perennial, and woody brackets, also called “conks.” They are lignicolous, leathery
either with or without a stem. The fruit bodies typically grow in a fanlike or hooflike
form on the trunks of living or dead trees. They have double-walled, truncate spores
with yellow to brown ornamented inner layers. The genus was named by Karsten in
1881. Members of the family Ganodermataceae were traditionally considered diffi-
cult to classify because of the lack of reliable morphological characteristics, the
genus was divided into two sections: Ganoderma with a shiny cap surface as G.
lucidum and Elfvingia with a dull cap surface as G. aapplanatum [23]. Phylogenetic
analysis using DNA sequence information derived from mitochondrial Small
Subunit (SSU) rDNA has helped to clarify our understanding of the relationships
among Ganoderma species. The genus may now be divided into some monophyletic
group, namely G. colossus, G. applanatum, G. tsugae, Asian G. lucidum group, G.
meredithiae, and G. resinaceum [24].

3.2 Rigidoporus species

The fungi form many white, somewhat flattened mycelia strand of 1-2 mm thick
that grow on and adhere strongly to the surface of the root bark. Rigidoporus
microporus is a broad fruit body (20 cm wide), leathery, faintly velvety, broadly
attached shelf, and often imbricate with the substrate. Their color ranged from
orange to red or brown and later faded [25]. These rhizomorphs grow rapidly and
may extend several meters through the soil in the absence of any woody substrate.
Thus, healthy rubber trees can be infected by free rhizomorphs growing from
stumps or infected woody debris buried in the ground as well as by roots contacting
those of a diseased neighboring tree [26].

3.3 Tremella species
Tremella spp. belong to the family Tremellaceae. Tremella spp. are parasites of
other fungi and most produce anamorphic yeast states when Basidiocarps (fruit

bodies) are produced; they are gelatinous and colloquially classed among the “jelly
fungi.” Over 100 species of Tremella are currently recognized worldwide. Two
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species namely: T. fuciformis and T. aurantialba are commercially cultivated for
food [27]. The name comes from the Latin tremere means “to tremble.” Linnaeus
placed Tremella in the algae including seaweeds, cyanobacteria, and myxomycetes
as well as fungi, but Persoon revised Tremella in 1794 and 1801. He repositioned and
considered Tremella as a genus (Tremella Pers.) from the originally created by
Linnaeus (Tremella L.). Tremella Pers. has now been conserved under the Interna-
tional Code of Botanical Nomenclature with Tremella mesenterica as a species [28].
Tremella species produce hyphae that are typically (but not always) clamped and
have haustorial cells, which penetrate the hyphae of the host. The basidia are
“tremelloid,” occur in globose to ellipsoid with vertically or diagonally septate.
Conidiophores are often present and similar to yeast cells [28]. Tremella mesenterica
occurs widely in broadleaf and mixed forests. It is widely distributed in temperate
and tropical regions, which include Africa, Asia, Australia, Europe, and North and
South America. Although considered bland and flavorless, the fungus is edible.
Tremella mesenterica produce bioactive compounds that are attracting research
interest because of their various biological activities [29].

3.4 Agaricus species

It is an important genus of mushroom containing both edible and poisonous
species with over 300 members worldwide. The genus includes the common (but-
ton) mushroom (Agaricus bisporus) and field mushroom (Agaricus campestris).
Members of Agaricus are characterized by having a fleshy cap (pileus) from the
underside gills that produced the naked spores [30]. Members of Agaricus also have
a stem (stipe), which elevates the pileus above the substrate and a partial veil and
protects the developing gills and later forms a ring on the stalk [31]. Agaricus spp.
are known as the most common mushroom with different names: button mush-
room, white mushroom, table mushroom, champignon mushroom, crimini
mushroom, Swiss brown mushrooms, Roman brown mushrooms, and Italian
mushroom.

