Fungal Biology

' Bhim Pratap Singh
Lallawmsanga
Ajit Kumar Passari Editors

) of
Macrofung

@ Springer



Fungal Biology

Series Editors

Vijai Kumar Gupta

ERA Chair of Green Chemistry

Department of Chemistry and Biotechnology
School of Science

Tallinn University of Technology

Tallinn

Estonia

Maria G. Tuohy

Head of the Molecular Glycobiotechnology Group
Biochemistry, School of Natural Sciences
National University of Ireland Galway

Galway

Ireland



About the Series

Fungal biology has an integral role to play in the development of the biotechnology
and biomedical sectors. It has become a subject of increasing importance as new
fungi and their associated biomolecules are identified. The interaction between
fungi and their environment is central to many natural processes that occur in the
biosphere. The hosts and habitats of these eukaryotic microorganisms are very
diverse; fungi are present in every ecosystem on Earth. The fungal kingdom is
equally diverse, consisting of seven different known phyla. Yet detailed knowledge
is limited to relatively few species. The relationship between fungi and humans has
been characterized by the juxtaposed viewpoints of fungi as infectious agents of
much dread and their exploitation as highly versatile systems for a range of
economically important biotechnological applications. Understanding the biology
of different fungi in diverse ecosystems as well as their interactions with living and
non-living is essential to underpin effective and innovative technological
developments. This series will provide a detailed compendium of methods and
information used to investigate different aspects of mycology, including fungal
biology and biochemistry, genetics, phylogenetics, genomics, proteomics, molecular
enzymology, and biotechnological applications in a manner that reflects the many
recent developments of relevance to researchers and scientists investigating the
Kingdom Fungi. Rapid screening techniques based on screening specific regions in
the DNA of fungi have been used in species comparison and identification, and are
now being extended across fungal phyla. The majorities of fungi are multicellular
eukaryotic systems and therefore may be excellent model systems by which to
answer fundamental biological questions. A greater understanding of the cell
biology of these versatile eukaryotes will underpin efforts to engineer certain fungal
species to provide novel cell factories for production of proteins for pharmaceutical
applications. Renewed interest in all aspects of the biology and biotechnology of
fungi may also enable the development of “one pot” microbial cell factories to meet
consumer energy needs in the 21st century. To realize this potential and to truly
understand the diversity and biology of these eukaryotes, continued development of
scientific tools and techniques is essential. As a professional reference, this series
will be very helpful to all people who work with fungi and should be useful both to
academic institutions and research teams, as well as to teachers, and graduate and
postgraduate students with its information on the continuous developments in
fungal biology with the publication of each volume.

More information about this series at http://www.springer.com/series/11224


http://www.springer.com/series/11224

Bhim Pratap Singh ¢ Lallawmsanga
Ajit Kumar Passari

Editors

Biology of Macrofungi

@ Springer



Editors

Bhim Pratap Singh

Molecular Microbiology and Systematics
Laboratory

Department of Biotechnology

Mizoram University

Aizawl, Mizoram, India

Lallawmsanga

Molecular Microbiology and Systematics
Laboratory

Department of Biotechnology

Mizoram University

Aizawl, Mizoram, India

Ajit Kumar Passari

Molecular Microbiology and Systematics
Laboratory

Department of Biotechnology

Mizoram University

Aizawl, Mizoram, India

ISSN 2198-7777
Fungal Biology
ISBN 978-3-030-02621-9 ISBN 978-3-030-02622-6  (eBook)
https://doi.org/10.1007/978-3-030-02622-6

ISSN 2198-7785  (electronic)

Library of Congress Control Number: 2018965199

© Springer Nature Switzerland AG 2018

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-02622-6

This volume is dedicated to

Late Shri Ram Prasad

father of Dr. Bhim Pratap Singh,
Senior Editor of this volume,

for his continuous motivation and
encouragement

Late Shri Ram Prasad (1938-2011)



Foreword

It is very important to estimate and document the mushroom (macrofungi) biodiver-
sity as they are well known for the production of bioactive compounds having bio-
technological applications and are recognized as supplementary foods due to high
nutritional content and medicinal importance. Among the few important features of
mushrooms, they can be used as a source of food and medicines besides their key
ecological roles. They are also considered as the efficient food for the future as they
have high amount of proteins and other nutrients, so they can be used to cope up
with the nutrient malnutrition in developing countries. Mushrooms are the only
edible source of Vitamin D and considered among the top foods to prevent
0Ssteoporosis.

The book volume published by Springer Nature on Biology of Macrofungi has
received contributions from academicians and scientists from several countries
throughout the world including the United Kingdom, the United States, Brazil,
China, Serbia, etc. I believe the knowledge shared by the contributors will be very
helpful for the readers working in the field of macrofungi. The book has descrip-
tions about the methods used for the identification of macrofungi and how the mac-
rofungi can be exploited for several applications for sustainable development. The
book also describes how to cultivate the important types of mushrooms to generate
self-employment.

I am sure that the contents given in this volume are a comprehensive coverage of
various important aspects of exploitation of macrofungi and their applications in
health and pharmaceutical industries. I congratulate the editors and contributors for
bringing this volume on Biology of Macrofungi.

K. R. S. Sambasiva Rao

Vice-Chancellor

Mizoram University (A Central University)
Aizawl, Mizoram, India
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Preface

Mushrooms are often been referred as functional food due to their high nutritional
contents. They contain high amount of antioxidants, the chemicals that are required
to get rid of free radicals. Free radicals are very dangerous for the body cells as they
lead to several deadly diseases including cancer. Mushrooms have high content of
selenium, a mineral which is not available by eating most of the fruits and vegeta-
bles, and help in detoxifying disease-causing compounds in the body and also play
an important role in preventing inflammation. They are high in fiber, potassium, and
Vitamin C content which play an important role in preventing cardiovascular health.

The present volume has 19 chapters contributed by the researchers and academi-
cians from several countries including the United Kingdom, the United States,
China, Malaysia, Poland, Serbia, Brazil, and India. The volume has covered most of
the recent developments in macrofungal biology starting from the latest methods
used for the identification of wild macrofungi and several applications of macro-
fungi for sustainable livelihood.

Editors of the volume express their gratitude to all the contributors for sharing
their work in this volume. We are also thankful to Springer Nature publishers for
giving us a chance to compile this important volume. We hope that the contents
presented in this book will be useful for the readers involved in macrofungi research
and all concern.

Mizoram, India Bhim Pratap Singh

Lallawmsanga
Ajit Kumar Passari
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Chapter 1
Exploration of Macrofungi in Sub-Tropical
Semi-Evergreen Indian Forest Ecosystems

Check for
updates

Lallawmsanga, A jit Kumar Passari, and Bhim Pratap Singh

1.1 Introduction

1.1.1 What is a Mushroom?

Mushroom is a term used to define the fruiting body formed by a group of fungi
such as Basidiomycetes and Ascomycetes. They are either epigeous or hypogeous
large enough to be seen with the naked eye and can be picked by hand (Chang and
Miles 1992). The fruiting bodies of fungi (except for bracket) are normally short
lived; and their existence varies from one to another. Mushrooms basically have the
specific nutritional and ecological requirements for their growth and development;
some of them thrive extremely well in soil and some of them utilize degrading plant
residues as saprophytes. Many of the mushrooms exist in symbiotic relationship
with roots of higher plant species. Due to the differences in their lifestyle, their
ecological influence also varies from one to another (Lallawmsanga et al. 2016).
These macrofungi appear at different times in a year and some species do not appear
every year (Packham et al. 2002). They are a group of fungi that forms relatively
conspicuous sporocarp (Ferris et al. 2000). As the tropical regions are considered
rich in biodiversity, most of the new species of mushrooms reported in the recent
years are from these regions; these newly reported mushrooms are usually associ-
ated with the native trees.

The occurrence of mushroom fruiting bodies varies according to different eco-
logical climate (Arora 1991). They are essential for recycling of nutrients, growth
and development of saplings in the forest base while some of them cause damage to
the trees as they are in parasitic association with them. Humid climate provides

Lallawmsanga - A. K. Passari - B. P. Singh (P<)

Molecular Microbiology and Systematics Laboratory, Department of Biotechnology,
Mizoram University, Aizawl, Mizoram, India
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more distribution as compared to hot and dry periods (Sibounnavong et al. 2008).
Mueller et al. (2007) estimated that there are 53, 000 to 110, 000 mushrooms in the
world. However, Hawksworth (2001) estimated the global mushroom is about
140,000 species and approximately 14,000 species of them are known. It is also
assumed that the mushrooms which are still unexplored could be of highly benefi-
cial to mankind. Biodiversity research has become more important following the
Convention on Biological Diversity in 1992 to understand the structure and function
of ecosystems (Gadd 2007). Besides flora and fauna, fungi are considered as one of
the most significant organisms in the world due to their important role in ecosys-
tem (Mueller et al. 2004). Fungi have great importance ecologically as well as in
industrially. They are found in almost all part of human life and ecosystems
(Garibay-Orijel et al. 2009).

There are over 27,000 mushroom species recorded in India which makes it the
second largest biotic community after insects (Manoharachary et al. 2005). True
fungi belong to kingdom Eukaryota which has four phyla, 103 orders, 484 families
and 4979 genera. True fungi consists of monophyletic groups, of which
Basidiomycetes alone accounts for 35% of the fungal species described so far. They
are of great importance ecologically as well as industrially. Ascomycetes,
Basidiomycetes, some Zygomycetes and Glomeromycetes are grouped under hypo-
geous fungi (Trappe and Castellano 1991). The loss of spore discharge mechanisms
in Ascomycetes and Basidiomycetes are the common characteristics observed in the
two (Alessandra et al. 2014).

1.1.2 Why do we need to Explore Mushrooms?

Mushrooms are rich in food, medicine and plant growth promotion (Ghate and
Sridhar 2015). So they have large number of importance in biodegradation, ecosys-
tems, food industry and pharmacology (Barros et al. 2007). Mushrooms are consid-
ered as healthy foods due to their high composition of nutrients like proteins,
carbohydrates, vitamins, fatty acids, amino acids and various elements in their fruit-
ing body (Liu et al. 2015; Dimitrijevic et al. 2016). Mushrooms are known as an
unlimited source of bioactive compounds and their immense diversity provide a
massive prospective in the discovery and development of several drugs (Butler
2004). They are also known to produce the most important kinds of bioactive com-
pounds including lectins, peptidoglucans, phenolic compounds, polysaccharides,
steroids, etc., that acquire a broad range of pharmacological properties like antimi-
crobial (Alves et al. 2013), antioxidant (Ferreira et al. 2009), anti-tumor (Popovic
et al. 2013), and therapeutic properties such as counteracting diseases including
hypertension, hypercholesterolemia and cancer (Gast et al. 1988). These factors
made the large scale production of mushroom became an important industry in
several countries (Rafique 1996; Izlam et al. 2009).
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Rise in food prices due to high biofuel prices have caused scarcity of food and
malnutrition throughout the world. To lessen this, cultivation of mushroom is
beneficial and applicable for the poor farmers as it is labor intensive, short-duration
for production and land saving (Shah et al. 2004). It could be more applicable in
developing countries where malnutrition is one of the biggest problems as mush-
rooms contain high level of nutrients and its high productivity per unit area (Eswaran
and Ramabadran 2000).

1.2 Exploration of Wild Mushroom Diversity

1.2.1 Macroscopic Identification

Mushrooms collected from the selected reserve forests were first identified based on
their macroscopic characteristics. The followings are the macroscopic features used
for the identification up to genus: attachment, cap size, colour, gills, shape, surface
texture and moisture, spacing, stem size, the presence or absence of partial and uni-
versal veils. The identification was done by using seven mycological characters
such as hymenium type, cap shape, gills, stipe character, color of the spore print,
ecological type, and edibility (Krishna et al. 2015).

1.2.2 Molecular Characterization

Several numbers of molecular markers have been employed in the rapid identifica-
tion of mushrooms in modern biotechnological research (Lian et al. 2008). DNA
based techniques have eased the knowledge about microbial diversity from the
natural ecosystems (Tuckwell et al. 2005). Mullis and Faloona (1987) have devel-
oped DNA-based PCR and taxon specific primers for the identification and study
various kinds of fungi. The internal transcribed spacer region has been widely
employed for the identification of fungi at species level (Sanchez-Ballesteros et al.
2000). Molecular fingerprinting offer an efficient way to study genetic variations
which further helps in breeding programs due to its properties including high lev-
els of detectable polymorphism and independence of environmental parameters
(Yin et al. 2014).

Various molecular techniques such as random amplified polymorphic DNA
(RAPD), amplified fragment length polymorphism (AFLP) analysis, simple
sequence repeat (SSR) analysis, inter-simple sequence repeat (ISSR) analysis have
been commonly employed for the genetic characterization of plants, animals,
fungi and other organisms (Mei et al. 2014). RAPD analysis is used to reveal genetic
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similarity and phylogenetic analysis due to simplicity in its technique. RAPD is
furthermore employed for classification and study the genetic diversity in newly
discovered species that are with agricultural and industrial importance (Shakeel
et al. 2013). The advantages of employing RAPD as a molecular marker is that the
DNA sequence information is not required, moreover they require only a small
amount of DNA template, no harmful contamination and low-cost technology
(Mei et al. 2014). Among the molecular markers, ISSR has gained interest as it is
known to be abundant, highly informative, highly polymorphic and extremely
reproducible. It has been effectively employed in the molecular identification of
plants (Zietkiewicz et al. 1994) and fungi (Tang et al. 2010).

1.3 Biodiversity of Mushrooms in two Ecosystems

Mizoram, a state in North Eastern Region of India is a big bio-prospecting area.
Itis (21°57' - 24°30' North and 92°15' - 93°26' East) located in the extreme southern
part of northeastern India, has a geographical area of 2,108,100 ha (0.6% of India’s
geographical area). Mizoram is bounded on the north by Assam and Manipur, on the
east and south by Myanmar and on the west by Bangladesh and Tripura. The terrain
is hilly and mostly undulating with the average altitude ranging from 500 to 800 m
and the maximum reaching 2157 m in the Blue Mountains. It is an important part of
the Indo-Burma Biodiversity Hot Spot. Therefore, existence of agriculturally and
industrially potential mushroom strains with diverse genetic resources in this region
cannot be ruled out. It is well recognized that the diversity of Mushrooms in North-
Eastern region, especially in Mizoram remains underexplored. It is important to
explore the genetic resources of this region that will be useful for various purposes
in the field of industrial, agricultural and pharmaceutical sectors.

1.3.1 Dampa Tiger Reserve

Dampa Tiger Reserve (Mamit District, Mizoram) is the largest wildlife sanctuary in
Mizoram. It covers up an area of about 500 sq.km, falls within 23° 23' 15"N —23° 42
20"N latitudes and 92° 16' 25"E — 92° 25' 55"E longitudes. Altitude in the forest
ranged between 800 to 1100 m above mean sea level. The annual rainfall ranged
between 2000 mm to 2500 mm and maximum rainfall occurs in the month of June to
August. Pleasant and warm climate prevails in the reserve all through the year with
temperate to chill winter during November to January in higher altitudes. The natural
vegetation includes Michelia champaca, Dipterocarpus turbinatus, and Terminalia
chebula in the lower elevations while the higher elevations are characterized by
Castanopsis indica, Dendrocalamus longispathus, Gmelina arborea, Lannea
coromandelica, Mesua ferrea, Quercus sp., Schima wallichii and Sterculia
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villosa. The reserve hosts several endangered species including Panthera tigris
(tiger), Neofelis nebulosa (clouded leopard) and Elephus maximus (Asiatic elephant).
It is especially affluent M. assamensis, M. leonina, M. arctoides, Nycticebus benga-
lensis, Trachypithecus pileatus and T. phayrei, Macaca mulatta.

1.3.2 Murlen National Park

Murlen Nation Park (Champhai District, Mizoram), located in the neighborhood of
the Indo-Myanmar boundary and is important for its propinquity to the Chin Hills.
It covers up an area of roughly 100 sq. km. It lies within 23° 32" 42" —23° 41' 36"N
latitudes and 92°13' 12" — 92°27' 24"E longitudes with altitude ranged from 1000—
1600 m. Sub-Montane forest and semi-Evergreen forest are important vegetation
that covers of the area. Murlen is a host for variety of rich flora and fauna. The
prominent plant species that can be seen includes Arundinaria callosa, Prunus
myrica, Rhododendron, Quercus, Betula, Schima wallichai, Arundinaria callosa,
Canes, Michelia champaca and different types of orchids. It is one of the most
important bird areas (IBM) supporting several threatened species. The Park pro-
vides a habitat for mammals Callosciurus pygerythrus, Cervus unicolor, C. ery-
thraeus, Hylobates hoolock, Macaca assamensis, M. arctoides, Martes flavigula,
Muntiacus muntjak, Ratufa bicolour, Sus scrofa and Trachypithecus pileatus.

1.3.3 Diversity of Macrofungi in Dampa Tiger Reserve
and Murlen National Park

The mushroom samples were collected from the abovementioned forests in 2013—
2015. The mushroom fruiting bodies were first photographed in their natural habitat
before collecting them. The collected fruiting bodies were carefully cleaned to
remove soil and other substrates using fine brush. The collected mushroom samples
were kept in separate paper bags to avoid mixing and were transferred to the labora-
tory. The specimens preserved as herbarium were identified with the help of stan-
dard literatures (Adhikari 2000).

The assessment of mushroom diversity of the Dampa Tiger Reserve and Murlen
National Park (Mizoram, India) was accomplished and we collected 249 mushroom
taxa (Fig. 1.1 A-E and Table 1.1) mainly from the genera Amanita, Boletus, Russula,
Psathyrella, Schizophyllum, Calocybe, Lentinus, Polyporus, Pleurotus, Trametes and
Tricholoma (Fig. 1.2). In total there are 39 mushroom families recorded from the 249
taxa collected (Table 1.2) and the major families are Agaricaceae, Amanitaceae,
Boletaceae, Lyophyllaceae, Marasmiaceae, Polyporaceae, Psathyrellaceae,
Russulaceae, Schizophyllaceae and Tricholomataceae (Fig. 1.3).
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Fig. 1.1 A-E Wild mushrooms collected from Dampa Tiger Reserve and Murlen National Park,
Mizoram, India (A) Chlorosplenium aeruginascens; (B) Collybia cookie; (C) Clavulinospsis laeti-
color; (D) Auricularia auricular-judae; (E) Favolaschia cyathea; (F) Cookeina tricholoma; (G)
Coltricia perennis; (H) Helvella sp.; (I) Marasmius androsaceus; (J) Xylaria polymorpha; (K)
Scleroderma citrinum; (L) Pholiota squarrosa; (M) Pleurotus sp.; (N) Geoglossum cookeanum;
(O) Oudemansiella mucidula; (P) Mycena sp.; (Q) Xeromphalina campanella; (R) Coprinus
disseminates
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Fig. 1.1 (continued)



Table 1.1 Wild mushrooms
collected from Mizoram,
India

Lallawmsanga et al.

Genus No. of individuals
Agaricus 4
Lepiota 1
Lycoperdon 1
Leucoagaricus 1
Amanita 15
Auricularia 4
Bolbitius 3
Boletus 41
Xerocomus
Cantharellus

Clavaria

Clavulinopsis

Cortinarius

Crepidotus

Calocera

Entoloma

Geoglossum

Chlorociboria

Helvella

Laccaria

Hygrocybe

Coltrichia

Hebeloma

Inocybe

Leotia

Calocybe

Termitomyces

Marasmius

Xeromphalina

Hydropus

Phlebia

Merulius

Mycena

Favolaschia

Phallus

Hymenopellis

Xerula

Mucidula

Pleurotus

Lentinus

Trametes

Panus

Polyporus

Pycnosporus
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Table 1.1 (continued) Genus No. of individuals
Coprinellus 3
Coprinopsis 1
Coprinus 1
Psathyrella 12
Lactarius 5
Russula 23
Cookeina 1
Schizophyllum 10
Scleroderma 4
Agrocybe 1
Pholiota 4
Stropharia 1
Thelephora 2
Clitocybe 1
Collybia 1
Lepista 1
Lichenomphalina | 1
Tricholoma 6
Flammulina 1
Xylaria 4
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Fig. 1.2 Major genera recorded from Dampa Tiger Reserve and Murlen National Park, Mizoram,
India

No. of Individuals

Genus
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Table 1.2 Family wise

distribution of wild

mushrooms collected from

Mizoram, India

Lallawmsanga et al.

Family No. of individual
Agaricaceae 7
Amanitaceae 15
Auriculariaceae 4
Bolbitiaceae 3
Boletaceae 42
Cantharellaceae 2
Clavariaceae 3
Cortinariaceae 1
Crepidotaceae 4
Dacrymycetaceae | 1
Entolomataceae 3
Geoglossaceae 1
Helotiaceae 1
Helvellaceae 1
Hydnangiaceae 4
Hygrophoraceae 2
Hymenochaetaceae |5
Hymenogastraceae |2
Inocybaceae 1
Leotiaceae 1
Lyophyllaceae 10
Marasmiaceae 7
Meruliaceae 2
Mycenaceae 6
Phallaceae 2
Physalacriaceae 6
Pleurotaceae 6
Polyporaceae 24
Psathyrellaceae 17
Russulaceae 28
Sarcoscyphaceae 1
Schizophyllaceae 10
Sclerodermataceae |4
Strophariaceae 6
Thelephoraceae 2
Tricholomataceae | 11
Xylariaceae 4
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Fig. 1.3 Major families recorded from Dampa Tiger Reserve and Murlen National Park, Mizoram,
India

1.4 Future Prospects

Assessment of wild mushroom diversity in the northeast India is essential as it plays
a significant role in the socio-economic life of the tribal population. They are imper-
ative for the rural and sub-urban inhabitants through food security and livelihood.
They can build important dietary addition through protein and various micronutri-
ents and, together with their medicinal activities. As this region is still underex-
plored for mushroom biodiversity, there is a very high chance of obtaining
mushrooms with high potential in diverse applications.
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Chapter 2
A Global Overview of Edible Mushrooms

Malarvizhi Kaliyaperumal, Kezhocuyi Kezo, and Sugantha Gunaseelan

2.1 Introduction

Fungi are one of the most diverse and prominent organisms to inhabit and influence
the earth. They are an essential component of ecosystem in recycling the mineral
nutrients by acting as agents of decaying. Members of Ascomycota and
Basidiomycota, under a precise combination of various abiotic conditions and
surrounding flora are known to produce a detectable fruiting body called as “mush-
rooms” (Stojchev 1995). According to Chang and Miles (1992), “macrofungus are
naked to eyes and are able to grow above ground (epigeous) and underground
(hypogeous). They might have originated from ancient lineage ca. 400 million years
ago and flourished in association with land plants as both saprobes and parasites
(Boyce et al. 2007).

Considering the rich magnitude of fungal diversity, total of estimated mushroom
diversity available to science is very less (Hawksworth 1991, 2001). While within
reported mushrooms, only 50% (7000 species) acquire varying degrees of edibility;
< 3000 known species belongs to 31 different genera; ca. 1-10 % are poisonous
mushrooms (Miles and Chang 1997). Mushrooms are recognized as rich sources of
diverse bioactive principles that make them medically significant as theapeutic
agents against pathogens, curing many health disorders and diseases (Wasser and
Weis 1999; Lindequist et al. 2005; Ajith and Janardhanan 2007). Nevertheless many
edible mushrooms have been integrated with human life since ancient times.
Mycophagy is the act of consuming mushrooms. Hay (1887), a well-known British
mycologist proposed the exclusive terms “mycophilia” and ‘“mycophobia”.
Mycophilic societies refer to the peoples who like and appreciate mushrooms since
ancient time. Mycophobic societies comprise of people showing aversion and fear
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towards mushrooms (Wasson and Wasson 1957). In general they have been used as
food or food products by many tribal and urban peoples for their taste, dietary value
with low calories and cholesterol but have high proteins content, minerals, fibres,
good amount of vitamins and trace elements (Wani et al. 2010).

2.2 Ethnomycology

Ethnomycology gives details on WEF inculcated in our life since ancient times.
Consequently, hallucinogenic mushrooms and their religious significance have been
included under ethnomycology (Schultes 1940; Wasson 1968). Diverse areas of
mushroom knowledge that includes entheogenics, cultivation, nutraceutics, mush-
room taxonomy, mycophagy and mycopharmaceuticals are also represented by
ethnomycological works (Wasser 2010).

According to Wasson (1971) (father of modern Ethnomycology), Amanita mus-
caria (divine mushroom of immortality) was used for scared rituals by “Aryans” over
4000 years ago (Fig 2.1). They believed that “Soma rasa”, the vedic juice is believed
to give divine qualities on the spirit of the consumer, even immortality. Traditionally,
mushrooms have been used as food, medicine, poison and spiritual practices in reli-
gious rituals across the world since 5000 BC (Winkler 2008). The ethnomycological
data of mushroom is well documented in various parts of the globe, especially in
Asia (Kang et al. 2012, 2013; Pala et al. 2013), Africa (Oso 1975; Kinge et al. 2011),
and Central America (Montoya-Esquivel 1998; Montoya-Esquivel et al. 2001).

Fig. 2.1 Stone carving of “”Weeping God” at Quetzalcoatl stone carving of Quetzalcoatl
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Fericgla (1994) categorized different European peoples as eminently mycophilic.
Ancient Greeks believed that consuming mushrooms offers stamina for soldiers in
war and they named it as “sons of the gods,” because of their mysterious appearance
after thunderstorms. The ancient Romans believed mushrooms as “the food of the
gods” and many Romanian writers made an attempt to explain significance of thun-
derstorms in the life cycle of fungi. Italian peoples are strongly mycophilic, but
among the south Catalonia Sapnish community, the tradition of consuming WEF is
less common. Amanita caesarea is known as “Caesar’s mushroom” part of ancient
Itlian cuisine, still it exits in many parts of county as a “ovolo or ovolo buono” or
“fungo reale” (Reyna et al. 2002). Nowadays food menus were dominated by embrac-
ing diverse species of edible ones such as Tuber spp. (truffles) and Boletus edulis
(porcini) in most of the European countries.

In 500 BC, Theophrastus defined truffles as “a natural phenomenon of great
complexity with no stem, root, branch, fibre, leaf, bud or flower”. Truffles are hypo-
geous fungi unique in its appearance served along with dessert only to pharaoh and
royals (Trappe 1990). These hypogeous fungi were known to consume by ancient
Babylonians, Etruscans, Egyptians, Greek and Romans (Tartufi 2011; Reyna and
Garcia-Barreda 2014). At the eighteenth century, truffles regained its status in the
cuisines of French and Italian people (Heim 1969). The truffles collected from the
Mugattam hills were used only to grace the cuisines of “Fatimid Caliphates” in
Egypt. Later, availability of large quantities of truffles in local markets of Cairo has
made them cheaper that graced the common people food too (Trappe 1990).

Power et al. (2015) observed the spores from bolete and agaric mushrooms from
the dental calculus of an adult woman from Magdalenian population (People of
Paleolithic in Western Europe). Both agaric and bolete include many edible and
medicinal mushrooms, this discovery could perhaps suggest the intentional consump-
tion of fungi during Old Stone Age era which has not been reported earlier (Fig. 2.2).

Fig. 2.2 Mushrooms Rock art at Selva Pascuala in Spain Credit: Juan Francisco Ruiz Lopez
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Two fragments of a Fomitopsis betulina (formerly Piptoporus betulinus) basidiomata
was found in Otzi, a mummified Calcolithic Tyrolean body of an iceman who might
have died 5300 years ago in an alpine glacier in the Val Senales glacier, Italy. This
mushroom was known for its edibility and medicinal properties (Peintner et al. 1998).
Otzi, revealed the traditional knowledge and knowing of mushroom by ancient tribal
people. Russians are well-known mycophilic group; duing weekend they had habit of
collecting WEF from the forest (Filipov 1998). Russian’s passion for mushroom was
described among the Estonians by a saying: "Where there is a mushroom coming up,
there is always a Russian waiting for it".

Mushrooms belong to the genus Agaricus and Boletes are not appreciated
among African tribes for consumption, yet Europeans living in Africa habitually
consume them (Rammeloo and Walleyn, 1993). From ancient period, ethnic peo-
ple of Congo-Guinea basin have used edible mushrooms to supplement and diver-
sify their diet (Buyck and Nzigidahera 1995). Dijk et al. (2003) documented three
different edible species of cup-fungi (Cookeina sulcipes and C. tricholoma) and
bird-nest’s fungus (Cyathus striatus) which referred by a same name Tolofig by
Bantu and Bagyeli tribes of south Cameroon Télofig. In evident to this, Peziza was
the common name used for both cup fungi and bird-nest’s fungi in the mycological
history of Europe. In many Slavic cuisines of Russians, mushroom holds a promi-
nent status. Eskimos (Yupiks and Chukchi) consumed several species of wild
Leccinum, Lactarius, Russula and Armillariella collected from Arctic Tundra
(Yamin-Pasternak 2007, 2008).

Long net stinkhorns/ bamboo fungus is traditionally known for its consumption
during the Mexican divinatory rituals because of its distinct shape. Tribals from
New Guinea considered this fungus as sacred. The Urhobo and the Ibibio ethinic
people from Nigeria used stinkhorns to prepare harmful charms (Oso 1975).
Yekuana tribes, who are native to Amazon rain forest in Southern Venezuela, con-
sumed two species viz., Auricularia mesenterica and Polyporus sp. (Chitty 1992). In
Chile, WEF were seems to be part the food or cuisine about 13000 years ago (Rojas
and Mansur, 1995).

China is a distinctive example of a mycophilic soceity when compared to other
countries. According to the archaeological documentation, edibility of wild fungi is
first well renowned in China even before the birth of Christ (FAO 1998). Paddy
straw mushroom (Volvariella volvacea) a common edible mushroom has been cul-
tivated in China during eighteenth century (Chang 1977). Later, it was cultivated in
other South Asian countries during 1932 to 1935, (Baker 1934; Chang 1974). Ethnic
tribes from Nepal believed that the mushrooms found in high-altitude areas were
related to lack of toxicity. Christensen et al. (2008) supported this observation by
confirming the frequency of poisonous mushrooms in the Pinus wallichiana forest
compared to the forest types at lower altitudes was very low. Their study also noted
that, there are no known poisonous mushrooms looking like the frequently eaten
ones in the high-altitude forests. The first documentation of Yarsagumba (Caterpillar
fungus or Cordyceps) was by a Tibet physician who described the importance of the
mushroom as a “sexual tonic” in his text entitled “An Ocean of Aphrodisiacal
Qualities”. From ancient times, Cordyceps sinensis has been described in old
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Chinese and Tibetan medicinal books. Many tribes store mushrooms for future use
by drying them in porous baskets or outdoors in structures similar to granaries
(Beals 1933; Maniery 1983).

The significant cultural values of wild edible mushrooms diverge across the
world. In Indian ayurveda, mushrooms were kept under “tamasika ahara” (Tamasic
diet) along with meat of an animal, fish, the fertilized egg, onion, garlic etc., which
were believe to cause certain potentially physical conditions and also as a medicine
for enhancing energy and vitality (Saddler 2003). Wild edible mushrooms and
ethno-mycological practices of the wild mushrooms have been documented by sev-
eral authors from North-East Indian states (Boruah et al. 1996; Sing et al., 2002).
Morchella spp. (Ascomycotas) generally recognized as morels and ‘Guchhi’ in the
Indian market are well known for its edibility (Lakhanpal et al. 2010). The local
community in Northwestern Himalaya used common names for many of the wild
mushrooms which, suggest that they have a practice of utilizing it for a very long
period. Semwal et al. (2014) documented some of those wild edible mushrooms
from Northwestern Himalaya. Traditionally in India, mushroom collection is known
to be the final alternative for poor people in lean periods (Harsh et al. 1993); Chinese
and Mexicans often offered mushrooms as gifts owing to their nutritional values
(Hérkonen 2002; Garibay-Orijel et al. 2007). Because of the fact that habitats
include decaying matter and fear of poisoning these wild mushrooms are avoided
religiously (Hédrkonen 2002; Walleyn and Rammeloo 1994). Numerous tribes
belonging to the Nahua speaking Indians of Mesoamerica used psychoactive fungus
(Psilocybe) in magico-religious ceremonies as divinatory sacraments (Schultes
1939, 1940; Wasson and Wasson 1957).

Britain is usually classified as mycophobic. While Castilian or Valencian of
Spain also considered as mycophobic society. Mycophilic immigrants and commer-
cial reasons have changed attitudes of mycophobic community. For example, now,
there are an increasing number of Americans people who collect WEF in the forest
(Dyke and Newton 1999). However variations among these societies still exist
widely in different parts of the world. Variable traditions also exist in the United
Republic of Tanzania (Harkonen et al. 1994a, b). This clearly indicates that mush-
room collection was found to be more common among the tribes who lived in high-
altitude forest areas which are important part of their diet and provide income when
they started selling in local markets.

2.3 Common Wild Edible Mushroom

WEEF are non-timber forest resource well documented in many parts of the world.
Of the 1.5 million estimated fungi, only 14000 nos. were described across the world
(Chang and Miles 2004). About 7000 mushrooms (50%) possess varying degree
edibility and 3000 from 31 genera are potentially edible but 10% are known to be
lethal (Chang and Miles 1996). Boa (2004) compiled over 200 genera of macro-
fungi which contains species that are either consumed directly as food or are used
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indirectly for health benefits. Some common edible species are Agaricus,
Auricularia, Dictyophora, Flammulina, Hericium, Lentinula, Pholiota, Pleurotus,
Tremella and Volvariella have been consumed across the world. But there are spe-
cies that are highly esteemed such as Cantharellus, Sparassis, Lactarius, Suillus,
Tuber and Morchella. Often there are species that are eaten in a region or country
which are consider harmful or poisonous by others e.g. Agaricus arvensis, A. semo-
tus, Amanita gemmate, Coprinus atramentarius, and Lenzites elegans (Lincoff and
Mitchel 1977; Logemann et al. 1987; Rammeloo and Walleyn 1993 and Chang and
Mao 1995). In developing countries, WEF are the source of food and medicine
(Cakilcioglu et al. 2011) and provides additional income.

In the recent years, the nomenclature and identification has step up with the
molecular characterization of mushroom, thus knowing the scientific name of a
mushroom highly increase the chance of identifying its edibility. Garibay-Orijel
et al. (2006) reported about 300 wild edible mushroom has been consumed by rural
people of Mexico and ca. 180 species were known to be potentially edible mush-
rooms (Cordova et al. 2002). In some cases, knowing the genus alone suffices its
edibility for example; all known species of Cantharellus are edible (Boa 2004).
Tuber sp., generally known as truffles is considered one of the costliest mush-
rooms, particularly in the Northern European counties. Few desert truffles like
Terfezia and Tirmania are endemic in arid and semi-arid areas of the Mediterranean
(Hall et al. 2007).

Following are some of the important genera that are consumed worldwide
(Iordanov et al. 1978; Saenz et al. 1983; Bon 1987; Zang 1988; Rammeloo and
Walleyn 1993; Buyck 1994; Chang and Mao 1995; Degreef et al. 1997; Hall et al.
1998a, b; Jordan 2000; Boa 2004; Thawthong et al. 2014; Zhang et al. 2015;):

1. Agaricus: The genus Agaricus is an important source of food and medicine,
hosting over 434 species worldwide, of which about 60 species are reportedly
eaten in 29 countries. Agaricus L. includes economically important species like
A. bisporus, commonly known as the button mushroom (Cappelli 1984;
Kerrigan 1986; Largeteau et al. 2011). It’s considered as the most widely culti-
vated edible species of mushrooms with over 32 % of the total mushroom pro-
duction, worldwide. Some of the edible species includes; A. arvensis, A.
aurantiacus, A. bingensis, A. bisporus, A. bulbillosus, A. blazei, A. campestris,
A. comptulus, A. croceolutescens, A. endoxanthus, A. erythrotrichus, A. gen-
nadii, A. goossensiae, A. maculatus, A. micromegethus, A. nivescens, A. placo-
myces, A. purpurellus, A. rodmani, A. semotus, A. sylvicola, A. silvaticus, A.
subedulis, A. subperonatus, A. subrutilescens, A. volvatulus. Others species
were not well accepted but commercially cultivated species includes; A. arven-
sis, A. campestris, A. bitorquis and A. subrufescens. Few species are reported to
be poisonous for example A. xanthodermus, A. litoralis.

2. Amanita: There are about 83 edible species reported from 31 countries (Boa
2004). A. caesarea is highly valued and one of the most highly sought mushroom
worldwide (Boa 2004; Wang and Chen 2014) especially in Mexico, Nepal and
Turkey. Some of the edible species consumed worldwide are; A. argentea, A.



2 A Global Overview of Edible Mushrooms 21

aurea, A. bingensis, A. caesarea, A. calopus, A. calyptratoides, A. calyptro-
derma, A. ceciliae, A. craseoderma, A. crassiconus, A. crocea, A. flammeola, A.
flavoconia, A. gemmate, A. goossensiae, A. hemibapha, A. hovae, A. inaurata,
A. loosii, A. masasiensis, A. muscaria, A. perphaea, A. rubescens, A. robusta, A.
subviscosa, A. spissa, A. strobilaceovolvata, A. tuza, A. fulva, A. virgineoides,
A. vaginata, A. umbonata, A. xanthogala and A. zambiana (Simmons et al.
2002; Flores et al. 2002). Few of this species are exported and traded. Some
species of Amanita have conflicting reports on edibility for example A. gem-
mata reportedly edible in Mexico and Costa Rica while in Guatemala the spe-
cies was reported with case of poisoning like-wise, in A. flavoconia and A.
spissa (Logemann et al. 1987; Chang and Mao 1995). Some species are highly
poisonous for example A. phalloides, which is popularly called as “death cap”
known for more number of deaths after consuming it (Lincoff and Mitchel
1977; Liu and Yang 1982; Boa 2004).

3. Auwricularia: This genus is known by their several common names; ear fungi,
Judas’s ear, Jew’s ear, jelly ear, black jelly etc., and distributed throughout the
temperate and subtropical regions worldwide (Ingold 1985; Du et al. 2011).
There are about 13 edible species reported from 24 countries. Many Southeast
Asian countries like China, Taiwan, Thailand, Philippines Indonesia and
Malaysia are into cultivation of this Ear fungus. However, China alone pro-
duces about 3.6 million tonnes per year that is 6% of the total world’s produc-
tion. A. auricula and A. polytricha are widely considered to be the earliest
cultivated mushroom dating back 600 A.D. China (Lou 1978; Quimio 1979; Li
2012). Some of the other edible species consumed worldwide are; A. auricula-
judae, A. cornea, A. delicata, A. fuscosuccinea, A. mesenterica, A. polytricha
and A. tenuis, (Prance 1984; Flores 2002).

4. Boletus: About 72 edible species have been reported from over 30 countries
(Boa 2004). The common species, B. edulis, known by several names (king
bolete, porcini, suilli, penny buny, panza etc.) is an ecologically and economi-
cally important species consumed worldwide (Arora Arora and Dunham 2008;
Feng et al. 2012). Yugoslavia was the highest exporter during 1993-1995, pro-
ducing a maximum of 5186 tonnes in 1993. In the South Africa, B. edulis were
introduced to the native forest with the plantation of exotic trees; however the
locals were skeptical of consuming the unknown variety (Boa 2004). In China,
families living in the mountain areas, exploited B. edulis and sold them in farm-
ers market to overcome financial insecurity (Zhang et al. 2017). B. edulis was
popularly consumed in countries like; Europe, North America and Asia (Agueda
et al. 2008). Other edible species consumed worldwide are; B. aereus, B. aesti-
valis, B. appendiculatus, B. aurantiacus, B. atkinsonii, B. barrowsii, B. bicolor-
oides, B. bouriqueti, B. bulbosus, B. calopus, B. caudicinus, B. citrifragrans, B.
colossus, B. communis, B. crassus, B. cyanescens, B. elegans, B. emodensis, B.
erythropus, B. felleus, B. frostii, B. griseus, B. impolitus, B. loyo, B. luridus, B.
luridiformis, B. michoacanus, B. nigroviolaceus, B. pseudoloosii, B. pinicola,
B. pinetorum, B. pinophilus, B. rubellus, B. regius, B. reticulatus, B. russellii, B.
scaber, B. subtomentosus, B. sulphureus, B. speciosus, B. truncatus, B. variega-
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tus, B. variipes, B. violaceofuscus, B. vitellinus and B. zelleri (Bouriquet 1970;
Vasileva 1978; Malyi 1987; Adhikari and Durrieu, 1996; Montoya-Esquivel
1998; FAO 1998; Hall et al. 1998a, b; Ereifej and Al-Raddad 2000; Montoya-
Esquivel et al. 2001; Sabra and Walter 2001).

. Cantharellus: Cantharellus spp. are ectomycorrhizal fungi, about 22 edible

species reported from 45 countries with a good reputation for edibility (Buyck
2008; Arora and Dunham 2008). The species are commonly known for their
fruity, apricot-like odour with diverse species distributed throughout the world.
Most common species, C. cibarius popularly known as golden chanterelle, is a
highly commercial species which is harvested from nature alone. As these
mushrooms are mycorrhizal and haven't been mass cultivated successfully but
procuring from the local sellers will be expensive (Hall and Zambonelli 2012;
Yun and Hall 2004). There are no known poisonous species. Some species are
very common in the markets of many countries and are sold in mixture of dif-
ferent species. Some edible species spread across the world are; C. cibarius, C.
cinereus, C. cinnabarinus, C. congolensis, C. cyanescens, C. cyanoxanthus, C.
densifolius, C. eucalyptorum, C. floccosus, C. floridulus, C. formosus, C.
ignicolor, C. incarnatus, C. infundibuliformis, C. isabellinus, C. longisporus,
C. luteocomus, C. luteopunctatus, C. lutescens, C. madagascariensis, C. minia-
tescens, C. minor, C. odoratus, C. platyphyllus, C. platyphyllus, C. pseudofrie-
sii, C. pseudocibarius, C. ruber, C. rufopunctatus, C. splendens, C. symoensii,
C. subalbidus, C. subcibarius, C. tenuis and C. tubaeformis (Bouriquet 1970;
Buyck 1994; Hirkonen et al. 1994a; Adhikari and Durrieu 1996; Adhikari
1999; Tedder et al. 2002; Flores 2002).

Clitocybe: This genus is estimated to have ca. 1131 associated species. However,
only a few members of this genus considered as edible and others as toxic or
poisonous. Although, the genus is better known for its toxicity (not as deathly),
some species have proven to be beneficial in medical aspect. For example
Clitocybe nebularis (Pohleven et al. 2009), Clitocybe maxima (Zhang et al.
2010) and C. alexandri (Vaz et al. 2010). C. clavipes, C. fragrans, C. geotropa,
C. gibba, C. hypocalamus, C. infundibuliformis, C. nebularis, C. odora, C.
squamulosa and C. suaveolens are few examples of edible species reported
from various parts of the world including; Australia, Bulgaria, Chile, China,
Hong Kong, India, Indonesia, Mexico, Russia and Ukraine (Burkhill 1935;
Vasileva 1978; FAO 1998).

Cordyceps: 1t’s a unique Ascomycetous genus grows on the larva of insects.
About 37 edible species have been reported from three countries. Although
edible species are consumed only for their health benefits, while many species
has been described from Japan, they are intensively collected in parts of China
and Nepal. C. cicadicola, C. gunnii, C. liangshanensis, C. ophioglossoides, C.
militaris and C. sinensis are some valued species for their medicinal property
(Hall et al. 1998a, b; Gong and Peng 1993; Yang et al. 2009). C. militaris is
medicinally important species with beneficial properties such as antioxidant
(Chen et al. 2013; Jiang et al. 2011), antitumor, anti-inflammatory and
immunomodulatory and effects (Hsu et al. 2008; Jiang et al. 2011; Bai and
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Sheu 2018). Localities collect these mushrooms to overcome the finacinal
needs. Due to the anthropological effects and habitat loss, the ecosystem of
C. sinensis has been affected which ultimately declined the natural yield.

8. Cortinarius: There are about 30 edible species reported from over 11 countries.
In Europe and North America, Cortinarius spp. is less popular due to the inci-
dences associated with poisonous species. An example, C. orellanus was
responsible for a total count of 11 dead in the year 1952 (Lincoff and Mitchel
1977; Lampe and Ammirati 1990). Only a few edible species have been reported
from countries such as Costa Rica, China, Japan, Russia and Ukraine. The edi-
ble species includes; C. alboviolaceus, C. armeniacus, C. armillatus, C. clari-
color, C. claricolor var. turmalis, C. cornucopioides, C. collinitus, C. crassus,
C. elatior, C. glaucopus, C. largus, C. mucosus, C. multiformis, C. orichalceus,
C. praestans, C. purpurascens, C. rufo-olivaceus, C. varius (Vasileva 1978; Liu
and Yang 1982; Zang 1984; Chamberlain 1996; Montoya-Esquivel et al. 2001).

9. Flammulina: F. velutipes, popularly known “golden needle mushroom” was
ranked fifth in the year 1997 for a total worldwide production of edible mush-
rooms in Southeast Asian counties like China, Japan, Korea, and Taiwan (Kiies
and Liu 2000; Psurtseva 2005). Till 1977 Flammulina was considering mono-
typic genus which was separated into two species namely; F. ononides and F.
velutipes. Later, several species were reported from across the world and base
on their authentic descriptions, 14 species has been accepted under this genus
however information on their edibility is very limited (Redhead and Perterson
1999; Perez and Fernandez 2007; Bas, 1983; Ge et al. 2008 and Ge et al. 2015).

10. Laccaria: Nine edible spp. are reported from 17 countries. Common species is
L. lacata found in North temperate countries such as Europe, North America,
Mexico and Costa Rica (Chamberlain 1996; Tedder et al. 2002). This genus is
mycorrhizal thus cultivation is not promising however wild mushrooms are col-
lected and sold in the local markets (Boa 2004). Some of the edible species
consumed worldwide are: L. amethystea, L. amethystina, L. amethysteo- occi-
dentalis, L. bicolor, L. edulis, L. farinacea, L. laccata, L. proxima and L. scro-
biculatus (Lopez et al. 1992; Tedder et al. 2002; Flores 2002).

11. Lactarius: There are about 94 edible species reported from over 39 countries.
All species of Lactarius, when fresh, are characterized by the unique ability to
produce a milky fluid, if cut or broken. The color and taste of the milk varies
between the species and are considered of great taxonomical value (Athanasakis
et al. 2013). They are widely distributed, from Asia, America to Europe (Flores
et al. 2002). In Spain, particularly in Palencia, L. deliciosus are a valuable
mushroom which is sold at 2 € per kg and about 4000 kg are marketed on a
daily basis during season (Roman and Bao 2004). China produces around
308000 tons of L. deliciosus annually (Sun and Xu 1999) while Estonia pro-
duces over 250 tons of L. rufus (Kalamees and Silver 1988). L. piperatus (pep-
pery milk-cap; currently placed under the genera Lactifluus) and L. torminosus
(woolly or bearded milk-cap) were reported to be edible and included in Turkish
cuisines (Malyi 1987; Caglarirmak et al. 2002) but former is reported as poison-
ous in China (Liu and Yang 1982). Some edible species include; L. akahatsu,
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L. angustus, L. annulatoangustifolius, L. camphoratus, L. carbonicola, L.
chrysorrheus, L. congolensis, L. controversus, L. corruguis, L. deliciosus, L.
denigricans, L. densifolius, L. edulis, L. flavidulus, L. gymnocarpoides, L. gym-
nocarpus, L. hatsudake, L. heimii, L. indigo, L. insulsus, L. inversus, L. lap-
ponicas, L. kabansus, L. laevigatus, L. laeticolor, L. latifolius, L. luteopus, L.
medusae, L. mitissimus, L. necator, L. pelliculatus, L. phlebophyllus, L. pipera-
tus, L. princeps, L. pseudovolemus, L. pubescens, L. pyrogalus, L. quietus, L.
resimus, L. rubidus, L. rubrilacteus, L. rubroviolascens, L. rufus, L. salmo-
nicolor, L. sanguifluus L. scrobiculatus, L. sesemotani, L. subdulcis, L. subin-
digo, L. tanzanicus, L. torminosus, L. trivialis, L. vellereus, L. volemoides, L.
volemus, L. xerampelinus, L. yazooensis and L. zonarius (Bouriquet 1970;
Vasileva 1978; Hérkonen et al. 1994b; Adhikari and Durrieu 1996; Namgyel
2000; Demirbas 2000; Montoya- Esquivel et al. 2001; Deschamps 2002;
Caglarirmak et al. 2002; Lian et al. 2007).

Leccinum: There are about 14 edible species widely collected and consumed in
Europe and New Zealand (Boa 2004). The species L. versipelle popularly col-
lected in Poland and highly valued when fresh but not as much when dried
(Guminska and Wojewoda 1985). Some edible species reported across the
world are; L. aurantiacum, L. chromapes, L. extremiorientale, L. griseum, L.
holopus, L. lepidum, L. manzanitae, L. oxydabile, L. rugosiceps, L. scabrum, L.
testaceoscabrum and L. versipelle (Lincoff and Mitchel 1977; Vasileva, 1978;
Malyi 1987; Walleyn and Rammeloo 1994; Maftinez et al. 1997).

Lentinula: There are only about three edible species reported from six coun-
tries. L. edodes popularly known as “shiitake” and is one of the most cultivated
mushroom worldwide especially South East Asia (Reshetnikov et al. 2001). In
1986, worldwide production of L. edodes was 14% (Chang and Miles 2004).
Species such as L. boryana, L. edodes, L. lateritia are edible, reported from
Chile, India, Mexico, Nepal, Papua New Guinea and Thailand (Purkayastha
and Chandra 1985; Jones et al. 1994; Sillitoe 1995; Schmeda et al. 1999;
Adhikari 1999).

Lentinus: There are about 28 edible species reported from over 24 countries
(Boa 2004). Most species of Lentinus are edible, but few species with their
tough texture are of less significant. The edible species such as; L. sajor-caju
and L. strigosus, are important species possessing anti-oxidant property (Yang
et al. 2002). L. araucariae, L. brunneofloccosus, L. crinitus, L. glabratus, L.
sajor-caju, L. strigosus, L. squarrosulus, L. tuber-regium, L. velutinus, are few
edible species reported from Benin, Brazil, Burundi, Central Africa, China,
Congo, Ethiopia, Gabon, Ghana, India (Zang 1984; Prance 1984; Rammeloo
and Walleyn 1993; Buyck 1994; Kalotas 1997; Obodai and Apetorgbor 2001).
Lepista: Commonly called “blewit mushroom”, a wild edible mushroom
(Eytipoglu et al. 2011). They are found throughout mainland of Europe and in
many other parts of the world including North America. They are very impor-
tant economically, and are cultivated by Mushroom Research Center in France
(Suberville et al. 1996), but cultivated wood blewit mushrooms are not deli-
cious compared to wild wood blewit mushrooms (Barutgiyan 2012). Wood ble-
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wits are collected for their medicinal uses. They are highly nutritious containing
44.2% crude protein, 9.0% lipids, 5.4% ash and 41.4 % carbohydrates (Colak
et al. 2007). Medicinal uses includes; prevention against beriberi (Dulger et al.
2002), antimicrobial, antioxidant properties (Pinto et al. 2013). Some of the
Lepista spp. consumed throughout the world are; L. caespitosa; L. caffrorum,
L. dinahouna, L. glaucocana, L. irina, L. luscina, L. nuda, L. personata and L.
sordida, (Hall et al. 1998a, b).

Lycoperdon: About 22 edible species are reported from over 19 countries (Boa
2004). The genus is distributed worldwide; Common species are Lycoperdon
giganteum, L. pyriforme and L. perlatum popularly known as puffballs, one of
the biggest edible mushrooms with size reaching up to 150 Cm in diameter
(John et al. 2011). Habitat to woods, grassy areas, and along roads. However, L.
perlatum looks similar to immature fruit bodies of poisonous Amanita spp.
(Lassoe et al. 1996). Some edible species are L. asperum, L. candidum, L.
endotephrum, L. echinatum, L. gemmatum, L. marginatum, L. oblongisporum,
L. peckii, L. perlatum, L. pyriforme, L. pusillum, L. rimulatum, L. spadiceum,
L. umbrinum, L. umbrinum var. floccosum reported from countries such as
Banin, Bhutan, Bulgaria, Canada, China, India, Kyrgyzstan, Madagascar,
Mexico (El¢hibaev 1964; Harsh et al. 1996; Namgyel 2000; Lian et al. 2007),
L. asperum, L. pusillum, L. perlatum, L. pyriforme, L. spadiceum, are used as
medicine in China (Chang and Mao 1995).

Macrolepiota: There are about 13 edible species from over 33 countries. The
common species M. procera traded in small scale; they have high nutritional
values and are consumed all over the world (Boa 2004). Chlorophyllum molyb-
dites a species with conflicting report of poisonous mushroom is often confuse
with M. procera. Few worldwide distributed edible species worldwide are: M.
africana, M. dolichaula, M. excoriata, M. excoriata var. rubescens, M. graci-
lenta, M. gracilenta var. goossensiae, M. procera, M. prominens, M. procera
var. vezo, M. puellaris, M. rhacodes and M. zeyheri (El¢hibaev 1964; Bouriquet
1970; Vasileva 1978; Saenz et al. 1983; Purkayastha and Chandra 1985;
Adhikari and Durrieu 1996; Degreef et al. 1997; FAO 1998; Tedder et al. 2002).
M. neomastoidea, distributed throughout Korea and other East Asian countries
is reported to be poisonous (Kim et al. 2009).

Morchella: There are about 62 reported species from over 28 countries (Boa 2004;
Negi 2006). M. esculenta is well known species which are consumed by the people
but are also known for their toxicity when eaten raw forms (Lincoff and Mitchel
1977). The species M. esculanta is among the most highly prized and morphologi-
cally recognizable fungi in the world (Goldway et al. 2000). In Turkey, this species
cost around 130 euro/kg. (Okan et al. 2013). They are diverse and found world-
wide. Some of the edible species are: M. angusticeps, M. conica, M. conica var.
rigida, M. costata, M. crassipes, M. deliciosa, M. elata, M esculenta, M. esculenta
var. rotunda, M. esculenta var. umbrina, M. esculenta var. vulgaris and M. inter-
media (Singh and Rawat 2000; Deschamps 2002).

Pleurotus: There are about 40 edible species reported from over 35 countries
(Boa 2004). P. ostreatus most widely consumed popular species; commonly
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known as oyster mushroom. They are cultivated in many parts of the world so
P. ostreatus production was at 14.2 % of the total WEF produced worldwide
(Chang 1999). Some of the species consumed around the world are; P. abalo-
nus, P. citrinopileatus, P. cornucopiae, P. cystidiosus, P. concavus, P. djamor; P.
eryngii, P. floridanus, P. pulmonarius, P. ostreatus, P. rhodophyllus, P. spodo-
leucus, P. sapidus and P. salignus (Zang 1984; Buyck 1994; Chamberlain 1996;
Namgyel 2000).

Podaxis: They appear like a stalked-puffball and are secotioid fungi in
Agaricaceae which comprises about 44 species (Conlon et al. 2016). P. pistil-
laris is common edible species under this genus commonly reported from
Afghanistan, Australia and Hawaiian Islands. Besides their use as food
(Abraham et al. 2017), they are also used as hair dye in Australia (Batra 1983)
and as baby-powder in West Africa (Gérault and Thoen 1992). In India and
Pakistan, P. pistillaris species was reported to be edible (Batra 1983) but they
were reported poisonous by Nigeriens (Walleyn and Rammeloo 1994).
Polyporus: There are about 30 edible species reported across 20 countries.
Many species are reportedly used as remedial medicine or are eaten but are
relatively of minor importance (Boa 2004). Some of the edible species reported
from around the world are; P. aquosus, P. alveolaris, P. arcularius, P. badius, P.
brumalis, P. blanchettianus, P. brasiliensis, P. confluens, P. croceoleucus, P.
elegans, P. eucalyptorum, P. fimbriatus, P. grammocephalus, P. indigenus, P.
moluccensis, P. mylittae, P. rhizomorphus, P. rugulosus, P. sapurema, P. stipi-
tarius, P. squamosus, P. sanguineus, P. tricholoma, P. tubaeformis, P. tenuicu-
lus, P. tinosus, P. tuberaster and P. umbellatus, (Burkhill 1935; Bouriquet 1970;
Prance 1984; Remotti and Colan 1990; Walleyn and Rammeloo 1994; Chang
and Mao 1995; Sillitoe 1995; Adhikari and Durrieu 1996; Kalotas 1997; Hall
et al. 1998a, b; Adhikari 1999; Hiarkénen 2002).

Ramaria: There are about 44 edible species reported from over 18 countries.
Several major species are regularly collected and sold in markets of Nepal and
Mexico, of which R. botrytis are the most popularly consumed species (Boa
2004). In Nepal, R. formosa is considered as edible while in Bulgaria, it was
treated as poisonous (Iordanov et al. 1978; Adhikari and Durrieu 1996). Some
of the edible species collected worldwide are; R. araiospora, R. apiculata, P.
aurea, R. bonii, R. botrytoides, R. botrytis, R. cystidiophora, R. flava, R. flavo-
brunnescens, R. mairei, R. ochracea, R. obtusissima, R. rosella, R. rubiginosa,
R. rubripermanens, R. subaurantiaca, R. stricta, R. sandaracina, R. sanguinea
and R. subbotrytis (Liu and Yang 1982; Walleyn and Rammeloo 1994;
Chamberlain 1996; FAO 1998; Montoya-Esquivel 1998; Flores 2002).
Russula: Nearly, 128 edible species has been repoted over 28 countries (Boa
2004). R. emetic is eaten by Mexicain and Russian but otherwise believe to be
poisonous when eaten uncooked (Vasileva 1978). Russula is mycorrhizal fungi,
so very difficult to bring into cultivation and it is highly diverse. Some of the
edible specie includes: R. alutacea, R. atrovirens, R. atropurpurea, R. chamae-
leontina, R. cyclosperma, R. cyanoxantha, R. cellulata, R. compressa, R. con-
goana, R. diffusa var. diffusa, R. delica, R. depallens, R. emetic, R. lepida, R.



2 A Global Overview of Edible Mushrooms 27

24.

25.

26.

27.

erythropus, R. grisea, R. hiemisilvae, R. meleagris, R. minutula, R. oleifera, R.
olivacea, R. pectinata, R. pseudopurpurea, R. phaeocephala, R. pseudostriato-
viridis, R. roseoalba, R. roseostriata, R. rubra, R. sesenagula, R. striatoviridis,
R. testacea, R. vesca, R. virescens, R. viscida and R. xerampelina (Liu and Yang
1982; Buyck 1994; Degreef et al. 1997; Tedder et al. 2002).

Suillus: There are about 27 edible species reported from over 25 countries. S.
luteus is the common species collected and consumed worldwide; major collec-
tors have been from Argentina, Ecuador and Chile (Hedger 1986). S. granula-
tusis is another species widely recorded edible and a good source of carbohydrate
and minerals (FAO 1998). The species S. placidus are considered edible in
Russia, however poisonous in China (Vasileva 1978; Chang and Mao 1995).
Estonia and Mexico, in the late 80’s, were the leading producers of Suillus spp.
producing about 280 kg/ha in total (Villarreal and Guzman 1985; Kalamees and
Silver 1988). Some of the important species includes: S. abietinus, S. acidus, S.
americanus, S. bovinus, S. brevipes, S. cavipes, S. granulatus, S. grevillei, S.
hirtellus, S. luteus, S. lactifluus, S. pictus, S. placidus, S. plorans, S. pungens, S.
pseudobrevipes, S. subluteus, S. tomentosus, S. variegatus and S. viscidus
(Lincoff and Mitchel 1977; Vasileva 1978; Namgyel 2000; Montoya-Esquivel
et al. 2001).

Sparassis: S. crispa is popular edible species commonly known as Cauliflower
mushroom. They are ectomycorrhizal fungus associated with coniferous forest
from the mountains of Eastern Asia, Europe and North America (Humpert et al.
2001; Adhikari et al. 2005). However, they are also collected in countries such
as; Canada, China, India, Mexico, Russia, Turkey, Ukraine, USA (Vasileva
1978; Purkayastha and Chandra 1985; Hall et al. 1998a, b; Tedder et al. 2002).
While, S. crispa are known for their edibility, they are more popularly known
for their medicinal properties (Kawagishi 2007; Kwon et al. 2009; Kimura
2013; Elsayed et al. 2014).

Terfezia: They are generally called as “desert truffles” native to arid and semi-
aridlands of Mediterranean countries, parts of Asia, Europe, North America,
North and South Africa. T. claveryi and T. areanaria are the popular species and
very expensive in Europe. They are served as a major course in high-class res-
taurants; while in the countries of Middle East and Gulf, North Africa, this
mushroom are eaten raw (Fortas and Chevalier 1992; Bradai et al., 2015). There
are about 7 edible species reported from over eight countries which includes; 7.
boudieri, T. claveryi, T. decaryi, T. pfeilii, T. leonis, T. arenaria, T. leptoderma
(Bouriquet 1970; Al-Naama et al. 1998; Martinez et al. 1997; FAO 2001; Sabra
and Walter 2001).

Termitomyces: It is known to be extremely esteemed genus with high nutri-
tional values e.g. 7. clypeatus possess a significant quantity of nutrients
(Ogundana and Fagade 1982, Tibuhwa 2012). There are about 27 edible species
reported from over 35 countries (Boa 2004) with world largest species, 7.
titanicus. They are more prevalent in usage among Africans and Asians, still
poorly documented (Pegler and Vanhaecke 1994). T. clypeatus are collected
and sold by the local markets of Tibet, Nepal and Northern India (Harsh et al.
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1996). Notable edible species include: T. aurantiacus, T. albuminosus, T.
clypeatus, T. cylindricus, T. eurrhizus, T. entolomoides, T. fuliginosus, T. globu-
lus, T. heimii, T. le-testui, T. mammiformis, T. medius, T. microcarpus, T. robus-
tus, T. schimperi, T. striatus, T. titanicus (Pegler and Vanhaecke 1994).
Tricholoma: There are about 57 edible species reported from over 30 countries
(Boa 2004). T. matsutake is the most valued and expensive species (Hall et al.,
1998). T. matsutake are exported mostly from countries such as Bhutan, China,
Koreas and Russia (Yeh 2000; Namgyel 2000; Winkler 2002) as such in China
a ‘T. matsutake’ farmers income is slated around 5 — 6 million USD per annum
(Winkler 2002). While T. pessundatum are believed to be poisonous (Lincoff
and Mitchel 1977) but it has been consumed in Hong Kong (Chang and Mao
1995). The edible species includes; T. caligatum, T. columbetta,, T. equestre, T.
flavovirens, T. georgii, T. imbricatum, T. magnivelare, T. matsutake, T. mauritia-
num, T. mongolicum, T. nauseosum, T. personatum, T. pessundatum, T. porten-
tosum, T. quercicola, T. russula, T. rutilans, T. saponaceum,T. scabrum, T.
sejunctum, T. sulphureum, T. terreum, T. tigrinum, T. ustaloides and T. vacci-
num, (Liu and Yang 1982; Purkayastha and Chandra 1985; Malyi 1987,
Kytovuori 1989; Chang and Mao 1995; Hall et al. 1998b; Namgyel 2000;
Tedder et al. 2002; Winkler 2002).

Tuber: There are about 18 edible species reported from eight countries (Boa
2004). Edible species such as; T. aestivum (black truffle), 7. borchii (white truf-
fle), T. brumale (black truffle), T. indicum (black truffle), 7. magnatum (white
truffle) and 7. melanosporum (black truffle). These are few popular species which
are widely studied. Some of these species are sold at a very high rate costing
around 600 to 6000 € per kg (Luard 2006). T indicum is one of the renowned
commercial truffles in Yunnan Province, China and it has been exported to Japan,
United States, Europe and Australia since the 1980’s (Tao and Liu 1990). Truffles
are known for their variety of aromatic property and thus appeals differently from
person to person for example; 7. melanosporum have an aroma of ‘wet forest’ in
between the taste of a radish and a tint hazelnut, while the 7. magnatum gives an
aroma of garlicky cheese with subtle methane overtones (Cullere et al. 2009).
Tuber spp. have been reported from all over the world; edibles species includes;
T. aestivum, T. borchii, T. brumale, T. californicum, T. gibbosum, T. hiemalbum,
T. indicum, T. melanosporum, T. magnatum, T. mesentericum, T. moschatum, T.
oligospermum, T. rufum and T. sinosum (Zang and Pu 1992; Hall et al. 1998a;
Sabra and Walter 2001; Moreno-Arroyo et al. 2001).

Volvariella: There are about 12 edible species across 27 countries (Boa 2004).
The most common species is V. volvacea; it was first cultivated by Buddhist
monks for their consumption. Later, in 1875, it was gifted to the royal family as
a tribute. Cultivation of these paddy straw mushrooms was first started almost
300 years ago during the eighteenth century (Chang 1977). It was introduced to
other parts of the Asian counties during 1932 to 1935 (Baker 1934; Chang
1974) (Reshetnikov et al. 2001). Following are some countries that are either
harvesting from the wild or cultivation: Benin, Central Africa, Chile, China,
Congo, Costa Rica, Hong Kong, Indonesia, Ghana, India, Israel, Madagascar,
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Malawi, Mauritius, Mexico, Nepal, Nigeria, Peru, Russia, Taiwan, Thailand.
Some common edible species are: V. bombycina, V. bakeri, V. diplasia, V. escu-
lenta, V. earlei, V. parvispora, V. speciosa, V. terastria and V. volvacea (Bouriquet
1970; Oso 1975; Vasileva 1978; Sarkar et al. 1988; Remotti and Colan 1990;
Wasser 1995; FAO 1998; Adhikari 1999).

2.4 Nutrional Properties of Edible Mushrooms

With a long history of mushrooms, as food source, they are also reported for favor-
able nutritional effects on human health. The ancient Romans called “food of the
gods” and the first Egyptians called the “gifts from God of Osiris” and Chinese called
it “the elixir of life”. Chang (1999) stated that over 2000 years mushrooms were
consumed for their nutrition and therapeutics properties in China. In vegetarian diets,
these nutrients are extremely valuable because they offer all the essential amino
acids; they have higher protein content than most vegetables. Among the 2000 edible
mushrooms, ca. 850 spp. are available in India. The edible mushrooms have wider
range of usage not only as food but also in pharmaceuticals, nutraceuticals and cos-
meceuticals. They are in rich carbohydrate, high proteins content (including amino
acids), fibre, low fat and calories, and chitin. In addition, trace elements such as cal-
cium, phosphorus, iron, copper, chlorine, sodium, zinc, manganese and bromine are
present; it can be recommended for those who have high cholesterol because mush-
room has very low fat content (Mattila et al. 2001; Barros et al. 2007). They also
possess higher quantities of vit A, B complex (vit B1 (Thiamin), B2 (Rhiboflavin),
B3 (pantetonic acid), B5 (Nicotinic acid) that are reported to be good for the nervous
system. Besides, their vit C and vit D concentration is 5-10 times higher than vit B3.
Mushrooms also possess various metabolites, such as phenolics, flavonoids,
polyketides, carotenoids, terpenoids, variegatic acid, quinones and steroids (Teissedre
and Landrault 2000; Cheung et al. 2003). Presence of phenolics and flavonoids plays
a vital role in antioxidant property of mushrooms since they authorize to be reducing
agents and also as singlet oxygen quenchers, respectively (Rice-Evans et al. 1996).
Nutritional composition of common edible mushrooms were listed Table 2.1. The
nutrient constituents of mushrooms such as protein, amino acids, dietery fiber, carbo-
hydrates, lipids, micro-nutrients, minerals, ash and less fat and nearly no cholesterol
are accountable for the medicinal properties (Tsai et al. 2007; Chang and Wasser
2012; Liu et al. 2012; Kalogeropoulos et al. 2013).

2.4.1 Protein

The dietary significance of mushrooms is mainly associated to the protein index.
Mushroom is known to posses more dietary protein value when compared to pro-
tein from plant origin (FAO 1991). Varying protein constituent of mushrooms is
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reliant on both physical and biological causes and it also differs during the fruiting
body development and on genetic structure of the species (Ragunathan and
Swaminathan 2003; Agrahar and Subbulakshmi 2005; Chang et al. 1981). For
example, the total protein content of mushrooms is considerably low when boiled
but remained relatively constant when air-dried at 40°C (Barros et al. 2007). Xu
et al. (2011) published a comprehensive data of bioactive proteins from mush-
rooms. Mushrooms may not be having protein more than that of animal meats but
the amount of crude protein is above than the other foods (Chang and Miles 1993).
In cultivated mushrooms such as A. bisporus, L. edodes, Pleurotus spp., and V.
volvacea, the total protein index ranges from 1.75 to 3.63% (Chang 1980). The
cultivated mushrooms like A. bisporus, P. ostreatus and P. sajor-caju possess
higher protein content than the untamed mushroom (Akyiiz and Kirbag 2010). In
P. ostreatus, highest protein content with 92% digestibility was reported (Vetter
and Rimoczi 1993).

Litchfteld et al. (1963) analyzed protein index in the dried mycelium in Morchella
spp. The commercial morel mushroom powder found to have considerably higher
protein content (51 g/100g dm) than the other three cultivated species viz., M.
crassipes (22.8 g/100g dm), M. esculenta (25 g/100g dm) and M. hortensis (26.9
2/100g dm), (51 g/100g dm). The total protein in dried mycelium of Agaricus
arvensis (28.16%), A. campestris (30.16%), Morchella deliciosa (29.16%) and M.
esculenta (34.7%) was reported by Samajipati (1978).

The crude proteins of C. indica, L. subnudus and V. volvacea were found to be 14
to 27% (Purkayastha and Chandra 1976). Haddad and Hayes (1978) determined the
protein content from the mycelium of A. bisporus (32 to 42% dm) but the total pro-
tein content of dried A. bisporus was found to be 46.5% dry weight basis, which is
slightly higher when compared with mycelia protein content (Abou et al. 1987). The
protein content in Lactarius deliciosus and L. sanguifluus was 14.71 to 17.37% and
15.20 to 18.87%, respectively (Sharma et al. 1988).

Bauer-Petrovska (2001), studied the protein profile of 52 different Macedonian
edible mushrooms belongs to 17 different genera. His investigation revealed the
maximum protein content was 48.81-52.06% dm in Tricholoma georgii,
Macrolepiota mastoidea, and Calvatia caelata, while Laetiporus sulphureus and
Cantharellus cibarius contains low protein content (14.00-16.19% dm). Maximum
amount of albumins and globulins was observed in WEF but prolamins and glute-
lins are present extremely less quantity (Bauer-Petrovska 2001). Numerous
researchers revealed that truffles acquired more protein than the other edible mush-
rooms (Singer 1961). Desert truffles composed of 20-27% (dm) protein (Kagan-Zur
and Roth-Bejerano 2008). Three truffles collected from Iraqi namely, Terfezia clav-
eryi, Tirmania nivea and T. pinoyi posses 8.02 to 13.84% protein content (Hussan
and Al-Ruqaie 1999). Total protein content of Saudi Arabian black (Gibaah and
Kholeissi) and white (Zubaidi) desert truffles ranged from 19.59 to 27.18% (Sawaya
et al. 1985). So mushroom is a promising food that possibly helps to overcome the
malnutrition crisis in the world.
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2.4.2 Essential Amino Acids

Based on essentiality it is classified as essential amino acids (cannot be made by the
body, supplemented to diet) and non-essential amino acids (can be synthesized by our
body) (Young 1994). The proteins from commercially cultured mushrooms possess
amino acids necessary for us and lysine is the important one among them, whereas
tryptophane and methionine are the least required essential amino acids (Hughes et al.
1958; Altamura et al. 1967). The amino acid composition in some mushroom varieties
can be equivalent to that of hen’s egg and several species of mushroom is nearly equal
to or superior than soy proteins (Yin and Zhou 2008). Hence, addition of mushrooms
in vegan diet aid to achieve the essential amino acids, where intake of animal based
protein is restricted (Galante and de Araujo 2014). Available literature suggests that
the amino acid constituents of mushroom protein were meagerly studied even though
they posses more nutrients than plants (Kala¢ 2009). The unique umami savour of
mushrooms is due to the presence of aspartic and glutamic acid (Phat et al. 2016). Five
different wild edible Lentinus spp. were rich in aspartic acid; maximum amount is
present in L. squarrosulus (0.25 - 0.37%) (Sharma et al. 2012). Sawaya et al. (1985)
were the first to report sulphur amino acids such as cystine, lysine, methionine and
tryptophan in Terfezia claveryi, Tirmania nivea and T. pinoyi. Later they have observed
sulphur rich amino acids in European truffles. These amino acids also limit the assimi-
lation of mushroom protein (Dabbour and Takruri 2002). According to Bano and
Rajarathnam (1982) Pleurotus spp. contains the lowest essential amino acids (trypto-
phane and methionine).

Many mushroom lectins have been discovered in past few years. The first known
fungal lectin was from fly agaric mushroom (Amanita muscaria). The lectin activity
reported to be related with the toxicity of the fungi (Ford 1910). Soon lectins from
many common edible mushrooms including B. edulis, L. deliciosus and L. edodes
reported to posses autonomy toxicity (Guillot et al. 1991; Tsivileva et al. 2005;
Vetchinkina et al. 2008). Few mushroom lectins known to tolerate extensive varia-
tion in pH and temperature. Lectin derived from V. volvacea was found to be stable
even at 80 °C and wide range of pH (Lin and Chou 1984). Lyophilized powder of A.
bisporus lectin is commercialized and marketed by Sigma Aldrich Co.,

The exogenous amino acid content of frozen P. ostreatus (798 mg/100g of fm) is
high when compared with A. bisporus (651 mg/100g fm) (Bernas and Jaworska
2010). The amino acid of canned A. bisporus was higher (913.6 mg/100 g fm) than
the P. ostreatus (769.3 mg/100g fm) (Jaworska and Bernas 2011).

2.4.3 Fats/ Lipids

Crude fat (total lipids) of mushrooms constitute wide range of lipid complexes with
free fatty acids, sterols, sterol esters, glycerides (mono-, di-, and tri) and phospho-
lipids. According to Crisan and Sands (1978), the crude fat in mushroom ranges
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between 1% to 20% dm. Chang and Miles (2004) reported total lipids, occurrence
of unsaturated fatty acids and abundance of linoleic acid from several mushroom
species such Agaricus, Auricularia, Boletus, Flammulina, Lentinula, Pleurotus and
Volvariella which vary from 1.1 to 8.3% dm. The total lipid of cultivated and wild
strains of P. ostreatus was 3-5% (Hiroi 1982). The cap region contains more lipids
when compared with the stalk. Total fatty acids in wild and cultivated strains of P.
ostreatus constitute 20-30% neutral lipid, about 10% of glycolipid, 60-70% of phos-
pholipid and 70-80% of linoleic acid. About 10 saturated, 6 monoenic and 4 poly-
unsaturated fatty acids were identified in Boletus spp.; linoleic, oleic and palmitic
acids were primary that constitutes about 86—94% of total fatty acids (Hanus et al.
2008). Phosphatidyl ethanolamine and phosphatidyl choline to be the most impor-
tant individual phospholipids present in A. bisporus (Holtz and Schisler 1971) but
few strains lack these fatty acids. Of the 58 edible mushroom screened, phosphati-
dylcholine was the major phospholipid found in 55 edible species (Vaskovsky et al.
1998). Huang et al., (1985) study shows the unusual elevated level of ergosterol and
provitamin D2 interfered saponifiable lipid production in V. volvacea. Occurrence
of high content of unsaturated fatty acids made WEF as nutritional dietary supple-
ment and food.

2.4.4 Fiber and Carbohydrates

Fiber Still many WEF are underutilized and less explored in the view as a source
of dietary fibre. A cluster of indigestible carbohydrates is crude fibre in other words
carbohydrate polymers with ten or more monomeric units are called as dietary
fibre, which cannot be hydrolyzed by the endogenous enzymes in humans (Codex
2010). Boletus spp. contains higher quantity of insoluble fibre (22-30% dm) than
soluble (4-9% dm) (Manzi et al. 2004). In general, mushrooms reported to have
40% dm of crude fibre except Craterellus aureus and Sarcodon aspratus (5% dm).
In Pleurotus spp. fibre content ranges from 7.4 to 27.6% dm but comparatively less
in V. volvacea (4 to 20% dm) (Li and Chang 1982).

Carbohydrates In general, mushrooms constitute less amount of carbohydrate.
It is an ideal diet for diabetic people, since its showing extremely slight conse-
quence on human blood glucose level. They are having unique carbohydrates that
can be stored as glycogen, which is common in human and animals but not as starch
as in case of plants (Kala¢ 2013). Mushroom carbohydrates may comprise of hex-
oses, methylpentoses, pentoses, amino sugars, disaccharides, sugar acids and sugar
alcohols (Crisan and Sands 1978). Mushroom polysaccharides are also best known
for its antitumor and immunomodulating properties. These properties are reported
to be possessed by many higher basidiomycetes because of the presence of some
specific carbohydrates including, arabinose, fructose, fucose, glucose, maltose,
mannitol, mannose, rhamnose, sucrose, trehalose and xylose (Zaidman et al. 2005;
Zhang et al. 2007).
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Structurally polysaccharide is composed of a backbone of f (1, 3)-linked glucose
residues with acidic sugars, galactose and mannose residues in branches (Yoshioka
et al. 1975). p-glucans are the important cell wall component of fungi which is the
key polysaccharides found in mushrooms. They act as ligand and activate the mem-
brane receptors to induce signaling pathways including defence against pathogenic
microbes (Falch et al. 2000; Ishibashi et al. 2001; Kataoka 2002). They also stimu-
late the human immune system from detrimental contaminants and mutagens and
provoke adaptive and innate resistant together (Vetvicka 2004). f-glucans of both
wild and cultivated mushrooms are accountable for the anticancer, anticholesterol-
emic, antioxidant, immunomodulating and neuroprotective activities. Pleurotus
spp. contains higher carbohydrates i.e. 46.6 to 81.8% when compared to A. bisporus
(60% dm) (Bano and Rajarathnam 1982).

About 80-90% dm of mushroom cells consists of chitin. Eight Boletus spp. were
reported to have 6.8—-10.2% (dm) of carbohydrate (Manzi et al. 2004). When compared
with water soluble polysaccharides, it known to have less bioactivities. Chitin is indi-
gestible for humans and act as an important dietary fibre (Tao et al. 2006). Due to the
presence o and p-glucans, chitin, galactans, hemicellulose, mannans and xylans mush-
rooms are known to be a prospective candidate for a potential source of prebiotics.

Mannitol is responsible for mass of texture of mushroom. Kala¢ (2012) analyzed
the free sugar content in 27 species of WEF belong to 19 different genera. He observed
the average amount of mannitol and trehalose ranges from 28.9 to 39.2 g kg=! dm
whereas glucose, fructose, mannose, ribose, sucrose and xylose occur at a low level.
Trehalose and mannitol were reported at higher level in cultivated and mycorrhizal
edible mushrooms (Reis et al. 2011) but these are not easy for humans to digest.
During the course of processing there is slight decrease in the quantity of mannitol
and trehalose (Barros et al. 2007). Grangeia et al., (2011) investigation revealed that
the content of sugar in edible mycorrhizal species is higher (160 to 420 g kg=! dm)
than the edible saprotrophic mushrooms (up to 150 g kg=! dm).

2.4.5 Mineral Composition

Mushrooms are also source minerals, possess highest amount of potassium (K),
subsequently calcium (Ca), magnesium (Mg), phosphorus (P) and sodium (Na).
These are known as major and minor mineral elements constitutes cadmium (Cd),
copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo) and zinc (Zn) etc
(Bano and Rajarathnam 1982; Li and Chang 1982). The Cu content is higher in
Pleurotus spp. and varies from 12.2 to 21.9 ppm (Bano and Rajarathnaum 1982).
Singer (1961) reported important minerals including Al, Ca, Cu, Fe, K, Mg, Mn,
Na, P, S, Si and Zn from truffles. The European truffles contain abundant potassium,
phosphorus, iron, and calcium (Saltarelli et al. 2008).

Mushrooms studied from metropolitan and industrial areas are contaminated
with lethal compounds such as As, Cd, Hg, and Pb (Falandysz and Borovicka 2013).
The content of Cd, Cr, Ni and Zn from the mushrooms collected in rural areas is
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comparatively high, which may be because of quarries and industrial activities
(Zhang et al. 2015). Silver (Ag) is one of the metallic elements with no dietary
importance; due to its high affinity for proteins it is toxic and consequently gets
collected in mushrooms (Falandysz and Borovicka 2013).

Ash: The amount of ash in edible mushrooms is the poorly studied factor or this
is not measured as a component for the estimation to analyze the mushroom quality
(Falandysz et al. 2007; Falandysz et al. 2008). Estimation of ash requires high
sophisticated laboratory infrastructure and instruments that may not be feasible for
all (Falandysz et al. 2001). But the ash profile will give only general indication of
mineral constituents of the mushrooms. The total ash content of mushroom is very
less, only about 5-12% of dry matter.

2.4.6 Vitamins

Mushrooms composed of a number of primary vitamins including vit B complex, vit
C and vit D (Cheung 2010; Kala¢ 2013). Information about vitamin composition of
WEEF has been lacking when compared with cultivated species (Mattila et al. 2001).
The most potent provitamin A, $-carotene, is very low, > 6 mg per kg dm found in
Portuguese WEF (Pereira et al. 2012). The primary vitamins of mushroom constitute
ascorbic acid, niacin, thiamine, tocopherols and riboflavin (Quan et al. 2007; Zhu
et al. 2007; Yin and Zhou 2008; Zhou and Yin 2008; Xu et al., 2012). Boletus edulis,
B. speciosus and Thelephora ganhajun were reported to possess tocopherol and vit
D2 at arange of 8.9—45 and 4.7-194 mg/100g dm, respectively (Wu et al. 2005; Zhou
and Yin 2008). In Agaricus spp. ascorbic acid content are relatively lower, unlike B.
edulis and C. cibarius, which have higher content of ascorbic acid. Vit B complex
have been reported from A. bisporus (white and brown), L. edodes and P. ostreatus
(Caglarirmak 2011). Jaworska and Bernas (2009) stated that the levels of niacin and
riboflavin decreased during mushroom processing. A type of vit B9 (total folates)
have been quantified from several cultivated mushroom such as; crimini, chanterelle,
enoki, maitake, morel, oyster, portabella, shiitake, UV-treated Portabella and white
button mushrooms (Phillips et al. 2011). Tang et al. (2012) described ergosterol (640—
1770 mg kg! dm) and also several phytosterols, especially brassicasterol from several
Tuber spp. The amount of vitamins was found to have definite effects on the cooking
and industrial processing of mushroom. In canned Boletus, vit B1 lost at a rate of
21-57% and vit B2 at a rate of 8-74% and at the worst case, reaching up to 76-99%
lost in vit B complex (Yin and Zhou 2008; Zhou and Yin 2008).

2.4.7 Other Aromatic Metabolites

Each mushroom species posses a very characteristic aroma, which helps to deter-
mine them distinctly from other mushrooms (Cronin and Wada 1971). This unique
characteristic aroma of mushrooms can be differentiated into volatile and
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nonvolatile components (Maga 1981). Some of the C8 aliphatic components are
responsible for the unique flavour of mushroom are; 1-octen-3-ol, 2-octen-1ol,
3-octanol, 1-octanol, 1-octen-3-one and 3-octanone (Cho et al. 2006). While,
I-octene and 2-octene (often 3-octanone) are responsible for the typical aroma in
mushrooms (Combet et al. 2006).

Truffles are popularly known for its unique aroma. The distinctive feature of the
truffles is they do not share same desirable aroma even if morphology is same. More
than 200 VOCs have been reported from truffles (Kanchiswamy et al. 2015). Various
VOCs were reported in six different species namely Tuber aestivum, T. borchii, T.
brumale, T. dryophilum, T. magnatum and T. mesentericum in various ratios (Federico
et al. 2015). Thiophene, sulfur containing volatiles is the characteristic of Tuber bor-
chii (Splivallo and Ebeler 2015). Accordingly, aroma of truffles may vary from
cheesey, creamy, dusty, earthy, gasoline-like, garlicky, leathery, pungent and vanilla-
like (Xiao et al. 2015). Bis (methylthio) methane, Dimethyl sulphide, 3-Ethyl-5-
methylphenol, Hexadecanoic acid, 5-Methyl-2-propylphenol and B-Phenylethanol
are example of few aromatic compounds reported from truffle (Omer et al. 1994;
Buzzini et al. 2005; Cullere et al. 2009). Various preservation methods including
refrigeration (4 °C) (Saltarelli et al. 2008), irradiation (Nazzaro et al. 2007) and modi-
fied atmosphere packing (MAP) (Rivera et al. 2010) are employed for industrial pres-
ervations of these aroma compounds. Pinho et al. (2008) studied the volatile
components of eleven WEF (Amanita rubescens, Boletus edulis, Cantharellus cibar-
ius, Fistulina hepatica, Hygrophorus agathosmus, Russula cyanoxantha, Suillus bell-
ini, Suillus granulatus, Suillus luteus, Tricholoma equestre and Tricholomopsis
rutilans) and concluded with 65 such compounds are responsible for the odor of
mushroom which could be a key character in identifying these mushroom.

2.5 Hallucinogenic Mushrooms

Hallucinogenic or magic mushrooms have been widely consumed by indigenous
groups in Mexicans. It came into the public attention in 1957 and then gained more
popularity since then. Comprehensive detail of magic mushrooms consumption and
its role in rituals among Mexican tribes and others across the world gave a spark
among the psychoactive mushrooms consumers (Wasson et al. 1978). The first record
of hallucinogenic mushroom was credited to the Yoruba tribe of Nigeria in Africa.
It was traced back to the Paleolithic period (7000 — 9000 years ago). Of the 180 type
magic mushrooms in the world, Psilocybe spp. is the "true" magic mushrooms, gener-
ally called as “shrooms”. They possess psychoactive indole of tryptamines called psi-
locybin and psilocin that has low level of physiological toxicity and never give
addiction except low to acute psychedelic effects (Johnson et al. 2008; Tyls et al.
2014). More than 3000 years, the psychoactive fungus belongs to the genera Psilocybe
and perhaps Panaeolus have been used conventionally. Besides the shrooms, there are
many mushrooms such as Conocybe, Copelandia, Galerina, Gymnopilus, Inocybe,
Lycodperdon, Mycena, Panaeolus, Panaeolina, Pholotina and Pluteus etc., are known
to posses tryptamine derivates. The use of magic mushrooms alone or with alcohol
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Fig. 2.3 Ancient origin of magic mushrooms Credit: Robert Brusco

was comparatively safe (van Amsterdam et al. 2011) but with mild to adverse effects
like psychological distress, dangerous behaviour and enduring psychological prob-
lems (Carbonaro et al. 2016). Psilocybe spp. can be easily mistaken in wild with
morphologically similar and non- Psilocybe or inedible or poisonous mushrooms. But
at times illegal selling of “Psilocybe like poisonous mushrooms” has become lethal to
an individual leading to death. In many countries including Australia, America and
Europe illicit growing, possession and sale of magic mushrooms is punishable.
Psilocybe have been cultivated sacredly because of the special kind of neurotropic
(hallucinogenic) chemical constituent Psilocybin. These mushrooms are recognized
as little saints or flesh of the gods among the native religious people (Fig. 2.3). French
mycologist Heim (1969) documented this neurotropic species as Psilocybe species,
which has been traditionally used during spiritual practices (Guzman 2008). This pro-
vides evidence that ancient Egyptians were not an exclusive group to exploit this sub-
stance in rituals (Guzman 2008).

While in India, people are well aware of these mushrooms either consume it with
omelette or along with bread/ butter jam or with bread/banana or with honey
(personnel survey; unpublished data). Even though it is under punishable act, many
law enforcement officials are least aware of it. So there is a dire need to have a study
on systematic research and on the abuse of the same among the youth. Scientists
have adapted simple screening techniques to discriminate psilocybin and non-psilo-
cybin mushrooms (Marumaya et al. 2006). DNA-based approach and LC/MS has
been adapted to detect hallucinogenic mushroom and psychedelic drugs, respec-
tively in grow kits from illegal market (Gambaro et al. 2015).

Nevertheless, psilocybins have been prescribed by the physicians in treating neu-
rotic disorders in humans. These studies are looking at psilocybin and other halluci-
nogens to treat a number of psychiatric and stress disorders including chronic
depression, post-traumatic stress disorder, and drug or alcohol dependency.
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However, the mechanism and pharmacological profile of pure drug has to be com-
pared with mushroom preparations. Studies reveal that psilocybin may decrease the
depression and death anxiety along with increased the positive attitude in life of
cancer patients. Pure psilocybin, “Sandbox” was marketed by Novartis has been
recommended by physicians for psychedelic psychotherapy. Potentials of psilocy-
bin in curing obsessive compulsive disorder (Wilcox 2014) and cluster headaches
(Sewell et al. 2006) have also been investigated.

2.6 Cutivation of Edible Mushroom

The cultivation practice of WEF started several centuries ago; Auricularia auricula
was probably the first mushroom to be purposely cultivated around A.D. 600,
followed by Flammulina velutipes (ca. 800 AD). According to the “Chinese Book of
Agriculture” (1313), the first historical record on cultivated mushroom was Lentinula
edodes (Chang and Hayes 1978). Later, in France (1600 AD) Agaricus bisporus were
first cultivated in outdoor later followed by V. volvacea (1700 AD) and Tremella fuci-
Jformis (1800 AD). This shows that, earlier practice of mushroom cultivation included
only of outdoor that implies the limited knowledge and understanding of developing
spawn, substrate and composts. It was only at the later part of the seventeenth century,
the spawning technique for Agaricus was developed (Treshaw 1944). Elliott (1985)
described the method to achieve pure culture. Later this was successfully accom-
plished in United Kingdom, followed by France in 1894 and United States in 1902
(Chang and Miles 2004). Since then the progress in mushroom cultivation technique
has improved by miles, cultivating over 100 of species and producing millions of tons
worldwide (Chang and Mao 1995; Stamets 2000; Boa 2004) (Table 2.2).

Table 2.2 A global overview of wild edible mushroom production with respect to countries
according to Food and Agriculture Organization (FAO), United Nations.

Production | Production | Production | Production | Production

SIL. in tonnes in tonnes in tonnes in tonnes in tonnes

No. | Countries (2000) (2005) (2010) (2015 (2016)

1 Albania 100 100 100 100 100

2 Algeria 113 170 211 2526 1890

3 Armenia 0 0 80 278 361

4 Australia 36000 47992 41295 42777 50387

5 Austria 1000 900 1300 1200 1400

6 | Azerbaijan 0 0 1900 1515 1562

7 Belarus 5000 6851 7000 7568 10135

8 Belgium 46300 41420 39154 30440 29450

9 Bosnia and 1200 2000 1200 1228 1203
Herzegovina

10 | Brunei 8 9 12 13 14
Darussalam

11 | Bulgaria 11500 1427 1619 2520 1473

(continued)
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Production | Production | Production | Production | Production
SL. in tonnes in tonnes in tonnes in tonnes in tonnes
No. | Countries (2000) (2005) (2010) (2015 (2016)
12 | Canada 80241 80071 78452 118642 133935
13 | China, Hong 31 31 35 31 31
Kong SAR
14 | China, mainland | 2400000 3400000 4826000 826152 7786368
15 | Taiwan 8196 9643 7689 9939 11530
16 | Cyprus 1730 1014 790 711 761
17 | Czechia 1000 350 526 551 561
18 | North Korea 5745 6030 5906 5927 5868
19 | Denmark 8686 10946 3000 3930 3930
20 | Estonia 0 0 0 130 51
21 | Finland 1536 1996 1645 1248 1345
22 | France 203861 138541 119373 101135 101949
23 | Germany 62000 50000 60000 62594 72141
24 | Greece 845 2292 1397 4400 3601
25 | Hungary 16926 19734 14026 28621 32311
26 | Iceland 447 438 579 550 585
27 |India 24000 40000 40600 33699 29992
28 | Indonesia 28000 30854 61376 33485 40906
29 | Iran (Islamic 0 0 74500 132331 150063
Republic of)
30 | Ireland 59800 62400 54500 72200 70000
31 | Israel 7500 9500 9500 11000 11000
32 |Italy 72492 88361 684401 594835 683620
33 | Japan 67224 66000 65764 65711 65579
34 | Jordan 500 688 764 841 856
35 | Kazakhstan 500 503 507 515 513
36 | Kyrgyzstan 264 200 200 231 226
37 | Latvia 500 530 135 64 62
38 | Lithuania 6000 4087 10434 13824 15785
39 | Luxembourg 16 5 5 5 5
40 | Madagascar 1000 1487 1882 2269 2262
41 | Malta 898 989 1088 2021 1676
42 | Mongolia 0 200 253 310 326
43 | Montenegro 0 0 600 600 600
44 | Morocco 1800 1924 1996 2087 2105
45 | Netherlands 265000 245000 266000 310000 300000
46 | New Zealand 8500 8600 5687 2110 1740
47 | Philippines 568 508 526 556 580
48 | Poland 109273 160000 230000 252944 260140
49 | Portugal 1196 1377 1500 10754 12093
50 |Republic of 20659 28375 26250 26292 26158
Korea

(continued)
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Table 2.2 (continued)
Production | Production | Production | Production | Production
SIL. in tonnes in tonnes in tonnes in tonnes in tonnes
No. | Countries (2000) (2005) (2010) (2015 (2016)
51 | Republic of 2000 2000 2000 2034 2135
Moldova
52 | Romania 5000 5630 9973 10955 14519
53 | Russian 6000 5000 5373 8660 9682
Federation
54 | Serbia 12000 12521 5000 5365 5403
55 | Singapore 0 3 117 32 30
56 | Slovakia 600 1100 2335 2000 2074
57 | Slovenia 1269 1200 1131 1074 1063
58 | South Africa 7278 8385 12217 18267 18803
59 | Spain 63254 137764 133000 218795 197010
60 | Switzerland 7148 7440 8465 7307 7089
61 | Thailand 9500 9800 5746 1147 960
62 | Macedonia 2000 3000 2900 2876 2866
(FYROM)
63 | Tunisia 99 116 136 150 153
64 | Turkey 7000 17000 21559 39495 40272
65 | Ukraine 3500 6000 11000 12480 14740
66 | United 89900 74000 69300 103197 99813
Kingdom
67 | United States of | 383830 386984 359469 429562 419630
America
68 | Uzbekistan 397 464 600 673 694
69 | Viet Nam 20500 17702 19934 22854 23701
70 | Zimbabwe 230 350 526 697 684
71 | China 2408227 3409674 4833724 8036122 7797929
72 | European Union | 1030582 1051064 1706632 1830148 1906833
73 | Least Developed | 1000 1487 1882 2269 2262
Countries
74 | Land Locked 5391 6717 8966 9129 9367
Developing
Countries
75 | Small Island 0 3 117 32 30
Developing
States
76 | Low Income 31636 48531 49715 43496 39726
Food Deficit
Countries
77 | Net Food 3399 4415 5031 5657 5702
Importing
Developing

Countries
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Mushroom production has increased gradually in the agricultural related indus-
tries ever since the end of World War II. Initially, Agaricus production was at greater
rate and subsequently there was a greater raise in production of Lentinula,
Flammulina, and Pleurotus (Chang and Buswell 2008). In twentieth century, the
wide uses of industrialized cultivation techniques were applied for the mushroom
productions. The development of mushroom farming skills has been principally
responsible for the raise in mushroom production in recent years.

2.6.1 Major steps in Mushroom Cultivation

Cultivation of mushroom is relatively a primitive process however with moderniza-
tion and since the recognition of its important health benefits and upliftment of
economy, it has become an industrial venture in most nation producing hundreds
and thousands of tonnes every year. Nonetheless, production in small scales indus-
tries plays a major role in smaller markets in developing nations. In either case, the
concept of cultivation focuses on increasing the yield within a short stipulated time.
This requires proper understanding on selection of high-yielding strains and media
for spawn making, improved management of the mushroom beds, including pest
and dieases management. Besides, continous supply of mushrooms to the consum-
ers and marketing are also vital progression in the mushroom farming. Thus, there
are a number of factors involved in mushroom production and a successful grower
requires scientific knowledge, training and practice. Mushroom cultivation gener-
ally occur in the following six phases that follows (Buswell 1984; Nair 1991; Dawit
1998; Chang and Miles 2004): (1) selection of a mushroom species, (2) selection of
a fruiting culture, (3) development of spawn, (4) preparation of compost, (5) spawn
running, and (6) mushroom development.

Many strategies have to be adapted for successful production of WEF. Principally,
selection of mushroom strains which have high demand and market value has to be
studied. Maintenance cost, influence of other environmental factors on mushroom
growth and accessibility of substrate for cultivation are the other factors. The cul-
tures of edible ones are capable of producing fruiting bodies under suitable growing
conditions. Strain improvement techniques like “mating with other isolates” is not
necessary in case of heterothallic or a homothallic species since they can able to
form fruit bodies. To avoid the spore density in the air of mushroom houses, spore-
less strains of Pleurotus spp. have gained great commercial interest than non-
sporeless strains. The latter may lead to respiratory tract problem and allergy to the
mushroom workers. Quality of the mushroom spawn is mainly depends on quality
and combination of the substrates and genetic constitution of the mushroom.

There is synthetic compost which is used for growing most of the mushroom;
they are made up of agricultural and chemical materials but without animal manure.
The mycelium grows at geate rate when larger quantity of spawn is used but it may
also increase production cost. The requiment of temperature, humidity, pH and
aeration varies at every stages of mushroom poduction. “Flushes” or appearance of
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mushrooms is in periodical cycles and they can be picked at different stages of
development in accordance to consumer preference or market value. Nevertheless,
harvesting varies among the species; V. volvacea and P. pulmonarius equires only
simple farming activity than A. bisporus, F. velutipes, and H. marmoreus which
needs a high-technology industry.

Among the hundred species of cultivated fungi, commercial markets are still
dominated by A. bisporus, L. edodes and Pleurotus spp. and this account for nearly
three quarters of the cultivated mushrooms grown around the world (Chang 1999;
Boa 2004). Whether it is large scale industrial or small scale, cultivation edible
fungi is profitable as well as they are highly nutritional as seen in countries such as
Africa, Brazil, China, Mexico (Pauli 1999; Mshigeni and Chang 2000; Martinez-
Carrera et al. 2001). On the other hand, cultivation of some species of mushroom
such as L. edodes may lead decline in forests trees. Qingyuan of China is known as
“mushroom capital of the world”, suffering extensive deforestation from wood
exploited for mushroom cultivation (Pauli 1998).

The number of cultivated species is ever growing as the technology and practical
advice are easily available (Stamets 2000). Aside from saprobic species, ectomycor-
rhizal species can also be cultivated, where the tree are inoculated with the inoculum
species which is allowed to infect the roots and form ectomycorrhizae, after which
this tree are carefully tented for the production of fruiting body. Cultivation of ecto-
mycorrhizal species are not fully developed and are constantly being refined and
improved, cultivation of truffle mushroom is an example (Hall et al. 2007).

Some of the cultivated species, cultivated worldwide are given below (Stamets
2000; Chang and Mao 1995):

Agaricus arvensis, A. augustus, A. bisporus, A. bitorquis, A. blazei, A. campes-
tris, A. subrufescens, Amanita brunnescens, Auricularia auricula-judae, A. fusco-
succinea, A. polytricha, Coprinus comatus, Flammulina velutipes, Laetiporus
sulphureus, Lentinula edodes, Lentinus strigosus, L. tigrinus, L. tuber-regium,
Morchella angusticeps, M. esculenta, Pleurotus cornucopiae, P. cystidiosus, P.
eryngii, P. euosmus, P. ostreatus, P. pulmonarius, P. rhodophyllus, Pluteus cervinus,
Polyporus indigenus, P. saporema, Volvariella bombcyina and V. volvacea.
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Chapter 3

Molecular Characterization of Wild
Mushrooms: A Paradigm Shift
from Morphotyping

Madhusmita Borthakur and S. R. Joshi

3.1 Introduction

Being close to nature, ethnic communities have proximate association with natural
resources and mushrooms are one resource that has been harvested and used by man-
kind since time immemorial. This has resulted in acquisition of immense knowledge
about the benefits and utilization of different bioresources for consumption and
medicinal purposes (Sawian et al. 2007; Singh et al. 2012). In the Asian sub-continent,
mycophilic societies are associated among the indigenous people of North Eastern
India, Western Ghats and North Western India, China. The local inhabitants are often
seen collecting mushrooms from their neighboring localities, meadows and forests
for consumption and for selling them to earn partial livelihood for their family during
monsoon season when other forest products are unavailable for harvest.

Ethnomycological knowledge among Indian tribal population has been profound
and broad with about 283 wild types of mushrooms being consumed out of 2000
edible species which are recorded worldwide (Purkayastha and Chandra 1985).
These mushrooms which are often consumed by the ethnic community are harvested
and picked from the forest area based on the traditional knowledge about their
morphology and the toxicity. This knowledge on the edibility and the medicinal
importance of the mushrooms has been passed from one generation to the other in the
form of word of mouth without much record and scientific documentation.

The primary identification of mushroom involves its phenotypic characteristics
and its palynological study. The common morphology of a mushroom is its umbrella
shape structure but few resemble toads sitting atop on the cap. The common oyster
mushroom and the family of Amanita possess distinct gills which are important for
its identification. Genus Russula is known to possess hollow white stalk while
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Boletus consists of a bulbous base at its stalk considered as important features for
their identification. The dimension and the colour of the spores (when stained with
Lactophenol cotton blue and Melzer staining) are also an important observable
features in identification of mushrooms (Figs. 3.1a, 3.1b and 3.1c) Since a single
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Fig. 3.1a Morphotyping and photomicrographical analysis of mushrooms of Meghalaya, India
using Lactophenol cotton blue and Melzer staining (100xmagnifications)
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Fig. 3.1b Morphotyping and photomicrographical analysis of mushrooms of Meghalaya, India
using Lactophenol cotton blue and Melzer staining (100xmagnifications)

spore is almost invisible to naked eye, spore prints in a dark or lighter background
have often been considered for identification purposes. The colour of the spore
prints varies during different growth stages of a mushroom. They are mostly whitish
to creamish during younger stage to brownish lilac at maturity. The preliminary
identification of mushrooms is solely based on morphological features during field
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Fig. 3.1c Morphotyping and photomicrographical analysis of mushrooms of Meghalaya,
India using Lactophenol cotton blue and Melzer staining (100xmagnifications)

observation and microscopic features of its spores, pileus, stipe, volva (if present)
and host. Few mushroom specimens are described and identified till the genus
level solely based on the morphotypic features (Table 3.1). The palynological param-
eters can also be considered as important tool for their identification (Table 3.2).
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Although morphological and microscopic features have been the basis for identifi-
cation of mushrooms, there are many unsolved dilemma left in the typing and clas-
sification at lower taxon level because of the paucity of morphological features
(Hibbett et al. 2007). This is further complicated by other factors which include
the convergent evolution and cryptic speciation.

Epigenetic factors have made the morphological features unstable at both intra-
and interspecies level leading to high incongruency thus making the use of molecu-
lar marker as a reliable confirmatory identification alternative (Feng et al. 2012).
Grouping or characterizing the species based on morphotyping has led to convergent
evolution (Brun and Silar 2010). Apart from these, the concepts of exploiting
molecular approaches have unraveled the knowledge on the nature of evolution and
the phylogenetic concept of the life forms in the last decade. The upgradation of
various statistical methods along with bioinformatics tools has aided and simplified
the process of evaluation of the evolutionary clade of a species. Approaches such
as amplification of specific hypervariable gene loci by polymerase chain reaction
(PCR) or restriction digestion of a specific gene sequence using restriction frag-
ment length polymorphism (RFLP) have provided deeper understanding on the
typification and diversity of species.

Till recently, the absence of a universally accepted DNA barcode for fungi, the
second most specious eukaryotic kingdom (Blackwell 2011; Mora et al. 2011),
has been a serious limitation for biodiversity studies. For proper identification and
discovery of true cryptic species and classifying them in the pre-existent evolution-
ary clade in fungi, there is a felt need for developing molecular barcoding tools and
markers in mushrooms.

3.2 Paradigm Shift from Classical to Advanced Molecular
Approaches

Mycology is mostly familiarized to the lower species of fungi without much atten-
tion being paid to describe and identifies cryptic species. Mushrooms studies have
been revolving around wood rotten fungi and the poisonous ‘toadstools’. It is well
known that fungi are known to be found everywhere presenting morphological simi-
larity with one another thus making the differentiation among the closely related
species very difficult. Till the last decade, the gross identification of these cryptic
species was solely dependent on the morphotypic features of the individual which
were later supplemented with the in vitro micro graphical characters. The advance-
ment in molecular biology tools in the recent era has resulted in shift to a new level
of nucleic acid and its sequence analysis leading to nucleic acid revolution in mush-
room identification. The levels of genetic information contained at the cellular level
are far more advanced than that of the phenotypic features. Several variations
observable at the genetic level can be incorporated to the phenotypic features and
are collectively considered under “epigenetic” factors.

The taxonomic study in fungi is associated with 80,000 species, traditionally dif-
ferentiated into six main domain based on the sexual reproductive units, ultrastructural
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B ITS nrDNA Barcode

® Protein Coding Marker
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B 28S nrDNA

® Morphology

‘ A\\ = Morphology+Molecular

Fig. 3.2 Percentage of using various markers for the identification of the fungal species (Adapted
from Raja et al. 2017)

components and biochemical analysis. These domains include Myxomycetes or
Protists, Oomycetes and the true fungi which are classified into Ascomycetes,
Basidiomycetes, Zygomycetes and Chytrids (McLaughlin et al. McLaughlin et al.
2001a, 2001b). A pseudo-division includes the Deuteromycetes or Fungi Imperfecti
commonly referred to as moulds or rust have asexually reproducing unit and some
known sexual reproductive stages. With an estimate of 2.2 to 3.8 million fungal spe-
cies (Hawksworth and Lacking 2017), the problem with cataloguing of fungi in the
database has already become a challenging task without the contribution of molecu-
lar information.

In the last decades, taxonomist have classified the species based on morphology,
niche types, growth behavior, their interaction with the host and to the ecological
factors (Fig. 3.2). Thus the classification and identification of the cryptic species from
the taxonomical point of view is far from being complete. It is well accepted that less
than 1% of the microbiological species are culturable in in-vitro. So, the need of the
biological markers for easy identification of the unculturable environmental samples
are of utmost importance developing barcodes for forms like mushrooms is expected
to answer the difficult questions posed in their classification approaches.

3.3 Molecular Markers for Identification

With the advancement of the barcode in the prokaryotic system, amplification of the
nucleic acids and the initial construction of the phylogenetic map work on fungi
began with nuclear ribosomal genes. The structural gene sequence of rRNA is
known for its well conserved regions at both genus and species level. Initially
18SrRNA, a homolog to 16S rRNA in bacteria was used for the phylogenetic anal-
ysis but the region has limitations of having fewer hypervariable domains. The large
ribosomal subunit 28S rRNA gene discriminates the species on its own or combines
with the ITS region. The internal transcribed spacer region (ITS) of the ribosomal
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region of DNA (rDNA) is commonly used as a marker for resolution at or below the
genus level (Seifert 2009; Begerow et al. 2010) and is a recommended marker by
the International Fungal Barcoding Consortium (Schoch et al. 2012). In fungi, the
ITS ranges from 550-600 bp comprising of two hypervariable spacer regions, ITS1
and ITS2 which are separated by highly conserved 5.8S rRNA gene (White et al.
1990). The region is flanked by 18S rRNA and 28S rRNA genes towards the 5'-end
and 3’-end of ITS-1 and ITS-2 spacer region respectively. In fungi, ITS is found in
multiple tandem copies in each haploid genome making it highly desirable for use
as a fungal barcode aided by its easier amplification even in trace amounts of bio-
logical samples and is extensively used for the genetic distance mapping in fungi.
ITS has been used as a fungal universal barcode for the identification of the cryptic
species and has been cited in more than 500 literature (Schoch et al. 2012). Apart
from the ITS, the small ribosomal subunit (SSU) region when combined with the
NS1 and NS4 region gives an information about the phylogenetic placement of
higher fungi in taxonomical level. Similarly for the identification of the species at
the intermediate taxonomical level, large ribosomal subunit (LSU) primers in com-
bination with LROR and LR6 are being used (Vilgalys and Hester 1990). These
genes are widely used as markers in the fungal systematic nomenclature such as
Assembling the Fungal Tree of Life (AFTOL).

In mycological identification, the sequence obtained for a species of fungi is com-
pared with the unknown sequence from database available in Sequence Database
such as GenBank at NCBI (National Centre for Biotechnology Information) and
EMBL, The European Nucleotide Sequence Archive of European Molecular Biology
Laboratory.

Apart from the ITS region, the mitochondrial gene, which codes for the cyto-
chrome oxidase I (COX I) used as a biomarker in the animal kingdom have been
explored for fungal systems but are found to be inappropriate for the identification
at species level for fungi (Schoch et al. 2012). The protein encoding genes like
RNA polymerase II (RPB1, RPB2) are being widely used for the phylogenetic
analysis of fungi but due to it ubiquitous and single copy number and slow rate of
sequence diversion it is not highly recommended (Tanabe et al. 2002). For species
level identification of fungi in general, the short ribosomal subunit (SSU) has no
such barcode gap and is not recommended as an identification marker. The large
ribosomal subunit (LSU) sometimes show no such amplification in diverse species
adding to editing error and are not considered at par with the usage of SSU marker.
However, the hypervariable ITS regions have much superior barcode gap and due
to its tandem repeats and resolving power to distinguish the mushrooms at its
species level, it is a defined barcode for the phylogenetic analysis of the mushrooms
at its basic level of species discrimination phylogenetically.