3.5 Grifola frondosa

It is a polypore mushroom that grows in clusters at the base of trees, particularly
oaks. The fruiting body of G. frondosa occurs as large as 60 cm; it has a cluster
consisting of multiple grayish-brown caps that are often curled or spoon-shaped
with wavy margins of 2-7 cm broad. The undersurface of each cap bears approxi-
mately 1-3 pores per millimeter with the tubes rarely deeper than 3 mm. The milky-
white stipe (stalk) has a branchy structure and becomes tough as the mushroom
matures. G. frondosa is a perennial fungus that often grows in the same place for a
number of years in succession. It is prized in traditional Chinese and Japanese
herbology as a medicinal mushroom due to the ability to balance out altered body
systems into a normal level. Most Japanese find it tasty and the texture is enor-
mously appealing, though the mushroom has been alleged to cause allergic reactions
in rare cases and becomes inedible such as all polypores when they are older because
it is too tough to eat [33].

3.6 Lentinus species
It is a genus of fungi in the family Polyporaceae and widely spread in subtropical
regions [34]. Lentinus spp. possess extracellular enzymes and thus act as wood-

decaying basidiomycetes, gregarious on fallen wood of a wide variety of deciduous
trees such as shii, oak, chestnut, beech, maple, sweetgum, cotton, alder, hornbeam,
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ironwood, chinquapin, and mulberry in a warm or moist climate [35]. The geo-
graphic distribution of L. edodes (Shiitake) in nature is widely extended through the
various continents such as Asia, Europe, Australia, Africa, and America, and often
time it is utilized as a medicinal food [34]. The genus name, Lentinus, is derived
from the Latin lent, meaning “pliable,” and inus, meaning “resembling.” Pegler [36]
correlated morphological differences with geographic distribution to recognize
three species of shiitake: Lentinus lateritia in Southeast Asia and Australasia and
Lentinus novaezelandieae in New Zealand. Other species of Lentinus include:

L. crinitus and L. tigrinus [35].

3.7 Calocybe indica

Calocybe indica, commonly known as the milky-white mushroom, is a species of
edible mushroom native to India. The sturdy all-white mushrooms appear in sum-
mer after rainfall in fields (grassland), on road verges, and generally on substrate
rich in organic material. It is being grown commercially in several Indian states and
other tropical countries and traditionally eaten in West Bengal for medicinal pur-
poses [37]. The robust mushroom is all-white in color and has a firm consistency. Its
cap is 10-14 cms (4-5 '/, in) across, convex initially before flattening out with age.
The cuticle (skin) can be easily peeled off the cap. The crowded gills are white, and
the cylindrical stem is 10 cms (4 in) high with no ring nor volva. It has a subbulbous
base, being 1.8 cms 3/, in) wide at the apex (top), 3.5 cms (1 1/, in) in the middle,
and 2.4 cms (1 in) wide at the base. The mushroom does not change color on cutting
or bruising, though old dried specimens have a buff color. The flesh has a mild
flavor that has been described as oily, and a faint smell reminiscent of radishes. The
spore print is white, and the oval spores measure 5.9-6.8 um long by 4.2-5.1 pm
wide [37]. The mushrooms appear between May and August after spells of rainfall.
The fungus is saprophytic, though it has been reported to form ectomycorrhizal
relationships with the roots of the coconut tree (Cocos nucifera), palmyra palm
(Borassus flabellifer), tamarind (Tamarindus indicus), and yellow poinciana
(Peltophorum pterocarpum) [37].