3.4 ITS Marker Assisted Identification of Mushrooms

Polyphasic characterization gives a preliminary identification of a species but genus
level identification is always left to a dilemma when considering the macroscopic
and microscopic features. Few mushroom species look morphologically alike to
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other species as observed in a study carried to characterize wild mushrooms by the
authors™ group. For example, the specimen MBSRJland MBSRIJ11 is a common
wood fungus alike to Trametes species but identification based on the molecular
marker using ITS identified the specimens as Formitopsis ostreoformis and
Trichaptum biforme respectively (Fig. 3.3). In the same study, the morphological
identification of few mushroom species could not be completed due to the lack of
information and relevant data in the existing databases. The paucity in the morpho-
logical data can also be highly affected by the epigenetic factors. The mushroom
species MBSRJ18 and MBSRJ39 were morphologically alike but confirming the
molecular data resembled them as two different species, Lactarius glaucescens and

100| £b|KC595918.1| Fomitopsis ostreiformis
100} 1 ob|KC595920.1| Fomitopsis ostreiformis
96 MBSRJ1

KC176295.1 Agrocybe smithii
o lm' [ MBSRIGS
100' KY706177.1 Agrocybe cf ochracea

MBSRI70
84 100l HQ604801.1_Pseudohydnum_gelatinosum
90' AF384861.1 Pseudohydnum gelatinosum

eb|F1755247.1| Trichaptum biforme
oo~ MBSRIL1
4 eb|U63473.1|TBU63473_Trichaptum_biforme

99—~ MBSRJ6
100] & emb|HG531386.1| Mycena galericulata
ebJF908442.1| Mycena galericulata
g1 MBSRI82
100 LT716032.1 Amanita_griseofolia
FJ441043.1 Amanita griseofolia

jﬁ MBSRIOY
41 100 KC582642.1 Pleurotus ostreatus

KJ020935.1 Pleurotus ostreatus
97 AB509567.1 Boletus pseudocalopus
100L_| MBSRI51
97 ' KP843883.1 Baorangia pseudocalopus

43

MBSRIJ18

eblGU258298.1| Lactarius glaucescens

£b|GQ166898.1| Lactarius glaucescens

MBSRI39

KF220123.1 Lactifluus vellereus

97 DQA422034.1 Lactarius vellereus

100

A
0.05

Fig. 3.3 Evolutionary distance relationship of few mushroom species based on ITS sequence
similarity
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Lactifluus vellereus respectively. The molecular identification using the ITS loci
was first time reported in the study for MBSRJ82 which was identified to be Amanita
griseofolia. The morphological trait in these cryptic species has always leaded to
misidentification which may be the effect of convergent evolution. Thus confirming
the use of molecular marker such as ITS for correct identification is necessary
along with the traditional technique of identifying the mushrooms. Hence employ-
ing the phylogenetic analyses becomes a useful tool for classification of unknown
sequence and incorporating such emerging information into the existing evolutionary
framework.

3.5 Conclusion

Though a large number of the universal biomarkers for the phylogenetic analysis of
fungi in general and macrofungi in particular have been in use, the markers are not
the only restricted as genetic markers in phylogenetic analysis. There is a need for
exploration of additional biomarkers for fungal taxonomy. Compared to the earlier
approaches of identifying the fungal species with the basic morphological and
microscopic features, there is a need towards improving the molecular markers
along with the algorithms of various statistical tools which can provide an appropri-
ate authentication for the identification of the fungi. The combination of both
morphotyping and molecular genetic marker studies will relatively assure a full proof
system for the phylogenetic analysis of the higher eukaryotes like mushrooms.
The need for biomarker is not only essential to delineate the existing morphotyping
but also to authenticate and classify the novel undescribed forms of macrofungi by
linking them with available sequences in various databases and genebanks.
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Chapter 4
Antimicrobial and Hepatoprotective
Activities of Edible Mushrooms

Jasmina Glamoc¢lija, Marina Kosti¢, and Marina Sokovi¢

4.1 Introduction

People in many countries of the world consume mushrooms in their daily diet and
this habit has been present in the society for thousands of years. Mushrooms con-
sumption has increased in recent years, due to the scientifically supported facts that
a stable and balanced nutrition has an important role in overall human well-being.
Mushrooms are widely consumed for their food properties, excellent nutritional
characteristics and curative effects; accordingly they belong to functional foods
with many medicinal effects (Valverde et al. 2015).

Mushrooms have a great nutritional value since they are rich in protein content,
essential amino acids and dietary fibre, and on the other side they contain a low fat
content. Different species of edible fungi obtain a high moisture value up to 95%,
depending on environmental circumstances and phase of growth. It is important to
highlight the fact that edible species of fungi contain different vitamins such as K,
H, E, D, B1, B2, B12, as well as mono- and poly-unsatturated fatty acids with vari-
ous biological effects, phenolic compounds, organic acids, sterols, terpenes etc
(Barroetavena and Toledo 2017).

More than 3000 mushrooms are marked and consumed as edible; only one third
of them are cultivated for commercial purposes with just ten species being grown on
the industrial level (Chang and Miles 2004). Many edible mushrooms and number
of macromycetes possessed therapeutic properties with edible and medicinal value,
approximately 2500 species (FAO 2004; FAO 2009). Global economic value of
mushrooms is increased in the past few decades, since mushrooms are not only
consumed for their edibility and respected for their nutritional properties, but also
because they have many confirmed medicinal uses. Mushrooms production is
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continuously rising together with the rise in global human population. Production
patterns vary according to the geographic region; according to the reports from
2014, Asian countries produce more than 74.64% of world mushroom markets, fol-
lowed by Europe (19.63%) (Rosmiza et al. 2016). In the USA the total value of
mushrooms produced and solid during 2015-2016 is about 880 million US $
(Gargano et al. 2017). The major producer is China with estimated production of
more than 64% of the world mushroom production in 2012 (FAO 2015).

Mushrooms are attractive as a source of therapeutic compounds, and are classi-
fied as excellent functional food. They played an important role in the healthcare
systems of Asia and South America and have been traditionally used for the manage-
ment of important diseases and conditions related to health (Roupas et al. 2012).
Different mushrooms species have a long history of ethnological use in folk medi-
cine, especially in Asian countries (China, India, Japan and Korea), but also in east-
ern European countries and Africa (Wasser 2014). Biological activity is expected to
be explored from fungal mycelium or the culture fluid where mycelium was grown
and fungal fruiting bodies. Natural products obtained from mushrooms primary and
secondary metabolism have introduced a revolution in the area of prevention and
treatment of various diseases (De Silva et al. 2013). Different bioactive compounds
of edible mushrooms are linked with their immunomodulatory, antioxidant, anthel-
mintic, antitumor and anticancer, antiatherogenic, antimicrobial, and hypoglycemic
properties (Sdnchez 2017a). Therefore, natural products from edible mushrooms
have received attention from the scientific community since they present a valuable
source of molecules with potential medical application (David et al. 2015).

The liver is one of the vital organs of the human body with the ability of glandu-
lar secretion, which has a number of important physiological roles necessary for the
body to maintain its physiological functions. The primary functions of the liver are:
excretion of hormones, cholesterol; metabolism of proteins, fats, and carbohydrates;
enzyme activation; storage of vitamins, glycogen, and minerals; production of bile
and excretion bilirubin; synthesis of plasma proteins, such as albumin, and clotting
factors and contributes in blood detoxification and purification (Seif 2016).

The hepatocytes are responsible for many of the important metabolic processes
in the body:

e Absorbs overbalanced glucose from digested food and stores it in the form of
glycogen for later use;

* Hepatocytes take in fatty acids from the blood passing through the liver and
metabolize them to produce energy in the form of ATP. Glycerol is converted into
glucose by hepatocytes. They can also produce phospholipids, cholesterol, and
lipoproteins that are used by other cells in the body. Excess cholesterol gets
excreted from the body as a component of bile;

* Hepatocytes first remove the amine groups of the amino acids and convert them
into ammonia and eventually urea. Urea is less toxic than ammonia and can be
excreted in urine;

* The hepatocytes of the liver remove many potentially toxic substances and moni-
tor the contents of the blood. Enzymes in hepatocytes metabolize drugs and
alcohol into their inactive forms. The liver also metabolizes hormones and
removes them from circulation.
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e The liver provides storage of vitamins (A, D, E, K, and B12), many essential
nutrients (glycogen and fatty acids from digested triglycerides), and minerals
(copper and iron) obtained from hepatic portal system;

* Production of protein components (prothrombin, fibrinogen, and albumins)
included in blood plasma is an important feature of hepatic cells;

* Kupffer cells of the liver contribute in the inflammatory response. They play an
important role in capturing and digesting various parasites including bacteria and
fungi as well as worn-out blood cells and cellular debris.

Liver is susceptible to many diseases and conditions that may occur: cancer, cir-
rhosis, hepatitis and damage by toxins and medications (Seif 2016). Alcohol in high
doses can be hepatotoxic and long-term alcohol abuse is a common cause of liver
disfunction. Infections and general inflammation by different viruses or medications
may affect the liver (side effect of antibiotics, statins and others) (Wang et al. 2010).

It is estimated that adult population of more than fifty million people in the
world, would be affected with chronic liver disease due to viral hepatitis, alcohol,
and nonalcoholic steatohepatitis (NASH) as the most common causative factors.
Liver disease was the 9" leading digestive disease diagnosed at ambulatory care
visits in USA during 2004 (Everhart and Ruhl 2009).

The risks of developing fatty liver disease could be prevented by maintaining an
adequate body weight with balanced diet. As mentioned above, edible mushrooms
are excellent sources of biologically active compounds and nutraceuticals (Reis
et al. 2017). It has been more then 30 years since the introduction of the term func-
tional foods. Consumers recently have been more interested food derived from natu-
ral production as well as their use as health promoting agents.

Mushrooms present a nutritious alternative and a valuable source of various healty
compounds (Chang and Buswell 1996) which are extractable from either the mush-
room mycelium or the fruiting body. Continous intake of either mushrooms or mush-
room dietary supplements in the form of pills can improve individuals overall health.

The edible mushrooms which demonstrate useful antimicrobial and hepatopro-
tective activities about which data will appear in this chapter include species
belonging to genus Agaricus, Coprinus, Flammulina, Grifola, Laetiporus, Lentinus,
Meripilus, Morchella, Pleurotus and Polyporus.

Other species (Ganoderma, Inonotus and Trametes species) mentioned in this
chapter are inedible due to their coarse and hard texture or bitter taste, but are con-
sumed in different forms as liquors, concentrates, tinctures, hot water extracts, ton-
ics, powders, soups and teas. (Quang et al. 2006).

4.2 Antimicrobial Activity of Edible Mushrooms

Human society has been confronted, since the beginig, with the problem of infectious
diseases caused by pathogenic microorganisms. In addition, other pathogens can
cause damage to crops and many food sources and are considered primary causes of
food spoilage (Sokovi¢ et al. 2013). The treatment of infectious diseases caused by
bacteria has been dealt with, with the discovery of antibiotics (Van Hoek et al. 2011).


https://www.medicinenet.com/cirrhosis/article.htm
https://www.medicinenet.com/cirrhosis/article.htm
https://www.medicinenet.com/viral_hepatitis/article.htm
https://www.medicinenet.com/alcohol_abuse_and_alcoholism/article.htm
https://www.medicinenet.com/diet_plans_and_programs/article.htm
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However, their excessive and inappropriate during last fifty years has led to the
increase in the number of resistant strains of bacteria which today represent a health
threat of global proportions (Wilson et al. 2002). In addition, commercially avail-
able antibiotics can lead to induced hepatotoxicity, which may have serious conse-
quences in patients with hepatitis or HIV infection (Sharma et al. 2015; Andrade
and Tulkens 2011).

On the other hand, opportunistic phatogenic micromycetes cause serious infec-
tions and in recent years have increased the number of immunocompromised or hos-
pitalized patients especially. The fungal infections are so widespread and frequent that
they cause at least 1.5 million deaths worldwide each year (Brown et al. 2012).

Human and fungi have the same cellular organization umans (both are eukary-
otic organisms) and have a similar cellular machinery. Therefore toxic compounds
used to treat pathogenic fungi could probably be toxic for human cells. Antifungal
drugs used in clinical practice have shown selective biological activity, which
enables the appearance of resistant strains. For all these reasons, the search for new
antimicrobial compounds ever present.

Fungi contain many components that may have antimicrobial activity which
allow them to survive in the environment. The antimicrobial properties of both edi-
ble and inedible mushrooms are frequently discussed in numerous papers (Alves
etal. 2012 a, b). Suay et al. (2000) tested 204 species and found that 45% extracts
have antimicrobial properties, and show primarily antibacterial activity.

During the last decade, a large number of species of subdivisions Basidiomycotina
and some Ascomycotina were tested in various studies which showed their antimicro-
bial potential (Barros et al. 2008 a, b; Ramesh and Ramesh and Pattar 2010; Ochoa-
Zarzosa et al. 2011; Schwan 2012; Alves et al. 2013; Kosti¢ et al. 2017; Sokovi¢ et al.
2017). Results of these studies indicate that macromycetes are rich with compounds
that possess various biological activities (Boucher et al. 2009). Crude extracts and iso-
lated compounds (terpenoids, sterols, organic acid, derivatives of anthraquinone, the
peptides and proteins, ribonuclease) exhibit direct antimicrobial activity, while poly-
saccharides exhibit indirect antimicrobial activity. It is believed that those compounds
interact in unison, although individual activity should not be neglected (Alves et al.
2013). The methods used for rapid detection of antimicrobial activity are numerous:
microdilution and disk diffusion methods which include the incorporation of the extract
into the culture media. However the use of different methods deter in the compilation
and interpretation of their antimicrobial activity.

Furthermore, the use of various methods of extraction and different types of the
solvent also pose difficulty in the determination of antimicrobial activity. Petrovi¢
et al. (2014a) in their study confirm that the methods of extraction have a significant
effect on the determination of antimicrobial activity. They determined that the
extract of Laetiporus sulphureus obtained by the ultrasonic apparatus had a better
activity than the extract obtained by classical extraction. Chemical macromycetes
profile is determined by geographical factors, native to the specific species, as well
the phase of the life cycle of the macromycetes (whether it was collected in the
form of mycelium, young or old fruit body). Macromycetes are rich in compounds
which are known in the literature to have antimicrobial activity: phenol and organic
acids, peptides, proteins and others (Barros et al. 2008a; Alves et al. 2013).



4 Antimicrobial and Hepatoprotective Activities of Edible Mushrooms 85

The results of the antimicrobial activity indicate that antimicotics showed better
activity against the different pathogenic microorganisms then natural antimicrobial
agents; however, commercial antibiotics also exhibit a series of follow-up of adverse
effects (e.g. hepatotoxicity induced). Using edible macromycetes which have antimi-
crobial properties and also don’t display adverse effects definitely attract attention.

4.2.1 Antimicrobial Activity of the Most Extensively Cultivated
Edible Mushroom

The commercial production of mushrooms is continuously increasing, 7,959,979
tonnes grown in 2012, 1,869,091 tonnes were harvested in Europe while in China
accounting biggest production, 5,150,000 tonnes (Grujici¢ et al. 2015). Human
population increased and so did the consumption of mushrooms as well as their
mushroom production, which is estimated to grow 15% per year (Kamarudzaman
etal. 2015). Agaricus bisporus (J. E. Lange) Emil J. Imbach. is the most extensively
cultivated mushroom worldwide, followed by Lentinula edodes (Berk.) Pegler and
Pleurotus ostreatus (Jacq. ex Fr.) P. Kumm.

4.2.1.1 Antimicrobial Activity of the Agaricus bisporus

White button mushroom, Agaricus bisporus is the most widely cultivated (Fig. 4.1)
and consumed species of mushroom in the world (Gargano et al. 2017). The metha-
nolic extracts of three Agaricus species showed antimicrobial activity against six
species of Gram-positive bacteria, seven species of Gram-negative bacteria and
two species of yeast (Ozturk et al. 2011). A. bisporus extract exhibited better
antimicrobial activity compared to other mushroom species especially against
Gram-positive bacteria (Table 4.1).

Fig. 4.1 Agaricus
bisporus (J.E.Lange)
Imbach Photo by: Ivanka
Milenkovi¢
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Table 4.1 Antimicrobial activity of selected edible mushrooms
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Mushroom

Type of extract

Antimicrobial activity

References

Agaricus bisporus
(J.E.Lnge) Imbach

Methanolic

antibacterial

17 4-23mm

Abah and Abah (2010),
Ozturk et al. (2011),
Sharma et al. (2015),
Waithaka et al. (2017))

antifungal

1Z 8-21mm

Ozturk et al. (2011),
Sharma et al. (2015),
Waithaka et al. (2017)

Acetone

antibacterial

17 10-17.77mm

Sharma et al. (2015)

Agaricus blazei Murill

Methanolic

antibacterial

MIC 0.1-2.3 mg/mL

antifungal

MIC 0.1-1.25 mg/mL

Ethanolic

antibacterial

MIC 0.04-1.15 mg/mL

antifungal

MIC 0.15-3.125 mg/mL

Stojkovic et al. (2014)

A. campestris L.

Methanolic

antibacterial

MIC 0.58-2.34 pg/mL

antifungal

MIC 0.39-6.25 pg/mL

Ethanolic

antibacterial

MIC 0.03-2.34 pg/mL

antifungal

MIC 0.1-3.12 pg/mL

A. macrosporus (F. H.
Moller & Jul. Schff)
Pilat

Methanolic

antibacterial

MIC 0.4-1.15 pg/mL

antifungal

MIC 0.4-3 pg/mL

Ethanolic

antibacterial

MIC 0.35-1.7 pg/mL

antifungal

MIC 0.5-2.34 pg/mL

A. bitorquis (Quelet)
Sacc.

Methanolic

antibacterial

MIC 0.29-2.34 pg/mL

antifungal

MIC 0.78-3.12 pg/mL

Ethanolic

antibacterial

MIC 0.23-1.17 pg/mL

antifungal

MIC 0.39-3.12 pg/mL

Glamoclija et al. (2015)

(continued)
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Table 4.1 (continued)

Mushroom

Type of extract

Antimicrobial activity

References

Coprinus comatus
(O.F.Miill.) Pers.

Methanolic

antibacterial

MIC 0.75-3 mg/mL

antifungal

MIC 0.75-3 mg/mL

Stojkovic et al. (2013)

Aqueous

antibacterial

MIC 13-52 mg/mL

antifungal

MIC 13-52 mg/mL

Klan¢nik et al. (2017)

Grifola frondosa
(Dickson: Fries) S. F.
Gray

Hot alkaline

antibacterial

MIC 0.02-2.50 mg/mL

Klaus et al. (2015)

Laetiporus sulphureus
(Bull.) Murill

Methanolic

antibacterial

MIC 0.9-3.6 mg/mL !

antifungal

MIC 1.25-4.5 mg/mL"!

Petrovi¢ et al. (2014b)

Polysaccharide

antibacterial

MIC 0.4-3.1 mg/mL !

antifungal

MIC 0.5-4 mg/mL"!

Petrovic et al. (2014b)

Lentinula edodes(Berk.)
Pegier

Aqueous

antibacterial

MIC 5- >50 mg/mL

17 15-21.2 mm

Hirasawa et al. (1999,
Venturini et al. (2008)

Ethyl acetate

antibacterial

MIC 0.1- 2 mg/mL

Hirasawa et al. (1999)

Chloroform

antibacterial

MIC 0.01- > 1.5 mg/mL

Hirasawa et al. (1999)

Morchella esculenta (L.)
Pers.

Methanolic

antibacterial

MIC 0.02- >10 mg/mL
17 6.16-8.34mm

Heleno et al. (2013)

Ethanolic

antibacterial

MIC 0.8- 50 mg/mL

Dimitrijevic et al. (2015)

Morchella conica Pers.

Methanolic

antibacterial

MIC 0.70-7.5 mg/mL

antifungal

MIC 0.78-12.5 mg/mL

Vieira et al. (2015)

Ethanolic

antibacterial

17 4-29mm

Turkoglu et al. (2006)

Meripilus giganteus
Karst.

Methanolic

antibacterial

MIC 0.012-2.5 mg/mL

17 8.5-17.5 mm

antifungal

MIC 0.025-0.3 mg/mL

Karaman et al. (2010,
Karaman et al. (2014),
Stojkovic et al. (2017)

(continued)
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Table 4.1 (continued)
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Mushroom Type of extract | Antimicrobial activity References
Pleurotus ostreatus Aqueous antibacterial Bawadekji et al. (2017),
(Jacq.: Fr.) Kumm. 1Z 1-30.66 mm Owaid et al. (2017)
antifungal
17 20.66-33.33 mm
Methanolic antibacterial Akyiiz et al. (2010),
MIC 5-8 mg/mL Chowdhury et al. (2015)
17 5-10.5 mm
antifungal
MIC 4mg/mL
1Z 8-15.5 mm
Ethanolic antibacterial Ahmad et al. (2014)
17 6.75-21.83 mm
Ethyl acetate antibacterial Uddin et al. (2015), Roy
17 7.1-13.43 mm etal. (2016)
Hexane antibacterial Uddin et al. (2015)
17 11.09-24.56 mm
Chloroform antibacterial Uddin et al. (2015)
1Z 10-17 mm
Polyporus squamosus Methanolic antibacterial Fernandes et al. (2016),
(Huds.) Fr MIC 0.20-20.4 mg/mL. | Mocan et al. (2018)
antifungal
MIC 0.40-3.13 mg/mL
Ethanolic antibacterial Dimitrijevic et al. (2015)
MIC 6.3-50 mg/mL

MIC- minimal inhibitory concentration, IZ- inhibition zone

In previous studies the extracts of A. bisporus prepared with methyl alcohol
showed antimicrobial activities against some food borne and clinically isolated
pathogenic bacteria, yeasts, and dermatomycetes using the agar well diffusion
method (Table 4.1) (Akyiiz et al. 2010; Abah and Abah 2010). Antimicrobial poten-
tial of A. bisporus extracts isolated from different part of fruit body has been reported
also by Ndungutse et al. (2015). They suggest that the stipes of A. bisporus could be
used as source of natural antimicrobials. Tehrani et al. (2012) examined the effects
of the total protein aqueous extract of the cultivated A. bisporus against
Staphylococcus aureus and methicillin-resistant S. aureus and demonstrated their
significant antibacterial activity.

The freeze-dried extract of ethanol extract of fruiting bodies of A. bisporus
displays activity towards Escherichia coli and S. aureus. Pseudomonas aeruginosa
has proved to be the most resistant strain in bacteria tests (Vamanu 2012).

Chitin and chitosan from A. bisporus are polysaccharides with high molecular
weight. The antimicrobial effect of thisese compounds depends on molecular weight
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and their activity is based on decreasing bacterial adhesion to the culture medium
(Rajewska and Batasifiska 2004).

The antimicrobial activities of methanolic and ethanolic extracts of fruiting bod-
ies of A. bisporus and A. brasiliensis were assessed and compared. A. brasiliensis
revealed the highest antioxidant potential, and its ethanolic extract displayed the
highest antibacterial potential, while the methanolic extract of A. bisporus revealed
the highest antifungal activity. The eight Gram-positive and Gram-negative bacteria
and eight micromycetes were used in order to investigate the antimicrobial activity
of mushroom extract in vitro by the microdilution method. The ethanolic extract of
both species was tested in situ for inhibition of Listeria monocytogenes growth in
yoghurt. A. brasiliensis ethanolic extract proved to be more efficient than that of
A. bisporus in controlling L. monocytogenes growth (Stojkovi¢ et al. 2014).

The extracts isolated from three wild Agaricus species collected from Serbia
showed antimicrobial and anti-quorum sensing (AQ) properties. Sub-inhibitory
concentrations of the ethanolic extracts demonstrated reduction of virulence factors,
AQ inhibition zones, twitching and swimming motility of the bacteria. The biofilm
forming ability of P. aeruginosa PAO1 was also reduced in a concentration-
dependent manner at sub-MIC values. Extracts of A. bisporus possessed the lowest
antibacterial activity compared to other mushroom species. Ethanolic extracts of all
the tested species showed once more the highest antifungal activity. The methanolic
and ethanolic extracts of the tested Agaricus species are a promising source of anti-
microbial and antiquorum sensing compounds (Glamoclija et al. 2015).

Sharma et al. (2015) and Waithaka et al. (2017) has been investigating the anti-
microbial properties of Agaricus bisporus by the agar disc diffusion method by
testing a panel of pathogens: Escherichia coli, Staphylococcus aureus, Pseudomonas
aeruginosa, Enterococcus faecalis, Streptococcus pneumonia, Proteus vulgaris,
Candida albicans, Aspergillus niger, Fusarium oxysporum, Ustilago maydis,
Microsporum gypseum and Malassezia furfur (Table 4.1). The extracted metabolites
did not inhibit the growth of Gram-positive bacteria.

Atila et al. (2017) published a study determinating the antimicrobial activity of
Agaricus bisporus with special emphasis on combining the use of A. bisporus exc-
tract with silver nanoparticles (AgNPs). Sudhakar et al. (2014) combined the use
of the AgNPs with the A. bisporus extract using a different method. They suggested
that A. bisporus-AgNPs may have an important advantage over conventional antibi-
otics. Ul-Hagq et al. (2015) determined that combinig AgNPs with A. bisporus extract
have shown a higher zone of inhibition against Methicillin-Resistant Staphylococcus
aureus strains compared to other medicinal mushrooms. The same authors deter-
mined the synergistic effect of A. bisporus-AgNPs with gentamicin and ceftriaxone
on selected bacteria. Mirunalini et al. (2012) where investigated the antibacterial
activity of the synthesized A. bisporus - AgNPs against Gram-positive bacteria like
S. aureus and Gram-negative bacteria S. typhimurium, Proteus sp., Enterobacter sp.
and Klebsiella sp. (Dhanasekaran et al. 2013).

These studies have shown that edible mushroom A. bisporus is a promising
source of new therapeutics against many diseases.
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4.2.1.2 Antimicrobial Activity of the Lentinula edodes

Lentinula edodes (Berk.) Pegier (shiitake) is the most cultivated species of mush-
rooms worldwide being the world’s second largest cultivated fungi (Li and Hu
2014). L. edodes is called a medicinal mushroom for its long traditional use in espe-
cially in oriental medicine. (Bisen et al. 2010). Various extracts and isolated com-
pounds of this mushroom are presented in the list together with ther notable
pharmacological properties (Finimundy et al. 2014).

Extracts of L. edodes possessed antimicrobial activity towards pathogenic fungi,
Gram-positive and Gram-negative bacteria, as well as antiviral activity. Ethyl ace-
tate extract of this species was observed for several bacteria: S. aureus, B. subtilis,
Bacillus cereus, and S. epidermidis. Water extract of this species exhibited notable
activity against MRSA strain. Streptococcus pyogenes was shown to be susceptible
to the effect of chloroform extract of L. edodes. Strong bactericidal potential on
Streptococcus mutans was also recorde (Alves et al. 2012b). Rincao et al. (2012)
investigated antiviral activity of L. edodes ethanol, aqueous extracts, and a polysac-
charide towards bovine herpes virus type 1 and poliovirus type 1.

Lentinan a polysaccharide isolated from the shiitake mushroom is one of the
most medically important compounds. It was shown that it is active against Listeria
monocytogenes and Mycobacterium tuberculosis (Ooi and Liu 2000). Oxalic acid is
a compound obtained from L. edodes that was responsible for bacteriostatic effects
against Bacillus megaterium, S. pyogenes and S. aureus (Nikitina et al. 2007).
Lentin, a protein isolated from this species was able to inhibit growth of mycelia in
various microfungi species including Botrytis cinerea, Mycosphaerella arachidicola
and Physalospora piricola (Ngai and Ng 2003).

Lentinan was able to enhace host resistance to bacterial, fungal and viral infections
including AIDS as studied by Chihara (1992). Lentinan also reduced the toxicity of
a drug commonly used to treat HIV and AIDS patients. There is ongoing research
on lentinan activity towards suppression of symptoms arised in patients suffering
from HIV virus infection.

Bactericidal activity against Prevotella intermedia and Streptococcus mutans was
confirmed for ethyl acetate and chloroform extracts of shiitake mushroom (Hirasawa
et al. 1999) (Table 4.1) A cyclic organosulfur compound namely lenthionine, that is
partially responsible for the specific taste of shiitake, showed bacteriostatic effects on
Bacillus subtilis, S. aureus, and Escherichia coli (Hatvani 2001).

The antibacterial activity of L. edodes against B. subtilis was evaluated in cell-
free filtrates obtained after growth in 14 different culture media (Hassegawa et al.
2005). The antimicrobial activity of aqueous, ethyl acetate, hexane and methanol
extracts from wild growing and cultivated samples of L. edodes was recorded in
disk-diffusion assay against nine foodborne pathogenic bacterial strains. Aqueous
extracts from L. edodes had the highest antimicrobial activity in one study where
48 species was tested against various bacteria (Table 4.1) (Venturini et al. 2008).

It has been reported that extracts of shiitake possess antibacterial activity enhanc-
ing host immunity against infections (Hearst et al. 2009). Rao et al. (2009) identified
34 compounds namely new antimicrobial metabolites in shiitake mushroom, as a
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result of the demonstration of its antibacterial and antifungal activity. The lower level
of activity of polar compounds in water-soluble extracts indicated that the antibacte-
rial properties of shiitake mushrooms may have arisen largely from less polar organic
compounds and the data also suggest that the higher activity may be due to the
presence of disulphides, lenthionine compounds in the organic extracts. Fungal
metabolite bostrycoidin has been shown to possess antimicrobial activity against
M. tuberculosis in vitro.

It has been shown that the extract of L. edodes inhibits oral pathogenic bacteria
which were marked as main causative agents of of gingivitis (Lingstrom et al. 2012;
Ciric et al. 2011). According to Spratt et al. (2012) the fraction of low molecular
weight compounds isolated from L. edodes aqueous extract had potential activity
against oral pathogens in vitro. Concerning all previous studies on L. edodes it could
be concluded that this mushroom presents magnificent source of antimicrobial com-
pounds that could be further used in medical practice, after detailed preclinical and
clinical studies.

4.2.1.3 Antimicrobial Activity of the Pleurotus ostreatus

Pleurotus is a genus of wood-rotting fungi which became one of the most cultivated
species throughout the world; with oyster mushroom being the third most produced
species on the industrial level, after Agaricus and shiitake (Chang 2006).

P. pulmonarius, P. ostreatus, P. djamor and P.eryngii are species that are usually
cultivated for a larger industrial production (Gargano et al. 2017).

Pleurotus ostreatus was to be active against single and multi-drug resistant
bacterial strains of S. aureus, Staphylococcus epidermidis and E. coli (Akyiiz
et al. 2010) and was shown to possess antifungal activity on Candida species
(Wolff et al. 2008). Pleurotus spp. methanol extracts possessed activity on different
microorganisms including: Bacillus megaterium, E.coli, Klebsiella pneumoniae,
S. aureus, C. glabrata, C. albicans, Epidermophyton and Trichophyton (Table 4.1)
(Akyiiz et al. 2010).

Antimicrobial activity of P. ostreatus extracts was depended on the polarity of
solvents used for the extraction; petroleum ether extract was more active against Gram
negative bacteria when compared to the activity of acetone extract (Iwalokun et al.
2007). Petroleum ether and acetone extracts of P. ostreatus were effective against
B. subtilis, E. coli and S. cerevisiae. The study Nehra et al. (2012) was designed to
evaluate the antimicrobial potential extracts fruiting body powder of P. ostreatus differ-
ent polarity (benzene, chloroform, acetone, ethanol, methanol and distilled water)
tested in agar well diffusion assay. The extracts effectively inhibited the growth of
Gram-positive four and seven Gram-negative species of bacteria. Among the microor-
ganisms tested, P. aeruginosa, Aeromonas hydrophila, S. aureus and S. typhimurium
were found to be more susceptible to the extracts as compared to the other microbes.

The study Oyetayo and Ariyo (2013) antimicrobial properties of P. ostreatus
cultivated on three different substrates carried out by the agar diffusion method. The
ethanol, water and methanol extracts of P. ostreatus are also effectively inhibited the
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growth of a large number of pathogenic microorganisms. Uddin et al. (2015) have
shown that a water extract of the cultivated sample P. ostreatus effective to inhibit
growth of B. cereus, B. subtilis, and P. aeruginosa (Table 4.1).

Gemmotherapic extract of P. ostreatus was investigated for its antimicrobial
activity against the following bacteria: B. cereus var. mycoides, B. subtilis, P. aeru-
ginosa, Serratia marcescens and Streptococcus faecalis by using the well diffusion
assay. The extract was prepared from young parts of P. ostreatus, in accordance with
gemmotherapic principles. The extract had a significant inhibitory activity against
B. cereus var. mycoides and B. subtilis (Pauliuc and Dorica 2013).

The antimicrobial potential of ethanol extract of P. ostreatus was tested for anti-
microbial potential against Gram-negative bacteria (Agrobacterium tumifaciens,
E. coli, Erwinia carotovora K. pneumonia, P. aeroginosa and S. typhi), Gram-
positive bacteria (B. atrophaeus, B. subtilis and S. aureus) and a fungus (C. albi-
cans). The results of antimicrobial tests were compared with the activitz of standard
therapeutic antibiotic drugs. E. coli was not susceptible to the effect of the ethanol
extract which was exhamined (Table 4.1) (Ahmad et al. 2014).

The antimicrobial activity of methanolic extract P. ostreatus was determined by the
agar well diffusion method. The oyster mushroom has a broad-spectrum of antibacte-
rial and antifungal activity against B. subtilis, E. coli, K. pneumonia, P. aeruginosa,
S. aureus and S. typhi and fungal species Saccharomyces cerevisiae and C. albicans.
S. cerevisiae and C. albicans were found to be very susceptible to the effect of the
extract, while P. aeruginosa was more resistant to mushrooms extract when compared
with other microbial species investigated (Table 4.1) (Chowdhury et al. 2015).

Ethyl acetate extract of the P. ostreatus is tested for their in vitro growth inhibi-
tory activity against five Gram-positive bacteria, five Gram-negative bacteria and
three fungi by disc diffusion method using. The extract of P. ostreatus has moderate
antibacterial effect and no antifungal activity was observed on the experimental
fungi (Table 4.1) (Roy et al. 2016).

Antimicrobial effect depends on the nature of solvent in which fungal material
were dissolving to make test samples. The ability of P. ostreatus (methanolic extract
obtained from commercially cultivated fruiting bodies) to reduce in vitro growth of
selected pathogenic microorganisms — causative agents of chronic diseases: P. aeru-
ginosa, Aspergillus niger and A. fumigatus is presented by Petrovi¢ et al. (2016).
The Gram negative bacteria P. aeruginosa was inhibited strongly. As for the antifun-
gal activity, the extract possessed prominent antifungal effect on wide variety of
Aspergillus species — common causative agents of aspergillosis.

The screening of 20 strains of P. ostreatus from a bank of edible mushrooms bought
from international strain banks in the order to detect activity could possess health
benefit related properties; 13 strains of have been cultivated on different wood logs;
six strains of oyster mushroom were able to produce sporocarps. The bacteriostatic/
bactericidal activity from dried mushrooms in water extracts investigated against the
model microorganisms S. aureus and P. aeruginosa (Parola et al. 2017).

The Bawadekji et al. (2017) investigated antifungal and antibacterial potential of
cold crude extract of basidiocarps of P. ostreatus against five bacterial strains and fun-
gus Candida albicans. All strains were tested by well diffusion technique. Crude
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extract of P. ostreatus fruiting bodies showed an important zone of inhibition only
toward C. albicans, P. aeruginosa and S.aureus (Table 4.1). The fruiting body powder
of P. ostreatus was extracted with ethanol by using the agar well diffusion technique
and tested for their antifungal activity against six fungi: A. fumigatus, Aspergillus fla-
vus, Humicola grisea, Penicillium chrysogenum, Sporotricum carnis and Thermoascus
aurantiacus. The extract of P. ostreatus showed the maximum inhibition against
P. chrysogenum and minimum against A. flavus (Kumar and Yadav 2014).

The antifungal activity P. ostreatus and three other Pleurotus species were tested
against three fungal pathogens: Pythium sp., Trichoderma harzianum and Verticillium
sp. by using in vitro disc diffusion method. The most sensitive species was shown to
be 7. harzianum - an important plant pathogen (Table 4.1) (Owaid et al. 2017).

4.2.2 Antimicrobial Activity of Selected Wild Edible
Mushrooms

Edible wild mushrooms are considered as a source of bioactive compounds, espe-
cially phenolic compounds and nutrients. Over the past years, many wild growing
mushrooms have been explored in order to demonstrate their diverse biological
activity precisely because of their potential uses as functional food and/or in medical
purposes (Heleno et al. 2015; Sokovi¢ et al. 2017). Bacterial and fungal infections
represent the global problem for human health. During time, many bacteria have
developed resistance to some commercial antibiotics and therefore we investigated
antimicrobial potential of wild edible mushrooms which can help us in battle against
pathogenic microorganisms. The following text will described some of the wild
species that have a significant antimicrobial activity and some of them, in addition to
numerous other roles, also have hepatoprotective activity.

Aqueous extract of A. blazei Murill (Agaricus brasiliensis) showed antibiofilm
and QS activity against P. aeruginosa (Sokovi¢ et al. 2014), while is proven for
methanolic and etanolic extracts to have antimicrobial effect against Gram positive
(B. cereus, , Micrococcus flavus, S. aureus, L. monocytogenes), Gram negative (P.
aeruginosa, Salmonella typhimurium, Enterobacter cloacae, E. coli) bacteria and
some fungal species (A. fumigatus, Aspergillus ochraceus, Aspergillus versicolor, A.
niger, Penicillium funiculosum, Penicillium ochrochloron, Penicillium verrucosum
var. cyclopium, Trichoderma viride) (Table 4.1) (Stojkovi¢ et al. 2014). Also,
Glamoclija et al. (2015) reported antimicrobial activity of extracts of other species
from genus Agaricus against above mentioned bacteria and fungi (Table 4.1).

Coprinus comatus (O.F.Miill.) Pers., shaggy ink cap, (Fig. 4.2), is mushroom
with wide range of biological activity (hypoglycemic, hypolipidemic, immunomod-
ulatory, antitumor, antioxidant and antibacterial potential) (Yu et al. 2009). It’s
reported antibacterial and antifungal activity of wild C. comatus methanolic and
aqueous extracts against ten bacteria, eight molds and one yeast species (Table 4.1)
(Stojkovi¢ et al. 2013; Klancnik et al. 2017). Other species from the same genus,
Coprinus atramentaria, also showed antibacterial activity (Khan et al. 2016).
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Fig. 4.2 Pleurotus
ostreatus (Jacq.: Fr.)
Kumm. Photo by: Ivanka
Milenkovi¢

Hot alkalis extract and partially purified polysaccharides from fruiting bodies of
Grifola frondosa (Dicks.) Gray (Fig. 4.2), inhibited growth of nine ATCC isolates
(Table 4.1) (Klaus et al. 2015). He et al. (2010), described that polysaccharides can
cause damage on the cell wall and cytoplasm membrane which can results in cell death.

Laetiporus sulphureus (Bull.) Murill (Fig. 4.2) is well known edible mushroom
rich with polysaccharides, proteins, fibers, etc. (Khatua et al. 2017). Many research-
ers investigated biological activity of this mushroom and proved that L. sulphureus
have antioxidant and antimicrobial activity, hypoglycemic and hepatoprotective
effect (Sokovi¢ et al. 2018). Antimicrobial activity of different types of extracts was
reported (Table 4.1) (Petrovi¢ et al. 2014b). Methanolic and polysaccharide
exctracts showed the best inhibitory activity against S. typhimurium, S. aureus,
P. ochrochloron and A. ochraceus (Petrovi¢ et al. 2014b). Extracts obtained from
different solvent, posessed good activity against pathogenic microorganisms,
despite on extraction methodology (Petrovi¢ et al. 2014a).

Methanolic extract of Meripilus giganteus (Pers.) P. Karst. (Fig. 4.2) exhibited
antioxidant, antitumor and antimicrobial activity (Karaman et al. 2014; Stojkovi¢
et al. 2017). Antimicrobial activity was examinate by microdilution method
(Table 4.1) and showed that the most sensitive bacteria and fungi were S. aureus, B.
cereus and A. versicolor, P. funiculosum (Stojkovi¢ et al. 2017). While, other
authors, exanimate only antibacterial activity of methanolic extracts originating
from Serbia, against large number of bacteria, by the same methods (Table 4.1) and
showed that the most sensitive bacteria were Salmonella enteritidis (by disk diffu-
sion method) and S. aureus and B. subtilis (by microdillution method) (Karaman
et al. 2010; Karaman et al. 2014).

Morchella esculenta (L.) Pers. (Fig. 4.2) is highly appreciated wild edible mush-
room. Morel extracts demonstrated antimicrobial, antioxidant, anti-inflammatory,
hepatoprotective, and antitumor activities (Mau et al. 2004; Nitha et al. 2007; Alves
et al. 2012a; Nitha et al. 2013; Heleno et al. 2013; Dimitrijevic et al. 2015). Steroids
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as well as polysaccharides isolated from this mushrooms showed high in vitro anti-
oxidant potential, while galactomannan demonstrated immunostimulatory activities
(Duncan et al. 2002). Heleno et al. (2013) reported antibacterial activity of metha-
nol extract from wild species M. esculenta collected in Portugal and Serbia, against
five bacteria by disk diffusion and broth dillution methods (Table 4.1). Extract
showed the best activity against S. aureus. Besides antibacterial effect, same authors
demonstrated demelanizing activity of methanolic extracts against A. fumigatus,
A. flavus, P. funiculosum, P. ochrochloron (Heleno et al. 2013).

Ethanolic extract showed slightly weaker activity than methanolic (Table 4.1)
with the best activity against K. pneumoniae (Dimitrijevic et al. 2015). Methanolic
extracts of fruiting bodies Morchella conica Pers. (Fig. 4.3) from different regions
demonstrated antimicrobial potential against various bacteria and fungi. The highest
antibacterial potential, extracts showed against B. cereus, and the highest antifungal
potential was archived against 7. viride (Vieira et al. 2015). Turkoglu et al. (2006)
demonstrated antibacterial activity of ethanolic extract of M. conica, with the stron-
gest activity against M. flavus.

Polyporus squamosus (Huds.) Fr. (Fig. 4.3), edible mushroom commonly used
as spice, but also has been shown to possess antioxidant (Akata et al. 2012),
immunomodulating (Babakhin et al. 1996), antimicrobial, antibiofilm and anti-
quorum sensing activities (Fernandes et al. 2016; Mocan et al. 2018). The antimi-
crobial activity of different types of extract of wild edible P. squamosus from
different regions was investigated. Methanolic extracts from Serbia and Portugal
exhibited better antibacterial potential (MIC range 0.20-3.13 mg/mL), than the one
from Romania (MIC range 0.61-20.4 mg/mL) (Table 4.1) (Fernandes et al. 2016;
Mocan et al. 2018). Methanolic extracts originating from Serbia and Portugal
mushrooms showed antifungal activity, with A. versicolor as the most sensitive

Fig. 4.3 (a) Agaricus macrosporus (FH. Mgller & Jul. Schiff.) Pilat; (b) Coprinus comatus
(O.EMiill.) Pers.; (¢) Grifola frondosa (Dicks.) Gray; (d) Laetiporus sulphureus (Bull.) Murill; (e)
Meripilus giganteus (Pers.) P. Karst.; (f) Morchella esculenta (L.) Pers.; (g) Morchella conica
Pers.; (h) Polyporus squamosus (Huds.) Fr.. Photos by: Jasmina Glamoc¢lija
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isolate (Fernandes et al. 2016). Etanolic extract from wild P. squamosus, collected
in Serbia showed moderate antibacterial activity (Table 4.1), with S. aureus as the
most sensitive species (Dimitrijevic et al. 2015).

4.3 Hepatoprotective Activity of Edible Mushrooms

In many countries (dates back thousands of years), natural products were used in
prevention and/or treatment of different liver diseases (Zhang et al. 2013). There are
treatments for most of the liver diseases, but many types remain untreatable and one
of the reasons can be emergence of drug resistance. It has been shown that many
mushroom extracts possess hepatoprotective activities (Soares et al. 2013a). In the
near future, the new strategy for the prevention and/or treatment of liver diseases
through applications of mushroom extracts can be developed.

4.3.1 Antioxidant Properties of Compounds from Edible
Mushrooms and their Hepatoprotective Activity

The drugs and toxins could be a reason for accumulation of reactive oxygen spe-
cies (hydrogen peroxide, hydroxyl radical, and superoxide) in hepatocytes, induc-
ing tissue injury (Poli 1993). Metabolism of normal cells produces reactive oxygen
and nitrogen species and normally host cells are protected from oxygen derived
radical injury by antioxidants and free radical scavengers, but in liver diseases,
redox potential is increased, thereby damaging the hepatic tissue. (Coskun et al.
2005; Muriel 2009).

Antioxidants play a vital role in hepatoprotective capability by scavenging
free radicals. For this reason, the exploration of substances of natural origin with
antioxidant property has become a fundamental focus of the study of hepatoprotection
these days. Numerous reports on edible mushrooms have presented the chemical,
nutritional, and medicinal characteristics and demonstrated the presence of com-
pounds with antioxidant activity isolated from, mycelium and fruiting bodies.
Ascorbic acid, carotenoids, tocopherols and phenolics which has been isolated from
the different species of mushrooms are compounds for which it is shown to increase
the antiviral and antihypercholesterolaemic activity, and meliorate the toxic effect
of radio- and chemotherapy (Ferreira et al. 2009; Reis et al. 2012; Staji¢ et al. 2013;
Tel et al. 2015; Kozarski et al. 2015; Sanchez et al. 2017b).

Numerous wild mushrooms have antioxidant activity, which is associated with
their phenolic content (Ferreira et al. 2009). There are limited numbers of in vivo
studies about the antioxidant potential of mushrooms, because the most of studies
used in vitro assays. Gan et al. (2013), presented antioxidant effect of total flavonoid
content (TFC) and total phenolic content (TPC) of A. bisporous and A. brasiliensis
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in aqueous and 60% ethanol extract in vitro. Results showed that ethanol extract of
mushrooms possess high antioxidant activity due to presence of phenolics. Liu et al.
(2013) reported a in vitro study in which A. bisporus ethanolic extract was found to
have moderate hydrogen peroxide scavenging activity and strong superoxide,
hydroxyl, 2,2- diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity and
reducing power. In vivo antioxidant assays were performed with A. bisporus etha-
nolic extract for 30 days via gavage. Ethanolic extract significantly enhanced the
activities of antioxidant enzymes in livers, hearts and serums of mice.

Several authors evaluated the antioxidant activity of mushroom extracts isolated
by dichloromethane, cyclohexane, methanol, ethanol, and water from A. bisporus,
P. ostreatus, Boletus edulis, Cantharella cibarius and Lactarius piperatus (Barros
et al. 2008b; Keles et al. 2011) and were assessed by a-diphenyl-p-picrylhydrazyl
(DPPH), oxygen radical absorbance capacity (ORAC), ferric reducing antioxidant
power (FRAP), and 2,2'-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS)
methods. To evaluate the TPC of the selected species Folin—Ciocalteu test was per-
formed (Arnao et al. 2017).

Antioxidant activity of mushroom extracts and dry mushroom substances
sequentially isolated by methanol, dichloromethane, cyclohexane, and water from
A. bisporus, Phaeolus schweinitzii, P. ostreatus, Inonotus hispidus, Tricholoma
caligatum, Tricholoma columbetta, Xerocomus chrysenteron and Hydnellum ferru-
gineum, were evaluated by ABTS p scavenging capacity, DPPH, FRAP, ORAC, and
FolineCiocalteu TPC methods. The highest antioxidant capacity values were found
for methanolic fractions of I. hispidus and P. schweinitzii. Extracts from other spe-
cies had lower antioxidant activity (Smolskaite et al. 2015).

Recent published data revealed total polyphenols content for thirteen frequently
consumed mushroom species from Poland. Concentration of flavonoids, polyphenols,
[-carotene, lycopene and their reducing power and ability to scavenge ABTS cation
radical in aqueous and methanolic extracts of dried fruiting bodies were determined.
Robaszkiewicz et al. (2010) founded that the concentration of antioxidants varies
depending on the species and parts of the fruiting body. Authors observed a strong cor-
relation between the total phenolics and reducing power/scavenging effects in both
types of extracts, while for flavonoids this correlation was moderate. Lycopene had a
significant contribution to the scavenging activity of methanolic extracts while
[-carotene didn’t contribute to the antioxidative activity of the extracts- (Robaszkiewicz
et al. 2010). Other authors shown that the scavenging activity depends on the harvest-
ing stage and climate soil (Heleno et al. 2013; Smolskaite et al. 2015).

Dimitrijevi¢ et al. (2016) described antioxidant properties of six wild mushrooms:
Boletus edulis, B. impolitus, B. regius, Leccinum pseudoscaber, Lactarius delicio-
sus and L. volemus which were collected in Serbia. The antioxidant properties were
determinated through the evaluation of the radical scavenging ability and reducing
power of the samples. The B. regius sample showed the highest, while the L. volemus
sample showed the lowest scavenging and reducing power activity.

Due to their bioactive compounds, cultivated or wild edible mushrooms have
been related to significant antioxidant properties.
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4.3.2 Effects of Bioactive Compounds Isolated from Edible
Mushrooms in Control of Cholesterol and Triglycerides

Major causes of death across many industrialized countries are cardiovascular dis-
eases. Mensink et al. (2003) have underlined that cardiovascular diseases have a
multifactorial aetiology being mostly caused by atherosclerosis, and have identi-
fied potential risk biomarkers such as high blood pressure, oxidative damage, lipid
and lipoprotein metabolism, haemostatic function, and metabolism of homocyste-
ine. The edible mushrooms as a healthy food that could be used as protective agents
in mentioned diseases received attention of scientists and consumers. Also other
properties of the mushrooms, such as anti-inflammatory, hypocholesterolemic and
hypoglycemic which result in the prevention of cardiovascular diseases have also
been attributed to them (Guillamén et al. 2010; Valverde et al. 2015).

In many examinations of cholesterol lowering properties of edible mushrooms
(Auricularria polytricha, A. bisporus, L. edodes, Flammulina velutipes and P. ostrea-
tus) the hypocholesterolemic activity has been reported (Guillamén et al. 2010). The
beneficial effects of edible mushrooms, particularly of P. florida, P. sajor-caju and P.
ostreatus were investigated on normocholestolemic and hypercholesterolemic animal
models. Hypercholesterolemic rats were feeding with 5% of oyster mushroom pow-
der which led to significant repression of the increment of plasma cholesterol in rats
(Alam et al. 2009). Animal studies were focused on the examination of the hypocho-
lesterolemic effect of P. ostreatus, oyster mushroom especially, which revealed a sup-
pression of the activity of HMG-CoA reductase and inhibition of lipid peroxidation in
hypercholesterolemic and normocholestolemic conditions. The lovastatin can be
found in large amounts in the fruiting bodies of different cultured Pleurotus species.
Therefore, for consumption as a natural cholesterol-lowering agent could be recom-
mended mature fruiting bodies of P. ostreatus, but a lovastatin as a drug was
approved by FDA in 1987. Some inhibitors of HMG-CoA reductase have been isolated
from different mushrooms, such as meviolin from Pleurotus spp. and eritadenine
from L. edodes (Guillamén et al. 2010).

Mevinolin (a statin polysaccharide), is a known pharmacological inhibitor of the
HMG-CoA reductase. A high amount of mevinolin has been found in P. ostreatus
fruiting bodies, but also in sporocarps of P. eryngii and P. cornucopiae. Also, the
mycelia from three Pleurotus species (P. ostreatus, P. saca and P. sapidus) produced
mevinolin (Guillamén et al. 2010). The shiitake mushroom L. edodes can lower free
cholesterol in plasma and blood pressure, as well as accelerate accumulation of
lipids in the liver, by removing them from circulation. The shiitake is able to lower
blood serum cholesterol via a factor known as eritadenine (lentysine, lentinacin).
Mechanism of action is the acceleration of excretion of ingested cholesterol and its
metabolic decompositions. Wasser and Weis (1999) shown that the eritadenine
reduces serum cholesterol in animals. A diet containing 5% shiitake fruiting bodies
given to hypercholesterolemic rats, reduced plasma total lipids, phospholipids, cho-
lesterol, triglycerides, low-density lipoprotein (LDL), and the high-density lipopro-
tein (HDL) (Yoon et al. 2011). Enman (2007) demonstrated that the shiitake
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mushrooms can lower the serum cholesterol in humans; giving them 90 g of fresh
shiitake daily per week.The serum cholesterol was lowered by 12%.

Xu et al. (2007) demonstrated that the 5% chitosan from A. bisporus treatment
despite a greatly increased intake of cholesterol, moderate cholesterol metabolism
in rats. In clinical research on human volunteers, it was founded that the other spe-
cies of this genus, A. brasiliensis, decreased body mass index, body weight, blood
glucose level blood cholesterol level, and percentage body fat, visceral fatand neu-
tral fat level, and reduced obesity thus activated the immune function and normal-
ized liver function in people with poor health (Liu et al. 2008).

The data presented in the study of Jeong et al. (2010), the A. bisporus fruiting
bodies shown a positive influence on liver function and lipid metabolism on rats.
The rats were under the hypercholesterolemic diet and the other group of rats was
with type 2 diabetes which was induced by streptozotocin. Animals were treating,
orally, with the A.bisporus powder (200 mg/kg of body weight) per three weeks.
Based on studies of the other mushrooms, the cholesterol- and glucose- lowering
effects of A. bisporus are probably the result of a number of mechanisms involving
dietary fibers and other active components from mushroom which can act individu-
ally or in combination.

Caz et al. (2016) investigated the hypocholesterolemic activity of lard function-
alized (LF) with mushroom extracts and examined influence of the LF on transcrip-
tional mechanisms involved in metabolism of cholesterol. Their research suggest
that LF may have potential as a dietary supplement for neutralizing diet-induced
hypercholesterolemia and may be a source for the development of novel functional
foods with low cholesterol-levels.

The analysis the influence of some hypocholesterolemic compounds obtained
from edible mushrooms and the molecular reactions occurring during synthesis and
absorption of cholesterol suggested that the hypocholesterolemic effect of extracts
could be due to transcriptional and post-transcriptional modulations besides other
side effects. In vitro and in vivo studies indicated that the mushroom extracts
(B-glucans and other water-soluble compounds) and fungal sterols down-regulated
genes involved in homeostasis of cholesterol also stimulated transcriptional profiles
on the similar way like some hypocholesterolemic drugs (Gil-Ramirez et al. 2018).

4.3.3 Hepatoprotective Activity of Edible Mushrooms
Against Experimentally Induced Liver Injury

Injury of the liver associated with damaged liver function caused by using of drug or
another non-infectious agent could be defined as hepatotoxicity. Agents may cause
changes in antioxidant enzyme systems and activity of some liver enzymes: alanine
transaminase, aspartate aminotransferase, alkaline phosphatase and can affect the
bilirubin concentration in blood (Navarro and Senior 2006). Despite of increasing
demand to protect liver, modern medicine still needs reliable drugs and searc for it
(Lu et al. 2017) and this is a great challenge and acute liver injury and its protection
are unexplained field in clinical medicine (Auzinger and Wendon 2008).