3.8 Pleurotus ostreatus

Pleurotus ostreatus, the oyster mushroom, is a common edible mushroom. It was
first cultivated in Germany as a subsistence measure during World War [38] and is
now grown commercially around the world for food. It is related to the similarly
cultivated king oyster mushroom. Oyster mushrooms can also be used industrially
for mycoremediation purposes, it attacks and kills nematodes and bacteria with
impunity. The oyster mushroom is one of the more commonly sought wild mush-
rooms, though it can also be cultivated on straw and other media. It has the bitter-
sweet aroma of benzaldehyde [38]. Pleurotus ostreatus is easily recognized by the
way it grows on wood in shelflike clusters; its relatively large size; its whitish gills
that run down a stubby, nearly absent stem; and its whitish to lilac spore print. It
appears between October and early April across North America and features a
brown cap. A number of very similar species are closely related, including P.
pulmonarius (which is often paler and appears between late April and September)
and P. populinus (which is found in the wood of quaking aspen). The mushroom has
a broad, fan, or oyster-shaped cap spanning of 5-25 cms; natural specimens range
from white to gray or tan to dark-brown; the margin is enrolled when young, and is
smooth and often somewhat lobed or wavy. The flesh is white, firm, and varies in
thickness due to stipe arrangement. The gills of the mushroom are white to cream
and descend on the stalk if present. If so, the stipe is off-center with a lateral
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attachment to wood. The spore print of the mushroom is white to lilac-gray and best
viewed on dark background. The mushroom’s stipe is often absent. When present,
it is short and thick [39]. It is mainly saprophytic but can be a facultative parasite
on a stressed host. Sporophytes can be found growing naturally on both living and
dead trees of a wide array of broadleaf hardwoods and conifers. Many different
subspecies, varieties, and strains can be found within this species, but there are two
major ecotypes: brown forms from North America and blue/brown forms from
Europe [40].

3.9 Lengzites species

Lengzites spp. are wood-decaying fungi in the class Agaricomycetes, order
Polyporale, family Polyporaceae, and genus Lengites. Lengites spp. were
circumscribed by Elias Magnus Fries in 1835 and reportedly found in parts of
Europe, Asia, and Africa [41]. The species is a white-rot pathogen living on woods;
it has corky fruiting bodies in the shape of semicircular plates formed on the trunks
of several types of deciduous trees. The fruiting body has a lamellar fruit layer
(gills) producing spores. The upper surface of the cap may be in various shades of
brown and sometimes zonate. The pore surface is white to tan at initial stage but as
the fruit body matures, some of the pore walls break down, forming slits with blunt
partitions. This results in the characteristic of a mazelike (daedaloid or
labyrinthinine/labyrinthiform) appearance. The tube walls are 10-30 mm long
with thick walls. The basidiospores are within 6-8 pm, smooth and elliptical in
shape [42]. Lenzites spp. are widely available and index fungorum has reported
26 species [43].

The three synonymous wood-rotting fungi, namely: Lenzites spp., Daedalea spp.,
and Trametes spp., have been screened as cellulose-degraders from 20 different
genera of both brown and white-rotters of Polyporaceae on the basis of their
potential to degrade carboxymethylcellulose. The utilization of different carbon
sources in the growth medium was studied with these fungi for the identification of
enzymes involved in saccharification. Carboxymethyl cellulose and beta-
glucosidase were identified as the two major enzymes involved in this process.
Extracellular carboxymethyl cellulose from L. saepiaria has been purified to homo-
geneity and the enzyme partially characterized [44]. Lenzites spp. have been inves-
tigated for bioremediation application, production of laccase—a lignin-degrading
enzyme, which has been isolated and purified for the production of various dyes,
pigments, and bio pulping to eliminate the pollution hazards associated with the use
of chlorine pulping process [45]. They have been used as a natural comb for
brushing down hair of horses, and fruit bodies were used for anesthetizing bees
[46]. Lenzites spp. are also known to have some medicinal properties, including
antioxidant, antimicrobial, antitumor, and immunosuppressive activities, but
only few species such as L. betulina and L. warnieri have been examined and
documented [47].