100 J. Glamoclija et al.

A B
*Metabolism of carbohydrates, proteins Hepatic steatosis
and fat Hepatitis
=Storage of vitamins and iron Cirrhosis
*Bilirubin metabolism Alcoholic liver disease,
*Ammonia conversion to urea etc.
*Metabolism of alcohol and drugs
*Production of blood plasma proteins
*Immunological effects

C

Agaricus bisporus

A. blazei

Grifola frondosa
Lentinus edodes
Oudemansiella radicata
Pleurotus ostreatus

Fig. 4.4 (a) Liver functions; (b) Liver diseases; (c) Selected edible mushrooms with hepatopro-
tective activity. Picture of liver is downloaded from: smart.servier.com

In a long history and experience of using natural products in Japan and China,
edible mushrooms treatment of a variety of diseases showed very little side effects
and this practise has low cost (Zhu 2009). Therefore, exploring of this new strategy
of prevention and treatment of liver diseases with different mushrooms species
become intensive among scientists (Fig. 4.4).

In the study Ooi (1996) the hetatoprotective activities of water extracts obtained
from cultured mycelia or fruit bodies of seven edible mushroom species Volvariella
volvacea, L. edodes, Flammulina velutipes, Auricularia auricula, Tremella fucifor-
rnis, G. frondosa and Tricholoma lobayense were tested in vivo experiments in rats,
toward paracetamol-induced liver damage. The extracts of the L. edodes and G.
frondosa possessed a great hepatoprotective potential administered at both doses
(100 mg/kg and 300 mg/kg body weight) while T lobayense showed hepatoprotective
effect at dose of 300 mg/kg. All the other species of mushrooms did not have effect
on enzyme activities of serum transaminases that are measured in the blood.

The activity of aqueous extract obtained from A. blazei was tested as a pre-
treatment on paracetamol injuried rats (e.g., levels of enzymes were measured in
the plasma) and in terms of metabolic and functional index (e.g. gluconeogenesis).
A. blazei extract possessed a little or it doesn’t showed protective potential at all at
the paracetamol injury in the hepatic tissue (Soares et al. 2013b).

Selective hepatotoxic synthetic agent, carbon tetrachloride (CCl,) represents one
of the most used toxins in experimentally induced liver fibrosis in laboratory ani-
mals. In liver, CCl, is activated by oxidases in endoplasmic reticulum and then form
CCl; radical which combines in the presence of oxygen, with cellular protein and
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lipid and could induce lipid peroxidation though hydrogen abstraction. The results
of this are changes of structures of endoplasmic reticulum or other membranes and
loss of metabolic enzyme activation leading to damage and lossing of liver function
(Sherry et al. 2018). The several mushroom crude extracts used testing the impact
carbon tetrachloride as hepatotoxic agents: A. blazei (A.brasiliensis), Armillariella
tabescens, Macrocybe gigantea, M. esculenta, Calocybe indica, C. comatus,
Ganoderma lucidum, G. tsugae, P. ostreatus, P. cornucopiae, Phellinus rimosus
(Soares et al. 2013a). However, there are no many data about its protective effects
on liver function.

Wau et al. (2011) employed CCl, to provoke hepatic fibrosis at rats and to exam-
ine the protective potential of low (200 mg/kg) and high dose of (2000 mg/k) A.
brasiliensis extract on the liver. They concluded that high-dose of AB treatment
showed lower hepatic necrosis and fibrosis induced by CCl, in comparison with the
control animals.

Pleurotus genus comprises approximately 40 species (Patel et al. 2012). Extract
of Pleurotus spp. could influence ameliorate or abrogate CCl-induced liver injury
in rats. In the study Jayakumar et al. (2006), acute hepatotoxicity at Wistar rats
was induced by intraperitoneal administration of CCl,. Hepatotoxicity was
noticed as direct evidence in the occurrence of alterations in serias of hepatic
parameters. The ethanol extract of P. ostreatus was administered in a concentration
of 200 mg/kg body was able to protect liver against acute hepatotoxicity.

The aqueous extract of Pleurotus tuber regium showed antioxidant effect and
hepatoprotective activities at CCl,-induced hepatotoxicity in animal model.
According to this results P. tuber regium could be used for treatment of liver diseases
(alcoholic liver injury, intrahepatic cholestatis, hepatotoxin exposure, liver ischemia
and hepatitis casued by viruses, cirrhosis, fibrosis, biliary disease, steatohepatitis,
necrosis and inflammation of liver (Dandapat et al. 2015).

The lectin isolated from the other mushroom belonging to family Pleurotaceae
and its usage in future in fighting aganist arsenic mediated damage of liver is tested.
Rana et al. (2012) showed that Pleurotus florida lectin and ascorbic acid possessed
protective activity in oxidative stress induced by arsenic in liver of rats. This study
also showed that orally applied lectins of P. florida could significantly reduce the
enhanced liver tissue proteins malondialdehyde and level of protein carbonyl in
liver tissues. Also, it was shown that constant usage of mushroom lectins and
ascorbic acid could significantly reduce the level of hepatic of lipid peroxide and
protein carboxylation.

The Oudemansiella radicata is wild edible mushroom and has high economic
value displayed antioxidative and hepatoprotective activity. Liu et al. (2013) inves-
tigated protective potential of O. radicata polysaccharides on CCl,-induced liver
injury. During administration of soluble polysaccharides, aques or alkal, isolated
from O. radicata exhibited suppression of malondialdehyde formation and activa-
tion of hepatic superoxide dismutase and glutathione peroxidise, and increaseing
in serum alanine aminotransferase and aspartate aminotransferase activities in a
CCly-induced acute damage of liver.
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The studies on the hepatoprotective activities of polysaccharides isolated from
Laetiporus sulphurous spent mushroom substrates (SMS) in acute alcohol induced
liver disease (ALD) mice were investigated. SMS contains residual mycelia and
fruiting bodies of mushrooms; trace elements, active enzymes and biomacromole-
cules (Zhu et al. 2012). Polysaccharides extracted from SMS have received atten-
tion owing to their abundant pharmacological activities. The in vitro and in vivo
study demonstrated polysaccharides from L. sulphurous as a potential natural and
functional food supplement for the prevention and alleviation of ALD and its com-
plication (Zhao et al. 2017).

Commercial cultivation of some mushrooms has not been successful until now
and according to that the cultivation of mushroom’s mycelium became extensively
used for investigation. The aqueous ethanolic extract of mycelium obtained by cul-
tivation of Morchella esculenta was tested against CCl, and chronic hepatotoxicity
induced by ethanol. Extract showed hepatoprotective effect by measuring of
enzymes responsible for liver function (Nitha et al. 2013).

Maitake (G. frondosa) is an edible mushroom used in prevention and treatment
of various diseases and possess great medically importance. Product containing
B-glucan extracted from this mushroom has been tested for its antihepatitis effects.
Kubo and Nanba (1998) were examined for potential of maitake mushroom to influ-
ence on disorders of liver in animal models using hepatic-damaged mice. It was
noticed that autoimmune chronic hepatitis is more often in control animals than in
mushroom-treated mice.

4.3.4 The Edible Mushrooms as Alternative Methods
of Hepatitis Treatment and Liver Damage Induced
with Path Ogens - Viruses

The liver has special functions in humanr body, and this organ is very often exposed
to may intestinal antigens, including tumor cells, pathogens (bacteria, viruses, and
parasites), toxins, and harmless dietary antigens (Mowat 2003). Medical therapies
for chronic liver disease are limited and difficult to handle. Patients suffers from
these diseases often need other treatments, alternatives to replace or to help to stan-
dard care. There are many types of alternative and complementary medical (CAM)
approaches. Many natural compounds orgianated from plants were tested toward
liver diseases (Seeff et al. 2001). Medicinal mushrooms could be used as novel
promising substances in tretamnet of hepatitis.

In order to find novel therapeutic agents, Mlinari¢ et al. (2005) performed
screenings potential therapeutic activity of some Slovenian fungi. The dichloro-
methane and methanol extracts obtained from 57 mushrooms were tested for inhibi-
tory potential against HIV-1 reverse transcriptase activity. Methanolic extracts of 13
musrooms possessed more tehn 40% inhibition effect and only two showed inhibi-
tion potential in moe than 80%. Laetiporus sulphureus and Poria monticola were
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the most effective. L. sulphureus was tested in more detailes, using few different
isolates, where preliminary results confirmed that the most active fraction was the
one which contained acidic compound with the amino group.

One of the main reasons of liver diseases is viral infections due to hepatitis, in B
(HBV) and C (HCV) forms. Approximately 350 million people are living with
chronic infection of liver and around 2 billion people are infected with HBV, and
600 000 peopel die per year due to the acute or chronic infection of HBV and its
consequences. Data showed that 180 million people have HCV chronic infection
and 3 to 4 million people per year become infected. The treatment of chronically
infected patients by hepatitis B/C is very costly. Drugs ussualy used for treatment of
chronic HBV infection are cytokines, nucleoside analogues (e.g., lamivudine, gan-
ciclovir), vaccines and antibodies against hepatitis B surface antigen (HBsAg)
(Papatheodoridis et al. 2002). On the other hand, long-standing treatment with
nucleoside analogues is conected with escalating rates of viral resistance attribut-
able to the emergence of resistant HBV strains. For that reason, new efficient hepa-
toprotective drugs having lower toxicity are indispensable. Nonetheless, there has
been a fresh ascent of mercantile interest in favour of the edible mushrooms.

A. blazei is promising candidate in hepatitis complementary treatment. Inuzuka
and Yoshida (2002) investigated extract of Agaricus spp. and its activity on
C-hepatitis. They showed that this extract is useful in treatment in light hepatopathy
in patients with C-type hepatitis in clinical examination activity of this mushroom
at humans.

Chen et al. (2004) showed that extract of A. brasiliensis could be useful in treat-
ment of hepatitis B as adjuvant to vaccines in vivo. The results showed that this
extract has increased HBcAg-specific antibody response, and higher T cell prolif-
eration was notified in mice which were treated with combination of A. brasiliensis
extract and HBcAg DNA vaccine.

Grinde et al. (2006) noticed the effect on expression of gene in peripheral blood
cells at pateinets suffer from chronic hepatitis C. Fraction with f-glucan isolated
from A. brasiliensis extract applied to pateient but was not transported in apprecia-
ble quantities into the blood.

4.3.5 Clinical Utility of Mushroom Extract in Treatment Liver
Diseases

Clinical studies of testing the activity of mushroom preparations on disorders at
pathological levelare are very rare. There are data that approximately 30 mushroom
exstracts and compounds are beeing investigated in clinical trials by Hospital Clinic
of Barselona, National institutes of Health in US; and others hospital, moustly for
the immunological use in oncology (Morris et al. 2017).

A. brasiliensis is the most frequently mentioned species in clinical trials. Around
100 000- 300 000 kg of the dried frut body of A. blazei is cultivated per year in
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Japan. Data showed that 300 000-500 000 people used 3-5 g three times per day of
A. blazei extract (Wang et al. 2013).

Safety and clinical potential on y-GTP activity of A. blazei extract was tested in
20 volunteers suffer from C-hepatitis. Extract showed decreasing activity for serum
y-GTP in 80% of the tested patients, treated orally, two times per day, 8 weeks.
There are no any negative toxicological results or any other side effects were
observed (Inuzuka and Yoshida 2002).

Hsu et al. (2008) performed a 1 pilot study to test potential of A. brasiliensis
extract to improve function of liver in hepatitis B patients. They applied A. brasil-
iensis extract of 1500 mg per day, one year, and measured the level of aspartate
aminotransferase (AST) and alanine aminotransferase (ALT). The result showed
that A. brasiliensis extract can improve liver function of the 4 patients, but still this
study represents only a small sample research.

Orally applied A. brasiliensis (AbM) was tested on chronic hepatitis C (Grinde
et al. 2006). The viral load decreased after 7 days of treatment. The treatment also
helped in regulation of gene for IFN-a-receptor. Examination of AbM intake in
combination with standard IFN- a treatment could be of interest. AbM extract may
help in activity of IFN alpha treatment in chronic hepatitis patients. Results from all
these clinical data have shown that A. brasiliensis extracts are promising agent in
treatment of hepatitis, especially in fighting with the resistant variety of the disease.
Further clinical studies are necessary to confirm the positive activity of this mush-
room in treatment of hepatitis, and to exclude toxic side effects (Mukai et al. 2006).

Mukai et al. (2006) reported that three patients with cancer and hepatic damage,
taking A. brasiliensis extract, after intake of this extract two died of fulminant hepa-
titis. It is reported that a causal connection between the A. brasiliensis extract and
damage of liver was suggested. This made the clinical process more complicated.

Toshiro et al. (2003) observed the effect of g-aminobutyric acid (GABA)-
enriched A. blazei (AG-GABA) to human volonters suffer from mild hypertensy.
During the AG-GABA intake period, blood pressure decreased to significant levels,
in comparation with the pretest period or placebo. The values of cholesterol and in
hepatic transaminases and g-GTP were the same.

The polysaccharides (A-PBP and L-PBP) fractions of A. blazei mycelia on serum
cholesterol and body weight were observed in 90 volunteers (female), for 8 weeks.
The reduction in weight was 11.8% and hypocholesterolemic effect 11.0%. The
results of this study showed that the body weight controlling and hypolipidemic
effect protein-bound polysaccharides are connected and involved, partly, in absorp-
tion of cholesterol, which has a role of dietary fiber and in cholesterol metabolism
(Kweon et al. 2002).

4.4 Concluding Remarks

The present study is a part of our ongoing studies about bioactive fungi, their use in
ethnomedicine but also their potential as source for new drugs. Owing to the increas-
ing development of novel natural originated drugs in medicine and pharmacy,
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discovery of novel substances from mushrooms is an important research aim. The
desire and needs for safer drugs with lower toxicity is a major concern and these
compounds isolated from edible mushrooms could possibly be a good alternative.
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Chapter 5
Mushroom-Mediated Protection
from Oxidative Damage to DNA

John A. Buswell

5.1 Introduction

Reactive molecules derived from molecular oxygen are constantly produced as part
of normal cellular aerobic metabolism. These ‘reactive oxygen species’ (ROS)
exist in many forms including superoxide, hydrogen peroxide, hydroxyl radical,
hydroxyl ion and nitric oxide, which have crucial and often specific functions in
normal physiological processes. For example, they play important roles in host cell
defence mechanisms, in gene expression and the activation of cell signalling cas-
cades (Kehrer and Klotz 2015) and in apoptosis (Ray et al. 2012). However, due to
the harmful effects of ROS, normal organism functioning requires that cellular anti-
oxidant systems maintain equilibrium between ROS production and amelioration.
Antioxidant defence mechanisms comprise enzymic systems such as superoxide
dismutase, catalase and glutathione peroxidase, and low molecular weight cel-
lular metabolites that include glutathione, thioredoxins, alpha-lipoic acid, ascorbic
acid and vitamin E. When this equilibrium leans towards an excess production of
ROS, the organism is subject to ‘oxidative stress’ resulting in damage to cellular
lipids, proteins and DNA. These adverse effects of ROS are thought to be the cause
of numerous medical ailments including diabetes, cancers, atherosclerosis, chronic
inflammatory and autoimmune diseases, accelerated ageing, and age-related neuro-
pathological conditions such as dementia, Alzheimers and Parkinson’s disease
(Halliwell and Gutteridge 2000; Kehrer and Klotz 2015).

In recent years, numerous wild and cultivated mushroom species, including
many kinds of edible mushrooms that form part of the diet of populations world-
wide, have been reported to exhibit varying degrees of antioxidant activity.
Mushroom antioxidant components have been found in aqueous, ethanolic and
methanolic extracts of fruit bodies, fungal mycelium and spent culture broth, and
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include polysaccharides, tocopherols, phenolics, carotenoids, ergosterol and deriva-
tives, flavonoids, selenium and ascorbic acid. A variety of in vitro assays for mea-
suring total antioxidant activity have been adopted including DPPHe
(2,2-diphenyl-1-picrylhydrazyl), ABTSe + (2,2-azobis-3-ethylbenzthiazoline-6-
sulfonic acid), hydroxyl and superoxide radical scavenging activity, inhibition of
lipid peroxidation, the FRAP (ferric reducing antioxidant power) method, and the
inhibition of beta-carotene bleaching. Several comprehensive reviews describing
these studies have appeared in the literature during the past decade (Ruiz-Rodriguez
et al. 2009; Staji¢ et al. 2013; Kozarski et al. 2015; Sanchez 2017).

5.2 ROS-Mediated Damage to DNA and the ‘Comet Assay’

Although low levels of ROS serve key functions in signal transduction and in regu-
lating gene expression, higher concentrations are highly detrimental to DNA and
other biological macromolecules (Ames et al. 1993). DNA damage stemming from
excess production and accumulation of intracellular ROS and/or inadequate antioxi-
dant defence mechanisms have been studied extensively given the link between
such damage and the etiology of cancer and various age-related disorders (Halliwell
and Gutteridge 2000). Model studies have revealed that exposure to different ROS
gives rise to numerous types of base lesions and 2-deoxyribose modifications.
Oxidative damage in the form of strand breaks, inter- and intra-strand cross links
and DNA-protein cross links also adversely affect the DNA structure (Cadet and
Wagner 2013).

A popular technique for evaluating oxidative DNA damage and amelioration in
vivo and ex vivo at the level of the individual eukaryotic cell is the single cell gel
electrophoresis assay (SCGE, often referred to as the Comet assay) (Wong et al.
2005). First described by Ostling and Johanson (1984) and subsequently revised by
Singh et al. (1988), the method is a simple and accurate procedure for determining
strand breaks in the DNA of single cells embedded in low-melting-point agarose
layered on to a microscope slide. Following cell lysis under neutral or alkaline
(pH > 13) conditions and removal of the membrane, the resultant nucleoids are
subjected to electrophoresis. As the DNA migrates towards the anode, strand break-
age results in a comet-like feature that can be viewed using ethidium bromide stain-
ing and fluorescent microscopy (Fig. 5.1). The quantity of DNA in the comet tail
relative to the head reflects the level of strand breakage and can be quantified using
appropriate software.

Because basal levels of cellular DNA damage are normally too low to reveal any
protective effects, cells are usually exposed to an oxidative damage-inducing agent
(for example, hydrogen peroxide) either before or after treatment with the test com-
pound depending on the nature of the experiment. Embedded cells can also be lysed
before antioxidant pre-treatment or oxidative challenge using the lysed cell comet
(LCC) assay, thereby eliminating the possibility of the cell membrane blocking
access to the DNA and negating evaluation of any direct effects a putative protective
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Fig. 5.1 Representative Comet images of Raji (human B-lymphocyte) cells
C (—): negative control (no H,0O, challenge); C (+): positive control (H,0O, challenge without pre-
exposure to A. bisporus extract; pre-treated with 0.5 mg/mLA. bisporus extract

agent may exert. This procedure also excludes the involvement of cellular responses
or adaptation (Szeto et al. 2002). The Comet assay is highly flexible and has been
adopted to determine diverse forms and different levels of DNA damage using a
wide range of cell types.

5.3 Mushroom-Derived Preparations in the Prevention
of H,0,-induced Oxidative Damage to Cellular DNA

In an early report, hot (100 °C) and cold (20 °C) aqueous extracts of eight mush-
room species (Agaricus bisporus, Auricularia auricula, Flammulina velutipes,
Ganoderma lucidum, Hypsizygus marmoreus, Lentinula edodes, Pleurotus sajor-
caju and Volvariella volvacea) were evaluated for their capacity to prevent oxidative
damage to cellular DNA using cultured human B-lymphocyte cells (Raji) and the
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Comet assay (Shi et al. 2001; Shi et al. 2002¢) (Fig. 5.1). Significant genoprotection
was afforded by cold (20 °C) and hot (100 °C) water extracts of A. bisporus and
G. lucidum fruit bodies, respectively. Whereas no damage amelioration was
recorded at 0.1 mg ml~'concentrations or less, crude extracts of both mushrooms
provided almost total protection at 0.5 mg ml~'concentrations. This genoprotective
effect was not the result of an endogenous catalase-like activity associated with
the extracts.

Intraperitoneal administration of the A. bisporus extract also protected rat lym-
phocyte DNA against H,O,-induced damage in an ex vivo assay. No protection was
recorded with extracts obtained from F. velutipes, A. auricula, H. marmoreus, L.
edodes, P. sajor-caju and V. volvacea. (Fig. 5.2). There was no evidence of cytotox-
icity when cells were treated with 1 mg ml~! concentrations of the two DNA protec-
tive mushroom extracts for up to 24 h. More recently (Al-A’adhmi et al. 2013),
aqueous extracts of A. bisporus fruit bodies and mycelium were shown to protect
human lymphocyte DNA against the harmful effects of H,0,. Cells were pretreated
with different concentrations of the extracts for 1 h at 37 °C and then exposed to
100 pM H,0, for five min. Evaluation of oxidative damage as the DNA tail moment
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Fig. 5.2 Genoprotective effects of mushroom extracts against H,O,-induced damage to Raji
(human B-lymphocyte) cells

Aa— A. auricula; Ab — A. bisporus; Fv — F. velutipes; Gl — G. lucidum; Hm — H. marmoreus; Le —
L. edodes; Psc — P. sajor-caju; Vv — V. volvacea. Data are derived from two separate experiments
and values are the mean + SE of the Olive Tail Moment (200 cells). C(—): negative control (no
H,0, challenge); C(+): positive control (H,0O, challenge without pre-exposure to extract). Closed
bars — pre-exposure to cold water extracts (0.5 mg ml~' except Fv where 0.1 mg ml~! was used);
Open bars — pre-exposure to hot water extracts (0.5 mg ml™"). *Significant (P < 0.05) genoprotec-
tive effects found compared with stressed cells without exposure to extract. #Significant (P < 0.05)
increased damage to DNA compared with stressed cells without exposure to extract (Reproduced
from Reference 15 with permission)
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using the Comet assay revealed 30% and 38% decreases in DNA fragmentation
following treatment with 500 pg/mL of fruit body and mycelial extract, respectively
compared with the positive control (100 umol H,O, treatments).

The heat-stable protective activity associated with G. lucidum was not further
delineated by Shi et al. (2002c). However, Kim and Kim (1999) had earlier reported
that protection against oxidative damage to isolated DNA induced by metal-
catalyzed Fenton reactions was linked to a water-soluble polysaccharide released
from the mushroom fruit body by hot water extraction. More recently, an ethanolic
extract of G. lucidum (EGL) was shown to protect the DNA of mouse myoblast
C,C,; cells against H,O,-induced oxidative damage (Lee et al. 2016b). Cells were
treated with 50 pg/mL EGL for 1 h followed by incubation with and without 1.0 mM
H,0, for 24 h. H,0,-mediated DNA damage in the C,C,, cells was evaluated using
the alkaline Comet assay and Western blot analysis. Exposure to H,O, alone greatly
increased the number of DNA breaks, whereas EGL pretreatment afforded approxi-
mately 90% protection. Furthermore, compared to untreated controls, C,C,, fibro-
blasts exposed to 1.0 mM H,O, for 30 min showed markedly increased intracellular
ROS levels. The increases were not recorded in EGL-treated cells indicating that the
mushroom extract possesses ROS scavenging activity. Moreover, the levels of phos-
phorylation of nuclear histone H2AX at serine 139, a sensitive marker of DNA
double-strand break formation (Bonner et al. 2008), were significantly higher in
H,0,-treated C,C;, fibroblasts compared to EGL-pretreated cells.

Aqueous extracts of the edible mushrooms Agrocybe cylindracea (ACE) and
Lentinus edodes (LEE) inhibited oxidative damage to the DNA of pUC18 plasmids
and HepG?2 cells induced by *OH radicals generated from Cu (II) and H,O, (Wang
et al. 2004). Levels of DNA damage were determined by measuring the decrease in
super coiled DNA and DNA migration after oxidative attack using the Comet assay.
The latter revealed that ACE at concentrations of 50, 100 and 200 pg/mL provided
29%, 51% and 67% protection, respectively against cupric-mediated *OH forma-
tion. Corresponding values for LEE were 29%, 41% and 47%. Based on the ICs,
values, the protective effect of ACE was 2.3-fold higher compared to LEE. It was
suggested that protein components of ACE contributed to associated free radical
scavenging activity. Data demonstrating that a 107 KDa protein dimer extracted
from L. edodes fruit bodies exhibited scavenging activity and protective effects
against DNA damage induced by ROS (Wang et al. 2004). A separate study showed
that extracts of both unprocessed and sun-dried L. edodes fruit bodies prepared
using acetone, ethanol, methanol and hot water also protected against H,O,-induced
damage to human leucocyte DNA (Kim et al. 2012).

Park et al. (2005) used the Comet assay to test the effect of ethanolic extracts of
powdered Inonotus obliquus (Chaga mushroom) fruit bodies on oxidative DNA
damage in human lymphocytes taken from two male volunteers. Increased oxidative
DNA damage (quantified as % tail DNA) induced by exposure to 200 uM H,O, was
significantly inhibited by pretreatment with 6.25, 12.5, 25, 50 and 100 ug/mL of
I. obliquus extracts by 46, 52, 69, 70 and 80%, respectively. Similar levels of inhibi-
tion were recorded when lymphocytes were treated with I. obliquus extracts for
30 min following H,O, challenge or when incubated with mushroom extracts and
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H,0, simultaneously. Extracts had negligible effects (<5%) on cell viability. Extracts
of 1. obliquus prepared using pepsin also protected the DNA of PC-12 cells from
H,0,-induced damage (Kim et al. 2011).

Some level of protection from MMS-induced DNA damage was observed when
Chinese hamster V79 cells were treated with ‘teas’ prepared by aqueous extraction
of powdered Agaricus blazei fruit bodies at 2-8 °C for 1 h, 20-25 °C for 2 h, and
60 °C for five min (Menoli et al. 2001). Chloroform:methanol (3:1) extracts of fruit
bodies of six strains of A. blazei in various combinations were also assessed for abil-
ity to protect against methyl methane sulfonate (MMS)-induced damage to the
DNA of V79 cells (Chinese hamster lung cells) (Guterres et al. 2005). The cells
were exposed to three different extract concentrations prior to, concurrent with, and
following MMS challenge. Decreases in DNA damage (< 50%) were recorded with
all the extracts although, in some cases, they were not statistically significant. None
of the extracts exhibited genotoxicity under the test conditions. In a more recent
study, dried and powdered mycelium of A. blazei was tested for its ability to protect
human peripheral blood cells (collected from three healthy female participants aged
between 20 and 35 years) against 50 M H,0,-induced DNA damage (Zivkovic
et al. 2017). Antigenotoxic effects were determined following exposure of the
blood cells to the mushroom both before and after H,O, challenge. Pretreatment
with 500 pg/mL of A. blazei resulted in a significant reduction (~45%) in H,O,-
induced DNA damage. However, a 1000 pug/mL concentration was less effective
although the mushroom had no endogenous genotoxic effect at any of the tested
concentrations. Conversely, treatment of blood cells with 250, 500 and 1000 pg/mL
mushroom material post-oxidative challenge all resulted in fewer cells exhibiting
DNA damage (p < 0.05).

Clitocybin A (4,6-dihydroxy-2-p-hydroxyphenyl-isoindol-1-one), purified from
spent culture broth of Clitocybe aurantiaca using solvent extraction, silica gel col-
umn chromatography, Sephadex LH-20 column chromatography and preparative
HPLC, exhibited strong free radical scavenging activity against superoxide, ABTS,
and DPPH radicals. The antioxidant at 10 mg/mL concentrations also inhibited
(~42%) oxidative damage to the DNA of Chinese hamster lung fibroblast cells
(V79-4) induced by exposure to 1.0 mM H,O, (Kim et al. 2008).

Park et al. (2009) used a DNA fragmentation assay to demonstrate that hot
(100 °C) aqueous extracts of Phellinus linteus (PLE) effectively inhibited the
formation of strand breaks in Escherichia coli ColEl plasmid DNA induced by
hydroxyl radicals produced by exposure to H,O, and FeCl,. The Comet assay was
used to show that PLE protected the DNA of rat hepatocytes against H,O,-induced
damage in a dose-dependent manner. PLE alone did not damage hepatocyte nuclear
DNA, whereas a reaction mixture of PLE and red ginseng extract exhibited a syner-
gistic protective effect against DNA damage (Park et al. 2009).

The DNA protective capacity of a Coriolus versicolor extract (Chinese Medicine
Council of Hong Kong Transitional Registration Number HKP-01010) was deter-
mined using both the standard alkaline comet (SAC) and the lysed cell comet
(LCC) assays in parallel (Szeto et al. 2013). Under the former protocol, lymphocytes
harvested from three healthy subjects (two males and one female, aged 35-54)
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were incubated with five concentrations (10'-10°ug/L) of mushroom extract for
30 min at 37 °C before challenge with 45 uM H,0, for 5 min. In the LCC assay,
lymphocytes were lysed prior to pretreatment with extract and H,O, challenge.
U-shaped dose-responses were recorded in both cases with a 25% decrease in
oxidative damage observed with 10*ug/L extract in the SAC assay. A genoprotec-
tive effect was also observed in the LCC assay but was not statistically significant
(Szeto et al. 2013).

5.4 Mechanisms Operative in Mushroom-Mediated
Inhibition of H,0,-induced Oxidative Damage
to Cellular DNA

Subsequent research (Shi et al. 2002b) demonstrated that a heat-labile protein pres-
ent in the mushroom fruit body, identified as tyrosinase, was responsible for the
genoprotective effect of A. bisporus (Fig. 5.3). Genoprotection required enzyme-
catalysed hydroxylation of tyrosine to L-DOPA and further oxidation of this metab-
olite to dopaquinone. This was confirmed when addition of increasing concentrations
of tropolone, a tyrosinase inhibitor, to the test system was shown to cause parallel
decreases in genoprotection (Shi et al. 2002b).

35

30 -

25 +

20 +

15 4

10

Mean Olive Tail Moment

0.1 0.2 0.3 0.4
Tyrosine hydroxylating activity (unit/ml x 107%)

Fig. 5.3 Relationship between genoprotective effect and tyrosine hydroxylating activity

DNA damage is expressed as the Mean Olive Tail Moment (integrated value of DNA density of the
comet tail multiplied by the migration distance) + SE (indicated by error bars) obtained from two
replicate experiments (50 cells). Tyrosine hydroxylating activity was varied byincorporating into
the assay different quantities of enzyme fraction isolated from A. bisporus fruit bodies. (Reproduced
from Shi et al. 2002b with permission)
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The genoprotective effect of the L-DOPA-tyrosinase system was also conditional
on the time allowed for the enzymic reaction to proceed before oxidative challenge
(Fig. 5.4). Little genoprotection was recorded when Raji cells were pre-treated with
40 uM L-DOPA and tyrosinase for time periods of up to 30 min before exposure to
H,0,. However, 40—120 min pre-treatment periods resulted in progressively increas-
ing degrees of genoprotection (Fig. 5.4) (Shi et al. 2002a). Although approximately
50% more oxidation products were generated in the former case, significant geno-
protection was evident only on the latter occasion. This delayed response led the
authors to conclude that L-DOPA oxidation products (and/or cellular conversion
products) were triggering cellular processes which, in turn, were directly responsi-
ble for the genoprotective effect. Low concentrations of L-DOPA enhanced the anti-
oxidant status and ROS scavenging capacity of brain cells by increasing intracellular
concentrations of the antioxidant glutathione (Mytilineou et al. 1993; Han et al.
1996), and L-DOPA auto-oxidation products enhanced the synthesis of cellular
GSH by up-regulating the expression of y-glutamylcysteine synthetase and
y-glutamyl transpeptidase, enzymes which play important roles in GSH synthesis
(Shi et al. 1994). However, no significant fluctuations in GSH levels or catalase
activity were detected in Raji cells following pre-treatment with the tyrosinase-
tyrosine-L-DOPA system.
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Fig. 5.4 Effect of different exposure times on genoprotective activity of tyrosinase-generated
L-DOPA oxidation products

Raji cells were suspended for different times in reaction mixtures containing A. bisporus tyrosi-
nase (5.2 mUnits), 40 pM L-DOPA and 10% v/v FBS, prior to oxidative challenge with H,O,. DNA
damage is expressed as the mean Tail DNA Content + standard deviation of data from 2—4 slides
(100-200 cells). Error bars for dopaquinone hydrazone formation represent the standard deviation
of three to six replicates. C (—) negative control (no H,O, challenge); C(+) positive control (no
pre-treatment prior to H,O, challenge). *Differences in Tail DNA Content values are significant at
p <0.01 compared with the C(+) value using Dunnett’s test. (Reproduced from Shi et al. 2002a with
permission)
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Lee et al. (2016b) undertook a detailed study of the mechanisms underlying the
protective effect of an ethanolic extract from G. lucidum (EGL) on H,O,-induced
DNA damage. Protection against oxidative stress by G. lucidum is reported to
involve, at least in part, the activation of the nuclear factor erythroid 2-related factor
2 (Nrf2), mediated by the expression of heme oxygenase-1 (HO-1) (Lee et al.
2016b). Nrf2, encoded by the NFE2L2 gene, is a transcription factor that regulates
the cellular anti-oxidant response through the expression of antioxidant proteins
(Ishii et al. 2000; Kobayashi and Yamamoto 2005). Under oxidative stress condi-
tions, Nrf2 migrates from the cytoplasm, where it is bound to Kelch-like ECH-
associated protein 1 (Keapl), to the nucleus. In the nucleus, Nrf2 binds with and
activates the anti-oxidant response element (ARE) and initiates transcription of
antioxidative genes and their proteins such as quinone reductase, glutathione
S-transferase and glutathione reductase (Ishii et al. 2000; Kobayashi and Yamamoto
2005). Treatment of C2C12 cells with EGL induced the expression of the Nrf2 pro-
tein in a concentration- and time-dependent manner. EGL treatment also caused
concentration- and time-dependent increases in phosphorylated Nrf2expression lev-
els and Nrf2 translocation from the cytosol to the nucleus. Phosphorylation of Nrf2
at Ser40 is essential for its stabilization and nuclear translocation (Ishii et al. 2000;
Pi et al. 2007; Apopa et al. 2008). In turn, activation of Nrf2 signalling triggered the
expression of the HO-1 protein but had no effect on other anti-oxidant enzymes
such as nicotinamide adenine dinucleotide phosphate (NADPH)-quinone oxidore-
ductase-1 and thioredoxin reductase-1. HO-1 protects cells exposed to oxidizing
agents by catalyzing the oxidation of heme to biologically active products
(Scapagnini et al. 2004) that neutralize intracellular ROS (Katori et al. 2002;
Motterlini and Foresti 2014). ZnPP, a selective inhibitor of HO-1, significantly
reversed the inhibition of ROS generation by EGL in the H,O,-stimulated C2C12
cells. Furthermore, silencing of Nrf2 using specific siRNA resulted in greatly atten-
uated levels of EGL-induced expression of Nrf2 and up-regulation of HO-1 com-
pared with those recorded in untransfected cells and siRNA-transfected controls.

5.5 Protection from Oxidative DNA Damage - Dietary
Impact

Wild and cultivated edible mushrooms are important dietary components, espe-
cially in Asian countries such as China, Japan and South Korea where this special
group of fungi has long been recognised as possessing a wide range of medicinal
properties. Modern scientific techniques have identified numerous bioactive mush-
room components which have been variously reported to exhibit a range of medici-
nal attributes including anti-cancer, anti-tumour, anti-viral, immunomodulatory,
hypocholesterolaemic and hepatoprotective activities (Chang and Wasser 2012).
In a recent study on the antioxidant effects of components of the Korean diet, pro-
tection against DNA damage in human lymphocytes, assessed using the Comet
assay, was highest in mushrooms, followed by vegetables, fruits, seaweeds and
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kimchi (Lee et al. 2016a). A protective role against DNA oxidative damage for
mushrooms consumed as part of the diet was also implied by the results of a com-
parative study of Korean and American diets (Lee et al. 2016a). This revealed that
the Korean diet afforded significantly (P < 0.01) greater protection against ex vivo
lymphocyte DNA damage compared with the latter.

5.6 Closing Comments

Approximately 98,000 fungal species have so far been described (Kirk et al. 2008).
Of these, about 64,163 species representing 6355 genera are members of the
Ascomycota, while 31,515 species belonging to 1589 genera are assigned to the
Basidiomycota (Kirk et al. 2008) the two phyla into which mushrooms are classi-
fied. Over 70% of the latter species produce fruiting bodies of sufficient size and
suitable structure to be considered as mushrooms according to the definition given
by Chang and Miles (1992). Kozarski et al. (2015) listed over 100 species of mush-
rooms shown to exhibit antioxidant properties as determined by a variety of in vitro
assays for measuring total antioxidant activity. However, relatively few species that
have been shown to exert protection against oxidative damage to macromolecular
components (nucleic acids, proteins, lipids) of the cell (Table 5.1). Where such
protection has been demonstrated, little is known about the mechanisms involved.

In view of the links between oxidative stress and numerous medical ailments,
particularly those associated with a growing ageing population, greater research
emphasis on investigating the potential of mushrooms to ameliorate these adverse
effects should be highly rewarding.

Table 5.1 Mushroom-based protection against oxidative damage to DNA

Max
Mushroom | Sample Cell line Oxidant protection References
Agaricus Cold H,0O Human H,0, >90% Shi et al.
bisporus extract (FB)* | B-lymphocytes (0.5 mg/mL) | (2002a, b, c)
Agaricus H,0 extract Human H,0, 38% Al-A’adhmi
bisporus (FB) lymphocytes (500 pg/mL) | et al. (2013)
Agaricus H,0 extract Human H,0, 30% Al-A’adhmi
bisporus (M)® lymphocytes (500 pg/mL) | et al. (2013)
Agaricus CHCl5;:MeOH | Chinese hamster | MMS¢ <50% Guterres
blazei (3:1) (FB) lung cells et al. (2005)
Agaricus Mycelium Human peripheral | HyO,(PoT) # ~57% Zivkovic¢
blazei blood cells (250 pg/mL) | et al. (2017)
Agaricus Mycelium Human peripheral | H,O,(PrT) ## | ~45% Zivkovic¢
blazei blood cells (500 pg/mL) | et al. (2017)
Agrocybe H,0 extract HepG2 (human | cupric- 67% Wang et al.
cylindracea | (FB) liver cancer cells) | mediated *OH | (200 pg/mL) | (2004)

continued
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Table 5.1 (continued)

Max
Mushroom | Sample Cell line Oxidant protection References
Clitocybe Clytocybin Chinese hamster | H,0O, 42% Kim et al.
aurantiaca lung fibroblasts (10 pg/mL) | (2008)
Coriolus Commercial Human H,0, 25% Szeto et al.
versicolor | extract lymphocytes (10 pg/mL) | (2013)
Ganoderma | H,O (100 °C) | Human H,0, 90% Shi et al.
lucidum extract (FB) B-lymphocytes (0.5 mg/mL) | (2002c)
Ganoderma | EtOH (25%) | C2C12 (mouse H,0, 90% Lee et al.
lucidum extract (FB) myoblast cells) (50 pg/mL) | (2016b)
Inonotus EtOH extract | Human H,0, 100% Park et al.
obliquus (FB) lymphocytes (100 pg/mL) | (2005)
Lentinus H,O extract HepG2 (human | cupric- 47% Wang et al.
edodes (FB) liver cancer cells) | mediated *OH | (200 pg/mL) | (2004)
Phellinus H,O (100 °C) | Rat hepatocytes | H,0O, 100% Park et al.
linteus extract (FB) (100 pg/mL) | (2009)

2FB fruit body, *M Mycelium, “MMS Methyl methanesulfonate, # PoT post-treatment, ## PrT
Pre-treatment
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Chapter 6
Chemical and Bioactive Profiling of Wild
Edible Mushrooms

Katarzyna Sulkowska-Ziaja, Katarzyna Kala, Jan Lazur,
and Bozena Muszynska

6.1 Introduction

6.1.1 Regulation of Secondary Metabolites Production
in Fungi

Metabolism can be divided into two separate levels, basic metabolism and second-
ary metabolism. Basic metabolism is universal and applies to all species, because it
is associated with substances that enable the implementation of basic life functions:
carbohydrates, fats, proteins, nucleic acids-compounds that allow division, growth,
breathing and reproduction, or necessary life processes. Secondary metabolism
leads to the formation of compounds that may be useful for survival in adverse
environmental conditions such as, for example, intense UV radiation or other
(Brakhage and Schroeckh 2011). Mushrooms produce a number of secondary
metabolites that play an important role in cellular processes such as transcription or
cell-to-cell communication. Many of them have now been used as medicines; inter
alia, antibiotics and immune suppressants. Examples are Penicillum chrysogenum
used for the production of penicillin or immunosuppressive drugs, and lovastatin
produced by Tolypocladium inflatum and Aspergillus terreus. Other examples are
ergotamine synthesized by the genus Claviceps and gibberellins—plant growth
hormones produced by Fusarium fujikuroi (Brakhage 2013).

Biotechnological methods, including mycelial cultures, are increasingly used in
the studies of secondary metabolites of mushroom origin. They are a convenient
alternative in acquiring biomass compared to sometimes hard-to-find material from
the natural environment.
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The intensity with which they are produced, and consequently accumulated
secondary metabolites in in vitro cultures, can be regulated, inter alia, with the sub-
strate composition. The composition, which is optimal for the growth of the in vitro
culture, does not always turn out to be suitable for the synthesis of secondary metab-
olites. For this reason, the optimization of the composition is usually performed
separately in the event of the growth of culture and the synthesis of metabolites
(Fox and Howlett 2008).

In numerous experiments, the accumulation of secondary metabolites may be
affected by the concentration of sugars in the medium. Increased concentration of
this group of compounds causes osmotic stress in the cells, which may result in
increased production of metabolites (Brakhage 2013).

Another factor that affects the accumulation of metabolites is the total nitrogen
content in the culture medium. This element in the medium is present in the form of
NO*-and NH* ions and the selection of their respective concentrations may have a
positive effect on the number of secondary metabolites accumulated. Phosphorus is
another important element important during the accumulation of metabolites. High
concentration of phosphate ions favors an increase of biomass, but in many cases limits
the accumulation of secondary metabolites. An effective method of increasing the pro-
duction of secondary metabolites is the addition of precursors and elicitation.

Biosynthesis pathways of secondary metabolites are usually multi-step, and the
individual steps run at different efficiencies. Increasing the synthesis of a given
compound in in-vitro cultures can be achieved by the exogenous addition of precur-
sors. According to this theory, all intermediate metabolite compounds found at the
beginning of each pathway enables the biosynthesis of its products to be increased.
The addition of a precursor to the culture medium often increases the biosynthesis
of metabolites, using the feedback or shortening of the metabolic pathway. The
given precursor must be a factor limiting the efficiency of the process, only then will
it cause an increase in biosynthesis. An ideal precursor compound should be inex-
pensive and easily available to make its use cost-effective. Precursors that are often
used to increase the synthesis of secondary metabolites are the amino acids from
which tropane and indole alkaloids are synthesized. In the case of mycelial cultures,
commonly used precursors of indole compounds are anthranilic acid and serine
(Opoka et al. 2017).

The content of phenolic compounds, including phenolic acids, can be regulated
by the addition of phenylalanine or tyrosinase.

The exact mechanism of elicitor’s action has not yet been known. It is assumed
that the activation of secondary metabolic pathways allows the body to survive
under stressful conditions. Elicitors may, for example, be responsible for the induc-
tion of genes associated with synthetic pathways and the accumulation of secondary
metabolites. Elicitors increase the production of secondary metabolites by using
one or several mechanisms such as modulation of synthesis pathways, accumulation
of compounds or limitation of their degradation rate (Palazén et al. 2003).

An example of an elicitor used in mycelial cultures is methyl jasmonate. It has
been tested, among others, for the production of aflatoxin b-a carcinogenic
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metabolite synthesized by some Aspergillus species. Concentration of methyl
jasmonate had no significant effect on mycelial growth; however, it significantly
influenced the increase in aflatoxin synthesis (Meimaroglou et al. 2009).

6.1.2 Main Groups of Bioactive Substances Which Are
Occurring in Edible Mushroom

6.1.2.1 Carbohydrates

Trehalose is a disaccharide which is a reserve material in mushrooms and also has
properties that protect cells against protein denaturation. In a subarachnoid hemor-
rhage model using RAW264.7 macrophages and vascular endothelial cells
(HUVEQ), it was shown that trehalose can inhibit the expression of proinflamma-
tory proteins i.e., cyclooxygenase-2, inducible nitric oxide synthase iNOS, and
inhibits IkB-a subunit degradation, the NF-kB nuclear transcription factor inhibitor
(Echigo et al. 2012). Agaricus bisporus dried fruiting bodies contain about 1-3% of
trehalose (Wannet et al. 1998).

6.1.2.2 Polysaccharides

Polysaccharides contained in the cell wall of mushrooms hypha, which include
glucans, chitin and chitosans, are particularly valuable for the improvement of
immunity and modulation of the defense response of the human body (Wu et al.
2004; Kozarski et al. 2014).

B-Glucans, due to their broad spectrum of activity in the immune system, are
called biological response modifiers (Novak and Vetvicka 2009). The effect of
B-glucans on pro-and anti-inflammatory cytokines has been demonstrated. One of
the mechanisms of P-glucans action is binding to pattern recognition receptors
(PRR) of immune cells as pathogen-associated molecular patterns (Muta 2006).
Such receptors include dectin-1, complementary receptor 3 (CR3, CD11b/CD18),
or TLRs (toll-like receptors). In this way, f-glucans activate cell proliferation and
maturation of the immune system; stimulate the activation of macrophages and NK
cells (Akramiene et al. 2007).

Anti-inflammatory effects are attributed to glucans obtained from Inonotus
obliquus which in vitro demonstrated inhibitory activity of the NF-xkB, COX-2 and
iNOS signaling pathway in RAW 264.7 cells (Ma et al. 2013). One of the better-
known, derived from A. bisporus, (1 — 6)-p-D-glucan with a linear structure,
showed repressive action of pro-inflammatory genes in in vitro studies using the
THP-1 cell line, and also inhibited inflammatory reaction induced by lipopolysac-
charide (LPS), by repressing the expression of COX-2 and interleukin 1 (IL-1)
proteins (Smiderle et al. 2013).
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Edible mushrooms can be used in the treatment of cancer or as a support for
conventional therapy, and even as agents that combat the side effects of cancer ther-
apy (Patel and Goyal 2012; Zong et al. 2012). This has been confirmed in clinical
studies in recent years (Kosani¢ et al. 2016; Meng et al. 2016).

Extracts and compounds isolated from mushrooms exhibit many mechanisms of
anticancer activity, for example, inhibiting the kinase, and hence the cell cycle, or
inhibiting angiogenesis. They are also inducers of reactive oxygen species, antimi-
totic agents, and topoisomerase inhibitors stimulating apoptosis of cancer-
transformed cells (Patel and Goyal 2012; Kosani¢ et al. 2016). In the effective
anticancer therapy, it is necessary to apply comprehensively acting factors, because
cells that have undergone mutation have a unique ability to multiply and spread,
creating metastases that cause high mortality (Zong et al. 2012).

The main and best-known compounds responsible for the anticancer effect
are polysaccharides and their combinations with peptides (proteoglycans) or ste-
roids (Ruthes et al. 2015; Kosani¢ et al. 2016; Meng et al. 2016; Singdevsachan
et al. 2016). These compounds can be used in the treatment of cancer or viral dis-
eases (e.g., AIDS), and used as prebiotics. Polysaccharides isolated from edible
mushrooms activate the immune response in in vitro and in vivo studies, acting as
biological stimulants. The most important anticancer polysaccharides are polysac-
charide-protein complexes, fiber, (1 — 3) a-glucans and (1 — 3), (1 — 6)-p-glucans.
In turn, heteropolysaccharides showing antiproliferative effect in relation to cancer
cells have been shown to be substances that inhibit the development of cancers (car-
cinostatic), mainly after intraperitoneal or oral administration (Byerrum et al. 1957;
Zong et al. 2012; Singdevsachan et al. 2016).

The importance of mushroom polysaccharides in modulating the function of the
immune system and thus the potential inhibitory effect on cancers is of particular
importance. One of the first clinically described activities of mushroom polysac-
charides in the treatment of cancer comes from 1957 and was analyzed by Byerrum
et al. (1957). The mechanism of this action on the immune system, confirmed in
subsequent studies, involves the stimulation of immune system cells, including T
lymphocytes and cytotoxic T lymphocytes (CTL), B lymphocytes, granulocytes
(eosinophils and neutrophils), NK cells, or macrophages (Zhang et al. 2007; Roupas
etal. 2012; Meng et al. 2016; Singdevsachan et al. 2016). This mechanism of action
is particularly characteristic of -1, 3-glucans. Numerous studies also suggest that
B-glucans may enhance a specific cellular response by enhancing the secretion of
IL-6, IL-8, IL-12 and IFN-Y from neutrophils, macrophages and NK cells (Meng
et al. 2016; Singdevsachan et al. 2016). In addition, p-glucans found in fruit-
ing bodies of edible mushrooms can be factors that stimulate new effectors cells
that contribute to the formation of, inter alia, antibodies against cancer antigens,
which is less popular than the classic cytotoxic effect triggered by chemotherapy
(Singdevsachan et al. 2016).

For the anticancer effect, the ability to bind other molecules (proteins, steroids)
is also an important issue, which results in an increased anticancer activity. Most
of the polysaccharides used are glucans, which when combined with other protein
molecules can be converted into glycoproteins, glycopeptides or proteoglycans.
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The conformation of the polysaccharide chain is also key issue to the therapeutic
effect. The most active polysaccharides are most often complexes with proteins
with a molecular weight of 10,000 kDa. Human macrophages possess a polysac-
charide receptor that is highly specific for glucose and mannose molecules, from
which the anticancer effect of polysaccharides possessing these groups may result
(Zhang et al. 2007; Patel and Goyal 2012; Roupas et al. 2012; Meng et al. 2016;
Tian et al. 2016).

Among the edible species of mushrooms rich in polysaccharides with the struc-
ture described above, the anticancer effect is exhibited, inter alia, by species like
Cantharellus cibarius (chanterelle), Armillaria mellea (honey fungus), Flammulina
velutipes (golden needle mushroom), Macrolepiota procera (parasol mushroom),
Lentinula edodes, Tremella fuciformis (snow fungus), Hericium erinaceus (lion’s
mane mushroom), Agaricus bisporus (portobello mushroom), Agaricus blazei
(almond mushroom), Agaricus campestris (field mushroom), Pleurotus ostreatus
(oyster mushroom), Sparassis crispa (cauliflower fungus), Grifola frondosa
(Maitake Mushroom), Boletus edulis (penny bun), Imleria badia (bay bolete) and
Lactarius deliciosus (saffron milk cap) (Zhang et al. 2007; Patel and Goyal 2012;
Meng et al. 2016; Singdevsachan et al. 2016; Tian et al. 2016).

All over the world, modern medicine, and in particular Eastern one, uses L.
edodes as an agent enhancing the body’s strength, and the extract of this species as
an anticancer substance. The therapeutic effect is mainly due to the polysaccha-
ride —lentinan, which action reduces the size of the tumor by up to 90% (Zhang et al.
2007; Patel and Goyal 2012; Roupas et al. 2012; Kosani¢ et al. 2016; Meng et al.
2016; Tian et al. 2016).

Lentinan in terms of its chemical structure is f (1 — 3) glucan with f (1 — 6)
branching with a molecular weight from 400 to 800 kDa (Fig. 6.1). This polysac-
charide is most commonly used to treat solid tumors of the stomach, lungs, breasts,
large intestine and malignant leukemia. It acts by activating the immune system and
affects the restoration of the body” correct defense response. It induces a humoral
immune response of the body, which consists in restoring the activity of helper
T cells in host cells occupied by the cancer. Lentinan has no cytotoxic activity,
practically showing no side effects. However, local irritation after injection, spo-
radic fever and vomiting are possible. The use of this substance has been shown to
increase the average survival time of patients (Patel and Goyal 2012; Roupas et al.
2012; Meng et al. 2016; Singdevsachan et al. 2016; Muszynska et al. 2017a, b, c).

Studies on the mechanism of lentinan action prove that it is dependent on the
thymus and consists in enhancing the response of T helper precursors and macro-
phages, and thus some cytokines, produced by lymphocytes, after the diagnosis of
cancer cells. The induction of interferon (IFN-Y) is also important for this activity.
Lentinan is most often used in the treatment of gastric cancer as an aid during con-
ventional treatment, including surgical tumor removal, chemotherapy or radiother-
apy. This is a kind of synergistic effect, improving the general condition of the
patient. Effective attempts have also been made to treat hepatocellular carcinoma,
colorectal and pancreatic cancers while limiting side effects and thus improving the
quality of life. Lentinan as an inhibitor of lymphocyte proliferation is also effective
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Fig. 6.1 Lentinan

in the treatment of leukemia. It has a selective anti-proliferative effect on the
cancer-transformed skin cells (CH72), while not affecting healthy keratinocytes
(C50). The use of lentinan as an adjuvant can improve the quality of life in patients
with cancer because, like other fungal polysaccharides, it eliminates the side effects
of chemo-and radiotherapy (Mantovani et al. 2008; Patel and Goyal 2012; Roupas
etal. 2012; Zong et al. 2012; Lindequist et al. 2005; Meng et al. 2016; Singdevsachan
et al. 2016; Muszynska et al. 2017b).

Another example of polysaccharide responsible for anticancer activity is f-glucan
isolated from Sparassis crispa fruiting bodies. Clinical trials were conducted in
which patients suffering from tumors were administered orally powdered fruiting
bodies of this species in an amount of 300 mg/day. Compared to the control group,
a significant improvement was observed in many patients in the group supplemented
with fruiting bodies (Roupas et al. 2012).

Lactarius deliciosus and M. procera are edible mushroom species exhibiting
similar anticancer potential in in vitro studies. This activity was tested on human
epithelial carcinoma cells (HeLa), human colorectal cancer (LS174) and human
lung cancer (A549). The ICs, values ranged from 19.01 to 74.01 pg/mL for the
L. deliciosus extract, and from 25.55 to 68.49 pg/mL for the M. procera extract,
depending on the type of cell lines. The stronger anticancer effect against A549 and
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LS174 cell lines was demonstrated for M. procera, while L. deliciosus was more
active against HeLa (Kosani¢ et al. 2016).

At the Centro de Investigaciones Bioldgicas in Madrid, two a-glucan polysac-
charide fractions were isolated from A. mellea fruiting bodies. The main fraction
consisted of linear chains of a-(1, 3)-and a-(1, 4)-glucan linked to the protein, while
the other fraction contained a-(1, 3)-glucan. A fraction containing a combination of
B-glucan and a peptide part was also obtained. This fraction showed an anticancer
activity. During the examination of the chemical structure of peptide-glucan sugar
part, the presence of glucose molecules connected by -(1, 3) and p-(1, 6) bonds has
been demonstrated (Muszynska et al. 2011d).

High-p-glucan polysaccharide fractions derived from A. blazei species have been
shown to be effective in treating prostate cancer, both dependent and independent of
androgens. The induction of prostate cancer cell apoptosis was directly related to
the activation of caspase-3 as a pro-apoptotic agent. The polysaccharide fraction
obtained from this species is effective in the treatment of tumors in in vivo studies,
with no cytotoxic effects. In addition, in therapy using 5-fluorouracil (5-FU), this
species protected against leukopenia as a side effect of treatment with this sub-
stance. The properties of f-glucan obtained from this mushroom species have been
improved by modifications involving the incorporation of sulfate groups that
improve solubility (Mantovani et al. 2008; Patel and Goyal 2012; Roupas et al.
2012; Zong et al. 2012).