4. Health benefits of edible and medicinal mushrooms
4.1 Nutritional benefits

Mushrooms contain the amino acids, vitamins, macro, microelements, and a
substantial amount of dietary fibers. Higher Basidiomycetes have much insoluble

dietary fiber bound with chitin, hemicellulose, mannans, glucans, glycogen, and
trehalose in their cell wall. Cheung [48] has reported the health benefits of dietary
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fiber, which include the following: relieves of constipation, prevention of colon
disease and hemorrhoids as well maximize the viscosity of the food matrix, slow-
down of digestion, lower blood glucose, and strengthens immune system with
antitumor activity. Mushrooms are excellent sources of dietary fiber, which can be
used for the enrichment of biopharmaceutical products [49]. Mushrooms are
known to possess complexes of polysaccharides and protein, which enhance innate
and cell-mediated immune responses and exhibit antitumor activities in animals
and humans [50]. Edible and medicinal mushrooms contain considerable amount
of essential and nonessential amino acids. Essential fatty acid (linoleic acid), a
precursor of 1-octen-3-ol, has been the principal active compound that contributed
to the aroma and flavor of mushrooms. The bioavailability of mineral in medicinal
mushrooms, except sodium in low concentrations, has made edible mushrooms
choice of food that regulate blood pressure, maintain cellular function, and
promote the availability of metalloenzymes, biochemical processes, and metabolic
growth [51, 52].

The nutrient contents of various edible mushrooms play a vital role in
maintaining the normal function of human body [53]. The utilization of macrofungi
as a nutritional source provides opportunity to fulfill the protein-energy demand
and thus balance the problem of nutritional deficiency [12]. Hence, it has been well
proven and documented in the world literature that mushrooms provide definite
nutrition and health benefits for humans. Nowadays, people eat mushrooms as
functional foods, food-flavoring material in soups or sauces due to their unique and
subtle flavor with devoid of undesirable side effects. The reason behind the con-
sumption of mushrooms since ancient times is due to their nutritional benefits,
organoleptic values, and pharmacological applications [54]. Badalyan [55] reported
a significant reduction of blood cholesterol levels when lovastatin from submerged
mycelia of Pleurotus ostreatus and P. eryngii var. ferulae was used as a dietary sup-
plement. It needs to be noted that edible and some medicinal macrofungi are used as
food, medicine, and formulated feeds for animals [56, 57].

4.2 Immunomodulatory activity

The combination of vitamins A, B, C complex, fiber, minerals, and other bioac-
tive compounds in mushroom is a basic healing requirement to improve the human
immune system against bacteria, fungi, and virus infections. Ganoderma lucidum
contains a high concentration of organic germanium, polysaccharides, and
triterpenes; these active components have been proven to strength, regulate
immune system, and eliminate allergic reactions such as asthma, rheumatoid,
arthritis, and lupus [58]. Findings of Zhu et al. [59] revealed that the bioactive
compounds in edible and medicinal mushroom improve blood circulation, increase
the activities of immune cells such as macrophages, natural killer cells (NK), and T-
cells, and therefore reduce the tumor formation by 86%. Lentinus edodes contains
lentinan that stimulates the production of immune system such as interleukin and
tumor necrosis factor (TNF) which help to prevent the spread of cancer [60].

G. lucidum stimulated the production of interleukin-II due to the presence of
ganoderic acid, which is active against liver cancer [61]. Medicinal mushrooms help
in fighting infection as they stimulate the maturation of macrophage cells that
engulf and neutralize bacteria particularly secondary infection [62]. Most impor-
tantly, mushrooms contain a large selection of biologically active polysaccharides,
which are known to function as biological response modifiers (BRM). Biological
response modifiers are substances that stimulate the body’s response to infections
and diseases. They contain repetitive structural features that are the polymer of
monosaccharides residues joined to each other by glycosidic linkage [63, 64]. This
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offers a high capacity for carrying biological information because of their structural
variability, ability to interconnect at several points to create a wide array of linear
and branched molecules that will carry different biological information [65].

4.3 Anticancer properties

Cancer is medically known as malignant neoplasm—a disease involving
unregulated cell growth [66]. Cancer is a devastating disease that may spread to
more distant parts of the body through the lymphatic system or bloodstream. It
afflicts many people around the world because it is the second leading cause of
death after heart disease [67]. Several studies from Asian countries show that edible
and medicinal mushrooms played an important role in the prevention and treat-
ment of cancer [68]. In Eastern Europe, fruiting bodies of Inonotus obliquus have
been used as a medicine for the treatment of cancer due to the presence of
triterpenes and ergosterol peroxide [17]. The antitumor effect of several extracts
and isolated compounds from mushrooms have been carried out on tumor cells and
in animal assay [30]. The clinical evidence for anticancer activity of medicinal
mushroom comes from the extracted polysaccharides, lentinan, PSK (Krestin), or
schizophyllan [50].

Mushrooms prevent breast and prostate cancer due to the presence of beta-
glucans and conjugated linoleic acid [69]. Anticarcinogenic effects of linoleic acid
had been attributed to the ability to suppress estrogen [70]. Agaricus bisporus,
Lentinus edodes, and Grifola frondosa possess bioactive substances that inhibit the
activity of aromatase—an enzyme involved in estrogen production, which is a
prime reason for breast cancer in the woman after menopause [71]. Other wild
mushrooms such as Pleurotus spp., Agaricus blazei, Ganoderma lucidum, Clitocybe
nebularis, Trametes spp., Piptoporus betulinus, Inocybe umbrinella, Coprinus comatus,
Fomes fomentarius, Lactarius flavidulus, Albatrellus confluens, Cordyceps sinensis,
Schizophyllum commune, and Inonotus obliquus have Figure 2 been credited with
anticancer activity due to some bioactive compounds [72].

4.4 Antimicrobial properties

The development of new synthetic antimicrobial compounds has led to a drastic
increase in bacterial resistance and the subsequent evolution of multidrug-
resistance among microorganisms [73]. In the quest for effective and sustainable
antimicrobial substances against pathogenic microorganisms, a new group of
microorganisms has been increasingly studied, among which mushrooms have
emerged as a viable source of new antimicrobials [74]. Mushrooms need
antibacterial and antifungal compounds as a defensive tool to survive in their
natural environment. It is therefore not surprising that antimicrobial compounds
could be isolated from many mushrooms for human benefits [50]. Sesquiterpenoid
and hydroquinones produced by the Ganoderma pfeiffer inhibited the growth of
Methicillin-resistant Staphylococcus aureus [75]. The extracts obtained from L.
quercina inhibited the growth of S. epidermidis, S. saprohyticus, and S. aureus isolated
from stool, urine and wound infections [76]. Applanoxidic acid isolated from G.
annulare (Fr) shows antifungal activity against Trichophyton mentagrophytes, while
the ethanolic extract of L. edodes was reported to possess antiprotozoal activity
against Paramecium caudatum [77]. Ganoderic acid, ganodermadiol,
ganodermanotriol, lucidadiol, triterpenes, and applaanoxidic acid isolated from
Ganoderma species have been reported to possess in vitro antiviral activity against
human immunodeficiency virus type I (HIV-1) and influenza virus type A [78].
Water-soluble lignin isolated from Inonstus obliqueis inhibited HIV protease; the
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Figure 2.

Examples of some medicinal mushrooms in Nigeria [32]. A: Macrolepiota sp. B: Agaricus arvensis. C:
Ganoderma lucidum. D: Schizophyllum commune. E: Pycnoporus cinnabarinus. F: Auricularvia auricula.
G: Lenzites quercina. H: Termitomyces. I: Pleurotus tuber-vegium. J: Pleuvotus ostreatus. K: Lentinus
squarvosulus. L: Daldinia concentrica. M: Trametes versicolor. N: Chloropyllum sp. O: Meripilus giganteus.
P: Lycoperdon spadiceum. Q: Coprinus lagopides. R: Microstoma sp. S: Xylaria hypoxylon. T: Tremella
fuciformis.