Also pleuran (f-1, 3-D-glucan), obtained from P. ostreatus species deserves an
attention (Fig. 6.2). Its activity has been shown to slow down the formation of pre-
cancerous lesions of the ‘Aberrant Crypt Foci’ type (ACF) in the colon in rats of the
Wistar strain. This action consisted in inhibiting the proliferation of cancer cells and
inducing their apoptosis. In addition, a new polysaccharide (POPS-1), obtained
from hot water extracts of this mushroom species showed significantly reduced
toxicity in combination with commonly used 5-FU (Patel and Goyal 2012; Roupas
et al. 2012; Meng et al. 2016).

Fig. 6.2 Pleuran
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Diet rich in dried fruiting bodies of P. ostreatus reduced the toxicity in mice
treated with cyclophosphamide and decreased pathological changes arising as a
result of the appearance of dimethylhydrazine induced colon cancer in rats. The
mechanism of action resulted from the strong antioxidant potential of these fruiting
bodies. In turn, aqueous extracts obtained at high temperature from H. erinaceus
fruiting bodies turned out to be rich in B-glucan, the administration of which con-
tributed to the reduction of tumor mass in mice with induced colorectal cancer. The
reduction in tumor mass was due to the induction of tumor necrosis factor and NK
cell secretion, as well as macrophage activation and inhibition of angiogenesis
(Patel and Goyal 2012; Roupas et al. 2012; Lindequist et al. 2005; Ruthes et al.
2015; Singdevsachan et al. 2016; Ment et al. 2016).

Grifola frondosa species is also a source of B-glucan, including the active frac-
tion D, and MD fraction obtained by further purification. The MD fraction works by
enhancing the activity inhibiting the spread of tumors, stimulating NK cells and
reducing nephrotoxicity and immunosuppression induced by cisplatin treatment.
MZF heteropolysaccharide with in vivo activity inhibiting tumor growth by stimu-
lating cellular immunity was also isolated from this species. The use of whole pow-
dered fruiting bodies with the addition of isolated MD fraction was used in patients
with cancer diseases in the stages of tumor development II-IV. The use of such a
combination resulted in an improvement in the general condition of patients, and
even regression of the tumors themselves: 68.8% of patients diagnosed with breast
cancer, 58.3% of patients with liver cancer and 62.5% of patients treated for lung
cancer (Patel and Goyal 2012; Roupas et al. 2012; Zong et al. 2012; Cheung 2013;
Lindequist et al. 2005).

Water insoluble polysaccharides such as, chemically sulfated polysaccharides
(S-GAP-P) have also been classified as effective in the treatment of human gastric
cancer (cancer cells SGC-7901). Grifola frondosa species proved to be effective not
only in combination therapy alongside 5-FU, but also in S-GAP-P monotherapy, in
which it induced the apoptosis of SGC-7901 cancer cells. The effect was dose-
dependent. pB-glucan from G. frondosa also showed a cytotoxic effect on human
prostate cancer cells (PC-3). Induction of apoptosis has been confirmed in in-vitro
studies of androgen-independent tumor (Patel and Goyal 2012; Roupas et al. 2012;
Ruthes et al. 2015; Meng et al. 2016; Singdevsachan et al. 2016).

Interesting results were obtained in studies carried out using the species F. velu-
tipes and A. blazei. The preventive effect on the incidence of cancer was observed
especially in the group of farmers involved in the commercial cultivation of this
edible mushroom—these species were a popular element of their daily diet. As a
result of the consumption of mushrooms, the incidence of cancer was estimated at
40% lower compared to the general incidence in the population. To confirm the
results obtained, tests were also carried out using mice. They were regularly fed the
same species of mushrooms, and then cancer cells were introduced into the animal
organisms. It was clearly observed that in the research group, in contrast to the
control group, no cancer was developing, which confirms the strong preventive
anticancer effect of polysaccharides from the species F. velutipes and A. blazei
(Zhang et al. 2007).



6 Chemical and Bioactive Profiling of Wild Edible Mushrooms 137

6.1.2.3 Chitin

Mushroom cell walls contain a mixture of fibrous elements and matrix elements,
rich in chitin (crosslinked N-acetylglucosamine polymer) and polysaccharides,
such as B-D-glucans and mannans (Fig. 6.3). These elements of the cell wall are not
digested in the human digestive tract, and thus constitute dietary fiber (Cheung
2013). Total fiber content varies on average from 2.7 to 4 g per 100 g of edible parts
of fruiting bodies. However, the percentage content of chitin itself, for example, in
A. melenea fruiting bodies calculated on the basis of glucosamine determinations in
hydrolysates, calculated on the dry mass of the mushroom, is 6.4%. Physicochemical
properties and molecular mass of chitosans isolated from mushrooms are identical
to those isolated from chitin cuticle of crustaceans (Muszynska et al. 2011b).

Chitosans reduce the concentration of LDL cholesterol (in the blood and liver)
and serum triacylglycerides. In this way, they reduce the risk of cardiovascular
diseases. They also affect the absorption of cholesterol from the gastrointestinal
tract, causing a decrease in its total concentration in the blood and LDL fraction,
without changing the concentration of HDL fraction (Rajewska and Batasinska
2004; Cheung 2013; Muszynska et al. 2013b). The mechanism of this phenomenon
is not fully understood, but fiber found in mushrooms can be a good alternative to
fiber from other foods. The hypocholesterolemic effect may be caused by a change
in the absorption of nutrients from the gastrointestinal tract associated with the pres-
ence of fiber in the diet, effect on intestinal (or pancreatic) secretion, and indirectly
on the metabolism of lipoproteins or bile acid. Considering the relatively high con-
tent of fiber and low fat content, edible mushrooms can become part of the diet,
which is aimed at counteracting atherosclerosis (Fukushima et al. 2000; Siwulski
et al. 2014).

Due to the presence of a large amount of dietary fiber in edible mushrooms,
especially glucans (increasing the viscosity of the digestive content) and chitin, the
excretion of bile acids and neutral steroids increases. In the acidic environment of
the stomach, the amino groups present in the chitosan molecules assume a positive
charge and combine with negatively charged bile acid residues. Low pH makes bile
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acid and chitosan complexes become insoluble and are excreted from the body.
Chitin and its partially deacetylated form, i.e., chitosan, are widely used in the phar-
maceutical industry. They are not only carriers for many drugs, but also are them-
selves components of slimming preparations. The slimming effect is related to the
temporarily reduced absorption of lipids from various foods (Muszynska 2012).

The effectiveness of chitosan has been proven through research focusing on two
groups of volunteers who were on a low-calorie diet. Patients taking chitosan regu-
larly reduced weight significantly faster within a month. In the research group, the
weight loss was 7 kg, while in the control group this loss was only 3 kg (Rajewska
and Batasinska 2004). In addition to beneficial effects on fat metabolism and weight
loss effect, studies have also shown an improvement in sugar metabolism. The con-
sumption of A. bisporus species in this case resulted in a 24.7% reduction in blood
glucose levels in rats that had deliberately induced type II diabetes. The desired
effect was also obtained in rats with hypercholesterolemia, who after eating the
mushroom, in addition to the decrease in total cholesterol, LDL and triglycerides
also achieved an increase in the level of HDL fraction beneficial for the proper func-
tioning of the organism (Jeong et al. 2010).

6.1.2.4 Lectins

Lectins are a kind of glycoproteins, necessary for the proper growth of mushroom
fruiting bodies. They are also a protective factor for the mushrooms against the
toxins from the environment, for example pesticides, as well as bacteria and even
viruses (Varrot et al. 2013; Singh et al. 2015). Lectins found in edible mushrooms
turned out to be the subject of research, due to the anticancer effect associated with
the immunomodulatory potential, realized by stimulating the maturation of immune
cells. A mixture of lectins (lectin A and lectin B) isolated from A. bisporus species
(ABL) has antiproliferative activity on epithelial tumor cells, without inducing a
direct cytotoxic effect. In-vitro studies using HT-29-human colon cancer cells have
shown that lectins isolated from A. bisporus have the ability to induce apoptosis in
these cells, bypassing the cytotoxic effect. This effect may be associated with an
increase in caspase-3 activity (Wang et al. 1998;Carrizo et al. 2005; Roupas et al.
2012; Singh et al. 2015). For AAL lectin obtained from the Agrocybe aegerita spe-
cies, a precise relationship was established between the elements of the structure
and the induced anticancer effect on both mouse and human cells. This is important
because it may be the first step to design specific molecules that will later be used in
therapy. AAL acts by inducing apoptosis in cancer cells. To achieve this activity, the
dimeric organization of the lectin molecule is necessary. The presence of glucose
and galactose in the carbohydrate functional group is also necessary (Ng 2004; Li
et al. 2008; Singh et al. 2015).

In addition, lectins from edible mushroom species such as G. frondosa, F. velu-
tipes, Tricholoma mongilicum, Volvariella volvacea, Pleurotus citrinopileatus and
P. ostreatus have been found to possess immunomodulatory potential as well as
anticancer, anti-proliferative and cytotoxic properties.
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It was possible to isolate heterodimeric lectin from V. volvacea species, which
has the potential to inhibit the growth and development of cancer cells. Importantly,
this lectin lengthens the survival time of sarcoma 180 tumor-bearing mice.
Elongation of the survival period is dose dependent. In contrast, the G. frondosa
species has been tested for its cytotoxic effect on HeLLa tumor cells. Lectin specific
for N-acetylgalactosamine was responsible for this effect (Li et al. 2008; Singh
et al. 2015). In turn, P. citrinopileatus is a species rich in homodimeric lectin that
inhibits the growth of the murine sarcoma 180 cancer as early as 20 days in case of
intra peritoneal, daily administration at a dose of 5 mg/kg body weight. The anti-
cancer effect is similar to that exhibited by P. ostreatus (Li et al. 2008; Patel and
Goyal 2012).

Lectin isolated from P. ostreatus species showed anticancer activity against
mouse H-22 hepatoma and sarcoma S-180 tumors, reducing the number of cancer
cells (Ng 2004; Li et al. 2008; Singh et al. 2015). This lectin works by inhibiting the
growth of both these tumors by 75% and 88%, respectively. To achieve this effect, a
dose of 1.5 mg lectin/kg body weight by intra peritoneal injection for 20 days was
required. This treatment caused a decrease in the weight of mice in comparison to
the control group, but the survival time significantly increased (Ng 2004).

Lectins derived from 7. mongolicum species (TML1 and TML2) inhibit the
development of sarcoma 180. They are compounds with a molecular weight of
approximately 36-38 kDa. Both TML1 and TML2 inhibit the growth of these cells,
with TML2 being more effective. The activity of both these lectins is based addi-
tionally on the stimulation of macrophages for the production of nitrite ions (NO*").
In addition, they show anticancer activity by stimulating the immune system in vivo,
while the anti-proliferative effect is only observed in vitro (Wang et al. 1996; Wang
et al. 1998; Ng 2004; Singh et al. 2015).

Mushroom lectins have also been tested as compounds with therapeutic poten-
tial in the prevention and treatment of diabetes, inter alia, due to the induction of
[B-cell division of pancreatic islets. The study aimed to determine the rate of f§ cell
regeneration in mice and to understand the mechanisms of their proliferation. The
analysis was carried out on the basis of glucose concentration measurements and
the degree of insulin secretion after the administration of fungal lectins. Comparing
the results, the effect of lectins from A. bisporus on reducing the blood glucose
level, increasing its tolerance and increase in p-cell mass of pancreatic is proved
(Wang et al. 2012). Analyzing also the composition and properties of fatty acids
obtained from C. cibarius species, it has been shown that as PPAR-y agonists,
they inhibit the development of insulin resistance and are therefore effective anti-
diabetic agents (Hong et al. 2012). Armillaria mellea fruiting bodies have demon-
strated the presence of a therapeutically important peptide-prosomatostatin, which
has anticancer activity especially in the treatment of pancreatic cancer (Muszynska
et al. 2013b).

The fruiting bodies and mycelia of Antrodia camphorata in traditional Eastern
medicine are in turn used as an anticancer agent due to the presence of ubiquinone
derivative. Importantly, this compound has selective activity, affecting only cancer-
affected cells, omitting healthy cells (Hu et al. 2016).
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6.1.2.5 Amino Acids and Proteins

Anti-inflammatory properties of mushrooms are associated with the free amino
acids contained in them (both endogenous and exogenous ones) that can affect the
metabolism of prostaglandins. The anti-inflammatory properties of P. ostreatus are
partly explained by the content of amino acids such as leucine, isoleucine, tyrosine
and phenylalanine (Jedinak et al. 2011).

Ergothioneine is an important amino acid exogenous to humans, i.e., must be
supplied with food. A good source of this compound is fruiting bodies of edible
mushrooms (Fig. 6.4). This amino acid assimilated from the diet is particularly
important for cells, tissues and organs sensitive to oxidative stress, such as erythro-
cytes, the lens of the eye, semen or skin (Chen et al. 2012). In vivo studies in the
mouse HR-1 model (hairless) that ergothioneine isolated from C. comatus signifi-
cantly reduced the amount of DNA damage and inhibited inflammation caused by
UV-B radiation (Asahi et al. 2016). Additionally, ergothioneine—a strong antioxi-
dant isolated from A. bisporus, has a beneficial effect during cancer therapy due to
its strong anti-mutagenic properties as well as chemo-and radio protective activity
(Chen et al. 2012; Muszynska et al. 2017b).

Arginine present in A. bisporus species is another substance used in the supple-
mentation of cancer patients. It not only improves the condition of the body and has
a beneficial effect on the immune system, but also prolongs the life expectancy of
cancer patients. This effect is due to delayed growth of tumor and the appearance of
metastases (Novaes et al. 2013).

Also noteworthy are the young, closed, edible fruiting bodies of Coprinus coma-
tus. Studies have shown that they can also be effective in the treatment of estrogen-
independent breast cancer. In addition, their inhibitory effect on the development of
prostate cancer cells (LNCaP cells) has been demonstrated. In turn, an immuno-
modulatory protein (FIP-fve), which has anticancer activity involving an activation
of T lymphocytes, was isolated from F. velutipes species. This effect was tested
against the mouse model of hepatoma. The aqueous extract turned out to be rich in
another anticancer substance—flammulin. The presence of stable hemagglutinin,
which is responsible for inhibiting the proliferation of tumor cells in the case of
leukemia (L1210 cells), was also an important issue. Aqueous extracts from both C.
comatus and F. velutipes have been shown to be effective in the treatment of
estrogen-dependent and estrogen-independent breast cancer in vitro. The observed
anticancer effect (caused by the induction of apoptosis of altered cells) was dependent
on the dose of both extracts.
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6.1.2.6 Fatty Acids

Fatty acids contained in mushrooms may support anti-inflammatory processes in
the human body, due to the high content of unsaturated fatty acids (Ayaz et al. 2011;
Oztiirk et al. 2011). Polyunsaturated fatty acids (PUFA) are precursors of eico-
sanoids, signaling molecules necessary for proper regulation of cellular processes in
muscles, blood vessels, nerve cells and in the immune system. Eicosanoids provide
a balance between inflammatory and anti-inflammatory processes (Dennis and
Norris 2015).

The polyunsaturated fatty acids (PUFAs) include the n-3, n-6 and n-9 acids.
Maintaining proper proportions of fatty acids of the n-3 to n-6 series in the diet is
crucial for preventing the development of cardiovascular diseases and cancers.
a-Linolenic acid (ALA) is an essential ingredient in normal nutrition, a precursor to
the long-chain PUFAs of then-3 series. It also has anti-inflammatory effects (Gdula-
Argasinska et al. 2015).

Comparative studies on the composition of more than a dozen species of mush-
rooms showed the highest share of the following fatty acids: linoleic (C18:2 n-6),
oleic (C18:1 n-9) and palmitic (C16:0) (Ayaz et al. 2011).

In experiments conducted by Grzywacz et al. (2016) on murine macrophages
RAW 264.7 activated with LPS, anti-inflammatory effects of extracts from 1. badia
biomass have been demonstrated. It involved an inhibition of COX-2 expression,
prostaglandin E2 synthase (cPGES), p50 and p65 NF-kB subunits, which can be
explained by high content of unsaturated fatty acids. Biomass from 1. badia was
characterized by a 5% content of ALA, which did not appear in fruiting bodies
(Grzywacz et al. 2016).

In the C. cibarius extracts, the presence of fatty acids with agonist activity toward
peroxisome proliferator-activated receptors (PPAR-y) has been demonstrated.
PPAR receptors play a special role in the metabolism of lipids and carbohydrates, in
the differentiation of adipocytes and in the regulation of inflammatory processes.
Extracts of C. cibarius species therefore have a therapeutic effect in the case of
inflammatory diseases and some cancers (Hong et al. 2012).

6.1.2.7 Phenolic Compounds

A particularly important group of secondary metabolites found in mushroom fruit-
ing bodies with proven antioxidant and anti-inflammatory properties in vitro and in
vivo are phenolic compounds (Czapski 2005; Elmastas et al. 2007; Ferreira et al.
2009). Species as C. cibarius, A. bisporus, B. edulis, Calocybe gambosa,
Hygrophorus marzuolus and L deliciosus contain the high content (about 15 mg/g
DM) of one of the most active antioxidants in mushrooms, i.e., caffeic acid (Reis
et al. 2012; Muszynska et al. 2013a).

Caffeic acid also demonstrates anti-inflammatory activity. In in vitro studies
using human HUVEC vascular cells and TNF-o induced U937 monocytes, the
potential role of caffeic acid in the treatment of inflammatory changes in



142 K. Sutkowska-Ziaja et al.

cardiovascular disease has been demonstrated. Significant reduction of monocyte
adhesion to HUVEC cells was observed in cultures supplemented with caffeic acid.
In addition, caffeic acid inhibited MPC-1 expression in monocytes (chemoattractant
of protein 1), IL-8 and translocation of NF-«B in the nucleus (Moon et al. 2009).

Anti-inflammatory properties associated with the activity of phenolic com-
pounds derived from edible mushrooms: A. bisporus, B. edulis, C. cibarius, H.
marzuolus, L. deliciosus and P. ostreatus, were tested in vitro using LPS activated
RPS 264.7 macrophages. The results of the experiments showed the inhibitory
effect of extracts on the expression of inflammatory markers such as IL-1p and
IL-6 and the production of NO. The species of A. bisporus, C. cibarius and L. deli-
ciosus showed the highest anti-inflammatory efficacy in the tested model (Palacios
et al. 2011). In another experiment, the anti-inflammatory properties of the extract
from Elaphomyces granulatus were confirmed. Inhibition of COX-2 activity in
RAW 264.7 macrophages was observed and the antioxidant activity of the extracts
was found. The effect obtained was probably related to the content of phenolic
compounds, including syringic acid isolated from E. granulates (Stanikunaite
et al. 2009).

6.1.2.8 Indole Compounds

Indole compounds have a particularly strong effect on the immune and nervous
systems of animals. The C. cibarius species contain a large amount of serotonin
—17.61 mg/100 g DM. and kynurenine sulfate —3.62 mg/100 g DM as well as lower
amounts of melatonin, L-tryptophan, 5-hydroxytryptophan, 5-methyltryptophan,
indole, indole-3-acetonitrile. Studies have shown that the content of indole com-
pounds in biomass from in vitro cultures (mycelium) can be much higher than in
fruiting bodies (Muszynska et al. 2016a).

The content of non-hemolynogenic indole compounds and their release into arti-
ficial digestive juices was tested in the A. bisporus species. The following indole
compounds have been identified and identified in the fruiting bodies: L-tryptophan,
5-hydroxy-L-tryptophan, melatonin, serotonin, tryptamine and 5-methyltryptamine,
which indicates that this popular edible species is their good food source (Muszynska
et al. 2016b).

In the human body, L-tryptophan, one of the amino acids, can be transformed
into other indole derivatives with high biological activity, for example serotonin,
melatonin and niacin (vitamin B3) (Fukuwatari and Shibata 2013).

Melatonin, a compound with a broad spectrum of action in the body, is also an
effective scavenger of free radicals, protecting cells from damage and the develop-
ment of inflammatory reactions. Melatonin has been shown to regulate cytokine
production by preventing translocation of NF-xB into the cell nucleus. Moreover, it
can affect the reduction of damage associated with acute inflammation. It is related
to the inhibition of adhesion molecules generation by leukocytes, thus affecting
their migration process (Reiter et al. 2000). The positive effect of melatonin on the
course of inflammatory neurodegenerative diseases, such as dementia, Alzheimer’s
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and Parkinson’s disease, or multiple sclerosis has also been demonstrated (Esposito
and Cuzzocrea 2010). Scientific experiments indicate that serotonin
(5-hydroxytryptamine) reduced allergic pneumonia in the C57BL/6 mouse model
by 70-90%. In addition, a decrease in expression induced by transglutaminase 2
allergens was observed as well as a decrease in serotonylation of proteins in the
pulmonary endothelium and a decrease in the migration of leukocytes and eosino-
phils. The addition of serotonin to cell cultures resulted in a reduction in the seroto-
nylation of TNF-a induced protein. This indicates the important role of serotonin in
the leukocyte migration process, which may be important in the treatment of aller-
gic diseases (Abdala-Valencia et al. 2012).

Analysis of selected species of mushrooms indicates that even thermally pro-
cessed (boiled) fruiting bodies of C. cibarius, I. badia, L. deliciosus, M. procera,
P. ostreatus and S. bovinus are a valuable reservoir of compounds with antidepres-
sant activity (Turner et al. 2006; Muszynska et al. 2011c). The highest content of
serotonin was demonstrated among the analyzed indole compounds in C. cibar-
ius fruiting bodies. The species containing significant amounts of this neurotrans-
mitter are also: Leccinum scabrum, A. mellea, I. badia, B. edulis, L. deliciosus and
P. ostreatus.

Serotonin, a substance with multidirectional pharmacological activity that plays,
inter alia, the role of the neurotransmitter in the central nervous system together
with melatonin is regulated by the daily cycle (Fig. 6.5). Serotonin, generated
endogenously in the brain, plays a very important role in regulating sleep, anxiety,
aggression, body temperature, mood, the course of maturation, regeneration and
inhibition of the aging process of cells, thus contributing to the general strengthen-
ing of the body’s immune system. It is also one of the factors regulating the contrac-
tion and relaxation of blood vessels (Turner et al. 2006; Muszynska et al. 201 1c¢).

Serotonin, after ingestion, does not penetrate the blood-brain barrier into the
central nervous system, but it can regulate the functioning of the gastrointestinal
(intestinal) tract (Birdsall 1998). In patients with asthma, this substance causes
bronchospasm. It is involved in the pathogenesis of migraine and vascular
headaches.

The wide range of activities regulated by serotonin is explained by the existence
of 7 types of serotonin receptors (5-HT), and several subtypes within them. Many
classes of drugs work via serotonin receptors, being agonists or antagonists of these
or by affecting the release of serotonin. These drugs include, above all, antidepres-
sants, anxiolytics, antiemetics and antimigraine (Birdsall 1998).

Fig. 6.5 Serotonin HO
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Information on the occurrence of indole compounds in Basidiomycota species
also applies to L-tryptophan, which is a biogenetic precursor to all indole com-
pounds (e.g., dopamine, melatonin, serotonin, and adrenaline) and vitamins (e.g.,
niacin) (Birdsall 1998; Turner et al. 2006; Muszynska et al. 2011b). The determined
L-tryptophan content ranged from 0.16 to 25.90/100 g DM (in extracts from S.
bovinus fruiting bodies) (Muszynska and Sutkowska-Ziaja 2012).

L-tryptophan is an amino acid that is exogenous to the human body and must
therefore be supplied with food. Among the extracts from heat-treated fruiting
bodies, the extract of the fruiting bodies of the Suillus bovinus contained the larg-
est amount of L-tryptophan-17.71 mg/100 g DM (Muszynska and Sulkowska-
Ziaja 2012).

Processed edible mushrooms, especially S. bovinus, can be its source, which is
why they are an alternative to animal foods. In the case of B. edulis, the amount of
L-tryptophan was higher in the processed material than in the dried fruiting bodies.
5-Hydroxytryptophan (5-HTP), a direct precursor of serotonin and melatonin, was
present in both thermally unprocessed and processed fruiting bodies. However, the
highest amounts of this compound in the discussed species were found in uncooked
mushrooms. The maximum amounts of this metabolite were found in fruiting bod-
ies extracts of: L. edodes 24.83 mg/100 g DM, M. procera (22.94 mg/100 g DM), S.
bovinus (15.83 mg/100 g DM). According to the latest research, 5-HTP is a poten-
tial drug in the treatment of Alzheimer’s disease (Birdsall 1998; Muszynska et al.
2011a, b; Muszynska and Sutkowska-Ziaja 2012; Muszynska et al. 2013c).

5-Methyltryptophan was only marked in L. scabrum fruiting bodies. This com-
pound was also detected in cooked fruiting bodies of four species: B. edulis, C.
cibarius, L. deliciosus and P. ostreatus, in amounts comparable to those found in L.
scabrum (Muszynska et al. 2011a, b; Muszynska and Sulkowska-Ziaja 2012;
Muszynska et al. 2013c). The indole compound determined in the studied species
was also melatonin. It was found in small amounts in extracts from the fruiting bod-
ies of B. edulis, C. cibarius, L. deliciosus, L. edodes and M. procera (from 0.07 to
1.29 mg/100 g DM) (Muszynska et al. 2011a, b; Muszynska and Sulkowska-Ziaja
2012; Muszynska et al. 2013c).

6.1.2.9 Enzymes

Lactase present in Agrocybe cylindracea species is an important enzyme with anti-
cancer activity. Lactases also occur, inter alia, in the species of H. erinaceus, A.
blazei, L. edodes, P. ostreatus, C. cibarius, or Pleurotus eryngii. However, their
anticancer activity was not analyzed. Lactase is used to purify contaminated water
as a biosensor or fabric dye. It is a lignin-degrading enzyme, participates in mush-
rooms morphogenesis, and further catalyzes oxidation reactions of organic com-
pounds, including phenolic compounds (Zhang et al. 2010).

The studies carried out have shown that the lactase present in A. calvacea has
anti-proliferative activity against MCF-7 breast cancer cells (ICs; = 6.5 pM) and
HepG2 liver cancer cells (ICsy = 5.6 pM). The activity of lactase isolated from this
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species of mushrooms was the highest while maintaining the pH in the range of 3—4,
while at the pH of about 9, its activity completely disappeared. In addition, raising
the temperature to 50 °C had a positive effect on the enzyme activity; however, a
further temperature increase adversely affected enzyme degradation (Elmastas et al.
2007; Endo et al. 2010).

The activity against MCF-7 and HepG2 tumor cells was also demonstrated for
the lactase isolated from the edible species of Clitocybe maxima. The ICs, for these
cancer cells was 3.0 uM and 12.3 pM, respectively (Zhang et al. 2010).

Another example of an enzyme with anticancer activity is tyrosinase extracted
from A. bisporus, characterized by a high degree of similarity to that found in the
human body. This mushroom species is a very good and cheap source of tyrosinase
(Labus et al. 2011; Zaidi et al. 2014; Kampmann et al. 2015). Studies carried out on
the enzyme isolated from A. bisporus have shown that it has a protective effect on
human lymphoma cell lines, preventing them from the negative effects of damaging
factors such as perhydrol (Shi et al. 2002). In addition, the genoprotective activity
of this species, resulting from the presence of tyrosinase was investigated. The puta-
tive DNA-protective effect was associated with the pathway of tyrosine up to
L-DOPY, followed by conversion of this metabolite to dopaquinone (Shi et al. 2002;
Jani et al. 2016).

6.1.2.10 Terpenoids

The compounds from the terpenoid group with anti-inflammatory, anti-proliferative
and anticancer potential were also isolated from the Poria cocos of the Polyporaceae
family. The anti-inflammatory activity of extracts from this mushroom has been
confirmed in an in vitro model using RAW 264.7 macrophages. A decrease in the
generation of pro-inflammatory mediators was observed by inactivating the NF-xB
signaling pathway (Jeong et al. 2014). In turn, the anticancer activity of mushroom
terpenoids was tested on the U937 line. The concentration and time-dependent
effects of anti-proliferative and pro apoptotic effects of the extracts studied were
related to the release of cytochrome C to the cytosol, caspase-3,-8 and-9 activation,
PARP degradation and loss of mitochondrial membrane potential. The obtained
results indicate the potential of the P. cocos species in the treatment of leukemia
(Choi 2015). A series of triterpenes with a similar inhibitory effect on the NF-kB
signaling pathway were isolated from another species, Inonotus obliquus (Jiang
et al. 2008). In turn, the A. camphorata extracts showed NO, TNF-a and IL-12
reducing properties (Rao et al. 2007).

6.1.2.11 Tocopherols and Steroids

Tocopherols, the most active of which is a-tocopherol, have anti-inflammatory, anti-
cancer activity and also prevent peroxidation of cell membranes phospholipids
(Jiang 2014).



146 K. Sutkowska-Ziaja et al.

Fig. 6.6 Ergosterol

In many species of mushrooms, the presence of ergosterol (a precursor to vitamin
D) (Fig. 6.6), ergocalciferol and other sterols (including ergosta-7,22-dienol, ergosta-
5,7-dienol, ergosta-7-enol, cerevisterol, f-sitosterol, ergosterol peroxide, -sitosterol,
or 7-dehydrostigmasterol) has been detected. Among others, the fruiting bodies of
A. bisporus are a rich source of ergosterol (about 61.5 mg/100 g).and ergocalciferol
(Muszynska et al. 2017a). A good source of vitamin D is also C. cibarius, in which the
content of ergocalciferol even after a few years of storage of dried specimens is in the
range of 0.12-6.3 pg/g DM (Phillips et al. 2011; Jiang 2014).

In addition, it turned out that subjecting the mushrooms to irradiation with UV-B
and UV-C radiation allows them to increase the content of vitamin D, (Strange
et al. 2015; Drori et al. 2016). It is indicated that even more than half of the world’s
population suffers from a deficiency of this vitamin (Stepien et al. 2013). One of the
mechanisms of the anti-inflammatory action of ergosterol and its derivatives is the
inhibition of NF-kB translocation into the cell nucleus and thus the prevention of
the expression of proinflammatory genes (Phillips et al. 2011).

The ergosterol present in the fruiting bodies of edible mushrooms, for example
L. badia and A. bisporus, has anti-inflammatory and anticancer activity (Barros et al.
2008a). Anti-inflammatory properties in the mouse model were also showed for an
extract of L. edodes enriched with ergosterol. The studies showed that in C57B1/6
mice with mitogen-induced (concanavalin A) liver inflammation, supplementation
with Shiitake extract, enriched with vitamin D, caused a significant reduction in liver
damage. The histopathological image of tissues was improved as well as the plasma
level of transaminases and INF-y decreased. In addition, the anti-inflammatory effect
of vitamin D and mushroom extract was synergistic (Drori et al. 2016). In another
experiment, it was observed that supplementation with powdered A. bisporus fruit-
ing bodies enriched with vitamin D2, contributed to a significant reduction in the
level of hsCRP protein after four weeks, which is a marker of inflammation in
humans (Stepien et al. 2013).

The anticancer effect is also demonstrated by ergosterol (5, 7, 22-ergostatrien-
3pB-ol), present not only in A. bisporus, but also in other species from the Agaricales
taxon. It occurs in most species of mushrooms from the Basidiomycota group.
Ergosterol accounts for 83-89% of the total content of mushroom sterols. It inhibits
the process of angiogenesis, which is associated with solid tumors, prevents tumor
growth and prevents the migration and proliferation of cancer-affected cells.
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This effect was determined by in vitro culturing of cancer cell lines as well as in
in-vivo studies on rats (Yuan et al. 2008; Shao et al. 2010; Roupas et al. 2012;
Novaes et al. 2013).

The content of ergosterol in species of cultivated mushrooms such as A. bispo-
rus, L. edodes, or P. ostreatus is between 3.7-5.1 mg/g DM, while for wild growing
species of Cantharellus tubaeformis, C. cibarius and B. edulis, these amounts are
slightly lower, in the range of 1.4—4.0 mg/g DM. The protective effect of ergosterol
on lymphocyte levels in patients undergoing chemotherapy has also been confirmed.
This therapy is safe and well tolerated by patients. In addition, ergocalciferol (vita-
min D2) present in edible mushrooms, resulting from ergosterol as a result of expo-
sure to UV rays with a wavelength of 280-320 nm, is one of the preventive factors
in cancer therapy (Shao et al. 2010; Roupas et al. 2012; Novaes et al. 2013).

In order to determine the antioxidant activity of mushroom extracts, lipids of rat
liver microsomes were used in in-vitro tests, which were peroxidized according to
the Fe**/ascorbate method. A. mellea and Pleurotus cornucopiae showed significant
inhibition of lipid peroxidation (22.8% and 19.5%, respectively) at a concentration
of 100 mg/mL, compared to the control group. Experiments have shown that the
compound responsible for antioxidant activity is ergosterol peroxide (Krzyczkowski
et al. 2009; Kampmann et al. 2015). As the concentration increased, this compound
showed an increasing tendency to inhibit lipid peroxidation. The antioxidant activ-
ity of ergosterol peroxide was also compared with the effect of other antioxidants.
It was confirmed that ergosterol peroxide showed a stronger effect than a-tocopherol
and thiourea (by 19.2% and 21.5%, respectively) (Elmastas et al. 2007; Krzyczkowski
et al. 2009).

Vitamin D,, especially its hydroxylated form, is one of the potential anticancer
drugs used in the treatment of, inter alia, melanoma. This effect is due to the inhibi-
tion of keratinocyte differentiation in in vivo studies and thus inducing protection
against photodamage after topical administration. In the study of melanoma, ergos-
terol and dihydroergosterol also inhibited DNA synthesis due to the local metabo-
lism of ergosterol, expressing cytochrome P-450scc by melanoma cells. Similarly,
17a-and 24-dihydroxyergosterol inhibited the proliferation of human epidermal
keratinocytes cell lines. These results consistently confirm the antiproliferative
effect and thus the anticancer effect of ergosterol metabolites on cells not only ani-
mal but also human (Stominski et al. 2015).

Scientific research also indicates the existence of a connection between the appro-
priate level of vitamin D,, also this of mushroom origin, and a reduced risk of pros-
tate, ovarian, breast and large intestine cancer (Shao et al. 2010). Some species of
mushrooms are a rich source of ergocalciferol, apart from A. bisporus, these include
for example G. frondosa, Morchella spp., and L. edodes (Phillips et al. 2011).

Ergosterol derivative compounds, including ergosterol peroxide, also have anti-
oxidant and anticancer activity, in this case based on cytotoxic activity against can-
cer cell lines and inhibition of their growth. It was possible to isolate ergosterol
peroxide, or other sterols of this kind of action, inter alia, from the species of
Paecilomyces tenuipes and Cordyceps sinensis. The P. tenuipes species also exhibited
anticancer activity in in vivo studies (Lindequist et al. 2005; Hong et al. 2007).
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In addition, ergosterol peroxide was first isolated from H. erinaceus species, which
exhibits anticancer activity. The discussed substance was also obtained from other
species of edible mushrooms considered to be medicinal, including V. volvacea, I.
badia, B. edulis, Suillus bovinus, Morchella esculentaand A. mellea (Krzyczkowski
et al. 2009).

Ergosterol peroxide isolated from the edible Sarcodon aspratus species has been
shown to inhibit the growth of promyelocytic leukemia (HL60) cells. This effect
was noticed for a dose above 10 uM of ergosterol peroxide (Takei et al. 2005).

Hypsizigus marmoreus species is also a source of ergosterol and ergosterol perox-
ide. It turned out that thanks to compounds from the group of sterols, fruiting bodies
of this species can inhibit the TPA-induced (13-acetate-12-O-tetradecanoylphorbol)
not only inflammatory ear swelling, but also tumor growth in mice during the two-
stage carcinogenesis induced by TPA and DMBA (7 12-dimethylbenz[a]anthracene)
(Yaoita et al. 2002).

Agaricus blazei species, in addition to anti-leukemia, also showed anticancer
activity against KATO III stomach cancer cells and LU99 lung cancer cells. This
activity was possible due to the presence of a steroid—blazein. The activity of six
other steroids isolated in the form of acetone extracts from A. blazei species, which
showed anticancer activity, was also examined. Based on the obtained research
results, it was found that these compounds have anti-mutagenic potential (Lindequist
et al. 2005; Endo et al. 2010; Patel and Goyal 2012; Roupas et al. 2012).

The bioactive steroid ergosta-4, 6, 8 (14), 22-tetra-3-one with antiproliferative
and cytotoxic activity against HepG2 cells was isolated from the edible species of
Russula cyanoxantha. Under the influence of this compound, HepG2 cells undergo
apoptosis as a result of inhibition of cell cycle (G2/M phase), chromatin condensa-
tion and cell nucleus fragmentation (Endo et al. 2010; Patel and Goyal 2012; Roupas
et al. 2012).

6.1.2.12 Vitamins

The composition of five species of fungi from Uganda, Termitomyces microcarpus,
Termitomyces tyleranus, Termitomyces clypeatus, Polyporus tenucuilus and
Volvariella speciosa was investigated. The dried mushrooms contained folic acid,
niacin, vitamin C and thiamine and small amounts of riboflavin, -carotene (Fig. 6.7)

Fig. 6.7 p-carotene
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and a-tocopherol. In these species, however, pantothenic acid, biotin and vitamin
B, have not been detected. The examined mushrooms contained a large amount
of folic acid, the shortage of which is a frequent problem in the diet (Nakalembe
et al. 2015).

The fruiting bodies of, inter alia, A. bisporus and C. cibarius are rich in B vita-
mins group, including thiamine, riboflavin, biotin and pyridoxine. These species are
also a good source of tocopherols, carotenoids, and vitamin C (Barros et al. 2008b;
Muszynska et al. 2016a; Muszynska et al. 2017a).

6.1.3 Other Compounds of Biological Activity
6.1.3.1 Statins

In 1971, while searching for new antibiotics produced by mushrooms, Akira Endo
working for the pharmaceutical company Sankyo Co. discovered a class of com-
pounds that reduced plasma cholesterol levels. Two years later, the research group
isolated the compound responsible for the hypolipemic effect-mevastatin from
Penicillium citrinium. Mevastatin served as the basis for further synthetic com-
pounds from the statins group commonly used today (Wang et al. 1998; Carrizo
et al. 2005; Li et al. 2008; Varrot et al. 2013; Singh et al. 2015).

Statins are inhibitors of 3-methyl-glutaryl coenzyme A reductase, the basic
enzyme of endogenous cholesterol biosynthesis. They block the pathway of meva-
lonic acid, which causes lowering of cholesterol in the body. The hypolipidemic
properties are used to treat: hypercholesterolemia, strokes and cardiovascular dis-
eases. Other effects of statins proven in vitro and in-vivo include cytotoxic and
cytostatic activity against various tumor cell lines. They result from such mecha-
nisms of these compounds action as proapoptotic, anti-metastatic and anti-
angiogenic activity. Natural statins include, inter alia, lovastatin, which in large
quantities is observed in P. ostreatus, especially in its lamellar hymenophore. The
addition of this species to the diet effectively reduces the accumulation of choles-
terol in the blood and liver, reduces the production of VLDL and LDL for increasing
HDL levels, attacks reduce the absorption of cholesterol and the activity of
3-hydroxy-3-methylglutaryl-coenzymeA reductase (HMG-CoA) in the liver.
Another statin (eritadermin) having the above-mentioned properties is found in the
Asian species L. edodes (Wang et al. 1998; Carrizo et al. 2005; Li et al. 2008; Varrot
et al. 2013; Singh et al. 2015).

6.1.3.2 Theanine

The results of controlled trials in which edible mushrooms showed a synergistic,
beneficial effect on reducing the incidence of cancer along with the consumption of
green tea are also interesting. Theanine found in green tea also becomes a substance
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considered in cancer therapy. A popular species that becomes the source of theanine
as a result of fermentation is /. badia.

Theanine shows a similar effect to synthetic anticancer substances such as irino-
tecan, doxorubicin or cisplatin, hence its effectiveness during therapy is assumed
(Patel and Goyal 2012; Roupas et al. 2012).

Armillaria mellea fruiting bodies showed the presence of therapeutically impor-
tant peptide-prosomatostatin, which has anticancer activity especially in the treat-
ment of pancreatic cancer (Muszynska et al. 2013b). The fruiting bodies and mycelia
of Antrodia camphorata in traditional Eastern medicine are in turn used as an anti-
cancer agent due to the presence of ubiquinone derivative. Importantly, this com-
pound has selective activity, affecting only cancer cells, omitting the healthy cells
(Hu et al. 2016).

6.1.3.3 Agaritine

Agaritine present in hot-obtained aqueous extracts was isolated from A. blazei.
Agaritine was active against human lymphoma cells (U937), inducing their apoptosis
in vitro. This activity also involved other leukemia cell lines, including HL60, MOLT4
and K562. The effect of this substance involved the damage to tumor cells DNA,
through their fragmentation and to release cytochrome ¢ from them. This mushroom
species is used as an adjuvant during chemotherapy (Endo et al. 2010).

Currently, the consumption of mushrooms from Agaricales taxon containing
agaritine is not only completely safe, but also beneficial for human health. Agaricus
bisporus species has also been shown to be effective in inhibiting leukemia; among
others HL60 cells by induction of their apoptosis (Lindequist et al. 2005; Endo et al.
2010; Roupas et al. 2012).

6.1.3.4 Bioelements

The bioelements with antioxidant and anti-inflammatory properties, accumulated
by mushrooms, include, inter alia, zinc, copper, iron and selenium (Kala¢ 2010;
Reczynski et al. 2013). The microelement with significant anti-inflammatory effects
found in mushrooms is zinc. Its content in fruiting bodies of various species of
edible mushrooms is in the range of 150-200 mg/kg DM (Reczynski et al. 2013;
Muszynska et al. 2015). The studies have also demonstrated good ability to accu-
mulate zinc (II) ions by biomass from in vitro cultures from substrates enriched with
this element (Reczynski et al. 2013; Muszynska et al. 2015).

The mechanism of anti-inflammatory action of zinc is based on the induction of
transcription of zinc-dependent transcription factors such as MTF-1 or A20 and
inhibition of NF-kB activation, which is reflected in a decrease in the production of
proinflammatory cytokines (Prasad 2014; Grzywacz et al. 2015). In turn, disorders
of zinc homeostasis or its chronic deficiency contribute to the weakening of immunity,
increase the production of pro-inflammatory cytokines and may affect the passage
of inflammation into a chronic state (Cousins et al. 2006; Prasad 2014).
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The studies conducted with the use of RAW 264.7 macrophages demonstrated
the anti-inflammatory and anti-oxidative effect of 1. badia biomass extracts
obtained from substrates enriched with zinc (II) compounds. Cells incubated with
extracts and activated with LPS showed a significant decrease in the expression of
COX-2, cPGES, NF-xB p50 and NF-kB p65 proteins as well as the increase in
GSTM1 expression, compared to the inflammatory cells induced by LPS (Ahmad
et al. 2013). Zinc is a compound with antidepressant activity. The role of this ele-
ment in the treatment of depression consists in modulating the sensitivity of
NMDA-type glutamate receptors necessary for the proper action of antidepressants
(Muszyniska et al. 2011a, c¢; Muszynska and Sulkowska-Ziaja 2012; Muszynska
et al. 2013c¢).

Natural sources of zinc are fruiting bodies of edible mushrooms in which the
content of this ingredient is from 25-200 mg/kg of dry matter. According to research,
the best source of zinc is the fruiting bodies of Lycoperdon perlatum, in which its
content is in the range of 150-200 mg/kg of dry matter. A good source of this bioel-
ement is also the fruiting bodies of: A. campestris, B. edulis, M. procera, 1. badia or
L. scabrum (Kala¢ 2010; Reczynski et al. 2013).

Edible mushrooms are one of the best food sources of selenium (Falandysz 2008;
Dogan et al. 2016). The content of selenium in fruiting bodies varies from about 0.5
to 20 mg/kg DM. Some species contain much more of it, for example selenium
content in the fruiting bodies of Albatrellus prescaprae was 400 mg/kg DM, while
in A. sporporus fruiting bodies this value reached the level of 0.150 mg/kg DM
(Falandysz 2008; Maseko et al. 2014; Dogan et al. 2016). The element is essential
for the proper functioning of the immune system.

Selenium with proteins forms seleno proteins, involved in the proper differentia-
tion and proliferation and activation of cells of the immune system, thus affecting
the innate and adaptive immune response. The immunoregulatory function of sele-
nium is also manifested by effects on key leukocyte functions, such as adhesion and
migration, phagocytosis, as well as cytokine secretion, which may be important in
autoimmune diseases and chronic inflammation. Selenoproteins also play an impor-
tant role in the cells in antioxidative processes. Selenium is an important factor in
the fight against free radicals, which results, inter alia, from its presence in the
structure of superoxide dismutase (SOD) or glutathione peroxidase (Huang et al.
2012; Maseko et al. 2014).

Magnesium is an element that guarantees proper physiological activity of the
neuromuscular system. In edible mushroom species, the content of this element is
in the range of 25—-125 mg/kg DM, and the best is Boletus edulis, in which magne-
sium content reaches 75-125 mg/kg DM (Muszyfiska et al. 2011a, c; Muszynska
and Sutkowska-Ziaja 2012; Muszynska et al. 2013c).

Copper, like zinc, is a cofactor of many enzymes, including these of protective
activity under oxidative stress. These enzymes include superoxide dismutase and
ceruloplasmin-the main serum oxidase, which plays an important role in the trans-
port of copper and iron homeostasis. An important role of copper in the regulation
of inflammatory processes has been demonstrated (Moon et al. 2009). The high
content of this element was demonstrated in such mushrooms species as Lycoperdon
perlatum and M. procera (Kalac 2010).
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6.1.4 Summary

It should be borne in mind that edible mushrooms contain a wealth of pharmacologi-
cally active compounds which properties we are only beginning to discover. Reports
from recent years indicate that edible mushrooms extract show beneficial health and
therapeutic effects, especially in relation to civilization diseases, such as those with
cancer, inflammation, neurodegenerative or immune background. Certainly, some
edible mushrooms can already be described as “superfood” and recommended as a
valuable component of the daily diet.
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Chapter 7

Biotechnological Requirements

for the Commercial Cultivation

of Macrofungi: Substrate and Casing
Layer

Jaime Carrasco, Maria L. Tello, Margarita Perez, and Gail Preston

7.1 Mushroom Growth and Development

The consumption of mushrooms dates back to antiquity. Its organoleptic and
medicinal properties have been appreciated since the time of ancient Greece and
Rome, when one of the most appreciated species was baptized as Caesar’s mush-
room (Amanita caesarea), while some poisonous species have been used to dethrone
emperors, popes and kings (Van Griensven (1988).

According to Chang and Miles (2004), mushrooms are defined as the fruiting
body of macrofungi that appears below (hypogeous) or above (epigeous) the ground,
which is large enough to be identified by the naked eye and picked by hand. Although
most mushrooms are produced by basidiomycetes (mainly from the Agaricomycotina
taxa), some ascomycetes, like the genera Morchella and Tuber, also generate
mushrooms.

Some 100 species of mushrooms have been cultivated commercially, among
them, around 20 have been exploited on an industrial scale. The most cultivated
genera worldwide (accounting for 85% of the world’s cultivation of edible mush-
rooms) are Lentinula edodes (shiitake), Agaricus (mainly Agaricus bisporus),
Pleurotus spp. (5 or 6 species), Auricularia and Flammulina, to support an industry
that has been valued at approximately $58 billion in 2013 (Royse et al. 2017). The
challenge of mushroom production lies in the need to integrate the various activities
that must be perfectly coordinated for the commercial exploitation of the product,
as well as the management of waste (Pardo-Giménez et al. 2017).
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As noted above, the majority of the cultivated species belong to the basidiomy-
cetes division which generally presents a relatively simple life cycle. The basidio-
spores are the only known spores of this subdivision and none sclerotia or latency
structures have been described. The cycle, therefore, consists of the germination of
the basidiospores, under certain environmental conditions, to produce hyphae with
usually a single nucleus (monokaryon) that fuse with hyphae in the vicinity to
develop hyphal compartments with two nuclei (dikaryon) that comprise the mush-
room mycelium (vegetative tissue) (Schardl and Craven 2003). A sharp and con-
trolled environmental change drives the morphological shift from the vegetative to
the reproductive tissue while inducing fructification and promoting the development
of basidiomes (Noble et al. 2009). Mushrooms are, therefore, multicellular struc-
tures generated by the differentiation of the cells from the vegetative mycelium
(Eastwood and Burton 2002).

7.2 Commercial Mycelium Spawn

The mycelium or inoculum of the crop, known colloquially as “spawn” is commer-
cially produced in specialized laboratories under sterile environment. Initially the
mycelium can be obtained by plating tissue from a wild mushroom on nutritive
growth medium or by reproducing a mycelium through germination of single or
multiple spores (Chang and Miles 2004). The commercial inoculum is obtained by
enhancing the growth of the mycelium (from a collection of selected strains) on the
surface of different carriers, including organic carriers such as cereal grains (rye,
millet or sorghum) or sawdust, or synthetic speed spawn (Speed Spawn™ from
L. F. Lambert Spawn Company, Coatesville, USA or Fusion™ from Amycel Spawn
Mate Inc., San Juan Bautista, USA). In addition, liquid spawn is available for the
grower. The process consists of hydrating the cereal grains/sawdust with hot water
(35-45% wiw), and mixing with a combination of gypsum and calcium carbonate
to prevent caking and provide an adequate pH. The grain is then sterilized at 121 °C
for at least 2 h. After cooling, the grain is inoculated with the mycelium of the
selected strain under axenic conditions. Next, the grain is transferred in commercial
formats to an incubation room (temperature will be set up depending on the spe-
cies), where the mycelium develops, invading the grains (Fig. 7.1). The mycelium

Fig. 7.1 Commercial spawn grain ready for inoculation: (a) Bags of commercial spawn; (b)
Millet grains overgrowth with mushroom mycelium



7 Biotechnological Requirements for the Commercial Cultivation of Macrofungi... 161

thus grown under conditions of strict hygiene constitutes the “spawn” to inoculate
the selective growing substrate (Carrasco 2016).

Liquid mycelium can be generated by resuspending fungal spores in nutritive
broth, minimal medium or simply water plus some drops of an anionic surfactant
such as Tween 80 in order to avoid clusters of spores. The suspension of germi-
nated/non-germinated spores may be used to inoculate the selective substrate.

7.3 Nutritional Requirements for Cultivated Mushrooms

Mushrooms are heterotrophic organisms which require external nutrients. The
vegetative mycelium supplies nutrients for the growth of basidiomes. Mushrooms
produce a number of enzymes including lignin-degrading enzymes (laccases, lig-
nin peroxidases, manganese peroxidases, arylalcohol oxidase, aryl-alcohol dehy-
drogenases or quinone reductases), and hemicellulose and cellulose-degrading
enzymes (xylanase, cellulases or cellobiose dehydrogenase), that generate extracel-
lular radicals to facilitate the degradation of several lignocellulosic substrates
(Sanchez 2009; Kabel et al. 2017; Vos et al. 2017a) (Fig. 7.2).

Due to their metabolic requirements, cultivation of edible mushrooms combines
the production of nutritional-rich food (mushrooms in general contain approxi-
mately 90% water, between 27% and 48% of protein in dry matter, d.m., less than

Fig. 7.2 Modern compost yard: (a) Watering and fermentation of wheat straw. (b) Phase I com-
post. (¢) Phase II fermenting in camera. (d) Camera for the germination of compost: Phase I1I
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60% of carbohydrates in d.m. and between 2—8% of lipids in d.m. (Sdnchez 2004)
with the reduction of waste, since most of the substrates employed are designed
from agricultural by-products (Sdnchez 2010).

Mushrooms require oxygen and a specific pH in order to grow properly. C and N
are the two main components of fungi for structural and energy requirements; P, K
and Mg are considered also macronutrients for mushrooms while other trace
elements such as Fe, Zn, Mn, Cu, Se or Mo are considered necessary for diverse
functions (Chang and Miles 2004). Noteworthy, some edible mushrooms have high
selenium content, a vital element for human health which is commonly deficient in
most human diets (Falandysz 2008).

7.3.1 Substrate Employed in Mushroom Cultivation

The substrate designed for mushroom cultivation is a selective media for the growth
of different species which provides nutrients and support for the development of the
mycelium and the fructification of the basidiomes. The preparation of substrates
suitable for mushroom cultivation includes composted (through fermentation and
pasteurization) and non-composted (mix and water + sterilization) mixtures with
agricultural or lignin-based forestry by-products as the main ingredients (Fig. 7.3).

There is not standard formula fixed for growing each species of mushroom.
Depending on the country or the area where the mushroom farm is located, a huge
diversity of raw materials can be employed. Rice straw, for instance, is widely used
for the production of substrates in Asia. On the other hand, in Europe, wheat straw
is more commonly used. Therefore, the substrate recipe for growing fungi is adapted
to the most abundant agricultural wastes produced locally and continuously through-
out the year with sufficient quality and quantity. This fact contributes to create prof-
itability while reducing transport costs and managing wastes efficiently (Pardo et al.
2017). Table 7.1 summarizes the substrates designed to cultivate the most common
edible mushrooms.

7.3.1.1 Preparation of Selective Substrate Through Fermentation

The substrates designed for the cultivation of some species are produced through a
solid-state fermentation process along with the action of native microbiota, which
matures the raw ingredients through different stages. At the end of the process a
selective substrate, ready for the inoculation of the target mycelium, is achieved.
Agaricus species and Pleurotus spp. are mostly cultivated using these substrates:

Agaricus bisporus Agaricus bisporus (Lange) Imbach, is the best example and the
most detailed process to produce selective substrate through fermentation. A two-
stage process takes place from agricultural waste materials. At the beginning of phase
I, raw materials (wheat straw and horse or chicken manure) are mixed and wetted.
Phase I takes around 6—7 days during which the compost mass reaches temperatures
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Fig. 7.3 Commercial cultivation on substrates prepared by fermentation: (a) White button mush-
room; (b) Portobello mushroom; (¢) Agaricus blazei; (d) Pleurotus ostreatus

up to 80 °C due to microbial activity. Initially the mesophilic microbiota starts
to develop (which turns carbohydrates and proteins into heat and ammonia).
The mesophilic microbiota is naturally replaced by thermophilic microbiota when
the temperature rises. These reactions soften the compost mass. Subsequently, phase
II starts with an initial temperature of 50 °C in the compost, followed by a 2-day
period at 60 °C (pasteurization) and a 3-day period at 45 °C (conditioning), at the
end of the phase II the mass of compost cools down until 25 °C, when the substrate
is ready for spawning. Phase III compost is produced by incubating the compost at
25 °C for 16-18 days until the vegetative mycelium fully colonizes the compost
mass. Only carbohydrates that are more difficult to degrade remain in the compost
at the start of Phase III when the lignin degrading machinery of A. bisporus starts to
work (Kabel et al. 2017; Pardo et al. 2017; Vos et al. 2017a).

The microbial community plays a decisive role along the process. Several fun-
gal and bacterial species have been identified along the composting cycle. Among
them, for instance, the thermophilic fungus Scyralidium thermophilum removes
ammonia during phase II and therefore suppresses competitors of A. bisporus such
as Trichoderma spp. (Vos et al. 2017b). In addition, some authors remark on the
importance of bacterial dynamics under composting conditions. According to Vieira
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and Pecchia (2017), Bacillales members showed potential to be a key group of bac-
teria during phase I composting in relation to the breakdown of raw materials and
the selectivity of the ultimate substrate.

Several species from the genera Agaricus can be cultivated commercially using
this compost recipe, including Agaricus bisporus (Lange) Imbach (Fig. 7.4a),
Agaricus bitorquis (Quelet) Saccardo or Agaricus subrufescens Peck (Fig. 7.4b, c)
(Gea et al. 2003; Pardo-Giménez et al. 2014; Pardo et al. 2017).

Pleurotus ostreatus The oyster mushroom, Pleurotus ostreatus (Jacq: Fries)
(Fig. 7.4d), has been cultivated in different countries using a variety of lignocellu-
losic substrates. Wheat straw is the most common base material employed. In con-
trast to the compost employed in white button mushroom cultivation, the straw must
be milled to a length of about 2 to 6 cm. One of the most common substrates used is
a mixture of cottonseed hulls and wheat straw. Some additives such as calcium sul-
phate or urea can be incorporated within the mixture as nitrogen source. The materi-
als are thoroughly mixed and watered and subsequently the substrate is subjected to

Fig. 7.4 Preparation of non-composted substrates: (a) Mixing and watering ingredients; (b)
Filling polyethylene bags with mix substrate; (¢) Bags of substrate ready for sterilisation; (d)
Substrate bags in autoclave
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fermentation/pasteurization heat processing (approximately 60-65 °C, 8 h) through
injection of live steam. A progressive cooling of the substrate is conducted (approxi-
mately 15 h) until the mixture is ready for spawning (Pardo and Pardo-Gonzélez
2009; Sanchez 2010). Beside P. ostreatus, other edible species from the genera
Pleurotus are suitable for being cultivated with this kind of substrate, including P.
pulmonarius (Fr.) Quél., P. citrinopileatus Sing. (Lentinaceae), P. sajor-caju (Fr.)
singer and P, cistidiosus O.K. Mill (Chang and Miles 2004).

7.3.1.2 Non-composted Materials: Sterilization of Substrates

Non-composted substrates are based on lignicolous material, such as sawdust, with
different additives, which undergoes a sterilization process for a determined period in
order to eliminate mushroom competitors or parasites (Fig. 7.4). Details of some of
the most common species cultivated by this methodology are summarized below:

Lentinula edodes Shiitake mushroom, Lentinula edodes (Berk.) Pegler (Fig. 7.5a, b),
seems to have overtaken the white button mushroom as the most cultivated species

Fig. 7.5 Commercial cultivation on sterilised substrates: (a, b) Shiitake; (¢), (d) Auricularia sp.;
(e) Hypsizygus tessulatus; (f) Flammulina velutipes
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worldwide (Royse et al. 2017). Although shiitake has been traditionally cultivated
in natural logs, the fastest and the most efficient way of cultivation consists of culti-
vation in polypropylene bags, process so-called “bag log” cultivation (Sdnchez
2010). The synthetic substrate is based on a mixture of several lignocellulosic mate-
rials such as sawdust, rice bran, wheat bran, corn bran and CaCO;. The mixture is
wetted to a final moisture content of 60%. The substrates are pressed in the form of
small logs and they must be sterilized at 121 °C for 1 h before spawning at room
temperature (Chang and Miles 2004).

Auricularia sp. The Jew’s ear mushrooms, essentially the species Auricularia
auricula-judae (Bull.) J. Schrét. and Auricularia polytricha (Mont.) Sacc. (Fig. 7.5¢, d),
are produced in a synthetic medium designed from the mixture of different agro-
nomic by-products (Fig. 7.5¢, d). A mixture of 90% sawdust, 9% rice bran and 1%
CaCQO; can be considered as substrate formula (Liang et al. 2016), although some
other materials such as sugarcane bagasse, rice straw, and rice husk can be also
incorporated to the mixture at different ratios (Wu et al. 2017).

The water content of the mixture must be adjusted to approximately 65% (w/w).
Then, the substrate is introduced in polyethylene bags and sterilized in autoclave at
121 °C for at least 1 h — 80 min. After sterilization the substrate is ready for the
inoculation of the mushroom at room temperature.

Flammulina velutipes The golden needle mushroom, mainly Flammulina velutipes
(Curtis) Singer (Fig. 7.5f), is mostly cultivated in China. The bag cultivation
(Fig. 7.5e, f) and the bottle cultivation are the two methods for cultivation that are
widely employed (Zhou et al. 2017). The substrate designed for the cultivation of
Flammulina velutipes is mostly based on sawdust (80%) and rice bran (20%). In addi-
tion, some other materials have been studied as a potential component for the sub-
strate employed on the golden needle mushroom cultivation, among them for instance
rubber wood sawdust, paddy straw, palm empty fruit bunches or palm-pressed fiber
(Harith et al. 2014). The ingredients are thoroughly mixed, water is added to achieve
a moisture content of 58 to 60%, and the medium is mixed again (Zhou et al. 2017).
Polypropylene bags or bottles are filled with the substrate and finally sterilized through
autoclaving at 121 °C for 1 h or at 95 °C for 4 h (Chang and Miles 2004). Finally,
mushroom spawn is inoculated on the substrate at room temperature.

Pleurotus eryngii The king oyster mushroom, Pleurotus eryngii (DC: Fr.) Quel. has
been cultivated mostly on wheat straw-based substrates (Fig. 7.6). When the king
oyster mushroom was cultivated on three different agricultural wastes, wheat straw
(WS), cotton waste (CW) and peanut shells (PS), WS in non-composted substrates
supported faster growth, faster colonization rate and favored earliness of the crop
(Philippoussis et al. 2001). Besides, WS enhances yield and mushroom size with
positive correlation for C/N ratio and mushroom yield (Philippoussis et al. 2001).

Although, the substrate composition designed for growing P. eryngii may vary, it
consists basically of a mixture of sawdust and more aerated materials like straw,
maize stalks or cotton seed hulls, enriched with nitrogen-rich additives. A C/N ratio
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Fig. 7.6 Several species of Pleurotus cultivated on sterilised substrates: (a) P. eryngii; (b) P. pul-
monarius; (¢) P. citrinopileatus; (d) P. djamor var. roseus

of 30—40 and moisture content around 70% are optimal (Rodriguez-Estrada et al.
2009). Bottles are barely used in Western Europe, but artificial logs—substrates are
produced in all sorts of bags and shapes. Substrate portions of 1 to 4 kg are filled
into bags which are provided with different filter systems for gas exchange. A mix-
ture of cottonseed hulls (56% in formula, 12% moisture), corn distiller’s waste (4%
in formula, 11% moisture), calcium sulfate (1%), ground soybean (12% in formula,
7% moisture) and aged Northern red oak (Q. rubra L.) sawdust (27% in formula,
18% moisture) was also successfully used for king oyster mushroom cultivation.
The mixed ingredients were watered to reach 60% moisture content. Then, moist-
ened substrate was packed into polypropylene (PP) bags and autoclaved at 121 °C for
90 min. Cold substrate was then inoculated with grain spawn (1.2% w/w) (Rodriguez-
Estrada et al. 2009).

Agrocybe aegerita The black poplar mushroom, Agrocybe aegerita (V. Brig.)
Singer (Fig. 7.7a), is a high quality mushroom which usually grows in the wild,
forming clusters in poplar and other tree trunks. Non-composted materials based on
wheat straw, cotton waste, sawdust, corn cobs and peanut shells has been reported
as lignocellulosic substrates for the growth of A. aegerita (Kleofas et al. 2014).
The culture on wheat straw supplemented with different residues showed the highest
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yields when black tea pomace, a by-product of the beverage industry, was added.
A positive correlation has been detected for substrate C/N ratio and mushroom yield
in A. aegerita (Philippoussis et al. 2001). The materials employed as substrates must
be mixed and watered until 65% moisture is achieved, subsequently the substrates
are introduced into polyethylene bags and sterilized in an autoclave at 121 °C for at
least 1 h. Once the substrate is cold, the spawn is inoculated within the substrate at
a rate of 10% (w/w) (Kleofas et al. 2014).

Ganoderma The “reishi”’, Ganoderma lucidum (Curtis) P. Karst. (Fig. 7.7b), is a
genus of wood decaying polypore fungi of economic importance due to its high
valued medicinal properties and mostly cultivated and consumed in Asia. This spe-
cies has been traditionally cultivated using wood logs, the methods most widely
adopted for commercial production are the short wood log, and synthetic sawdust
bag and bottle procedures (Zhou 2017). Substitute cultivation of reishi is conducted

Fig. 7.7 Several mushrooms cultivated on sterilized substrates: (a) Agrocybe aegerita; (b)
Ganoderma sp.; (¢) Pholiota nameko; (d) Calocybe indica; (€) Hericium erinaceus; (f) Hypsizygus
marmoreus (syn. tessulatus)
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through the preparation of a non-composted substrate based on sawdust, cottonseed
hull, rice straw, wheat straw, corncob powder, and other agricultural by-products as
main source of carbon. Furthermore, wheat bran, rice bran, corn powder, ammo-
nium sulfate, urea, and some other compounds containing nitrogen are incorporated
to the mixture plus some additives to correct pH such CaCO; and gypsum (2%) in a
ratio of 1:1 (w/w) and KH,PO,4 2% (Zhou 2017). The mixture should be wetted to
provide moisture content around 65%. Finally, the substrates are transferred into
heat-resistant polypropylene bags (plugged with cotton plugs using PVC rings) or
glass bottles (sealed with Kraft paper) are autoclaved at 121 °C for 1-2 h. A mixture
of 75-77% sawdust, 2% CaCOs, 5-9% corn bran, 5-9% oak bran, 3.5-4% wheat
bran, has been successfully used to produce wild collected strains. However, accord-
ing to our results it is important to note that different strains required a slightly dif-
ferent substrate formulation (Maszlavér 2008; Pérez-Clavijo et al. 2016).

Volvariella volvacea The paddy straw mushroom, Velvariella volvacea (Bull. Ex
Fr.), is a commercial variety that requires high temperatures during its crop cycle.
Certain waste materials have been used for cultivation of this species, including:
paddy straw, water hyacinth, oil palm bunch, oil palm pericarp waste, banana leaves
and sawdust, cotton waste, sugarcane bagasse, composted mixtures of tropical wood
wastes and pineapple skin waste, wood waste and some other substrates (Chang and
Miles 2004) (Fig. 7.7¢c, d).

Non-composted cotton-based substrate showed higher colonization by V. volvacea
with earlier fructification in comparison to wheat straw and peanut shell based sub-
strates. In addition, cotton waste substrate enhanced yield and mushroom size. A posi-
tive relation was observed between cellulose content of the substrates and the mushroom
yield (Philippoussis et al. 2001). Non-composted substrate suitable for V. volvacea
cultivation can be prepared by soaking cotton wastes including stem-leaf residues
and gin trash with particle size of 2-3 cm in water for 24 h to subsequently drain.
The cotton wastes are mixed with wheat bran (10%) and CaCO; (2%). Afterward,
the substrates are disposed in heat resistant bags and sterilized at 120 °C for at least
2 h, prior to inoculation with the mushroom spawn (Philippoussis et al. 2001).

Hypsizygus marmoreus (syn. tessulatus) The beech mushroom, Hypsizygus
marmoreus (Peck) Bigel. (Fig. 7.5e, f), a species originally cultivated in Japan, is
now widely cultivated throughout Japan and China. The commercial substrate
employed for commercial production is based on sawdust or corncobs.

Some substrates for high productivity of the mushroom consist of a sawdust base,
for instance: a) birch (Betula ermanii Cham) sawdust (18.2%), rice bran (8.8%),
soybean shell (5.3%), corncob meal (4.7%) and CaCOs; (0.5%); b) birch sawdust
(22.8%), rice bran (14.2%), the commercial supplement Oruga K-1 (Katsuragi
Sangyo corp.) (2.5%). Moisture content of the substrate was adjusted to 63%, based
on the fresh weight of the mixture of solid materials (Harada et al. 2004). Another
formula employed in Japan consists of 3.9% (wet weight) of corncobs, 11.1 of rice
bran, 3.9% of wheat bran, 3.9% of soybean hull, 2% of cottonseed hulls, 2% of dry
tofu refuse and 74.5% sawdust. The mixture is wetted to raise the moisture content
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up to 65-75% (w/w). After sterilization (121 °C for at least 1 h) and cooling the
substrate, the mass is inoculated on the substrate surface at a rate of 2.5-2.9% of
sawdust spawn (Yamanaka 2017). The substrate is introduced in bottles or heat resis-
tant plastic bags and sterilized in autoclave at 121 °C for at least 1 h prior to inocula-
tion with sawdust spawn at room temperature.

Pholiota nameko The production of Pholiota nameko (T. Ito) S. Ito & S. Imai
(Fig. 7.7¢) began with log cultivation in Japan. Currently it is mostly cultivated in
China and Japan using small bags or bottles filled with sterile substrate. The non-
composted substrate employed for the cultivation of this species is based on hardwood
sawdust (90% of total fresh substrate weight) with different supplements such as
corn bran, wheat bran, and dried tofu refuse (10% of total fresh substrate weight).
The mixed substrate is adjusted to 64—65% moisture (Yamanaka 2017).

Grifola frondosa The “maitake” mushroom, Grifola frondosa (Dicks.) Gray, is a
mushroom appreciated both for its culinary and medicinal properties. It was first
cultivated 35 years ago and nowadays is mostly cultivated in Japan and China. Three
different methods have been described for the cultivation of “maitake”: (1) bottle
culture in small bottles (800—1000 ml); (2) bag culture: sawdust is mixed with rice
and wheat brans. After the moisture of the mixture is adjusted, the mixture is packed
in a polypropylene bag (this is the most used method); (3) outdoor bed culture:
requires about 6 months from inoculation to fruiting body formation (Mayuzumi and
Mizuno 1997). The substrate is based on a non-composted mixture based on sawdust
powder obtained from deciduous broadleaf trees with 15% rice bran and 5% wheat
bran. After mixing thoroughly, the moisture is adjusted to 65%. 2.5 kg polypropylene
bags are filled with the substrates and autoclaved at 120 °C for at least 2 h or 110 °C
for 7 h. When cold, the substrate is inoculated with a spore suspension or mycelium
from spawn manufacturers (Mayuzumi and Mizuno 1997).

Calocybeindica The milky mushroom, Calocybe indica Purkayastha & A. Chandra
(Fig. 7.7d), is an edible species mostly cultivated in India. The substrates employed
for milky mushroom cultivation varied from different lignocellulosic materials
from agricultural wastes. The base materials, including coconut coir, kash, paddy
straw, maize stalks, rice straw, sorghum stalks, sugarcane bagasse, sugarcane leaf,
wheat bran or waste cotton are chopped to 3—5 cm bits to facilitate humectation (up
to 65% moisture level). The substrate is introduced in polypropylene bags prior to
autoclave at 121 °C at 15 psi for 1 h. Alternatively, heat treatments using steam for
30 minutes at 85 °C in a closed chamber can be applied. Once cooled down, the
substrate is ready for spawning (Amin et al. 2010; Lakshmipathy et al. 2017).

Hericium erinaceus The “houtou” mushroom, Hericium erinaceus (Bull. Ex Fr.)
(Fig. 7.7e), was firstly cultivated in China. It is now grown in plastic bag cultures on
a variety of substrates: sugarcane bagasse, sawdust, cottonseed hulls, corncobs, and
chopped up paddy straw - each supplemented with rice or wheat bran, sucrose, gyp-
sum, and sometimes additional ingredients (Chang and Miles 2004).
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7.4 Casing Materials

The phase III compost fully colonized by the Agaricus mycelium and the substrates
employed to grow other species such as Calocybe indica is not sufficient to produce
mushrooms. To obtain a commercially viable production it is necessary to apply a
casing layer which requires certain physical, chemical and biological characteristics
to reproduce the appropriate environment in which the morphological shift from the
vegetative mycelium to the reproductive one takes place (Pani 2012; Pardo-Giménez
et al. 2017). Besides, the yield and biological efficiency (BE) of some species such
as Pleurotus eryngii var. eryngii have been increased when a casing overlay was
applied in the substrates employed for the cultivation (Rodriguez-Estrada et al.
2009).

Casing layers consist of mixtures of different natural materials. Among them,
peat based materials amended with sugar beet lime to correct pH are the most com-
monly used for the growth of A. bisporus (Noble et al. 2009). Noteworthy, some of
the microbial casing inhabitants are directly involved in mushroom fructification.
Axenic casing does not support mushroom production so the presence of living
organisms in the casing material employed as top layer over the colonized compost
is required (Noble et al. 2009).

Since peat is a natural resource, the exploitation of natural peatlands is limited
due to the environmental impact and an increasingly restrictive legislation. Many
other materials have been evaluated as alternatives to peat including: soil, coconut
fiber, paddy straw, charcoal, spent mushroom compost or pine bark (Pardo et al.
2004; Noble et al. 2009; Colauto et al. 2010). However, to date none of them offer
the benefits achieved with peat-based materials in terms of physical, chemical and
biological properties. Therefore, the search for alternative materials is one of the
challenges for the mushroom industry.

7.5 Conclusions and Perspectivas

The cultivation of mushrooms is a very efficient agricultural activity which uses by-
products from other vegetable crops or forestry to generate high quality food.
Besides, while cultivated under indoor-controlled conditions, mushroom crops are
not susceptible of damage due to adverse weather conditions, therefore limiting
crop losses. In addition, mushrooms present a nutritional value that can be com-
pared to those of eggs, milk, and meat, while the water content is an average of 90%
(Sanchez 2010). To sum up, it is highly advisable to introduce mushrooms in your
diet with the aim of reducing the protein dependence with meat origin.
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Chapter 8

Role of Mushroom Fungi

in Decolourization of Industrial Dyes
and Degradation of Agrochemicals

Sachin Gupta, Sudheer K. Annepu, Baby Summuna, Moni Gupta,
and Sunil A. Nair

8.1 Introduction

White-rot fungi are known to have the abilities to degrade diverse agricultural pol-
lutants (Tortella et al. 2013). For the cleanup of contaminants, application of fungal
technology has shown promise since 1985 when the white rot species Phanerochaete
chrysosporium was found to metabolize a number of important environmental pol-
lutants and the ability is generally attributed to the lignin degrading enzymatic sys-
tem of the fungus. Similar degrading capacity was later described for another white
rot fungal species (Sasek and Cajthaml 2005). White rot fungi possess a number of
advantages that can be exploited in bioremediation systems. As the key components
of their lignin-degrading system are extracellular, these fungi can degrade insoluble
chemicals such as lignin or an extremely diverse range of very persistent or toxic
environmental pollutants (Barr and Aust 1994).

The inherent growth habits of the vegetative mycelium for rapid colonization of
the substrates and extension of hyphal structures enables the penetration of soil
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reaching the pollutants which is not possible for other organisms (Reddy and
Mathew 2001). This process can maximise physical, mechanical and enzymatic
contact with the targeted environment (Maloney 2001). In addition, cheaply and
abundantly available lignocellulosic materials are used as a nutrient source for the
growth of the fungi. They can tolerate a wide range of environmental conditions,
such as temperature, pH and moisture levels (Maloney 2001) and do not require
pre-conditioning to a particular pollutant, because their degradative system is
induced by nutrient deprivation (Barr and Aust 1994).

Edible mushrooms and other white rot fungi have strong non-specific, extra
cellular lignolytic enzymes that have the ability to breakdown the lignin and cellu-
lose, which are composed of long chains of carbon and hydrogen (Arun et al. 2008).
Recently, greater emphasis has been paid to the discharge of effluents containing
organic pollutants such as polycyclic aromatic hydrocarbons (PAH), polychlori-
nated biphenyl (PCBs), dioxins, pesticides, explosives, dyes, solvents, etc. which
are structurally similar to lignin and cellulose system of the substrates. Wood rotting
fungi an inherent capacity to biodegrade these xenobiotic compounds which other-
wise take quite long time for their complete mineralization. A brief review on vari-
ous aspects of mushrooms, associated fungi, white rot fungi, spent mushroom
substrate (SMS) and their utilization in removal of synthetic dyes and degradation
of various agro-chemicals is discussed in this chapter.

8.2 Removal of Textile and Industrial Dyes

Synthetic dyes are widely used in many industries such as textiles, paper, plastics,
leather, food and pharmaceutical (Saratale et al. 2013). The effluent waste water
released after utilization of synthetic dyes from different industries resulting in pol-
luting the environment. It was estimated that about 280,000 tons of textile dyes are
discharged every year in industrial effluents (Jin et al. 2007). In textile industry, to
dye 1 kg of cotton requires 0.6—0.8 kg NaCl, 30-60 g dye stuff and 70—150 L water.
After dying process, 20-30% of unfixed reactive dyes released through the waste
water with an average concentration of 2000 ppm, high salt content and dyeing
auxiliaries (Babu et al. 2007). Among several synthetic dyes used in the textile
industry, azo compounds are occupying the maximum share up to 70% with a broad
range of colours and different structures (Lang et al. 2013).

Chemically, the azo dyes belong to the class of aromatic and heterocyclic com-
pounds with azo bond (-N=N-). These compounds are recalcitrant in nature and
reported to posses the carcinogenic properties (Saratale et al. 2011). Due to the
inefficient discharge of the effluent waste water, these compounds accumulate in
the water bodies and shows negative effects in terms of Biological Oxygen Demand
(BOD), Chemical Oxygen Demand (COD), dissolved oxygen (DO), colour, etc.
(Saratale et al. 2013). Release of these effluents causes serious environmental



8 Role of Mushroom Fungi in Decolourization of Industrial Dyes and Degradation... 179

problems and the toxic effects caused by these industrial dyes created attention
among the researchers to find out suitable methods for their removal (Ayed
etal. 2011).

The energy intensive conventional effluent management strategies were found
ineffective in removal of the toxic compounds. They also resulted in formation of
hazardous compounds due to incomplete removal of the dyes. These limitations
compelled to find out the alternate strategies using the biological and biotechnologi-
cal techniques for remediation of the dyes. Recent studies focussed on biodegrada-
tion of azo dyes by fungi and bacteria due to their higher enzymatic activities and
strong adaptability (Dos Santos et al. 2007). Despite of wider application of bacte-
ria, their decolourization ability is often inhibited by the aromatic amines (Qu et al.
2010). In contrast, fungi can degrade complex organic compounds through catalysis
with extracellular ligninolytic enzymes including laccase, manganese peroxidase
and lignin peroxidase (Gomi et al. 2011).

During the decolourization process many intermediates such as phenolics, aro-
matic amines are generated. These intermediates can be highly toxic and having
lower biodegradability than the dyes itself and causes the secondary pollution.
Interestingly, several fungal species have shown high efficiency in the removal of
these aromatic compounds. Moreover, large surface area of fungi offers an efficient
system of degradation (Mishra and Malik 2013). Awasthi et al. 2014 reported mul-
tiple mechanisms for degradation of organic and inorganic contaminates by the
fungi. However, studies are largely confined to single pollutant degradation often
using the pure cultures of fungi (Singh and Singh 2014).

The capacity of an individual strain for uptake of specific dye varies greatly. It is
an established fact that the industrial effluents contain a cocktail of various organic
contaminates and heavy metals Yadav et al. 2010). For example, in textile industry
heavy metals are used as mordant and will be released into the waste water along
with the residual dyes. Similarly, tanning industry, paper industries also generating
effluents contaminated with wide ranges f metals and dyes. Considering these fac-
tors, Mahapatra et al. (2014) proposed that remediation of such effluents by micro-
bial strains in a consortium. Undoubtedly, microbial consortia have a clear advantage
for remediation with a rich metabolic network. In a consortium each microbial
strain exhibits a specialized role in uptake of a particular contaminates. With this
approach several contaminants can be successfully removed from the targeted sites.

The rate of pollutant degradation in the waste water system declines in a long
run. This is due to the fact that, microbial biomass being washed and reduces its
concentration. Moreno-Garrido (2008) suggested immobilization of fungi as a
strategy for maintenance degrading biomass. Aerobic white rot fungi such as
Phanerochaete chrysosporium and Trametes versicolor can degrade wide variety
of textile dyes (Yang et al. 2013). These fungi have efficient and non selective lig-
nolytic systems capable to degrade azo, heterocyclic and other polymeric dyes
(Solis et al. 2012).
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8.2.1 Fungal Decolouration Mechanisms
8.2.1.1 Biosorption

Biosorption mechanism which involves the physic-chemical interactions such as
adsorption, deposition, ion-exchange, etc. plays a major role in dyes decolouration y
the fungi. Singh (2006); Kaushik and Malik (2009) presented a detailed review on abil-
ity of fungal mass on decolouriztion of dyes from the waste affluent water. The fungal
biomass from Aspergillus niger which contains the functional groups such as carboxyl
and amino phosphate fractions showed the decolouration of four different dyes viz.,
Basic blue 9, Acid Blue 29, Congo Red and Disperse Red-1 by Biosorpion (Fu and
Viraraghavan 2002). Carboxyl and amino groups combinedly decolourized the Basic
Blue 9 dye. Whereas, for amino group alone was acted as binding side for Acid Blue
29. Electro static was reported to be involved between the binding site and the dye
compounds. For decolourization of Congo Red dye, functional groups such as car-
boxyl acid, amino and phosphate groups, lipid fractions together acted as binding sites.
Lipid fractions and amino groups acted as binding sites for Disperse Red-I dye. Along
with the electrostatic attraction, physical and chemical adsorption mechanisms were
also played important role in degradation of both Congo Red and Disperse Red-1.

The efficiency of adsorption capacity by fungal biomass can be further enhanced
with suitable pre-treatment process. Treating the biomass with selected organic and
inorganic chemicals such as formaldehyde, H,SO,, NaHCO;, NaOH, CaCl,, etc.
and physical methods by exposing the biomass to high temperature by autoclaving
are some of the pre-treatment methods suggested by several researchers. Autoclaving
and chemical treatment with 0.1 N NaOH, 0.1 M HCI, 0.1 M H,SO, were together
used for living biomass of A.niger (Fu and Viraraghavan 2000). It was reported that,
the rate of the biosorption of Basic Blue 9 dye increased from 1.17 mg/g to
18.54 mg/g by autoclaving the biomass. While, chemical pretreatment of biomass
with 0.1 M H,SO, resulted in enhanced biosorption of Acid Blue 29 dye from
6.63 mg/g to 13.83 mg/g. The mechanism involved in physical treatment of auto-
claving is, fungal vegetative structure of fungal biomass could be changed to posi-
tive charged surface by the acid pre treatment and increases the affinity of anionic
dye (such as Acid Blue 29) to bind with fungal biomass. Arica and Bayramoglu
(2007) observed the enhancement in biosorption capacity o the Lentinus sajor-caju
to remove Reactive Red 120 by autoclaving for 10 min and 100 °C.

8.2.1.2 Decolourization of Dyes by Enzymatic Action

Fungi degrade the lignocellulosic substrate material which is composed of lignin, cel-
lulose and hemicelluoses with the help of various lignoclytic enzymes such as laccase,
manganese peroxidase (MnP) and lignin peroxidase (LiP). The relative contribution
of individual enzyme to the decolorization of dyes may be different for each fungus.
Recently, there has been an increased interest in determining the exact mechanism of
how these organic pollutants are broken down. Depending on the enzyme involved,
different pathways have been reported in the literature and reviewed below.
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Degradation of Azo Dyes by Azo Reductases

The role of azo reductases on degradation of azo dyes and azo compounds are
widely reported in the literature. Under anerobic conditions, microbes possessing
the reductase enzymes efficiently degraded the azo compounds (Chen et al. 2005).
The enzymatic degradation activity hastened under the presence of reducing cata-
lysts such as nicotinamide adenine dinucleotide (NADp), nicotinamide adenine
dinucleotide phosphate (NADPp), etc. Due to the cytosolic nature of the reductase
enzymes, it is assumed that the azo compounds have to be transported in to the cell
before they are degraded by the anerobic microbes. However, for certain dyes with
high ionic charge and high molecular weight, alternate mechanisms were suggested
in which the dye compounds may pass though the membrane of the cell, instead of
transporting into it (Robinson et al. 2001).

It was further hypothesized that, the reduction activity of the dye, may not be
dependent on the intracellular uptake of the macromolecules. This alternate hypoth-
esis suggested the role of the reduction of these dyes in the extracellular environ-
ment of the microbes. To enable this function, the fungi should link with the
intracellular electron transport system and the molecules o dye compounds. This
mechanism requires the direct contact between the cell surface, redox mediators and
the dye. This linkage needs the presence of electron transport component in the
outer membrane of the fungal cells. The catalyzing agents which can increase the
degradation of dye molecules by extra cellular enzymes can be generated by the
internal fungal metabolism or may be supplemented externally. Aerobic conditions
retards the reduction process by oxidizing the redox mediators, hence these reac-
tions must be carried out in the absence of oxygen.

Degradation of Azo Dyes by Laccase Enzyme

Laccase are the copper containing oxidase enzymes commonly found in higher
fungi and other micro organisms (Pointing 2001). Fungi utilize laccases for degra-
dation of different lignocellulosic substrates through oxidation activity (Majeau
et al. 2010). By utilizing the oxygen as a secondary substrate, the fungal laccases
oxidizes several aromatic and non aromatic compounds structurally similar to the
dye compounds (Tuor et al. 1995). During this reduction process the protons will
be abstracted and radical are generated. These radicals further regulate the reac-
tions such as polymerization, hydration or proton abstraction. Similarly, the lac-
case concentration from the mushroom mycelium was increased when it was
exposed to the heavy metals such as cadmium, lead, copper, zinc and mercury.
These metals were absorbed subsequently and decolourized by the laccase enzymes
(Hitivani and Mecs 2003). Degradation of phenols and several other aromatics in
effluents either in the free or immobilized form have been explored by using vari-
ous enzymes (Table 8.1).
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Table 8.1 Degradation of Industrial dyes by some white-rot fungi

S. Gupta et al.

Fungal species Conditions Decolouration process Reference
Pleurotus ostreatus pH 3.5-5.2, Enzyme degradation Tapia-Tussell et al.
30 °C, (Lac, LiP) (2011)
Pleurotus sajarcaju pH 4.5,25°C | Adsorption and degradation | Munari et al. (2008)
Pleurotus florida pH 4.5,25°C | Enzyme degradation (Lac) Sathiya Moorthi et al.
(2007)
Pleurotus pulmonaris | pH 4.5, 25 °C | Biodegradation, adsorption | Tychanowicz et al.
and laccase (2004)
Agaricus bisporus pH 1.0 Biosorption Akar et al. (2009)
Trametes versicolor pH4.5,25°C | Degradation Cano et al. (2012)
Ganoderma lucidum pH 4.5,25°C | Adsorption and degradation | Baccar et al. (2011)
Phanerochaete pH 4.5,30 °C | Degradation Sen et al. (2012)
chrysosporium
Phanerochaete pH 4-7, Degradation Sharma et al. (2009)
chrysosporium 24-34 °C
Ganoderma sp., pH 5.5, Enzyme degradation (Lac) Anastasi et al. (2011)
28 °C
Schizophyllum pH 2.0; 30 °C | Bioaccumulation Renganathan et al.
commune (2006)

Role of Peroxidises in Dyes Degradation

Yousefi and Kariminia (2010) studied the decoulrization of Acid Orange 7 by the
fungal biomass of Coprinus cinereus. The role of peroxidises enzyme produced
from the fungal biomass resulted in decolouration of the above dye. Further it was
also reported that the time required for degradation of the time can be shortened by
maintaining the pH, temperature and dye concentration at optimum range. The fun-
gal peroxidises including lignin peroxidase (LiP) and manganese peroxidase (MnP)
is similar to the plant peroxidases such as horseradish peroxidase (HRP).

8.3 Degradation of Pesticides and Other Agro Chemicals

Efficient crop production practices depends upon judicious management of biotic
factors such as insect pests, diseases, weeds etc., which otherwise are imminent
threat to crop yield and quality. Indiscriminate use of pesticides for management of
these biotic stress factors not only contributes to environmental pollution but also
releases exogenous chemical compounds known as xenobiotics. These chemicals
remain un-degraded by microorganisms and remains in the soil persistently.
According to Agnihotri (1999) amongst South Asian countries, India ranks first in
the usage of pesticides. As per reports of the Kookana et al. (1998) and Nawaz et al.
(2011), only 5% of the applied pesticides are effective in managing the target insect
pests. The remaining part of the pesticides (water soluble ones) act as off target
entering surface and ground water bodies (Casara et al. 2012) often polluting the
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Table 8.2 Degradation of agricultural pollutants by different fungi

Fungal species Type of pollutant Reference

Phanerochaete chrysosporium | Lindane, DDT, Atrazine, BTEX | Bumpus et al. (1985)
Hickey et al. (1994)
Yavad and Reddy (1993)
Pleurotus florida Lindane Bumpus et al. (1985)
Pleurotus pulmonarius Atrazine Masaphy et al. (1996)

water bodies affecting human health by interfering in the food chain (Strandberg
et al. 1998). On the other side some pesticides are retained by soil and organic mat-
ter (Xiao et al. 2011) and these are called hydrophobic pesticides. Biodegradation
of these toxic substances depends upon the presence of the suitable microorganisms
(Frazar 2000) (Table 8.2). The other reasons for failure of biodegradation are due to
lack of nutrients for growth of microorganisms or recalcitrant nature of the toxic
compound (Field et al. 1993). However there are possibilities of survival of some
micro organisms undergoing metabolic processes wherein release of energy makes
them efficient converters of toxic pesticide into harmless products (Kirk and Farrell
1987; Hatakka 2001).

The United States Environmental Agency (USEPA) has identified several classes
of chemicals viz., polycyclic aromatic hydrocarbons, pentachlorophenols, poly-
chlorinated biphenyls, 1,1,1- trichloro - 2,2-bis (4-chlorophenyl) ethane, benzene,
toluene, ethylbenzene xylene and trinitrotoluene for their role as priority pollutants
causing health hazards. As per the workers (Lau et al. 2003; Verdin et al. 2004) the
burning of fossil fuels, coal mining, oil drilling and wood burning leads to genera-
tion of Polycyclic aromatic hydrocarbons (PAH) a primary recalcitrant environ-
mental contaminants. As piling up of these toxic compounds causes’ serious health
hazards and sustainability of our ecosystem is already on the brink of precipice, the
need of the hour is to evolve ourselves and reduce and annihilate the environmental
damage caused due to pollutants and wastes.

Besides unbalancing and causing disturbance to the equilibrium of the ecosystem,
environmental contamination affects the flora, fauna and human being too. Hamman
(2004) has thus advised a rapid cost-effective method for cleanup of the contami-
nated ecosystem. Though incineration or disposal of wastes by burning is the com-
mon practice, it is costly in terms of energy consumption. Thus the only environment
friendly and less hazardous way of disposal and mopping up of the contaminated
sites is by employing compatible micro-organisms (Finley et al. 2010).

8.3.1 Mechanisms Involved in Degradation of Agro Chemicals

The use of fungi either natural inhabitant or externally introduced to degrade the
pollutants involves enzymatic mineralization, chelation, biosorption and precipita-
tion (Sturman et al. 1995; Zhang and Chiao 2002).
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8.3.1.1 Enzymatic Mineralization

Degradation of pollutants by lignolytic fungi was widely studied by several mycolo-
gists and environmental researchers. However, the precise role of enzymes in pesti-
cides degradation is not established clearly, However, few evidences which suggest
that complex of lignin degrading enzymes (lignin peroxidase, manganese peroxi-
dase and laccase) is responsible for pesticides degradation by these fungi. All ligno-
lytic fungi did not produce these enzymes in a similar fashion. Even if the enzymes
have been detected, it has often been difficult to find out a clear correlation between
the targeted pollutant for degradation and the enzyme involved in its degradation.

Biodegradation of xenobiotic compounds (which are structurally similar to lig-
nin) by laccase and other lignolytic enzymes has attracted the interest among the
researchers and its degradation properties and mechanisms involved are widely
studied (Trejo-Hernadez et al. 2001). Textile effluent degradation by Trametes ver-
sicolor and azo dyes degradation by Pyricularia oryzae are attributed to the laccase
activity released by these fungi. Duran and Eposoto (Duran and Esposito 2000)
have studied the role of laccase from the Correna unicolor in removal of 2, 4 DCP
in contaminated soil colloids (Table 8.2).

Recently, Demir (2004) studied the biodegradation of benzene and toulene by 7
versicolor and found that toluene is completely removed within 4 h with initial con-
centration of 50 mg/litre, while it takes 36 h when the concentration of 300 mg/litre.
In case of benzene, by the end of the 4th hour with an initial concentration of 50 mg/
litre, the biodegradation was completed. While at 300 mg/litre initial concentration
it continued for 42 h. However, addition of verataryl alcohol (a laccase inducer) to
the medium stimulated the enzymatic system and biodegradation was completed in
a relatively shorter period (Demir 2004).

Degradation of phenanthrene by 7. versicolor was studied by Han et al. (2004)
and purified its laccase after 36 h. of incubation under shaken and static fungal
growth conditions and during this period about 46 and 65% of initial phenanthrene
concentration (100 mg/litre) in the media, respectively was removed under two dif-
ferent growing conditions. Although highest phenanthrene removal takes place
(76.7%) at lower phenanthrene concentration (10 mg/litre), but the transformation
rate becomes highest (0.82 mg/litre) at a higher concentration (100 mg/litre).
However, no transformation of the compound occurs with the purified laccase of 7.
versicolor. Mineralization of dioxin 2, 7-dichlorobenzene-P-dioxin by P. chryso-
sporium was studied by Valli et al. (1992). The results showed that purified lignin
peroxidase and manganese peroxidase are capable to mineralize in a multi-step
pathway. Esposite et al. (1998) also reported the ability of different actinomycetes
to degrade diuron in soil using manganese peroxidase. In a study carried out at
National Research Centre for Mushroom, Solan, India, the SMS fungi (Trichoderma
sp. and Aspergillus sp.) with superior lignolytic activity, were also found to have
higher pesticides biodegradation capacity (Ahlawat et al. 2006).

Besides having so many reports on enzyme mediated degradation of xenobiotics
compounds, some researchers have reported contradictory evidences. Degradation
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of TNT by non-lignolytic strains of P.chrysosporium was reported by Jackson et al.
(1999). Bending et al. (2002) also reported 86% degradation of atrazine and terbu-
tylazine by white rot fungi in liquid culture and found no relationship between deg-
radation rate and their lignolytic activity. Under liquid culture conditions,
P.chrysosporium has been found to bio-transform lindane independently of its pro-
duction of lignolytic enzymes (Mousin et al. 1996).

8.3.1.2 Metal Leaching

Chelation of metals occurs with organic acids produced by fungi such as Aspergillus
sp. And Penicillium sp. (Schinner and Burgstaller 1989) extracted Zinc from the
industrial waste using the citric acid produced by a Penicillium sp. Microbes’ secret
extracellular polymeric material (capsules, slimes etc.) of anionic character (Ferris
and Beveridge 1989; Sly et al. 1990) and these polymers bind metal ions by salt
bridging, aggregation, metal hydrolysis and colloidal binding.

8.3.1.3 Metal Bio-sorption

“Bio-sorption” is passive, non-directed metabolism, mediated by physico-chemical
interactions between microbial surfaces and heavy metal ions (Shumate and
Strandberg 1985). Usually this process occurs due to the combinations of several
processes such as electrostatic interactions, formation of ionic bonds, complexation,
ion exchange, nucleation etc. The complexity of microbial surfaces and physical/
chemical properties of metal ions facilitates this interaction (Kapoor and
Viraraghavan 1995). Biosorption of cadmium by Penicillium digitatum and
Pseudomonas aeruginosa (3.5 mg/g, 57.4 mg/g) has also been reported by and
Chang et al. (1997). It has been further reported by Kuo and Regan (1998) that SMS
acts as an adsorption medium for the removal of pesticides (Carbaryl, carbofuran)
in the concentration range of 30 mg/litre and SMS adsorbs carbamate pesticides
from aqueous solution successfully.

8.3.1.4 Microbial Catalyzed Metal Transformation

Microorganisms carry out oxidation, reduction, methylation or demethylation of
metals (Bhide et al. 1996) species. Enzymatic biotransformation to less soluble pre-
cipitating species has also been reported for metals like Pb*?, Se**, Se*® and U*S.
Bio-reduction of selenium in the microbial biomass and removal of chromium
from METEX have been reported by Pumpel and Paknikar (2001). Microbial vola-
tilization degrades toxic metals from wastewater, such as volatilization of Hg™ as
dimethylmercury and of selenium as dimethyl selenide (Ron and Royse 1992;
Brisley 1990).
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8.3.1.5 Precipitation

The organic matter will be oxidized by Sulfate reducing bacteria e.g. Desulfo vibrio,
Desulfoto maculum (SRB) using sulfate as an electron acceptor. Hydrogen sulfide
and a by product of the metabolism react with soluble metal ions to form metal
sulfide precipitates (Pumpel and Paknikar 2001). Enzymatic cleavage of glycerol-
phosphate by Citrobacter species generates HPO,* which in-turn forms insoluble
precipitates and these precipitates remain bound to the cells (Yong et al. 1987).
Under a favorable chemical environment i.e. high pH, high local concentration of
metals and anions with in a biofilm and in the presence of nucleation sites, metals
can precipitate in various chemical forms (Pumpel and Paknikar 2001).

8.4 Limitations of Using Fungi as Tools of Bioremediation

The role of various fungal strains in biodegradation and bioremediation of xenobi-
otics and other organic, inorganic pollutants has been studied. However, certain
drawbacks are restricting their wider application. Fungal degradation of pesticides
was found relatively slower and incomplete process resulting in incomplete removal
of contaminates from the target sites. This incomplete removal of pollutants many
times results in accumulation of secondary metabolites which might be harmful
(Badawi et al. 2009). Moreover, the chosen fungal strain needs to be adapted to the
prevailing conditions before exerting its degradation mechanism against the pollut-
ants (Kulshreshtha et al. 2014). Physico-chemical properties of the soil and prevail-
ing climatic conditions limit the bulk transfer of the fungal strains under the field
conditions (Boopathy 2000). Hence the bioremediation process must be designed in
such a way that it can easily be adapted to the given contaminated site which
increases the accessibility and bioavailability of the pollutants. The mechanisms
involved in these process needs to warrant with further investigations.

Another important limitation in fungal degradation of dyes and organic pollut-
ants is availability of capable fungal strains. To mitigate this problem fungal and
bacterial consortium can be tested on degradation of different pollutants rather than
individual strains. Identification of genes that can confer the degradation ability of
microorganisms can be identified and addition of these genes to the indigenous
micro-organisms is another strategy (Singh 2008).
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Chapter 9
Mushrooms: Isolation and Purification
of Exopolysaccharides

Yuxiao Wang, Xiaojun Huang, and Shaoping Nie

9.1 Introduction

Mushrooms are abundant sources of nutritional value. Mushrooms refer to the fleshy
fruit body of the fungi with roots of forests or broad-leaf trees above the ground.
Underground mycelium of mushrooms’ fruit body is the main part of the fructifica-
tion process (Pavel 2009). Mushrooms are heavily consumed especially in Japan,
Korea and China, due to their special texture, flavor and aroma. The number of natu-
ral mushrooms on Earth is estimated at 140,000, but only about 10% are declared
(Ghosh 2015). Meanwhile, among the approximately 14,000 named species, about
2000 are proved to meet rules of safe edibility for mankind (Wasser 2002). As a
commercial industry in North America and Europe, Agaricus bisporus (Fig. 9.1a)
are the most popular cultivated mushrooms, such as brown mushroom, white mush-
room or Portobello. Lentinula edodes (also named shiitake) (Fig. 9.1b), Dictyophora
indusiata (also named Kinugasatake) (Fig. 9.1¢), Ganoderma lucidu (also named
Lingzhi or Reishi), Auricularia auricular-judae (‘wood-ear’ mushroom) (Fig. 9.1d),
Pleurotus ostreatus (or oyster mushroom) (Fig. 9.1e) and Flammulina velutipes
(golden needle mushroom or enokitake) (Fig. 9.1f) are consumed and largely grown
in China, Taiwan, Korea and Japan (Drori et al. 2016; Deng et al. 2016; Han 2010;
Castro-Alves et al. 2017; Zhao et al. 2017; Bao et al. 2016).

Every year, approximately 650 species of mushroom are consumed at a cost of
5-6 billion because of their nutritional properties. Research has indicated that
mushrooms not only contain low energy value and low fat level, but also contain
essential amino acids and high amounts of proteins during the past two decades
(Manzi et al. 2004). The mushroom-derived polysaccharides play a major part
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Fig. 9.1 Some traditional mushrooms

among components with all kinds of bioactivities (Wang et al. 2017). This chapter
reviews the main methods for mushroom polysaccharides (just referring to exopoly-
saccharides) isolation and purification, in order to facilitate the application of
mushroom-derived polysaccharide on nutrition, medicine and nutraceuticals.

9.2 Extraction of Exopolysaccharides

The active polysaccharides contained in fruiting bodies, the cultured broth and
mycelium biomass of mushrooms (Wu et al. 2006) are the subject of intense
research. They are applied in diverse industry due to their high potential properties.
Therefore, several methods are available for the purpose of improving the yield and
purity. The extraction yield of mushroom-derived polysaccharides is affected by
mushroom type and extraction conditions like temperature, pH, pressure and fine-
ness of solid particle grinding and ionic strength of the solvents (Zhang et al. 2004).

Several steps are involved in isolation and purification of polysaccharides. First
step, crude polysaccharides are extracted from raw material by subsequent extrac-
tions (Lei 2016). Second step, preparative chromatography, chemical reagents and
specific enzymes are used to purify the crude polysaccharides. Finally, polysaccha-
ride fractions can be separated according to their different solubility, sensitivity to
chemical or enzymatic destruction, affinity to specific molecules and complexation
with metal cations (Castro-Alves 2016).

Aqueous solvents, almost hot/cold water are used to dissolve crude polysaccha-
ride samples before purification. Generally, after water extraction, the crude samples
are freeze-dried for better storage, and then ground to a fine powder to shorten the
dissolving time in subsequently purification process. Based on their molecular weight
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distributions, solubility in different solvents, and their different ionic properties,
polysaccharides are purified with the employment of different resolvent like hot
water, alkali and acidic solutions at different temperatures. Several methods for
mushroom polysaccharides extraction are listed in Table 9.4.

9.2.1 Aqueous Extraction

Aqueous extraction is one most conventional method commonly used in extracting
polysaccharide (Abdullah et al. 2017). Before water extraction, mushroom samples
are pretreated with organic solvent, such as ethanol, methanolic, acetone or a mix-
ture of chloroform and methanol, to remove some apolar compounds like terpenes,
phenols and lipids (Ullah et al. 2018). The crude polysaccharide is extracted reput-
edly with hot water. Centrifugation is used to separate supernatant from residue.
Supernatants from each repeating unit are collected (Ruthes et al. 2015; Manna
et al. 2017).

9.2.2 Alkaline Extraction

After aqueous extraction, the remainder residues can be extracted with alkaline
basic solutions, generally NaOH or KOH under different extraction conditions
(Khatua and Acharya 2017). Siu et al. (2016) collected the residue and subjected it
to the combination of 0.5 M NaOH and 0.05 M NaBH, at 4 °C about 6 h for three
times. Liu et al. dipped the obtained residue into 5% alkali solution for 24 h three
times (Liu et al. 2013). The extraction solution was neutralized by acetic acid until
pH =7, and vacuum evaporated usually below 45 °C. Bhunia et al. boiled the resi-
due with 4% NaOH for further extraction (Bhunia et al. 2011). Commonly, NaBH,
was added to the alkaline solutions to protect reducing end-units in polysaccharide
chains from the degradation (Smiderle et al. 2006; Smiderle et al. 2008a).

9.2.3 Acidic Extraction

Aqueous solutions cannot work availably enough for extracting water-insoluble
polysaccharides. Consequently, acidic solvents are used to separate the water insol-
uble part. Kao et al. (2012) used 2 M HCI to extract the waste residue, and further
degraded at 50 °C for 4 h to provide insoluble residue. Acid hydrolysate fractions of
different concentration (45% and 55%, successively) were obtained. Szwengiel
et al. optimized extraction conditions to 3.8% HCI at 30 °C (Szwengiel and
Stachowiak 2016). Further modification of water-insoluble polysaccharides, such as
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sulfated modification, chlorosulfonic acid-pyridine in dimethyl formamide, were
studied for the purpose of improving water-solubility, chemical properties and bio-
activities of polysaccharide (Liu et al. 2010).

9.2.4 Pressurized Liquid Extraction

Pressurized liquid extraction (PLE) is a sophisticated technique that liquid water
is used as extraction solution at temperatures above 100 °C (0.1 MPa), but below
374 °C (22.1 MPa) (Plaza and Turner 2015). The entirely extraction procedure of
PLE is suffering on high pressure and high temperature, in order to fully extracting
the polysaccharide from fungus. The former requires the solvent below its boiling
point, while the latter is emerged in the high solubility and diffusion rate. Under
such conditions, a much higher extraction rate can be achieved with less volume
extraction solvents and shorter extraction time, making this procedure more effi-
ciently. PLE has been used as an effectual strategy for polysaccharides extracting in
recent years (Table 9.1). Compared with other extraction methods, the selectivity,
recovery and yields are all improved. In addition, with the application of PLE, the
extraction process can avoid over-time exposure to light and oxygen. For instance,
Palanisamy et al. extracted p-glucans from Agaricus bisporus, Pleurotus ostreatus
and Lentinula edodes with the optimized extraction conditions: 5 cycles of 5 min at
10.3 MPa, 200 °C (Marimuthu et al. 2014). Pressure, temperature and time are the
three critical conditions for PLE-aided extraction. The polysaccharide yield
increased from 80.6% to 88.6% with the extraction time increased from 10 to
70 min. But continued increases in extraction time didn’t make the polysaccharide
yield higher. As for the extraction pressure, the higher pressure can make higher
extraction recovery; the highest pressure can reach up to 15.2 MPa. Pressures over
this special point didn’t bring any increase in polysaccharide yield. It is reported an
optimal conditions of 70 min at 10.1 MPa under 28 °C is likely to achieve the theo-
retically maximum polysaccharide recovery (Tiffany et al. 2007). However, because
of the differences in polysaccharide structure and mushroom source, the optimized
extraction conditions may vary within a certain range (Santoyo et al. 2010). Based
on these advantages, PLE has been used more frequently.

Table 9.1 Compilation of works found in the literature on PLE of Polysaccharides from natural
mushroom sources

Temp. | Pressure Static/
Source (°C) | (MPa) Time(min) | Dynamic | Ref.
Chlorella vulgaris 150 10.3 20 Static Santoyo et al. (2010)
Dunaliella salina 160 10.3 15 Static Santoyo et al. (2012)
Golden oyster mushroom | 200 0.002t0 5.0 |20 Static Jo et al. (2013)
Haematococcus pluvialis | 100 10.3 20 Static Santoyo et al. (2012)
Himanthalia elongata 100 10.3 20 Static Santoyo et al. (2011)
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9.2.5 Ultrasound-Assisted Extraction

Ultrasonic-assisted extraction (UAE) is another efficient and expeditious tech-
nique to improve the polysaccharide extraction rate (Table 9.2). The sound waves
produce alternating low-pressure (rarefaction) cycles and high-pressure (compres-
sion). During the low-pressure (rarefaction) cycle, vacuum bubbles are produced by
the high-intensity ultrasonic waves. When they accumulate enough volumes, they
stop absorbing energy and collapse violently during the high-pressure cycle for
extraction and fundamental interaction. Over the past two decades, UAE has been
broadly used in the fractionation of vegetables materials (Riera et al. 2010).
Conditions including extraction temperature, extraction time, ultrasonic power and
ratio of water to sample are optimized in order to improve the polysaccharides yield.

For example, with the operating optimum condition of 350 W, 35 min at 90 °C
and a ratio of 5 times water, polysaccharides were efficiently separated from Black
Fungus. From this experiment, Riera et al. drew the conclusion that the significant
parameters affecting the separation process were ultrasonic power and ratio of water
to sample (Komura et al. 2010). The optimal conditions for Agaricus bisporus poly-
saccharides (ABP) separation were as followed: ultrasonic power 230 W, at 70 °C
for 62 min, and a ratio of water volume to raw material weight of 30. Under this
condition, the recovery of ABP can reach 6.02% (Tian et al. 2012). The yield of
polysaccharides from Cordyceps Sinensis can also increase significantly with the
ultrasound intensity. Both the increased extraction temperature and reduced the par-

Table 9.2 Compilation of works found in the literature on UAE of Polysaccharides from natural
mushroom sources

Ultrasonic | Solid-liquid | Temp.
Materia power(w) | ratio(g/mL) |(°C) | Time(min) |yield(%) |Ref.
Agaricus 230 1:30 70 62 6.02 Tian et al. (2012)
Bisporus 400 1:10 25 15 4,70 Aguilé-Aguayo

etal. (2017)
400 -4 60 20 - Lespinard et al.
(2015)

Black Fungus | 350 1:5 90 35 - Riera et al. (2010)
Ganoderma 671 1:12.5 28 45 15.00 Chen et al. (2014)
lucidum
Paecilomyces | 300 1:160 25 11 9.48 Yu et al. (2011)
hepiali
Thelephora 500 1:70 40 11 - Xu et al.(2016)
ganbajun
Tricholoma 365 1:53.5 - 2.67 7.97 You et al. (2013);
matsutake You et al.(2014)
Tuber 99.65 1:24.65 70.1 40.39 7.17 Chen et al. (2016)
huidongense
Yunzhi 30 1:40 40 480 5.95 Pan et al. (2010a, b)
mushroom

Note: — *: Information didn’t be provided
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ticle size can lead to a higher extraction rate and yield (Cheung 2014). Cheung and
Wu analyzed the experimental data that the increasing solid-to-liquid ratio and/or
decreasing the liquid volume would increase the polysaccharide yield and extrac-
tion rate (Cheung and Wu 2013).

9.2.6 Microwave-Assisted Extraction

Microwave-assisted extraction (MAE) is a substituted technique to improve the
extraction rate. It is broadly applied into the separation of bioactive compounds with
lower quantities of solvents and less pre-preparation (Table 9.3). Many researchers
discovered that microwaves can heat the molecules up through dipole rotation and
ionic conduction. But ion migration is resisted by the extraction medium, heating
the slight microscopic traces of moisture. The tremendous pressure produced in
microwave treatment can break the cell wall and therefore relieve the active com-
pounds contained in materials. MAE has been engaged in the separation of polysac-
charides from mushroom in recent several years. The extracting conditions of
Cordyceps militaris polysaccharides were a ratio of water to material 31.1 mL/g and
a microwave power of 744.8 (Song et al. 2009). Zhang et al. optimized extraction
conditions of polysaccharides from Agaricus blazei Murrill to a 400 W microwave
power and a ratio of solution to solid 32.7 under temperature of 74.64 °C for time
29.37 min. Under this condition, the recovery can reach up to 12.35% (Zhang et al.
2012c). Likewise, microwave technique combined with ultrasound-assisted extrac-
tion was employed in Lycoris aurea to shorten the extraction time and improve
extraction efficiency (Zhang et al. 2009).