protein-bound polysaccharides from Trametes versicolor (L. fr) have antiviral effect
against HIV and cytomegalovirus. Antiviral agents from different mushroom spe-
cies such as Piptoporus betulinus, Fomitopsis officinalis, and Coprinellus micaceus have
been tested against different viruses, namely: Papilloma, infleuza (H5N1), Hepatitis
B, C, D, and E [17]. El-Fakharany et al. [79] reported that a laccase has been purified
from P. ostreatus mushroom, which is capable to inhibit the hepatitis C virus entry
into peripheral blood cells and hepatoma HepG2 cells and its replication, whereas
the isolation of a novel ubiquitinlike protein from P. ostreatus mushrooms manifests
an inhibitory activity toward HIV-1 reverse transcriptase [80].

Studies carried out by Karacsonyi and Kuniak [81] revealed that beta-D Glucan
(pleuran) isolated from fruiting bodies of P. ostreatus promoted the survival of mice
susceptible to bacterial infections. Phenolic and tannin constituents of P. ostreatus
may also elicit antibacterial activity through various mechanisms of action charac-
terized by cell membrane lysis, inhibition of protein synthesis, proteolytic enzymes,
and microbial adhesins [82]. The oil of the macrofungus extracted with petroleum
ether and acetone was observed to inhibit the Gram-positive and Gram-negative
bacterial tested in vitro to suggest that P. ostreatus has a broad-spectrum
antibacterial activity [82], whereas organic extracts (methanol and chloroform) of
P. ostreatus have been manifested as effective against Gram-positive bacteria which
showed to be a potential source of antibacterial agents [83]. Comparative studies
were carried out on the antibacterial activity of P. ostreatus and biosynthesized silver
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nanoparticles using P. ostreatus against Gram-positive bacteria using standard zones
of inhibition, in which synthesized silver nanoparticles using P. ostreatus showed
maximum zone of inhibition [84].

4.5 Antioxidant properties

The interplay between free radicals, antioxidants, and cofactors is important in
maintaining stable health and age-related diseases [85]. Free radicals induce oxida-
tive stress, which is balanced by the body’s endogenous antioxidant system with
input from cofactors and by the ingestion of exogenous antioxidants [86]. 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 [87]. The
progressive severe and chronic disorders caused by free radicals have led to alter-
native sources of antioxidants compounds from wild mushrooms, which could be
a remedy to dietetic aliments [88]. Hence, there is an emerging interest in the use
of naturally occurring antioxidants for the preservation of foods, in other to manage
a number of pathophysiological conditions.

Epidemiological studies have consistently shown that a high dietary intake of
mushrooms is strongly associated with the reduced risk of developing chronic
diseases such as cancer and cardiovascular disease [89]. This suggests that changes
in dietary intake and consumption of natural foods provide desirable health benefits
beyond basic nutrition to reduce the risk of chronic diseases. Medicinal mushrooms
such as the species of Termitomycetes, Pleurotus, Lentinus, and Lenzites have shown
potent scavenging properties against free radicals [90]. Generally, mushrooms con-
tain ergothioneine, a naturally occurring and powerful antioxidant that protects the
body’s cells from generated free radicals as well as boost up immunity [91, 92]. The
antioxidant activity of macrofungi had been attributed to the presence of useful
metabolites in medicinal mushrooms. Therefore, the bioactive compounds in wild
medicinal mushrooms make them a good source of antioxidant compounds to
prevent degenerative diseases such as cardiovascular illnesses, neurodegenerative
disorders, rheumatoid arthritis, and cancer that had been attributed to generated
free radicals in the body.