The ultrasonic and microwave combined assisted extraction (UMAE, for short)
is considered more efficient for polysaccharides extraction. UMAE was also used in

Table 9.3 Compilation of works found in the literature on MAE of Polysaccharides from natural
mushroom sources

Microwave | Solid-liquid | Temp.
Materia power(w) ratio(g/mL) | (°C) Time(min) | yield(%) | Ref.
Agaricus blazei | 400 1:32.7 74.64 29.37 12.35 Zhang et al.
Murrill (2012¢)
Cordyceps 744.8 1:31.1 65 4.2 5.94 Song et al.
militaris (2009)
Ganoderma 284 1: 11.6 -2 11.68 - Huang and
lucidum, Ning (2010)
Hericium 100 - 140 5 - Ookushi et al.
Erinaceum (2006)
Fomitopsis 400 1:40 - 2.5 8.36 Zhao et al.
ulmaria (2015)
Inonotus 90 1:20 85 19 3.25 Chen et al.
obliquus (2010)

Note: — *: Information didn’t be provided
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the process of Lycium barbarum at the following optimized operating conditions:
microwave power of 500 W for 10 min and ultrasonication for 30 min at 50 °C
(Dong et al. 2011). Similarly, the optimal extraction conditions of the polysaccha-
rides from Ganoderma lucidum were microwave power of 284 W, ultrasonic power
of 50 W, solid/ water ratio of 1:11.6 and extraction time of 701 s (Huang and Ning
2010). Under these conditions, the yield was increased over 27.7%.

9.2.7 Supercritical Fluid Extraction

Supercritical fluid extraction (SFE) is commonly used for mostly active com-
pounds extraction (Pereira and Meireles 2010). SFE was reacting through a corre-
sponding solvent at certain pressure and temperature above its supercritical point.
When approaching to the critical point, small changes in pressure or temperature
will change the final yield. Carbon dioxide is a kind of frequently-used solvent due
to the characters of environment-friendly, low viscosity, high liquid-like density and
diffusivity. According to those traits, a particular solvent with the characteristics of
penetrating solid matrices and dissolving materials should be provided. Supercritical
carbon dioxide (SC-CO,) extraction requires low temperature, but no organic sol-
vent. Bioactive components can be protected from decomposition.

In addition, in the dynamic procedure, the fresh supercritical CO, flows through
materials continuously and the mass transfer is intensive, providing an excellent
performance. Conditions including time, temperature, CO, flow rate and operating
pressure need farther optimization. Some researchers used this technique to extract
polysaccharides from Ganoderma lucidum (Fu et al. 2009). The results suggested
that polysaccharide yields were improved with the CO, flow rate from 4 to 10 kg/h.
Nevertheless, when flow rate exceeded the upper limit, the yield didn’t increase
obviously. Meanwhile, operating pressure was one of the indispensable factors. In
the range of 27-35 MPa, higher the operating pressure can bring higher yield
increased, similar to the temperature parameter. With regard to extraction time, the
yield would improve along with time increased. Therefore, when the conditions
were time 4 h, temperature 25 °C, pressure 35 MPa and CO, flow rate 10 kg/h, the
recovery of polysaccharides from Ganoderma lucidum implemented promptly with
a maximum effectiveness (Fu et al. 2009).

9.3 Purification of Exopolysaccharides

Separation and purification of polysaccharides are one of the most important steps
before structure analysis. Proteins and pigment are impurities require to be removed.
Based on their different dissolution properties from polysaccharide, organic solvent
can be used to remove these impurities. Organic solvents like ethanol and methanol
are used to eliminate amino acids, monosaccharides, phenols and other compounds
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(Palacios et al. 2011). Proteins are removed by using enzyme protease at conditions
of 1 h at 40 °C or precipitated with trifluoroacetic acid (TFA). Then, ethanol is
added to precipitate polysaccharides from the solution. Adding concentrated NaCl
properly is beneficial to precipitation. And ethanol or acetone is used consequently
to wash the precipitant.

Extracted polysaccharides, with a broad dispersity and different molecular sizes,
usually require further purification to separate different polysaccharide fraction-
ation. Ethanol precipitation, acidic precipitation with acetic acid, gel filtration, ion-
exchange and affinity chromatography are several commonly used methods for
fractionation, which are summerized in Table 9.4. Some key factors, such as molec-
ular weights, branching degree and pattern of branches, especially the constituent of
raw materials; can affect fractionation and purification during this process.

9.3.1 Freeze-Thawing

Freeze-thawing is an efficient and simple process to acquire pure polysaccharides.
The concentrated crude water extracts are frozen and then slowly thawed at room
temperature, and this process repeats for several times. The supernatant and precipi-
tation achieved by centrifugation are frozen. Then it thawed slightly until precipita-
tion producing in supernatant is eliminated completely. Pure fractions could be
commonly obtained in precipitation. Freeze-thawing method is appropriate for dif-
ferent polysaccharide with diverse branch degrees. The molecules presenting fewer
branches or a linear structure are induced to create precipitation (Ruthes et al.
2013b).

9.3.2 Treatment with Solvent

Ethanol is a commonly used solvent in purifying polysaccharide (Dong et al. 2012).
It can dehydrate the polysaccharides and separate the high molecular weight pre-
cipitate from the low ones. In addition, polysaccharides can be dissolved some apo-
lar solvents, such as DMSO and (NH,),SO, (Smiderle et al. 2013a), therefore,
separate polysaccharide from other compounds (Lehtovaara and Gu 2011).

9.3.3 Treatment with Fehling Solution

Some polysaccharides can separate from other composition by copper salts. Cu and
other metal ions in Fehling solution can precipitate with some active groups (OH,
NH, and COOH), therefore separate different fractions. Generally, after freeze-
thawing treatment, the rest parts are combined with Fehling solution. There is a
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combination of two solutions named A and B in the Fehling solution, and equal
volumes of them are prepared to be used (Jones and Stoodley 1965). Over the past
years, the modified solution was widely used. It is reported that the A solution con-
sisted of Copper (II) sulfate. B solution is a mixture of KNaC4H,O4-4H,0O and
KOH. Firstly, we should dissolve the polysaccharide parts in B solution, and mix
with the equal volume of a solution. Then, samples are involved into B Solution. The
diverse polysaccharide fractions are solubilized in lowest volume. When the Fehling
solution is added, consistent stirring for more than 12 h is necessary to keep it dis-
solving. Then the mixture is preserved at 4 °C overnight. After centrifugation, solu-
ble section and insoluble precipitate are separated. Finally, after neutralization and
48 h dialysis, they must be deionized with ion exchange resins before freeze dried.

9.3.4 Closed Dialysis and Ultrafiltration

Closed dialysis and ultrafiltration is more commonly used than Fehling solution
method in polysaccharides purification. The concentration used for dialysis is usu-
ally 10 mg/ml. Membranes are regenerated cellulose with different refractive index
elution profiles (5-1000 kDa; Sepctra/Por®; Milipore).

These methodologies have the advantages of little polysaccharide loss (Carbonero
et al. 2008), however, it is difficult in practical application. This is because MWCO
membrane is most commonly used in protein purification, however immaturely
applied in separating different polysaccharide fractions (Komura et al. 2010). Unlike
protein purification, even if dialysis or ultrafiltration membrane is shown effective
in polysaccharide fractionation in theory, it is hard to realize large-scale
fractionation.

9.3.5 Column Fractionation

Column fractionation is one of the most effective methods on purification of poly-
saccharides. Crude extracts may include some fractions with diverse molecular
sizes (Zhang et al. 1998). Size exclusion chromatography (SEC) is a popular method
that separates polysaccharides in accordance with different molecular size, which
has great significance for laboratory separation (Zeng et al. 2012). Cross-linked
agarose, dextran and polyacrylamide are three kinds of dominant column packing
materials. The SEC column is appropriate to separate neutral polysaccharides, while
a DEAE-cellulose column is always used to separate p-glucan. Therefore, ion
exchange chromatography is an effective technique to separate neutral polysaccha-
ride from charged polysaccharide.
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Chapter 10
Novel Prospective of Wild Mushroom
Polysaccharides as Potential Prebiotics

Yuxiao Wang, Xiaojun Huang, and Shaoping Nie

10.1 Introduction

Prebiotics can advance the abundant lactic acid bacteria existed in human colon and
assist antagonism on Escherichia coli. and Salmonella sp., by discouraging their
proliferation (Gibson et al. 2004). Polysaccharides and oligosaccharides are recently
considered as prebiotics and added in functional foods. Mushrooms have been con-
ventionally consumed to prevent and treat many disorders as dietary supplements
due to its bioactive substance polysaccharide (Rathore et al. 2017). Recent years,
researches have proved the bioactivities of mushrooms polysaccharide from exten-
sive evidence (Ferrdo et al. 2017). Polysaccharides from mushrooms can improve
host immunity and active the host immune system, by exhibiting prominent antitu-
mor, antimicrobial, antiviral activities (Roncero-Ramos and Delgado-Andrade
2017) and Immunoceuticals (Zhang et al. 2017). During the past, fibreis regarded as
prebiotics, however, recent studies suggest that fibre compounds show the same
behaviour as prebiotic (Campelo-Felix et al. 2017). Valued carbohydrates prebiotic
usually consist of glucans or galactans, both of which can be fermented by anaero-
bic bacteria in human’s large intestine (Nowak et al. 2018). Prebiotics glucans are
mostly comprised by o/p-glucans (Khan et al. 2017), involving in antitumor, anti-
oxidative, immunomodulatory, anti-inflammatory, anti-bacterial and antinocicep-
tive activities.
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10.2 Prebiotic

10.2.1 Criteria for Prebiotic

In 1995, Roberfroid and Gibson gave the term prebiotic and then the definition of
prebiotic gradually entered people’s field of vision (Gibson and Roberfroid 1995).
The concept of prebiotic was put forward by certain criteria against gastric acidity
or hydrolyzed by gastrointestinal absorption and mammalian enzymes. It can be
fermentated by intestinal microflora, and activate the connection between intestinal
bacteria and host (Gibson et al. 2004).

Afterwards, Wang et al. showed in Fig. 10.1 had pointed out the important crite-
ria for prebiotics (Wang 2009). Firstly, prebiotics could not be digested by human’s
upper gut tract, suggesting prebiotics could restrain digestion process before they
entered into the colon. Prebiotics can effectively stimulate beneficial bacteria like
Lactobacilli and Bifidobacterial, while suppress the growth of Clostridia and
Bacteroides (Macfarlane et al. 2008). This criterion allows the food ingredients to
be prebiotics and fermented selectivity by potential bacteria in colon (Gibson et al.
2004). The selective fermentation process would further influence the reflection and
changes on short-chain fatty acids (SCFAs), reductive enzymes, fecal moisture as
well as immune system modulation and active carriers with mineral absorption
(Douglas and Sanders 2008). Then, activity of intestinal bacteria, selective stimula-
tion of the growth and healthy body is a quite essential standard for prebiotics
(Gibson et al. 2004). Furthermore, there was a parameter that some prebiotics did
not have selective fermentation. Duncan et al. and Langlands et al. studied that the
ability of fermentation by prebiotic-inulin had induced a slight increment of gut
bacteria named Roseburia, Ruminococcus and Eubacterium, respectively (Duncan
et al. 2003; Langlands et al. 2004). Nobody owns the same bacterial species, which
the gut microbiota has been in a dynamic state, even age, antibiotic, drugs, illness,
diet may influence them (Macfarlane et al. 2006). With the increasing attention to
gastrointestinal disorder and healthy problems, an attempt to improve the properties
of prebiotics can be carried out to keep in touch without being degraded or chemi-
cally altered (Tuohy et al. 2003; Huebner et al. 2008).

Fig. 10.1 The main
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gut tract processing
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10.2.2 Mechanism Action

Polysaccharides are considered as significant prebiotics, but the bioactive mecha-
nism is different from oligosaccharides. In 2007, Stowell (2007) started to catego-
rize the existing prebiotics. In his opinion, one of the established prebiotics groups,
sorted of galactooligosaccharides, fructooligosaccharides, lactulose, inulin and
polydextrose, while the other group of emerging prebiotics, sorted of lactitol, xylo-
oligosaccahrides and isomaltooligosaccharides. Mannitol, maltodextrin, sorbitol
and raffinose also belonged to prebiotics with proven biological activities (Mandal
et al. 2009; Vamanu and Vamanu 2010). The starch-rich grains had natural prebiotic
properties and some healthy benefits. Prebiotics are considered to improve colonic
integrity, enhance immune function, reduce long chain fatty acids (LCFAs) in bow-
els and incidence and duration of intestinal infections as well as increase the quanti-
ties of SCFAs (Tuohy et al. 2003; Huebner et al. 2008) (Fig. 10.2).

However, these effects cannot happen to the consequences of prebiotic ingestion
immediately. Prebiotics works in an indirect way. When changes are happened in the
gastrointestinal microbiota compositions, prebiotics shows its positive effects.
Lactobacilli and Bifidobacteria were beneficial bacteria. One of the crucial positive
effects reflect the increasing amount of probiotics like Lactobacilli and Bifidobacteria,
whereas restraint Histolyticum sp.’s growth (Palframan et al. 2003). Some research-
ers reported that the increasing number of Lactobacilli and Bifidobacteriain the gut
was considered as prebiotic action. Gibson et al. (1995) found that Bifidobacteria
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Fig. 10.2 Mechanism action of prebiotics
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produced vitamin B, stimulated the immune system and inhibited pathogen growth.
Lactobacilli was able to decrease infantile diarrhea and constipation.

Potential mechanisms are drawed for their beneficial effects listed below
(Manning and Gibson 2004) (Fig. 10.2):

1. Effect of prebiotic on those components of the gut microbiota obviously through
competitive substrate availability;

2. Regulation of dynamic process of carbohydrates utilized through certain micro-

biota composition;

Production of vitamins and the available modulation of gut microbiota;

4. Influence of probiotics bacteria on gut microbiota possibly through the aim

resistance;

Improvement in competing ability for binding sites of pathogens;

Increment in epithelial cells’ barrier function;

7. Anti-inflammatory by stimulating human innate immune response.

(O8]

oW

10.2.3 Mushroom-Derived Polysaccharide as Prebiotics

It is very important for human being to keep intestinal flora balanced. As an expect-
ant edible industry, prebiotics have the advantages over the regulation of properties
and intestinal flora’s amount. Human cannot digest the components in mushroom
owning prebiotic function. B-glucans are the main structures of polysaccharides
occurring in Pleurotus ostreatus and Lentinus edodes, which are treated as prebiot-
ics in recent reports. These two kinds of polysaccharides have the anti-inflammatory
capability to prevent intestinal mucosa and restrain the numbers of intestinal ulcers
in rats (Nosal’Ova et al. 2001).

Besides, lentinan with potential prebiotic ability can react on human gut health
through selectively regulation the increase of probiotic bacteria including lactic acid
bacteria and Bifidobacteria (Wong et al. 2005). Synytsya et al. (2009) found that
glucans isolated from P. ostreatus and P. eryngii had capability of stimulating the
development of Bifidobacterium sp., Enterococcus faecium and probiotics-
Lactobacillus sp. Reports showed that glucans obtained from P. Eryngi much more
assistant of Lactobacillus strains than P. ostreatus.

10.2.4 Biological Properties as Prebiotic

Modern researches have demonstrated that food derived from Ascomycetes and
Basidiomycetes benefits health. The polysaccharides extracted from mushroom
have been consumed as functional dietary supplements. Experiments on mushroom
polysaccharides suggested that they exhibited some biological properties as prebi-
otic (Hardy 2008). Therefore, details of the biological activity are discussed in the
following part.
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10.2.5 Gut Bacteria Protective Effects

Mushroom polysaccharides increase the resistance of gut bacteria, as well as
enhance the survival of probiotics to reflect on host. Chou et al. (2013) found that
the polysaccharides from three kinds of mushroom with comparatively low concen-
tration can improve the survival rate of Lactobacillus acidophilus and Bifidobacterium
longum subsp. in colder condition. This result also revealed that mushroom-derived
polysaccharides had synergistic actions with the amino acids and peptides.
Additionally, mushroom polysaccharides were exposed to artificial gastric juice in
order to explore the digestive ability. While the researchers concluded that polysac-
charides could stimulate the development of Lactobacillus strains more than inulin
or fructo oligosaccharides. Besides, those polysaccharides survived in artificial
human gastric juice more than 90%. Consequently, mushroom polysaccharides can
be undigested in human stomach, then reach the colon and stimulate the develop-
ment of some healthy bacteria (Nowak et al. 2018).

10.2.6 Antiobesity Effects

It is well known that prebiotics are regarded as fibers and a kind of non-digestible
polysaccharides (mostly B-glucans), chancing the gastrointestinal microbiota and
improving salubrious host. Compared with higher molecular weight (Mw) polysac-
charides, Bifidobacteria and Lactobacilli are likely to ferment prebiotics with low-
molecular-mass oligosaccharides more sensitively. f-glucans occuring in fungi
cannot be digested and fermented by SCFAs, which offers new ideas and solution to
prebiotics. Results showed the extracts from Ganoderma lucidum can modulate
microbiota availably in obesity and sequentially low the risk of obesity in vitro
(Chang et al. 2015; Delzenne and Bindels 2015).

10.3 Gut Health Improvement

Mushroom polysaccharides could exert a therapeutic influence on regulation of gut
microbiota. Polysaccharides extracted from Ganoderma lucidum, Poria cocos were
used to administer mice’s daily for 15 days, and 16 Samplicon sequencing and
ERIC-PCR studied gut microbiota of mice. Results showed that polysaccharides
decreased OTUs varieties and reconstructed gut microbiota constitutes. Some
researchers have been reported that when the experimental mice were dieted with
polysaccharides, the bacteria were obviously increased, that resulted in a decrease of
obesity and an increase of SCFA and lactic acid. According to above, results revealed
that polysaccharides from G. lucidum and P. cocos are working as prebiotics by
modulating gut microbiota compositions and then make human bodies in heathy
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balance (Khan et al. 2018). Furthermore, fruiting bodies of G. lucidum significantly
improve the amount of lactic acid bacterial species from genera Bifid bacterium and
Lactobacillus (Khan et al. 2017).

10.4 Immunomodulatory Activity

It is reported that mushroom polysaccharides have immunomodulatory activity rather
than arresting the cancer cells directly. In other words, mushroom polysaccharides can
assist the host adapting to diverse biological stresses and play a nonspecific role in the
host. Mushroom polysaccharides achieve their effects and work best by biological
response modifiers (BRM) through supporting body’s major systems. Xu et al. (2015)
studied the impacts of a kind of polysaccharide obtained from the fruit body of
L. edodes on the immune body response of aged mice. Through contrasting the fecal
microbiota in adult, old and polysaccharide-treated old mice, researchers found that
the group of polysaccharide-treated old mice not only could improve cytokine levels
in peripheral blood and recover the age-attenuated immune responses, but also have
a partly reversal effect on the gut microbiota (Table 10.1).

Polysaccharides extracted from Maitake and G. frondosa can decrease the neph-
rotoxicity and immune suppression of cisplatin-induced in mice (Masuda et al.
2009). But under normal condition, mushroom polysaccharides produced little
effect (Wasser 2011). There are two crucial functional units, adaptive immune sys-
tem and innate immune system in the human body, which involve into the action of
macromolecule (De Silva et al. 2012).

Yamanaka et al. (2012) found that polysaccharides reacted on innate immune sys-
tem by activating Toll-like receptors. Dramatically reduction caused by Dentin-1-
deficient mice would affect dendritic cells (Yamanaka et al. 2012). On the one hand,
lentinan could strengthen the absolute phagocytosis and numbers of macrophage,
resulting in the reduction in cancer cell size and the growth. On the other hand, it can
induce a cascade of cytokine release, including factor-alpha (TNF-a), tumor necrosis
and interleukins (IL), applying differentiation and proliferation of immune compe-
tent cells to the host protective mechanisms (Wasser 2002). The special components
extracted from Antrodia camphorata were investigated to improve the concentration
of Thl-type and Th2-type cytokines (Liu et al. 2013). Meanwhile, the complement
and neutrophil system could be activated by mushroom polysaccharide, not only
increasing the cytokine emerged by monocyte-macrophages, but also playing an
important part in innate immunity (Wang et al. 1997) (Fig. 10.3).

10.5 Potential Applications and Future Perspectives

Generally, polysaccharides are considered as a kind of polymeric macromolecule,
consist of monosaccharide in different linkage pattern. Compared with nuclear
acids and proteins, polysaccharides can attach higher value to bioactivity research
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Fig. 10.3 Potential immunomodulatory mechanism of prebiotics

due to their availability and variability. In the last couple of years, discovery in new
polysaccharide resources and the application of mushroom polysaccharides in food
and medicine industrial have attracted more and more attention. The structure-
activity relationship study of mushroom polysaccharides is also a hot spot in future
study. Based on those publications mentioned above, mushroom production is the
subject of exploration in developing and developed countries, most are as consume
a large population of fungi as food or medicine. In fact, some of these biopolymers
have already been made to the market as functional food or food supplementary
based on their diverse biological activities in their ways.

However, more work has been down in investigating the properties and function
of mushroom polysaccharide in the past decades. There are still some questions
reminded to be solved. The biological mechanism is still unclear, and much more
work is required to broaden its application in numerous industries. In addition, the
research direction of hybrid mushrooms would be amplified by the development of
techniques improvement with variability caused by the consequently modification
and hybridization. The immense potentiality of those active components makes
mushroom products quickly into the market. However, functions and properties of
polysaccharide from certain hybrid mushrooms remains to be confirmed. In con-
clusion, studies on new biological properties and researches on their industrial
application require further analysis in the future.
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10.6 Conclusions

In the last few decades, mushroom has been demonstrated that it contains abundant
bioactive polysaccharides, considered as medicinal compounds, therapeutic
adjuvant, and health food supplements. The polysaccharides, such as galactans,
mannans, even polysaccharide—protein complexes from mushrooms with biological
activities are regarded as prebiotics. And these functional compounds from
mushroom can promote human health, such as reducing the danger of adiposis,
hypersensitivity, humor and degenerative ailments. The expecting property of fungi
prebiotic polysaccharides is antitumor and immunomodulation activity, but the
mechanism on these bioactivities are still unknown. Consequently, more efforts
should be spared to produce beneficial mushroom products with prebiotic function.
With the advantages of the prebiotic effects, more and more consumers will acquire
health benefits by diet therapy in the future.
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Chapter 11
Pharmaceutic Prodigy of Ergosterol
and Protein Profile of Ganoderma lucidum

Anna Goyal and Anu Kalia

11.1 Introduction

Basidiomycetous fungi, ‘mushrooms’ are quite substantially untapped source of
substances of nutraceutical importance (Hawksworth 2001). However, few mush-
room genera such as Ganoderma lucidum (Leyss.: Fr.) Karst, has been popularly
considered for use as health food as well as medicine in China. The taxonomic
hierarchy of Ganoderma lucidum places it in class Basidiomycetes, order
Aphyllophorales and family Polyporaceae. Commonly, it is a white rot causing phy-
topathogenic fungus which affects different types of woody plants including trees.
It's fruit body have been consumed as a dietary supplement, not only in Orient
(China and Japan) for more than 2000 years, but also in other parts of the world
(Chang and Miles 2004). It is acronymed as ‘Ling Zhi’, ‘Ling Chu’, ‘Ling Chih’ in
Chinese, ‘Reishi’, ‘Sachitake’ or ‘Mannetake’ in Japanese and ‘Youngzhi’ in Korean
folklore. Ganoderma is also called “Miraculous Zhi” as it is anticipated to happi-
ness, health and longetivity (Wasser 2005). Now it is artificially cultivated in more
than 10 countries with China being leader in its production, followed by many
South-east Asian countries including Korea, Indonesia, Japan, Malaysia, Vietnam,
and Taiwan, besides USA (Figlas and Curvetto 2010).

Ganoderma lucidum secretes diverse metabolites such as triterpenes (>119
types) and polysaccharides. It has been utilized to treat a variety of disease condi-
tions in different organs including liver (chronic hepatitis, hepatopathy), kidney
(nephritis), general physical and mental health (anorexia, hypertension, insomnia),
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skeletal system (arthritis), respiratory (asthma, bronchitis), alimentary (gastric ulcer),
vascular (arteriosclerosis) disorders, and diseases(cancer, diabetes) involving
multiple organ or tissue systems (Mizuno et al. 1995). The fruit body as a whole or
its constituent parts possesses potent cytotoxic activity and thus has been utilized to
prevent and/or cure diseases besides improving the health (Paterson 2006).

11.2 Ganoderma: Cultivation and Ergosterol

The sub-tropical prominence of Ganoderma lucidum is observed as its growth on a
wide variety of deciduous trees, especially oak, maple, elm and willow (Chang and
Miles 2004). The first report of in vitro cultivation of Ganoderma on solid substrate
was performed by Naoi’s in 1970’s by spore separation method (Mizuno 1997).
Later, different solid substrates such as wood logs, grain, sawdust, and cork residues
have been tried for its cultivation. World production of this mushroom has been
estimated to be around 6000 tonnes, with China being the largest contributor. In
India, Rai (2003) has reported the first successful attempt for cultivation of this
mushroom.

The sub-tropical occurrence and asymmetric distribution of Ganoderma in wild
indicates its preference to adapt and grow under high temperature and moisture
conditions. The demand for G. lucidum is increasing which has escalated research
interventions for cultivation of mushroom under specific optimum conditions
(Chang and Buswell 2008). Different members of the genus Ganoderma exhibit
specific nutritional requirements besides peculiar growth and cultivation conditions
(Mayzumi et al. 1997). Moreover, there exists differential preference for specific
type of Ganoderma among the populations inhabiting different territories such as
South Chinese black and Japanese red Ganoderma.

Currently, its commercial production has been practiced on the wood log, stumps
of trees, bags filled with sawdust and bottle utilizing sawdust and agricultural wastes
as the main media components (Wasser 2005; Peksen and Yakupoglu 2009). This
mushroom exhibits variable growth and yield on same substrate derived from differ-
ent sources or origins. The maximum yield has been reported on oak saw dust
(BE 17.48%) and wheat bran (BE 18.63%) substrates when cultivated on different
sawdust (beech, poplar and oak) and three types of bran obtained from corn, rice
and wheat (Erkel 2009). It has been successfully grown in Punjab at Punjab
Agricultural University, Ludhiana on even wheat and rice straw with maximum BE
(31.23%, GL-I) obtained on wheat straw (Goyal et al. 2016). Artificial cultivation of
Ganoderma involves occurrence of five distinct growth stages i.e. spawn run, pri-
mordia (Antler) formation, primordia (Young Conk) formation, and formation of
fruiting body and cropping cycle (Chen 1999). Approximately, three to four months
(90 to 120 days) are required for obtaining the final cropping from initial spawn run
mycelia of this on artificial cultivation. However, this duration greatly varies according
to the method of the cultivation used.
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A great amount of literature suggests the immunomodulatory and therapeutic
benefits of different metabolites and other compounds derived from Ganoderma.
Similarly, research interventions for development of different growth substrates for
easy and cost-effective cultivation of this mushroom of medicinal importance have
also been expedited. However, several challenges due to interplay of different
factors such as supplementation to production quality of this fungus need to be
effectively addressed.

11.3 Ergosterol: Molecular Structure

Eumycotic fungi (molds) and unicellular yeast cells contain large amounts of
Ergosterol ((22E)-ergosta-5, 7, 22-trien-3-beta-ol) as their primary sterol compound.
Likewise, these microbes also contain zymosterol (5-alpha-cholesta-8, 24-dien-
3-beta-ol), one of sterol unlikely present in higher plants (Axelsson et al. 1995).
Ergosterol was first isolated from fungal genus Claviceps commonly termed as ‘ergot
fungus’ (Czub and Baginski 2006). Ergosterol is a cell membrane constituent having
a role similar to its counterpart in animal cells, ‘cholesterol’. It also shares the syn-
thesis pathway of cholesterol which involves lanosterol unlike plant sterol synthesis
pathways (Christie and Han 2010). It exist in fungal cells both as free and esterified
forms. Though their relative amounts vary among different species of the ergot fungi
(Sio et al. 2000) (Fig. 11.1).

11.3.1 Biosynthesis of Ergosterol

The information on ergosterol synthesis has been derived from several mutants defec-
tive in ergosterol biosynthesis. These mutation studies helped in deciphering the role
of ergosterol in maintenance of fungal and yeast cell membrane structure and integ-
rity. As molds have multicellular characteristics, ergosterol biosynthetic pathway and
biocatalysts involved in its synthesis have been elucidated in common yeast
(Saccharomyces cerevisiae) (Japelt and Jette Jakobsen 2013). The synthesis pathway
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is shared till zymosterol for both cholesterol and ergosterol (Lees et al. 1995).
Likewise, both share the functions performed by the two molecules. Similar to choles-
terol, ergosterol stabilizes the liquid-ordered phase, and can form lipid rafts along
with sphingolipids. It also plays multiple key roles in regulation of growth in yeast
(Grille et al. 2010). Moreover, this fungal specific sterol is the precursor for vitamin
D, (ergocalciferol). Exposure of ergosterol with electromagnetic radiation in the ultra
violet range leads to its photochemical conversion to ergocalciferol (Fig. 11.2).

The ergosterol biosynthesis is complex involving ~20 enzymes which generate
squalene from mevalonate (Alcazar-Fuoli et al. 2008). It is synthesized via the lanos-
terol pathway though it is a smaller molecule formed by combining two molecules of
a 15-C terpenoid, farnesyl pyrophosphate, into C-30 lanosterol. Later, removal of
two methyl groups results in formation of ergosterol. However, unlike animal sterols,
fungal sterols exhibit presence of methyl group at carbon 24. In S. cerevisiae the side
chain alkylation is catalyzed by S-adenosyl methionine sterol methyl-transferase
(ERG6) that converts zymosterol to fecosterol (Bach and Benveniste 1997). Mostly,
plants cannot synthesize ergosterol, and any form of vitamin D2 presence is due to
the endophytic fungi or a fungal infection (Japelt and Jette Jakobsen 2013).
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11.3.2 Determination of Ergosterol: Conventional
and Advanced Techniques

Determination of the amount of ergosterol is widely used to estimate of fungal
biomass in different types of environments as the ergosterol content and fungal dry
mass has a strong correlation (Pasanen et al. 1999). Ergosterol regulates fluidity and
asymmetry of the membrane and thus maintains the fungal cell integrity. It is used
to diagnose the fungal invasion in grains and other substrates like wood, foliage,
soil, mycorrhizal roots (Aswad et al. 2011). Ergosterol can be estimated through
ergosterol assay. It is not produced by all fungi and even varies among same species
depending on the physiological state of the fungus. The ergosterol assay is the most
prominent method (Bermingham et al. 1995) as it indicates live fungal mass with
relative accuracy compared to alternative methods as it readily gets rancid on cell
death (Parkinson and Coleman 1991).

The original procedure for extraction of ergosterol was worked out by Seitz et al.
(1977). It involves extraction of ergosterol in an alcoholic base followed by subse-
quent partitioning in a non-polar solvent such as hexane. Upon the evaporation of
the solvent, the precipitates are redissolved in a known volume of fresh solvent.
Final separation and quantification of ergosterol from total lipids is done by high-
performance liquid chromatography (HPLC) (Gessner and Schmitt 1996). Others
methods are based on UV absorption at specific wavelength maxima at 282 nm
because of double bond at positions 5 and 7 (Lau et al. 2006). Currently, HPLC
methods are regularly practiced, though a spectro-photometric method is a sensitive
for determination of ergosterol content (Varga et al. 2006). Ganoderma biomass and
ergosterol concentration was found to be positively correlated with in vitro HPLC
with diode array detection (Aswad et al. 2011) and detection of white rot disease
treatments may be made earlier to take remedial action.

The content of ergosterol can be used to assess the quality of Ganoderma
spore and Ganoderma spore lipid (GSL) products. The contents of free and ester-
ified ergosterol levels in G. lucidum lie between 0.8 and 1.6 mg/g (Yuan et al.
2007) Similarly, Shao et al. (2010) have reported that only free ergosterol were
present in white and brown button mushrooms in the range of 2.04 to 4.82 mg/g dry
matter (DM).

The ratio of free ergosterol to esterified forms varies in different parts of G.
lucidum as the spore-producing cells (spores, tubes, hymenophore) have maximum
percentage of ergosteryl esters (41.9 and 39.7% of total ergosterol) in comparison to
the pileus and stipe (3.6 and 6.2%) (Yuan et al. 2007). Therefore, the amount of
ergosterol in Ganoderma varied among the various strains and at different develop-
mental stages, namely, the vegetative mycelium, spawns run, pinhead, and fruiting
body phases. Ergosterol content from the fruit body of Ganoderma was observed to
be maximum (7009 pg/g) (Goyal et al. 2016).
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11.3.3 Ergosterol Applications

Ganoderma lucidum (Curt.: Fr.) Karst. serves as potential and long established
medicine for preventing and curing numerous diseases (Wasser and Weis 1999).
Triterpene derivatives such as oxygenated lanostane and other fungal steroids
including ergosterol have been extracted out from G. lucidum having prospective
therapeutic properties (Rosecke and Konig 2000).

11.3.3.1 Ergosterol: Precursor of Vitamin D

Windaus (1928) had pioneered the formation of vitamin D, from ergosterol after
exposure to ultra violet radiations. The provitamin of vitamin D, [9,10-Secoergosta-
5,7,10(19),22-tetraen-3-ol,(3p)- from Ergosta-5,7,22-trien-3-ol,(3p)-] is ergosterol,
therefore, irradiating the fungal biomass with UV radiations (A = 280 to 320 nm)
results in formation of vitamin D, via conversion of ergosterol into viosterol fol-
lowed by provitamin D, which undergoes thermal rearrangement to form Vitamin
D, or ergocalciferol. It is one among the scarce Vitamin D rich available dietary
sources of vegetarian origin (Fig. 11.3).

11.3.3.2 Antimycotic Drug Development

Ergosterol being fungal cell membrane specific sterol is an important target for
antimycotic drug development (Arthington-Skaggs et al. 2000) and some antifungal
drugs target the ergosterol biosynthetic pathway. Among other eukaryotes, ergos-
terol is located in the protists’s cell membranes like trypanosomes on which antifun-
gal agents can act for healing West African sleeping sickness (Roberts et al. 2003).
An antifungal drug Amphotericin B attaches physically to ergosterol in the mem-
brane and forms a pore in membranes which leads to exudation of ions and other
particles from of the cell that results in cell death (Ellis 2002). Other antifungal
drugs such as miconazole, itraconazole, and clotrimazole operate in a distinct way
and block the conversion of lanosterol to ergosterol.

Ergosterol biosynthetic pathway is being intensively explored as antifungal
drugs will inhibit important enzymatic conversions. The azole antifungal drugs
inhibit the lanosterol 14-alpha demethylase, a cytochrome P450 family protein like
Ergl1 protein in fungal cell walls. Inhibition of 14a-demethylase leads to accumu-
lation of ergosterol precursors like 14a-methylated sterols (lanosterol, 4,
14-dimethylzymosterol, and 24-methylenedihydrolanosterol), with exhaustion of
ergosterol that results in the formation of altered plasma membrane. Other antifungal
drugs such as fluconazole and voriconazole (a triazole in development) acts to
inhibit the cytochrome P-450-dependent 14a-sterol demethylase activity.

Allylamine drugs, for eg. Terbinafine, inhibits the activity of squalene epoxidase
(Valachovic et al. 2002). The sterols also regulate the antifungal activity of the
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lipodepsipeptide syringomycin E from Pseudomonas syringae. In an in vitro study,
the membrane sterol composition from Saccharomyces cerevisiae auxotroph strain
FY-14, was amended to examine the sensitivity to syringomycin E and the authors
reported higher sensitivity of the cells solely containing -sitosterol or stigmasterol
(Wangspa and Takemoto 1998).

11.3.3.3 Elicitor of Plant Immunity

Ergosterol acts to trigger the intrinsic plant immunity by elevating the activity of
NADPH-oxidase and superoxide dismutase (SOD) enzymes. Both of these enzymes
have been reported to impact the structural associations of plasma membrane in
plants and hence, promote the formation of lipid rafts (Rossard et al. 2011).
Ergosterol triggers the defense genes expression and enhancing the plant resistance
to various pathogens (Lochman and Mikes 2006).
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11.3.3.4 Biomedical Applications: Health Benefits

Ergosterol and its peroxide derivatives add up to enhance the pharmacological
activities, like reducing inflammation and cardiovascular disease incidences, inhib-
iting the activity of cyclooxygenase enzyme and improving the antioxidant, antimi-
crobial, anti-complementary, and antitumor activities (Zaidman et al. 2005). Sterols
and its oxygenated triterpenes derivatives also inhibit cholesterol synthesis in vitro.
Ergosterol compounds may have a role in inhibition of blood vessel proliferation i.e.
angiogenesis, which is desirable for curbing tumor growth and metastasis (Stamets
and Yao 2002). Therefore, ergosterol acts by directly inhibiting the angiogenesis
induced by solid tumors that results in its anti-tumor activity (Subbiah and Abplanalp
2003) and the same is also observed against KB cells and human PLC/PRF/S cells
in vitro (Lin et al. 2003). Ergosterol peroxide (EP) and dehydroergosterol peroxide
(9(11)-DHEP) from Ganoderma lucidum can instigate the caspase-dependent cell
apoptosis in susceptible cancer cells via the mitochondria-mediated pathway.
These two fungal steroids have the potential to be used as natural chemopreventive
agents as reported by its in vitro and in vivo studies (Zheng et al. 2009). Ergosterol
peroxide can overcome the drug-resistance conferred by miR-378 and it can prove
to be a likely a positive treatment to overcome the drug-resistance in tumor cells
(Wu et al. 2012).

Steroidal components of G. applanatum possess the antibacterial activities and
other broad range spectrum effects (Zhao et al. 2005). Moreover, two anti-aging
compounds Ganoderma sides C and D, having a 4,6,8, (14),22-tetraene-3-one
hydroxylation at C-9, significantly enhances the life period of K6001 yeast strain
by regulating UTH1 gene expression to extend the replicative life cycle of yeast
cells (Weng et al. 2011). Thus, ergosterol based anti-ageing substances could be
developed to treat age related diseases.

11.3.3.5 Gano-Protein Province: Diversity and Functions
Therapeutic/Pharmaceutic Proteins

Several compounds with potential immune regulating mechanism have been
extracted from Ganoderma such as polysaccharides (glucans), proteins and triterpe-
noids (ergosterol). Important immune regulating effects include induction of mito-
sis and immune effector cells that leads to the formation of cytokines, interleukins
(ILs), tumor necrosis factor (TNF)-«, and interferons (Gao et al. 2003). The GMI,
recombinant fungal immunodulatory protein, inhibits the EGF-induced phosphory-
lation and EGFR activation and AKT pathway kinases during the conditions of lung
cancer (Lin et al. 2010). Ooi and Liu (2002) also observed that hot water extracted
of G. lucidum polysaccharide suppressed of growth of solid tumour in mice with
enhanced increase in immunomodulatory cytokines expression levels.

Protein bound polysaccharides from G. lucidum, have been known to exhibit
superoxide and hydroxyl radical scavenging activity (Lee et al. 2001). A hot water
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extract of G. lucidum exhibited antioxidative effect on mouse liver and kidney lipid
peroxidation (Shieh et al. 2001). Moreover, the extracts have the potential to reduce
strand breakage in DNA caused by UV induced photolysis of hydrogen peroxide
(Lee et al. 2001). Supplementation with antioxidants could represent an important
therapeutic potential to minimize the damage.

Gradually, now focus is towards the establishment of natural antioxidants that
are efficient and safe for use for which medicinal mushrooms are prominent source
of such bioactive antioxidant compounds (Lee and Yun 2007). Selenium (Se) is an
essential microelement living organisms and important component of many antioxi-
dant enzymes like glutathione peroxidase (GSH-Px) which is associated with nor-
mal metabolism and health effect by its concentration in animals and humans.
Benefits of selenium includes reducing the incidence and mortality of cancer, spe-
cifically in liver, prostate, colo-rectal and lung cancers (Rayman 2005). Zhao et al.
(2004) have reported that Ganoderma lucidum can incorporate inorganic selenite
present in the substrate into organic forms like seleno-proteins (56-61%) and
seleno-polysaccharides (11-18%) and other components. Percentage absorption of
selenium from selenium enriched medium in Ganoderma lucidum was reported to
be around 7.2-9.9% and were absorbed as cytosolic embodies in form of selenopro-
teins (Goyal et al. 2015). The selenium supplementation can help to enhance the
medicinal properties.

Ganoderma Specific Proteins: Physiological and Developmental Role

Basidiomycetes life cycle in dikaryotic cells is comprised of two defined stages,
vegetative stage and a morphogenic stage which is triggered by the specific environ-
mental signals. Understanding the phenomenon behind the shift from vegetative
growth to fruit body formation will result in the commercial mushroom production
improvement (Kamada 2002). Therefore, identification of certain key proteins
responsible for onset of specific developmental stage is critical and is required to be
performed. In addition, physiological mechanisms and enzymatic profile regulating
lignocellulose biotransformation can enhance the process of edible and medicinal
mushroom production (Vikineswary et al. 2006).

The development of fruit body from vegetative phase passes through a system-
atic manner. Morphological changes occur before the primordial formation due to
the environmental stress like cold shock that causes dikaryotic mycelia in L. edodes
todevelop small primordial which further modifies to form fruit bodies (Przybylowicz
and Donoghue 1990). Similarly in S. commune, SC4 hydrophobin, lines up the air
spaces in its fruit bodies and thus, prevents the collapse of air channels during the
drying and wetting cycles (Wessel 1994). Stress-related genes such as Hsp12, Nam9
and DNA repair helicase RADI15 have been reported to play an important role in
fructification. Signal transduction mechanisms are complex in cells that recognizes
and respond to the outer surrounding signals, for eg, calmodulin, phosphatase 2C
and RAB18 were found to be specifically expressing during fruit body formation
(Lee et al. 2002). In Coprinopsis cinerea fruiting was regulated by biotic-abiotic
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factors such as nutrients, temperature, light, and humidity, physiological stages and
genetic factors, for eg., A and B mating type genes, dstl and dst2 light regulators
genes) (Gonzalez et al. 2011).

Thus several fructification genes are explored in Agaricus bisporus, Agrocybe
aegerita, Coprinus cinereus, Flammulina velutipes, Lentinula edodes, Schizophyllum
commune and Tuber borchi (Lacourt et al. 2002). The genes for hydrophobin pro-
teins are present in many copy numbers that are expressed during the fruit body
formation in basidiomycetes, as reported by Penas et al. (1998) and such genes
have been isolated from A. bisporus, F. velutipes and L. edodes (Ng et al. 2000).
Other genes for ATPase have been isolated from L. edodes and T. borchii (Leung
et al. 2000), PriA from L. edodes, Agrocybe aegerita and EST from P. ostreatus
(Lee et al. 2002). Two proteins Pf1 and Pf3 had been identified in Flammulina
velutipes (Sakamoto 2010) which is involved in fruit body induction and one pileus-
specific hydrophobin-like protein (PSH) is reported to be involved in the pileus
formation. During the primordial formation and fruiting in Pleurotus ostreatus, a
cytolytic protein Ostreolysin, is specifically expressed (Berne et al. 2007).

Hydrophobins

Hydrophobins have been characterized as compact cysteine-rich (nearing 100 = 25
amino acids), secretory proteins that exists in large copy numbers in cell walls of
fungi and forms the outermost layer. These proteins form outer surface of hydro-
phobic layers by self-assembly of secreted monomers in response to the external
stimuli and this plays a conformational role for the developmental processes. These
proteins are required in several morphological processes like sporulation, fructifica-
tion and infection tube formation.

Different types of hydrophobin proteins are expressed at different stages of
development of fruit body in basadiocarps and play an important function in
protection against hyphal desiccation, parasitic attack, hyphal attachment, lowering
of surface tension surrounding medium to allow hyphal aerial growth. Various types
of hydrophobins genes have been isolated from different types of basadiocarps
whose expressions are regulated at developmental stages for eg., ABH1, ABH2 and
ABH3 in Agaricus bisporus, CoH1 and CoH2 in Coprinus cinereus, and SC1, SC3
and SC3 in S. commune (Lugones et al. 1998). These genes were first explored as
mRNAs copies transcribed at developmental stages like sporulation, fructification
and fungal infection tube formation. Ng et al. (2000) has reported two genes for
class I hydrophobins (Le.hydl and Le.hyd2) from primordial cDNA library of
Lentinula edodes with base pair size of 760 and 738 nucleotides.

The FT-IR analysis of proteins made during different stages of cultivation that
the fruiting strains have an ordered protein structure with hydrophobic amino acids.
Non fruiting strains indicated the presence of aromatic amino acids with very low
amount of acidic amino acids like aspartic acid and glutamic acid indicating a
positive role of hydrophobic amino acids and hydrophobin proteins in mushroom
fructification process (unpublished data).
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It has also been reported that the phenolic compounds polymerized by the laccase
enzymes also adds to hydrophobicity of fruiting body surface and aids in the cross-
linking of hyphal cell walls during the fruit body formation (Pelkmans et al. 2016).
The esterase and peroxidase activity significantly increased during the pinning of
the Ganoderma lucidum cultures thus, indicating the positive role of these enzymes
during the fructification (Unpublished data thesis). Other reports suggest that cyto-
chrome P450 enzymes, lectins, haemolysins and expansins also have a pivotal role
in fructification of the mushrooms. In Flammulina velutipes, the proteolytic activity
in mycelium was enhanced during the fructification to allow reallocation of amino-
nitrogen from mycelium to the fruit body (Chao and Gruen 1987).

11.4 Future Prospects

A growing research interest is driving towards the development of novel formula-
tions of the medicinal mushroom derived bioactives of potent nutraceutical and
pharmaceutic importance. Moreover, this will lead to manufacturing of food supple-
ments from medicinal mushrooms. Improved augmenting or additive effects can be
obtained if the bioactive compounds of the medicinal mushrooms can be complexed
and formulated as nano-emulsions or can be utilized to encapsulate other drugs or
chemoprotectants. The latter approach is anticipated to exhibit additive benefits
such as improved water disponibility of water phobic curcumin besides enhanced
biological effects when complexed and encapsulated by 1-3/1-6, -glucan derived
from Ganoderma (Mai Huong et al. 2016). Another research aspect pertains to
using nanoparticles as vehicles for targeted delivery of bioactives of Ganoderma
origin. The effective dose administered can be decreased to nM concentrations of
ganoderic acid-DM, a triterpene derived from Ganoderma that ensures improved
permeability in the targeted cancerous cells besides minimizing the cytotoxicity
issues for the normal body cells (Bryant et al. 2017).

11.5 Conclusion

Extensive research studies are being carried on G. lucidum in various parts of the
world to improve its cultivation and therapeutic substances. It possesses several posi-
tive health benefits derived from its anti-oxidant, anti-microbial, anti-proliferative
and organ protective action. Therefore, both conventional and novel quality control
strategies will ensure identification of the bioactive compound diversity and stan-
dardization of ergosterol and other putative bioactives in G. lucidum preparations
for improved bioavailability and efficacy. These bioactives can be anticipated to
accelerate the intrusion of compounds of nutraceutical/pharmaceutic importance as
food supplements for enhancing the nutritional quality of the food.
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Chapter 12
Application of Wild Macrofungi
as Anticancer Therapeutics

Peter Chiew Hing Cheong, Chon Seng Tan, and Shin Yee Fung

12.1 The Word Is Out

The power of social networking and mass media; Facebook, Twitter, YouTube and
TEDMED, in triggering excitement, hope and spreading ideas worth selling and
following, is undeniable. Mycologist Paul Stamets got the message out to the world,
far and wide, that mushrooms are more than just useful. At 84, his mother was diag-
nosed with stage 4 breast cancer that had spread to her sternum and liver and her
oncologist told her she was too old for radiation therapy and no more than 3 months.
After a year of turkey tail mushroom supplementing addition to the standard drugs
Taxol (paclitaxel) and Herceptin (trastuzumab) however, the spreading cancer
was no longer detected on her (CNN 2016). The message was a clear and powerful
one, positioning mushrooms, in different light among the practitioners and giving
hope to patients and families, that there are anticancer therapeutic properties in
mushrooms worth evaluating and for further research.
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12.2 Macrofungi and their Uses

Typical macro fungi, belonging to taxonomy classes Basidiomycetes, Ascomycetes
and a few Zygomycetesare noticeable higher fungi with fruiting bodies (consisting
of caps and stems) which erect above grounds, rotting woods or termite mounds
when the conditions are ideal for them to produce from their gills tiny, wind or ani-
mal dependant for dispersal of reproductive particles known as spores. The more
exotic ones; (i) bolete, have pores instead of gills on the underside of the cap to
produce spores inside the pore tunnels, (ii) the puffballs, produce spores inside
ball-like structures and puff the spores like smoke through tiny openings when
squeezed, (iii) the stinkhorns, produce spores on slimy and smelly stalk, to be car-
ried away by animals attracted to its smell (iv) the cup fungi, have their spores on
the inner surface of their cup-like bodies (v) the jelly fungi, fire spores like catapults
(vi) only the subterranean truffles, have spores deposited inside the fleshy fruiting
bodies (Barbarathiers 2013). Mature truffles are often sniffed out from underground
using female pigs, dogs and goats (Knapton 2008) as they make exquisite and
expensive cuisines in several parts of the world. Most terrestrial macro fungi are
saprophytes, serve to keep trees alive, breaking dead organic matters down and
returning them to the soil but some are pathogens of plants (Mueller et al. 2007).
They are homes and food too. Edible mushrooms are always referred first in many
literatures and cultures (Fig. 12.1).

Wild edible mushrooms of different varieties are still mostly collected from the
forests. Forests with different tree species provide the vegetation that promotes the
greatest diversity of mushrooms (Montoya et al. 2003; Garibay-Orijel et al. 2006).
Hunters and collectors rely on the presence of certain tree species to indicate the
presence of valuable wild mushrooms. Users believe mountain mushrooms are
superior and have much better flavour because they grow where there are many trees
(Montoya et al. 2003). The efforts spent on collection and cultural use determine
the importance and value of certain mushrooms (Knapton 2008). In Mexico, Brazil

Fig. 12.1 Common edible mushrooms: Agaricus blazei (a) portobello and (d) button mushroom,
Pleurotus eryngii (b) oyster mushroom, Flammulina velutipes (c¢) enokitake mushroom,
Lyophyllum shimeji (e) G hon shimeji mushrooms, Lentinula edodes (f) shiitake mushroom
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and many western countries, mushrooms were mainly used as food followed by
secondary function for trade, handicraft, insecticides and medicine (Montoya et al.
2003; Garibay-Orijel et al. 2006; Dias et al. 2004). In some cultures, mushrooms are
sought for ceremonial, recreation, religious and remedy against fear of death
(Montoya et al. 2003; Garibay-Orijel et al. 2006; Guzman 2008; Riede 2010). A
special church was built to worship a specimen of mushroom Ganoderma lobatum
(Schwein) displayed in a crystal box at the main altar (Guzman 2008). Fomes
fomentarius, Inonotus obliquus, Laricifomes officinalis and Calvatia gigantean
were the only few mushroom species used therapeutically by the Europeans (Wasser
and Weis 1999; Poucheret et al. 2006). Only countries in the far east like China,
Japan and Korea where the mushrooms are not only sought after as food but also
used frequently as medicine and have been for centuries (Patel and Goyal 2012;
Lemieszek and Rzeski 2012). Many mushrooms used in traditional practices are
from the genera Auricularia, Flammulina, Ganoderma, Grifola, Hericium, Lentinus
(Lentinula), Pleurotus, Trametes (Coriolus), Schizophyllum and Tremella (Ooi and
Liu 2000). The different types of medicinal mushrooms are usually blended, mixed
and used as concoction for maximum benefit (Ferreira et al. 2010).

12.3 The Need for Anticancer Therapeutics

Cancerous cells ignore signals to undergo natural cell cycle and differentiation.
Death defect and hard to eradicate, they replicate in mass without control, blocking
and disrupting normal functions of the body severely and when spread and invade
other systems, one dies. Death from cancer spiralled downward 25% since 1991 in
the United States, prolonging the lives of 2.4 million, based on available data from
2014. The avert is attributed to the advances in early detection, treatment and change
of lifestyle (Siegel et al. 2017). Cancer SEEK (a new blood test) is a sensitive simple
blood test that could detect early stages instead of late stages of eight different kinds
of cancer concurrently without raising false-positive results (Cohen et al. 2018).
About 46% (Fig. 12.2) over all cancer deaths were due to lung, colorectal, prostate
and breast cancers (Siegel et al. 2017). In men, 42% of all newly diagnosed cancers
in 2017 were from prostate, lung, and colorectal cases. In women, breast, lung, and
colorectal cancers were the most common. Leukaemia killed almost a third (29%)
of all paediatric cancer patients, followed closely by brain and nervous system
cancers (26%) (Siegel et al. 2017). The number of new cases is expected to rise by
about 70% (22 million) over the next 2 decades (WHO Media Centre 2017).

Basic research and deeper understanding of cancer, creative strategies to manip-
ulate signalling pathways that would influence host responses and improved medi-
cal techniques are all needed to keep the statistics low. Cancer treatment and cure
currently revolve around chemotherapy, radiation, surgery, immunotherapy, stem
cells, hyperthermia, photodynamic therapy, blood transfusion and donation, lasers,
complementary and alternative therapies. When modern medicine could no longer
aid, cancer relapses and the body responds badly to the treatment or when the cost
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Fig. 12.2 Leading cancer types for estimated deaths and new cases in the United States Siegel

et al. 2017

is deemed too much to bear, many cancer patients and families resort to alternative
therapy which include Traditional Knowledge (TK), Traditional Chinese Medicine
(TCM), Japanese traditional medicine (Kampo), classical Ayurvedic treatment,
homeopathy and medicinal practices of other cultures. Word of caution is always
given when it comes to alternative therapies. Most alternative therapies have not
been through rigorous scientific testing and there is no to low scientific evidence
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that they would work. Some of the alternative therapies may be completely unsafe
and could cause harmful side effects with chronic cases of patients hospitalised after
consuming products tainted with toxic materials or heavy metals or herbs when
used could interact adversely with modern drugs, causing serious side effects espe-
cially in ailing patients with certain medical conditions (UK CR 2016; Health
NCFCAI 2016).

12.4 Medicinal Mushrooms

Fungal fruiting bodies, mycelium and culture broth are explored extensively for
anti-cancer potentials (Wasser and Weis 1999). Agaricus blazei (A. bisporus and A.
subrufesce), Auricularia, Lentinula edodes, Grifola fondosa, Pleurotus eryngii,
Lyophyllum shimeji and Flammulina velutipes are among the edible mushrooms
identified with anti-cancer properties (Owaid Mustafa et al. 2017). Other mushroom
genus included in the literature are Phellinus,Clitocybe, Antrodia, Cordyceps,
Xerocomus, Calvatia, Schizophyllum, Suillus, Inocybe, Funlia, Lactarius,
Albatrellus, Russula, Fomes and Lignosus (Patel and Goyal 2012). Within the
Basidiomycetes, there are approximately 200 mushroom species which could
inhibit the growth of different cancers (Wasser and Weis 1999). Of the many medic-
inal mushrooms, only about 20 are cultivated in mass (Reddy 2015). Ganoderma
lucidum, Trametes versicolor and Inonotus obliquus are often prepared as powder,
brew, or extract, due to their hard texture and bitterness (Wasser 2002). Lentinula
edodes leads the world production for edible mushrooms by 22% as of 2013,
followed by Pleurotus (19%), Auricularia (18%), Agaricus (15%), Flammulina
(11%), Volvariella (5%) and other mushrooms (10%) (Royse et al. 2017).
Ganoderma (polypores) dominates the world production, with China being the big-
gest producer and exporter with capacity over 110,000 ton/year (Li et al. 2016).