Mushroom is an ideal low energy diet for diabetics; it has no fats, no cholesterol,
very low carbohydrates, moderate protein, vitamins, minerals, dietary fibers, and a
lot of water [48]. Moreover, mushrooms contain natural insulin and enzyme that
break down sugar or starch [93]. Diabetes mellitus is a metabolic disorder affecting a
large number of people [94]. Therefore, more effective and safer treatment for
diabetes patients needs to be investigated in order to overcome the peripheral of
insulin resistance. A polysaccharide fraction of Grifola frondosa (SX fraction) has
been reported to exhibit hypoglycemic action in patients with type 2 diabetes [60].
Coriolan, glucans, ganoderan A and B from Ganoderma lucidum, and glucuronox-
ylomannan from the fruit bodies of Tremella mesenterica exhibited hypoglycemic
effects in several tests and ameliorated the symptoms of diabetes (Figure 3) [95].

4.6 Antidiabetes properties

Many medicinal mushrooms have been found to be suitable for diabetic and
heart patients due to low starch and low cholesterol content. Several mushroom
species have been reported to be effective for both the control of blood glucose
levels and the modification of the course of diabetic complications. This is because
they are known to contain bioactive components that help with the proper func-
tioning of metabolic organs such as the liver, pancreas, and other endocrinal glands,
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Figure 3.
Some medicinal mushrooms with nutraceutical potentials [72].

thereby promoting the formation of insulin and related hormones that ensure
healthy metabolic functioning [50]. Mushrooms contain polysaccharides such as
beta-glucans which can restore the function of pancreatic tissues eventually trig-
gering increased insulin output by beta-cells, thus leading to decrease blood glucose
levels. Beta-glucans have been shown to improve the sensitivity of peripheral tis-
sues to insulin [96].

5. Underutilization of medicinal mushrooms in Nigeria

Most of the wild macrofungi found in Nigeria Figure 2 are similar to mushrooms
reported to possess anticancer properties [72]. One of the wild mushrooms from
Nigeria—Lenzites quercina displayed anticancer activity against Hela and RD cell
lines (Figures 4 and 5) in our latest findings [97, 98]. In recent studies, researchers
had focused on the maximum utilization of natural bioactive compounds from edible
and medicinal mushrooms Figure 6. Few species of medicinal mushrooms have been
examined for anticancer activities in Nigeria. This may due to the lack of informa-
tion on the identity and anticancer activities of available wild species of mushrooms.

Despite the millennial existence and empirical documentation of mushrooms,
the ethnological knowledge of macrofungi, historical uses of mushrooms as food,
medicine, source of income, and sociological impacts are apparently dawdling the
ethnomycology research drive in Nigeria [99]. The poor identification and docu-
mentation of medicinal and edible mushrooms have created some degrees of incon-
sistencies in their usages relatively to the medicinal practice, food, and mythological
beliefs [100]. The random utilization of mushrooms, the limited scope of taxonomic
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Figure 4.
Anticancer activity of Lengzites quercina extract against HeLa (a) cell line (HeLa) without extract and
(b) cell line (HeLa) with extract at 100 pg.

Figure 5.
Anticancer activity of Lenzites quercina extract against RD (a) cell line (RD) without extract and (b) cell line
(RD) with extract at 100 pg.

The phytochemicals in mushrooms: p-glucan, fatty
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Figure 6.
Effect of bioactive compounds in medicinal mushroom on cancer cell lines.

consistencies of the existing mushroom, anthropogenic, ethnographic,
ethnoecological, and religion have hindered the correct estimate of macrofungi for
proper utilization and exploration in Nigeria and Africa.
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6. Conclusion

The relevance of medicinal mushrooms in modern-day pharmaceuticals and
nutraceuticals is an innovative conception in medical fields and food industries. The
positive transformation of mushrooms into edible foods or products requires gov-
ernment support by sponsoring programs to assist agricultural development in
mushroom isolation, identification, cultivation, and utilization. This could be a
means to diversifying into food production to solve the food insecurity and as well
deconcentrate the economic reliance on crude oil.
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