In Japan, Korea, China and Taiwan, following favourable clinical trial results,
Agaricus subrufescens (also known as A. blazei and A. brasiliensis) (Hetland et al.
2011), Lentinula edodes (Shiitake) and Trametes versicolor were developed and
used as anti-cancer agents (Table 12.1) and alternative medicine (Friedman 2016).
In Japan, polysaccharides from 7. Versicolor are taken orally for almost 50 years by
surgical patients (gastric, colorectal and small cell lung cancer) with almost no
severe negative drug reactions (Katoh and Ooshiro 2007; Lemieszek and Rzeski
2012). In a reported animal study, 6 of 10 mice suffering from sarcoma had com-
plete cancer regression when treated with Lentinan derived from Lentinula edodes
(Shiitake mushroom) at 0.2 mg kg™ and at slightly higher concentration of
1 mg kg™', all 10 mice showed complete cancer regression (Chihara et al. 1970).
Triterpenes, polysaccharides and immuno-modulatory proteins of Ganoderma
lucidum inhibit proliferation, growth, invasive behaviour and induce cell death of
breast and prostate cancer (Paterson 2006). In addition, the compounds suppress
angiogenesis and growth of prostate cancer cells. D-fraction of G. fondosa (Maitake)
stimulates T-cells, Natural Killer cells (NK) and macrophages, increases interleukin-1
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Table 12.1 Anti-cancer therapeutic potential of mushrooms against leading cancer types

Type of cancer | Mushroom used References
Lung Ganoderma Sliva (2010), Kosani¢ et al. (2016), Kimura et al. (2004)
Phellinus linteus

Lactarius deliciosus

Macrolepiota procera

Lignosus rhinocerus

Agaricus blazei

Fomes fomentarius

Colorectal Trametes versicolor | Torisu et al. (1990), Kawaguchi (2009)
Lentinula edodes
Prostate Trametes versicolor | Kawaguchi (2009), Luk et al. (2011)
Amanita phalloides
Breast Trametes versicolor | Riede (2012), Martin and Brophy (2010)
Lignosus rhinoceros
Grifola frondosa
Leukaemia Agaricus blazei Endo et al. (2010), Gao et al. (2007), Wan et al. (2010)

Trametes versicolor

(IL1) interleukin-2 (IL-2) and lymphokines production (Geng et al. 2017; Zhou
et al. 2005; Kodama et al. 2002, 2003). Mushrooms also protect cells with its anti-
oxidant properties and decrease the inflammatory factor Cyclooxygenase-2(COX2)
enzyme which is commonly found in cancer physiology. Studies have also shown
that mushrooms have anti-metastatic properties inhibiting the proliferation and
spread of cancer. An inverse association of breast cancer risk was found in post-
menopausal women consuming mushrooms on a daily and average frequent basis
(Hong et al. 2008).

Selective cytotoxicity towards cancer cells without harming normal cells was
demonstrated in mushroom properties from Agaricus blazei (Fujimiya et al. 1998),
Clitocybe nebularis (Xu et al. 2011), Coprinus comatus (Zhang et al. 2017),
Ganoderma lucidum (Liu and Zhong 2011) and Lignosus rhinocerus (Yap et al.
2015). L. rhinocerus, better known as the Tiger Milk Mushroom (TMM) (Fig. 12.3)
has only recently been actively studied for its medicinal properties despite being
used traditionally with records dating as early as 1664 (Evelyn and De la Bédoyere
2004). TMM is rare in the wild. It was harder to collect for its sclerotia under-
ground, which would have shrunk in size by the time the fruiting bodies were found.
The sclerotia are the more precious part of the mushroom as most of the medicinal
properties are contained in the sclerotia (Lau et al. 2015; Lee et al. 2009, 2012). The
high molecular weight fraction of the sclerotia is active against breast, lung and
human cervical cancer cell lines (Lee et al. 2012; Pushparajah et al. 2016).

Psilocybin from various species of ‘wild magic mushrooms’ could provide an
alternative solution to patients with advanced-stage cancer when it comes to manag-
ing anxiety and depression (Grob et al. 2011), improving moods and ameliorating
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Fig. 12.3 Sclerotia and
fruiting body of Lignosus
rhinocerus, the Tiger Milk
Mushroom

psychological distress. The mushrooms were found helping the body to recover
thus enabling patients to live an improved quality of life. Over the years, numerous
studies were carried out to determine the potential of several mushrooms on how
they could ameliorate chemotherapy and radiation therapy associated side effects;
loss of appetite, nausea, depression, bone marrow suppression, anaemia, lowered
resistance and ability to carry out simple tasks (Patel and Goyal 2012; Zong et al.
2012; Kim et al. 2015).

Wild poisonous mushrooms have no use whatsoever as minute amount con-
sumed would be detrimental and dangerous: damaging the heart, liver and kidneys
(Montoya et al. 2003).The responsible toxins from a number of wild mushrooms
covering molecular properties, clinical manifestation, mechanisms, potential toxic-
ity were briefly reviewed (Jo et al. 2014). Mushroom collectors avoid these mush-
rooms by paying special attention to the morphological structures (lamellae),
colours, location collected and the season (Montoya et al. 2003; Garibay-Orijel
et al. 2006). Amatoxins (cyclopeptides), orellanus (Cortinarius species), gyromitrin
(monomethyl hydrazine), muscarine, ibotenic acid, psilocybin and coprine were the
seven categories of toxins (Vetter 1998; Jo et al. 2014). Amatoxins are heat and
enzymatic resistant, could pass through plasma membrane and be absorbed into
bloodstream quickly (Luo et al. 2014). Nonetheless, the scaffold of amatoxin could
lead to new pharmaceuticals for cancer therapy (Nguyen et al. 1996; Luo et al.
2014; Riede 2017), inhibiting RNA polymerase II, replicating enzyme used exten-
sively in cancer cells but not healthy normal somatic cells. This inhibits specifically
cancer cell activity and not the immune response (Riede 2010, 2013).

Despite the practice in Asia and amount of research conducted, mushroom use
for cancer treatment is still not widely practised in western medicine (Lemieszek
and Rzeski 2012; Reis et al. 2017).
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12.5 Mechanisms of Action of Mushrooms with Anti-Cancer
Properties

Several mechanisms of action are proposed on how mushrooms could act against
cancer cells (Table 12.2). They may act as reactive oxygen species (ROS) inducer,
anti-mitotic, mitotic kinase inhibitors, topoisomerase inhibitors, RNA polymerase
IT inhibitors, apoptosis, angiogenesis, anti-metastatic, anti-cancer proliferators,
immune-modulators: increase in T cell numbers; IL-12, Interferon-gamma (IFN-y),
Tumour Necrosis Factor-alpha (TNF-a), NK cell, phagocytes and the amelioration
of a skewed Th1/Th2 balance and inflammation (Hetland et al. 2011).

Tremendous amount of work and effort were also dedicated to assess the anti-
cancer efficacy of mushrooms by identifying the properties responsible, evaluating
their toxicity, mode of action, aspects of host responses; up regulation or down
regulation and the cell surface receptors involved (Table 12.3). Ferreira et al.
(2010) compiled bioactive molecules of low and high molecular weight with anti-
cancer potential. Xu et al. (2011), Singh et al. (2016) and Coulibaly and Youan
(2017) compiled mushroom lectins with potential as anticancer diagnostic and
therapy. Wasser (2002), Ramberg et al. (2010), Shah et al. (2011), Zong et al.
(2012) and Singdevsachan et al. (2016) reviewed and highlighted bioactivities of
the polysaccharides of mushrooms as sources of anticancer and immunomodula-
tory compounds. Nie et al. (2017) covered the specific receptors on the immune
cells that could recognize the polysaccharide polymers acting as pattern recognition

Table 12.2 Anti-cancer mechanisms of mushrooms studied

Mechanism Mushroom References

ROS inducer Antrodia Hseu et al. (2017)
camphorata

Anti-mitotic, mitotic kinase inhibition Amanita Riede (2012)

topoisomerase inhibition RNA polymerase Il | phalloides

inhibition

Apoptosis Agaricus blazei | Endo et al. (2010)
Fomes
fomentarius

Angiogenesis inhibitor Agaricus blazei | Takaku et al. (2001)

Anti-metastatic Grifola fondosa | Konno (2007), Nakamura
Cordyceps et al. (2015), Kim et al.
sinensis (2013)
Hericium
erinaceus

Immune-modulatory Agaricus blazei | Guggenheim et al. (2014)

Increase in T cell numbers; IL-12, IFN-y, Lentinula

TNF-a, NK cell, phagocytes edodes

Th1/Th2 balance Pleurotus Tanaka et al. (2016)
cornucopiae
Agaricus blazei
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molecules (Markova et al. 2003; Bhardwaj et al. 2014). Several receptors were
identified; Toll-like receptors (TLRs), mannose receptors, Dectin-1, Dectin-2,
scavenger receptors (SR), and Type 3 Complement Receptors (CR3). Binding of
the polysaccharides to these receptors activates the expression of pro-inflammatory
cytokines and nitric oxide (Nie et al. 2017).

Low molecular weight triterpenoids such as Ganoderic A and Ganoderic B from
medicinal mushroom Ganoderma lucidum have anticancer activities among other
pharmacological activities (You et al. 2017; Shiao 2003). Till date, more than 130
triterpenoids with different structural features were identified from the fruiting bod-
ies, cultured mycelium and spores of G. lucidum (Shiao 2003; Paterson 2006).
Cordycepin isolated from Ophiocordycep sinensis has been found to exert antian-
giogenic, antimetastatic and antiproliferative effects as well as inducing apoptosisin
cancer cells (Hwang et al. 2017; Wang et al. 2017). Hispolon is aphenolic com-
pound of Phellinus igniariusactive against gastric cancer cells (Chen et al. 2008;
Huangetal. 2011). Essential linoleic acid and conjugated linoleic acid in A. Bisporus
decreased breast cancer cell proliferation but had no effect on noncancerous cell
line. The effect was also shown in nude mice (Chen et al. 2006).

High molecular weight proteins with anticancer activities can be divided into
two groups; proteins with direct anti-proliferative activities towards cancer cells and
immunomodulatory proteins (Ivanova et al. 2014). Lectins can possess both mecha-
nisms. Lectin CNL from Clitocybe nebularis in additional, is selectively cytotoxic
towards human leukemic T cells (Pohleven et al. 2009). Over 27 mushroom lectins
have shown anti-proliferative activities towards a range of cancer cells and 5 of
these demonstrated 67-92% anti-proliferation activities in Sarcoma-180 cancer
bearing animals (Singh et al. 2016). Another protein group with potent selective
cytotoxicity reported recently is serine proteases of L. rhinocerus (Yap et al. 2015).
The partially purified protein fraction, containing two serine proteases, demon-
strated cytotoxicity activity towards MCF-7 breast cancer cells with ICs
3.00 £ 1.01 pg/mL. The ICs, value on 184B5 cells were at 7.60 pg/mL. The proteo-
lytic and cytotoxicity activities of the fraction were inhibited in the presence of
phenylmethylsulfonyl fluoride, PMSE. A fungal immunomodulatory protein (FIP)
from L. rhinocerus with highest homology (64 %) to FIP-glu (LZ-8) from Ganoderma
lucidum has also demonstrated anti-proliferative effect on HeLa, MCF-7 and A549
cancer cells (Pushparajah et al. 2016).

Most of the high molecular weight polysaccharides belong to the group of
B-glucans and are chemically different in composition (Mizuno et al. 1999). The
B-(1 = 3) linkages and 1 8-(1 — 6) branch points of the glucan are required for most
anticancer activities. The B-glucans with mainly (I — 6) linkages have lesser activ-
ity. Higher molecular weight glucans exert stronger pharmacological activities com-
pared to lower molecular weight glucans (Mizuno et al. 1999). Different mushroom
species, even strains within the same species could harbour different sets of poly-
saccharides with different chemical structures, molecular weight, branching rate
and forms that could define their bioactivities (Poucheret et al. 2006; Lemieszek and
Rzeski 2012; Wasser 2002).
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Polysaccharides do not attack cancer cells directly, but activate different immune
responses in the host to act against cancer cells (Wasser 2002). The anticancer
mechanism requires an intact T-cell component with activity mediated through a
thymus-dependent immune system (Borchers et al. 1999). The immune frontiers;
the NK cells, T-cells, B-cells, and macrophages, can be stimulated using mush-
room polysaccharides (Wasser and Weis 1999) providing alternatives for cancer
patients to use mushroom polysaccharides as co-treatments with chemotherapy or
post treatment.

Polysaccharide Lentinan from Lentinula edodes, polysaccharide Krestin (PSK)
and polysaccharopeptide (PSP) derived from Trametes versicolor and Schizophyllan
(SPG) from Schizophyllum commune demonstrated anticancer applications
(Lemieszek and Rzeski 2012; Yamaguchi 2016; Daba and Ezeronye 2003).

In Japan, gastric cancer patients are treated with Lentinan. Clinical studies
showed Lentinan when used together with chemotherapeutic agents could prolong
the lifespan of patients with advanced gastric cancer and lowered recurrence (Yang
et al. 2008). Lentinan restores T-cells and humoral immune responses (Ooi and Liu
2000) and prevents metastasis in animal models. In vivo studies showed it could
enhance the cytotoxicity of anticancer drug with active ingredient trastuzumab.
Complete cancer regression was observed when Sacrcoma 180 implanted mice
were treated with lentinan-alpha at 1 mg kg=' (Chihara et al. 1970).

Polysaccharide PSK (from Japan) and PSP (from China) were both developed as
anticancer agents especially for colorectal and breast cancer treatment after exten-
sive studies with both demonstrated enhancement of the cytotoxicity of chemo-
therapeutic drugs through in vivo studies (Katoh and Ooshiro 2007; Kinoshita et al.
2010) and significantly suppressed cancer growth through immunostimulatory
activity, stop growth of various cancer cells through cell cycle arrest and apoptosis.
PSP combined with chemotherapeutic agents lowered chemo-treatment side effects
and increased chances and quality of survival and life in patients from clinical stud-
ies. PSP and PSK activities increased the production of interleukin-2 (IL-2), inter-
leukin-6 (IL-6), interferon (IFN) on the humoral side, and T-cells proliferation on
the cellular side (Cui and Chisti 2003; Ng 1998).

Schizophyllan (SPG) (Borchers et al. 1999; Spelman et al. 2017) derived from
Schizophyllum commune Fr (Schizophyllaceae) is used clinically to treat cervical
cancer patients in Japan. SPG stimulates immune system and activates NK cells,
spleen cells, lymphoid cells as well as bone marrow cells and enhances the production
of cytokines IL 1, 2 and 3. Clinical studies showed SPG prolonged life of patients with
stage II cervical cancer when used in combination with treatment drugs.

Ganoderma mushrooms contain high amount of polysaccharides consisting of
B-(1 — 3)-D-glucans with p-(1 — 6)-D-glucopyranosyl branches which displayed
significant immunostimulatory properties (Borchers et al. 1999).The structural and
functional similarities however translate differently in their effectiveness against
specific cancers and in their abilities to stimulate different cellular responses; inter-
ferons (IFNs), interleukins (ILs) and others.

AHCC (Active Hexose Correlated Compound) is a low molecular weight
approximately 5000 daltons mushroom-derived-alpha-glucan available in several
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species of mushrooms. AHCC from Lentinula edodes is widely used in Japan, after
A. blazei supplements as alternative and complementary treatment of cancer due to
its immune-enhancing functions (AHCC 2009; Shah et al. 2011). AHCC increased
IL-12, ITF-y and NKcell activities and doubled the binding capacity of NK cells to
cancer targets in patients (Ghoneum et al. 1995; Uno et al. 2000). In advanced liver
cancer patients, AHCC reduced recurrence and incidence of death post-surger (Uno
et al. 2000; Cowawintaweewat et al. 2006).A castration-resistant prostate cancer
patient showed serologic response improvement after treatment with AHCC (Turner
and Chaudhary 2009). Bone marrow depression from chemotherapy could also be
prevented using AHCC in a study on 12 different cancer patients (Won 2002).

The total amount of polysaccharides is higher in fruiting bodies compared to
mycelia (Wasser 2002).The bioactivities exerted could be of different magnitude
and nature. Of the 29 polysaccharide fractions obtained from G. frondosa fruiting
bodies, 69% exhibited different levels of anticancer activity (Mizuno et al. 1986)
while 86% of 28 polysaccharide fractions obtained from culture mycelium of the
mushroom possessed anticancer activity (Zhang et al. 1994).

12.6 Concluding Remarks: The Way Forward
and Challenges

Excluding the species from most of south-eastern Europe, Africa, western Asia or
tropical eastern Asia, an estimated figure of 56, 679 species of macro fungi is pro-
posed (Mueller et al. 2007). Of the 12,000 described wild species of mushrooms
worldwide, only a couple hundreds of them are used for medicinal purposes includ-
ing for use in cancer (Beulah et al. 2013; Rathore et al. 2017).

The exciting race is on for modern science to validate claims, safety for use,
build new information and explore the unknown potential realms of medicinal
macro fungi for cancer treatment. Using modern analytical instruments, assay sys-
tems, reliable statistical methods and elaborative collaborations worldwide, safety
and efficacy data can be established of the potential drugs derived from medicinal
macro fungi. Rare cancer patients would benefit as well having properties from
mushroom as treatment options as current treatment information is hard to find.

Abbreviations

AHCC Active Hexose Correlated Compound
CNL Clitocybe nebularis lectin

COX2 Cyclooxygenase-2

CR Complement Receptors

FIP Fungal Immunomodulatory Protein
GLU Ganoderma lucidum
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IFN Interferon

1L Interleukin

NK Natural Killer

PSK Polysaccharide Krestin

PSP Polysaccharopeptide

RNA Ribonucleic acid

ROS Reactive Oxygen Species

SPG Schizophyllan

TCM  Traditional Chinese Medicine

TK Traditional Knowledge

TMM  Tiger Milk Mushroom

TNF Tumour Necrosis Factor

Cell Lines

A431 Human epidermoid carcinoma

A549 Human lung adenocarcinoma

B16 Mouse melanoma cell line

BGC-823 Human gastric carcinoma cells

COS-7 African green monkey kidney fibroblast-like cell line
ES-2 Ovarian carcinoma

IGROV-1 Human ovarian carcinoma

HCT116 Human colon carcinoma cell line

HeLa Human cervical cancer cell line

HepG2 Human hepatocellular carcinoma cell line
HL-60 Human leukaemia acute promyelocytic human leukaemia
HT29 Human colon colorectal adenocarcinoma cell line
Huh-7 Human hepatic cell model

L-1210 Murine lymphocytic leukaemia cell line
LLC Lewis lung carcinoma

LS174 Colon carcinoma

M1 Leukaemia cell line

MCEF-7 Human mammary adenocarcinoma cell line
MDA-MB-231 Human breast adenocarcinoma

MGC80-3 Human gastric adenocarcinoma cell line
MKN45 Gastric carcinoma

Mo-T Human leukaemia T-cell

NCI-N87 Human gastric cancer cells

PC-3 Human prostate grade IV, adenocarcinoma
RP9 Avian cancer cell line
S-180 Sarcoma Cancer associated with hypercalcemia
SGC-7901 Gastric carcinoma cell line
SKOV-3 Human ovarian adenocarcinoma
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A431 Human epidermoid carcinoma
SW480 Human colorectal cancer, epithelial
U937 Human lung lymphoblast

Vero African green monkey kidney cell line
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Chapter 13
Recent Advances in Cultivation of Edible
Mushrooms

Check for
updates

Meena Kapahi

13.1 Introduction

A mushroom is a characteristic fruit body of a macrofungus, generating large
spores which can be seen with the naked eye (Chang and Miles 1992). Mushrooms
are reported to be extremely diverse and plentiful worldwide. Of all the fungal
species (1.5 million) on Earth (Hawksworth 2001), mushrooms comprise 16,000
species (Hawksworth 2012; Wasser 2010). However, theactual number of mush-
room species on Earth far exceeds the estimated number. Approximately 30 gen-
era contributing about 3000 species are considered to be edible; of which, around
30 species are commercially cultivated (Chang and Miles 2004). Majority of the
cultivated mushrooms are saprophytes, do not possess chlorophyll and
photosynthesis.

Mushroom cultivation is an age-old practice; dating back centuries. The Chinese
and the Japanese have been reported to be amongst the first ones to grow mush-
rooms professionally. The most cultivated mushroom species are shiitake (Lentinula
edodes), oyster mushroom (Pleurotus spp.), white button mushroom (Agaricus
bisporus), black fungus or wood-ear mushrooms (Auricularia auricula, Auricularia
polytricha) and paddy straw mushroom (Volvariella spp.) (Dhar 2017) as shown in
Fig. 13.1. The cultivation of shiitake was started by Japanese approximately
2000 years ago (Ainsworth 1976); while, cultivation of button mushroom is quite
recent, which is supposed to be one of the most widely grown mushrooms globally.
The oyster mushrooms (Pleurotus ostreatus), initially gathered from forests in
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Florida, spread to all across the world (Chakravarty 2011). A tremendous increase
in the mushroom cultivation can be attributed to an increase in awareness about
their good taste, nutritional and therapeutic values.

13.2 Global Mushroom Production—-An Overview

Global mushroom production, especially for edible and medicinal mushrooms, has
increased more than 30 times as compared to 1.7 times increase in the global popu-
lation over a period of 1978 to 2013, clearly indicating a whooping increase in the
per capita consumption of mushrooms. Mushroom industry was placed at a market
value of $63 billion in the year 2013 (Fig. 13.2) (Royse et al. 2017).

World mushroom production increased from 0.30 to 3.41 million tons from 1961
to 2010 along with the tremendous increase in the export of processed and fresh
mushroom export as stated by Wakchaure (2011). China remained the major player
in the production and consumption of cultivated edible mushrooms producing more
than 30 billion kg (almost 87% of total production) as compared to about 1.3 billion
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kg produced by the rest of Asia (Royse et al. 2017); while, the contribution by EU,
USA and rest of the sources remained at about 3.1 billion kg. Approximately, 95%
of mushroom produced in China is consumed meeting domestic consumption with
consumption per capita amounting to be over 10 kg/person/year (Wakchaure 2011).
The speedy growth and market expansion of the mushroom business in China is a
great example of rural development driven by bio-innovation and technological dif-
fusion. Being one of the most important commercially grown crops, mushroom
cultivation is also an excellent example of rural economic development and poverty
alleviation as well as a typical recycle-economy and sustainable agriculture and
forestry. China’s mushroom cultivation is mostly practiced by small scale units run
by families. Since 2004, China has been the global leader in the export of canned
mushrooms. India’s mushroom yield has also doubled. Countries like China and
India are some of major exporters of mushrooms to the US market (canned)
(Muhammad and Suleiman 2015) and the European countries (dried) with China
dominating the export market. The European countries exhibit uneven pattern with
Germany leading the dried mushroom import market followed by France, The
Netherlands, Italy and the UK in 2015. Countries like Estonia, Slovenia and Poland
have also shown promising market for mushroom imports (Muhammad and
Suleiman 2015). The US represents one of the largest mushroom import markets
and has comparatively lesser share in specialty mushroom export to countries like
Japan and France (Muhammad and Suleiman 2015). In Latin America, Mexico,
Chile and Brazil are the major mushroom producers growing Agaricus (95%) and
Pleurotus spp. (5%) majorly. Africa hosts approximately 25% of global mushroom
species but have very little contribution in the mushroom market. Shortage of tech-
nical and financial resources and promotional strategies, spawn availability and
consumer preferences could be the possible reasons.

13.3 Mushrooms as Sources of Nutraceuticals
and as Bioremediators

Mushrooms are the power houses of nutritional and therapeutic properties. They
derive their nutrition from agro-wastes/lignocellulosic materials wastes by convert-
ing them in to a food rich in nutritional and therapeutic properties. However, the
actual benefits depend upon the amount and frequency of mushroom intake in
one’s daily diet. Mushrooms contain carbohydrates (50-65%), proteins (19-35%)
and fat (2-6%) with unsaturated fatty acids like palmitic, oleic and linoleic acids
(Rathore et al. 2017). Mushrooms are reported to be the only vegetarian source for
vitamin D containing no cholesterol (Rathore et al. 2017). They are reported to be
having anti-oxidant (Roupas et al. 2012), anti-cancer (Kim et al. 2015)and other
important medicinal and health promoting properties (Barros et al. 2007; Kim
et al. 2007; Sarikurkcu et al. 2008). These functional characteristics are mainly due
to their chemical composition (Kapahi and Sachdeva 2017). For their numerous
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nutraceutical benefits, mushrooms are being trusted and have become popular all
over the globe.

Mushroom cultivation helps in environmental bioremediation by absorbing
(biosorption) and accumulating pollutants in high concentrations in their bodies
(Kalac and Svoboda 2000) and presents another influential role of mushrooms in the
ecosystem. Pleurotus, Armillaria, Agaricus, Boletus, Polyporus, Termitomyces are
among the most sought-after genre for the heavy metals bioremediation (Raj et al.
2011). High biosorption efficiency and shorter life cycle make them effective biore-
mediators. The by-product spent mushroom substrate, can be used in making com-
post, animal feed and in bioremediation; thus, representing a zero-waste model.

Apart from the multi-dimensional benefits of mushroom agro-industry, mushroom
cultivation has a great potential for improving the socio-economic status by generat-
ing local employment and can serve as an entrepreneurial model for sensitive
sections of the society.

13.4 Recent Trends

Mushroom cultivation is an art as well as science requiring both knowledge of
scientific principles behind and the practical know-how of the cultivation techniques.
It encompasses a number of steps which involve careful selection of a favourable
culture of the mushroom; preparation of a quality spawn and a nutritious substrate
(compost); inoculation of the compost; incubation and crop care during spawn run;
and fruiting and harvesting under the right environmental conditions of temperature
and humidity. The mushroom cultures were initially obtained from a high yielding
mushroom by tissue/spore culture or breeding. The cultures are now available with
recognized lab or centres encouraging strain purity. For spawn preparation, steril-
ized and healthy grains (wheat, rye etc.) are used to increase the pure mycelial cul-
tures. Some of the mushroom species like Pleurotus and Volvariella can be cultivated
using simple cultivation techniques; while, mushrooms like A. bisporus, Flammulina
velutipes require special trainings and skill sets. A tremendous increase in the mush-
room production can be attributed to the improvement in cultivation practices
(spawn, substrate, casing, crop care, pest management etc.) and improved varieties.
In the recent times, there has been an increase in awareness about their good taste,
flavour and nutritional value. China has cultivated some of the well-known mush-
rooms like A. auricula-judae, F. velutipes, L. edodes and V. volvacea except
A. bisporus (Chang and Miles 2004). The cultivation technique of A. Bisporus (pop-
ular as button mushroom) was introduced from France to other parts of the world.
It is estimated that the mushroom cultivation began in China around 600 AD with
A. auricula followed by F. velutipes and L. edodes cultivated around 800-900 AD,
and L. edodes, first cultivated around 1000—1100 AD (Chang 2005). Early practices
thrived on collecting mushrooms from natural habitats and using them for coloniz-
ing the substrates for mushroom cultivation. Five of the most popular mushrooms
were cultivated before twentieth century. There was an unprecedented increase in
the number of cultivated mushroom species brought around 1980s—1990s matching
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with the massive increase in global cultivated mushroom production (i.e. from
0.90 m tons in 1975 to 6.16 m tons in 1997). The amount of production depends on
many factors like the technology involved, the costs involved in producing and
bringing mushrooms from farms to markets and the associated market process, fla-
vour, nutrition and texture. Improvement in the quality and in the production of
oyster mushrooms has been the prime target of researchers in the area (Chakravarty
2011). Research in mushroom science is focussed on finding better cultivation tech-
niques and developing new strains to give higher yields.

13.5 Cultivation Tends of Some of the Cultivated Edible
Mushrooms

13.5.1 L. edodes

L. edodes (shiitake/xianggu/oakwood mushroom/black forest mushroom/black
mushroom/golden oak mushroom) is one of the most important and the largest
growing edible mushrooms in the world. This non-pathogenic fungus grows on
dead and decaying broad leaf trees like shii trees, under natural conditions (Royse
2005). It is known for its unique taste and medicinal properties. It is the largest
cultivated edible mushroom in China. China started with picking and drying of
shiitake. Wu San Kang, a mushroom hunter, collected mushrooms in the forests
in Zhejiang (Luo 2004). Wu San Kang started with its cultivation in around 1100
AD on wooden logs. He discovered that beaten logs would give better yield leading
to the birth of the shocking technique. Its cultivation methods employ two main
techniques - cultivation on wood logs and on synthetic substrate logs (Chang
and Miles 2004; Stamets 2000). The primary way of L. edodes cultivation remained
production on wood logs of shii tree. The cultivation methods on wood logs were
further developed by Japanese researchers and scientists. In 1936, Kitajima used
pure culture method and employed pure culture to produce spawn which provided
independence to the growers for cultivation (Chang and Miles 2004). Its cultivation
as a popular and a commercial venture started in the 1940s in Japan with adoption
of new techniques. Of lately, use of artificial substrates of sawdust supplemented
with nutrient sources has been a popular practice (Ozgelik and Peksen 2007).

In 1943, with the invention of Tanegoma spawn (wood peg spawn) by Kisaku
Mori, Kyoto University, the mushroom industry got a major boom. As per the tech-
nique (spawning wood logs method), sterilized wood chips with mushroom culture
were employed as inoculum by putting them into holes/cuts drilled into logs. With
the ongoing research in mushroom farming and improved technology, China became
the major producer of this speciality mushroom. China surpassed Japan using
sawdust-based technique which reduced growing time and increased production
efficiency (Royse 2014). In the ‘cutting wood logs method’, small cuts were made
on the fresh wood logs to provide passage for the wind-borne spores. The cuts on
wood would accelerate the fungus infestation on wood leading to mycelial spread
and would yield fruiting bodies. Shiitake sawdust-based technique used glass
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Table 13.1 A comparison of production (%) of L. edodes (1983—1997) in China and Japan

Country 1983 1985 1991 1992 1993 1994 1995 1996 1997
China 9.4 13.9 60.5 63.9 68.9 73.6 72.5 76.3 85.1
Japan 82.8 63.3 28.6 25.2 21.3 18.5 19.4 16.4 7.3

bottles as containers in the 1960s in China. In the 1980s, modelled sawdust bricks
(brick or pressed cake method) were used. The Zhejiang Academy of Agricultural
Sciences (ZAAS) was the first ever hub for exporting shiitake to Japan. Later on,
innovative ‘plastic bag method’ enabled shorter production cycles and high produc-
tion efficiency. In 1987, the use of the innovative ‘synthetic log” method in China
revitalized mushroom production in China and China overtook Japan as the world’s
major producer of xianggu.

In 1983, Japan was the world’s largest producer of L. edodes with a share
of 82.8% of total world production, and the production in China was approximately
9.4% (Table 13.1). China’s production of xianggu mushrooms rose from 57% to
72.5% in the period from 1991 to 1995. The period from 1995 to 2000, witnessed
an increase in production from about 0.5 million tons to more than two million tons;
and to over four million tons in the year 2012. Shiitake production helped in uplift-
ment of poor communities (Chang 2005). The year 2013 represented a 106.8%
increase in production as compared to 2010. In the United States, shiitake produc-
tion is done on sawdust substrates supplemented with nutrients.

The use of plastic bags containing different types of substrates under controlled
environmental conditions is also a common practice these days. Shiitake mycelia
can grow on natural and synthetic media; potato dextrose agar (PDA) is the most
popular medium. It can be produced on both domestic and commercial scales.
Temperature is one of the most important environmental conditions required for the
cultivation and varies in different stages (for spore germination: 22-26 °C; mycelial
run: 23-25 °C; and fruiting body: 10-20 °C). The optimum pH requirement
employed for the preparation of mushroom bag/log is about 5.0-5.5 (Chang
and Miles 2004; Stamets 2000). An important stage of shiitake cultivation is require-
ment of ‘browning stage’turning mycelia from white to brown and forming a hard
crust on the surface. Good quality strain, techniques like use of liquid spawn, heavy
spawning, synthetic substrate and supplements can help in reducing spawn run
duration and labour cost, microbial contamination and good yield of over 80%.

13.5.2 A. bisporus

A. bisporus (button mushroom, white/brown mushroom), a saprophyte, grows on
dead plants. Its production has witnessed an ever-increasing trend since 1950s
(Royse 2014). It is grown in more than 70 countries around the world. China became
the major producer of A. bisprous in the year 1998. Its production increased
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approximately 11.7% during the last 10 years (2006-2010) (Royse et al. 2017,
USDA 2015). Both the white and brown varieties saw tremendous growth patterns
during this period. In the year 2013, China remained the major producer of A. bispo-
rus producing about 54% of the global production (2013) followed by the USA
(9%), Poland (7%), Netherlands (6%) and India (6%). Increasing consumer aware-
ness, preferences towards vegetarian diet, advanced, innovative and cheap mush-
room cultivation technology have been favouring the increasing consumption and
production of the button mushroom. The market for button mushrooms (fresh/pro-
cessed) is dependent on regions and their respective consumer demands. Depending
on the type, the market is segmented into fresh and processed (frozen/canned/dried)
mushrooms.

The technique employed for A. bisporus requires time, technical know-how and
space. Since 1950s, the substrate or compost required for cultivating A. bisporus
requires the two-step treatment - outdoors (first and initial phase) and indoors (sec-
ond and conditioning phase under limited environment) (Miller 1993). The sub-
strate mixture or ingredients are collected, moistened/pre-wetted and made into a
heap/stack for 1-2 weeks. This first step involves breaking down of organic sub-
stances present in the mixture. The heap is subjected to turning after time intervals
in order to homogenize the entire substrate. The compost becomes dark brown in
colour and has moisture holding capacity. In the next step, i.e., indoor fermentation,
the substrate is pasteurized for compost formation (Fermor and Grant 1985;
Overtjins 1998) in order to increase the process of decomposition and to create right
nutrient environment (Miller 1993). A. bisporus cultivation on non-composted raw
materials has also been reported in the 1960s. Since then, more efforts have been
laid on to lessen the time required to produce a good-quality mushroom compost. In
order to tackle the odour and water pollution problems, different techniques of com-
posting have been developed; for example, indoor composting in different countries
like Italy, Australia and the Netherlands (Laborde et al. 1993). Mushrooms fruiting
bodies are produced in flushes at an interval of one week; each subsequent flush
producing lesser fruiting body due to decreasing amount of substrate nutrients. New
and modified techniques have been developed to increase the yield. Methods like
application of delayed release nutrients while spawning or casing or injecting nutri-
ents during the culture have also been experimented (San Antonio 1966; Zied et al.
2011). The double cropping (Royse et al. 2008; Royse and Sanchez 2008 a, b; Royse
and Chalupa 2009) method involves removing casing, supplementing with nutrients
in between (Royse 2010; Royse et al. 2008) followed by re-casing of the substrate
(Fig. 13.3).

2 P. ferulae &
ostreatus P. florida
(1900) (1958)

A. bisporus
(1600)

1o - -
P. flabellatus P. sajor-cajus
edodes
(1000) (1962) (1974)

A. auricula F. velutipes
(600) (800)

Fig. 13.3 Some of the cultivated edible mushrooms with their year of cultivation
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13.5.3 Pleurotus spp.

Pleurotus spp. (oyster mushrooms) is one of the most popular mushrooms due to
flavour, better shelf life and a good taste. The genus is characterised by white spores,
a fleshy cap and an eccentric attachment of the stem. Its cultivation started in
Germany (1917) utilizing tree stubs or wood logs (Upadhyay and Singh 2010).
There has been a marked improvement in the techniques. Now, they are the easiest
and the most economical mushrooms to cultivate; and proudly occupy the second
place among the mushrooms with maximum production all over the globe. The spe-
cies produces white mycelia and are popularly called ‘white rot fungi’. Different
varieties of oyster mushrooms display different colours like brown, gray, white,
yellow and pink; each having its unique flavour. The species includes P. ostreatus
(black oyster), P. florida (white oyster), P. djamor (pink oyster), P. eryngii (king
oyster), P. citrinopleatus (golden oyster) and P. sajor-caju (Indian oyster) as reported
by Knop et al. (2015). These varieties can be cultivated using different techniques
with little variations.

The species can be easily grown on non-composted agro-wastes or lignocellulosic
materials (Savoie et al. 2007) with a simple technology and minimal finances.
Utilization of easily available lignocellulosic agro-waste (e.g. wheat and rice straw,
sawdust) (Hussain et al. 2002) depends on the oxidation and hydrolytic enzyme
action. Substrates like cotton waste (Tan 1981) amended with protein rich cereal bran
(Kinugawa et al. 1994) improve the yield. Sawdust has been reported to be a suitable
substrate (Shah et al. 2004); but requires nutrients (like nitrogen and potassium) and
composting for better mycelial growth (Obodai et al. 2002). P. eryngii has also been
reported to exhibit higher yield on sawdust as compared to rice straw (Moonmoon
et al. 2010). The species can be grown in a variety of sterilized containers; for e.g.,
plastic bags, bottles, trays etc. The containers should be strong enough to hold the
substrate during mycelial run (Mamiro et al. 2014). P. ostreatus, with a distinguished
aroma and a soft texture, shows resistance to pests and diseases. It requires a
temperature range of 18-22 °C (Sanchez 2010). P. florida (Fig. 13.4-13.6), char-
acterized by decurrent gills running till the stipe base, also grows at a tempera-
ture range of 18-22 °C.

Better resistance to pests, higher biological efficiency, better yield and adapta-
tion to environmental factors are some of the desirable characteristics of oyster
mushrooms. Oyster mushrooms can help in alleviating problems of hunger in vari-
ous developing nations and in rejuvenating local economies. There are various mod-
ifications of the technique which are quite simple and easy. The lignocellulosic
waste is sterilised and mixed with the suitable spawn. The spawn run usually takes
approximately 15 days.

After harvesting, spent mushroom substrate can be used as the cattle feed and the
compost leaving no waste at all.
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Fig. 13.4-13.6 Different
stages of oyster mushroom
(Pleurotus florida)

13.5.4 F. velutipes

E velutipes (winter mushroom/golden needle mushroom/velvet stem/Enoki/Enokitake)
occurs naturally on trees like elms, poplar, birch and plum during autumn to early
winter. The mushroom is rich in flavour, taste and offers many therapeutic properties.
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Morphologically, it has yellowish/orangish brown colour under natural conditions;
while and cultivated ones (in the absence of sunlight) are white in colour. Initially
cultivated in China (800 AD), the species now is cultivated in different parts of the
world like Siberia, Europe, Africa, Japan and Australia. In 1928, it was cultivated
using substrate of rice bran and sawdust in Japan (Nakamura 1981). In 1960s, Japan
emerged as its major producer. In 1990s, China surpassed Japan in its production
and produced more than 1.5 million tons in 2010 (Royse 2014). Its production is
done on sawdust and other agro based substrates like sugarcane bagasse, corncobs
etc. in bottles or bags.

13.6 Conclusion

Mushrooms are bountiful sources of nutrients and medicinal properties. Global
production of edible mushrooms has increased manifold over the past few decades
owing to an increasing awareness among people. World’s mushroom demands are
met majorly by five genera in the order of L.edodes > Pleurotus spp. > A.auricula-
judae > A. bisporus > F. velutipes. China is the major producer and consumer of
edible mushrooms all over the world. Mushroom production offers multiple benefits
of tackling solid agro-wastes, converting it to a highly nutritious and therapeutic
food and generating employment or entrepreneurial opportunies for the sensitive
sections of the society.
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Chapter 14
Medicinal Mushrooms: Cultivation
and Pharmaceutical Impact

Peter Chiew Hing Cheong, Chon Seng Tan, and Shin Yee Fung

14.1 Introduction

Approximately 430 million years ago, giant fungal spires Prototaxites Dawson
measuring 8 m high and 1 m wide dotted the ancient landscape (Hueber 2001;
Schultz 2013). Today, a different fungal coverage is taking over with its presence
still humongous and massive, consisting of difference species produced and used
worldwide as food, medicine, industrial bio-products and bioremediation tools
(Chang 1980; Kozarski et al. 2015; Narsing Rao et al. 2017; Wasser 2014). China,
Italy, the United States and the Netherlands are the top producers of mushrooms
(Fig. 14.1) (Misachi 2017) with Lentinula edodes (Shiitake mushroom) leading the
world production by 22% as of 2013, followed by Pleurotus (Oyster mushroom)
(19%), Auricularia (Jelly ear mushroom) (18%), Agaricus (button mushroom)
(15%), Flammulina (Enokitake mushroom) (11%), Volvariella (Straw mushroom)
(5%) and other mushrooms (10%) (Royse et al. 2017). Only about 20 types of
mushrooms are cultivated in mass (Reddy 2015). China dominated the production
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Fig. 14.1 The world’s top producers of mushrooms (production in tons)(adapted from Misachi
2017)

of mushrooms with an annual production of about five million tons (Misachi 2017).
China is also the major producer and exporter of non-edible mushroom Ganoderma
(polypores) with capacity over 110,000 ton/year (Li et al. 2016). The worldwide
market value of medicinal mushrooms was US $6.0 billion in 1999 and $18.0 bil-
lion in 2014 (Chang 2008; Wasser 2014). The global mushroom market is projected
to rise to more than $50 billion by 2023, with the medicinal mushroom extract
market growing at a compounded annual rate of 6.3 percent (McCall 2018). The
increasing demand among health-conscious consumers is one of the main growth
drivers of the mushroom market.

14.2 Man, Mushroom and Pharmaceuticals

Evidence of mushroom use as medicine went back as far as 5300 years ago when a
mummified man found from Val Senales glacier in Italy was well-preserved with a
Piptoporus betulinus mushroom in his medicine kit, as natural laxative and antibiot-
ics (Capasso 1998). In Egypt and Aztecs, medicinal mushrooms were depicted as
‘sons and flesh of Gods’ and secured high respects among the priests who only
served them to Pharaohs (Berlant 2005). Likewise, ancient Greece and Rome were



14 Medicinal Mushrooms: Cultivation and Pharmaceutical Impact 289

fascinated by mushrooms and regarded them sacred (Ruck 2011). The mighty
Vikings were said to consume mushrooms to enter a state of trance, fearless, berserk
mode for battle (Fabing 1956). Yet some communities impoverished mushrooms
and regarded them as ugly harbingers of death or illness, supposedly evil and often
referred to as ‘toadstools (Cheung 2008). Even in the 1600s, the English still
remained distrustful of mushrooms and rarely used them neither for food nor medi-
cine (Marley 2009). Elsewhere in France, Italy, Poland, Russia and eastern Europe
regions, the acceptance of wild mushrooms as food gradually becomes a norm, with
families picking mushrooms as pastimes and sources of income but not as medicine
(Lemieszek and Rzeski 2012; Poucheret et al. 2006; Wasser and Weis 1999). Only
countries in the Far East like China, Japan and Korea are mushrooms sought after
and used both as food and medicine for centuries (Lemieszek and Rzeski 2012;
Patel and Goyal 2012). Even in this modern era when Japan and China had incorpo-
rated medicinal properties from mushrooms to treat illness such as cancer; the west-
ern world is still rather sceptical on using mushrooms as medicine (Lemieszek and
Rzeski 2012; Reis et al. 2017). The tide however is changing. Many European and
western communities are changing their perception regarding medicinal mush-
rooms especially (McCall 2018) due to the influence of mass and social media com-
pounded by growing evidence backed by clinical studies which demonstrated that
both edible and non edible mushrooms contain outstanding curative properties that
could ruffle several health and well-being aspects of modern lifestyles (Table 14.1).

Polysaccharides, beta glucan polymers, phenolic compounds, polyketides, triter-
penoids, nucleotides, steroids and other secondary metabolites identified from
medicinal mushrooms have many health promoting properties (Chen et al. 2015;
Friedman 2016; Hetland et al. 2011; Ma et al. 2010; Tatjana and Marina 2013;
Teplyakova and Kosogova 2016; Wasser 2002). The polysaccharides and beta glu-
can are reported to stimulate and boost the immune systems. Traditionally in Asian
communities, dried nonedible medicinal mushrooms such as Ganoderma lucidum,
Trametes versicolor and Inonotus obliquus are often steeped in boiling water and
served as medicinal tonic for the sick and elderly due to their tough texture and bit-
terness (Wasser 2002). Edible mushrooms are usually added to the diet, cooked with
other herbs and meat as soup or essence for flavour and perhaps the knowledge that
mushrooms are good for health. Generally, mushrooms are regarded as safe and
straight forward natural remedies of ailments (Lull et al. 2005). Several specific
mushroom metabolites however, are gaining confidence and practical use following
encouraging clinical trials conducted to treat a variety of diseases. In Japan and
China, polysaccharide-K (PSK) and polysaccharide-peptide (PSP) from 7. versi-
color have been used clinically for almost 50 years as oral anticancer agents in
surgical patients with breast cancers, gastric cancers and colorectal cancers and in
patients with small cell lung cancers, with almost no severe adverse drug reactions
(Katoh and Ooshiro 2007; Lemieszek and Rzeski 2012). Erinacines and herice-
nones identified from Hericium erinaceus demonstrate neuroprotective properties
and improved mild cognitive impairment without toxicity in the experimental, ani-
mal or two clinical trials conducted (Ma et al. 2010; Mori et al. 2009; Spelman et al.
2017). Clinical trials of Ganopoly derived from Ganoderma lucidum for 12 weeks
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showed hypoglycemic activity in Type II diabetes, improved signs of patients with
coronary heart disease and produced some antiviral and liver protective effects in
patients with chronic hepatitis B infection (Zhou et al. 2005). Wasser (2014) listed
a nine steps pathway towards the production of new pharmaceuticals through
medicinal mushrooms:

Mushroom cultivation and biomass production

Biomass extraction

Screening of mushroom extracts

Effect of selected extracts on a target of interest

Chemical fractionation of selected extracts

Elucidation of active fractions (compounds), mechanism of action, and potency
Effect on animal models

Preclinical drug development

Clinical drug development

e o

Hence, large scale cultivation of mushrooms and new pharmaceuticals have become
inextricably intertwined.

14.3 Mushroom Cultivation for Food then Medicine

Prior 1970, Agaricus bisporus the button mushroom, was the only mushroom spe-
cies cultivated in the West, in open fields of France, then moved underground, into
caves, catacombs, tunnels and quarries (Chang and Hayes 2013). Other edible
mushrooms were collected from the wild. The cultivation of Agaricus was actually
stumbled upon unintentionally. In the East however, Lentinula edodes (Shiitake),
Auricularia polytricha (Wood Ear) and Flammulina velutipes (Enokitake) were cul-
tivated on logs and woody substrate as early as 300-200 BC. In those days, the
fruiting bodies of mushrooms were collected from the wild and used to cultivate
fresh fruiting bodies on substrate. With time, the cultivation methods were refined,
giving rise to a whole new wealth of knowledge; suitable substrates to grow certain
mushroom species, optimal temperature, initial pH requirement, white light, influ-
ence of heavy metal, aseptic techniques and ways to curb diseases and pests to yield
good harvest (Chen et al. 2011). Today, extensive literature reviews, patents and
propriety methods related to mushroom cultivation have been established. The
improved cultivation methods include inoculation using pure mushroom spawn of
certain age. Optimal sources of nitrogen and mineral in growth substrate such as
sterile compost waste material of various agro origins, sawdust in polypropylene
bags and wood logs are used. For mycorrhizal species, mushroom mycelium is
inoculated to the roots of living trees. Shake flasks and bioreactors are used to cul-
tivate mushroom pellets in liquid state with temperature, pH, aeration and light
monitored (Petre and Teodorescu 2011; Wu et al. 2013) (Table 14.2). The cultiva-
tion of mushrooms has shifted from backyard cottage farming to industrial based
state-of-the-art methodologies, utilising knowledge and skills gained on cultivating
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mushrooms within the past 100 years. Only with sufficient supply can bioactivity
validation work be carried out. In this era, cultivation of medicinal mushrooms uti-
lizes advanced fermentation technology and aseptic techniques in enclosed sterile
work stations equipped with high efficiency particulate air HEPA filters. High
throughput analytical chemistry analysis and bioassays are applied to assess the
quality and amount of nutrient and bioactive composition of the cultivated material.
Mass production of medicinal mushrooms differs slightly from common cultivation
of mushrooms depending on the stage of the growth that would produce the opti-
mum amount of bioactive desired. Solid state fermentation (SSF) technique targets
the fruiting bodies of mushrooms where stress condition is applied to the growing
cultivar on substrate to produce fruiting bodies. Liquid state fermentation (LSF) is
used to stimulate the mycelia to release the bioactive directly into the broth (culture
filtrate) and shorten the fermentation time. Fermentation techniques can be selective
as well, targeting specific stage of growth or compounds desired. To cultivate
sclerotium-forming mushrooms, poor nutrient and specific growth conditions could
trick the mycelia to keep retrieving nutrient from the surroundings and store in their
sclerotia, a dormant stage which forbid them to germinate into fruiting bodies (Lau
et al. 2015). Sclerotia are structures formed through dense aggregation of mycelia
during adverse conditions; desiccation and depletion of nutrients in combination
with unfavourable conditions for mycelial growth. Unlike mushroom cultivation for
food, these medicinal mushrooms are cultivated to target optimum nutrient and bio-
mass composition, monitoring the amount of target bioactives that could be pro-
duced. These bioactives would be the priority for quality control. Depending on the
type of target bioactives, the cultivated material will be extracted to yield optimum
amount of bioactives using a variety of solvents. These extracts and purified com-
pounds are then subjected to different specific bioassays, pharmaceutical assess-
ments and made into commercial products.

14.4 Brave New World, Solid State Fermentation SSF-
Ophiocordyceps sinensis

Morchella esculenta, morel mushrooms can be cultivated but the cultivation method
failed to sustain commercial distribution of the mushrooms. Truffle farmers in New
Zealand and Australia are making profit US$300-1450 per kg 5 years earlier from
the introduced species compared to farmers and founders in northern hemisphere
who started the artificially inoculation of truffles in seedlings of oaks, hazelnuts and
beeches. Immature cultivation techniques plagued cultivation of medicinal mush-
rooms at commercial level as well. In the early 1980s, many institutes in China
started to cultivate medicinal mushroom Ophiocordyceps sinensis for fruiting bod-
ies through artificial substrates. In the wild, Ophiocordyceps fungi parasitise larva
of the ghost moth Hepialus armoticamus in the highland of Himalaya during winter
and after 6 months during summer, stalk-like fruiting bodies would extend above
ground from the heads of the insects to disperse infectious fungal spores.
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Fig. 14.2 Fruiting bodies
of Ophiocordyceps sinensis
cultivated on rice based
culture medium (Photo
from Chon Seng Tan)

The fruiting bodies of Ophiocordyceps are highly sought after for their medicinal
properties (Baral et al. 2015; Ng and Wang 2005) with market values hitting USD
20,000-40,000 kg~! (Lo et al. 2013) due to their scarcity. On account of the immatu-
rity of commercial artificial cultivation, O. millitaris was identified among the substi-
tutes of O. sinensis. Uncertainty overshadowed previous work if it would be possible
to grow O. sinensis fruiting bodies using artificial cultivation without any insect hosts.
The next intermittent question; would the desired medicinal properties be produced?
In 2010 however, progress on the cultivation of Ophiocordyceps fruiting bodies was
reported via infected larvae reared in moist pits with plants (Yue et al. 2013). Fruiting
bodies were also produced after tweaking the following parameters: (1) strains (2)
culture temperature (3) light exposure (4) rich culture medium. With the right strain,
understanding of the fungal biology, physiology, nutrient requirement, growth condi-
tions; temperature, moisture content and stress triggers to develop fruiting bodies,
several successes in cultivating fruiting bodies of O. sinensis are reported to date
(Fig. 14.2) using rice based substrate. Chemical analysis, nutrient studies and assay
conducted of the cultivated O. sinensis revealed minor disparaging differences when
compared to wild types. On the contrary, the amount of bioactives and nutrient in
fruiting bodies is higher in cultivated fruiting bodies of O. sinensis (Fung et al. 2018).
A new mutagenesis technique called ‘ion beam’ could also be incorporated to mass
produce cordycepins using mutated Ophiocordyceps species (Das et al. 2008).

14.5 Some Fairytale Bliss-Liquid State Fermentation LSF-
Ganoderma lucidum

Traditionally Ganoderma lucidum is cultivated in the field. As the bioactivity was
found higher in the mycelia than in the fruiting bodies and spores, LSF provided the
way to accelerate mycelial growth for biomass, polysaccharides and triterpenoids
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with shortened fermentation duration and reduced contamination (Cui et al. 2015;
Tang and Zhong 2002). Yeast extract, peptone and glucose combination at ratio
1:1:4 in LSF greatly affected the cell growth and product biosynthesis (Fang and
Zhong 2002). Spores of G. lucidum consists several bioactive substances which are
much abundant than in the fruiting body (Chaiyasut et al. 2010). Yet retrieving the
bioactive using conventional approach and enzymes are expensive. G. lucidum is
therefore cultivated for the spores and the spores fermented with Lactobacillus
plantarum to break down the spores by the fifth day of fermentation.

14.6 Rescued from the Brink of Extinction —Sclerotial
Technology- Lignosus rhinocerus

In the diary of John Evelyn (1664), a special mention was made of Tiger Milk
Mushroom, referred to as Lac Tygridis, for looking like a mushroom but weighed
like a metal and came from a hard coagulation of matter (Evelyn and De la Bédoyere
2004). Used by natives to treat diseases (Lau et al. 2015), Sir Henry Nicholas Ridley,
the father of Malaya’s rubber industry attempted to cultivate the wild solitary mush-
room as early as 1890 but did not succeed. With forest clearing and over time, this
mushroom is almost forgotten due to its rarity in the wild. Classified in the family
of Polyporaceae, the mushroom has centrally stipitate pilei arising from sclerotia
buried in the ground (Lau and Abdullah 2016). The sclerotium is the part with
medicinal properties (Lau et al. 2015; Lee et al. 2009). The mushroom extracts of
Lignosus rhinocerus inhibit breast, lung and human cervical cancer cell lines (Lee
et al. 2012; Pushparajah et al. 2016). The scientific findings have so far verified
some of its traditional applications (Fung and Tan 2017). The different degrees of
potency and selectivity of the mushroom extract on cancer and their corresponding
noncancerous cell lines could be attributed to the mushroom strain/cultivar/genet-
ics, cultivation protocols and conditions, post-harvest processing, and extract prepa-
ration (Lau et al. 2015). To date there are three species of Tiger Milk Mushroom
found in Malaysia; L. rhinocerus, L. tigris and L. cameronensis. High, intermediate
and low molecular weight fractions from potent cold water extract from L. rhi-
nocerus have been assessed for bioactivities such as anti-proliferation of cancer
cells, immunomodulatory, antioxidant, anti-inflammatory, antimicrobial and neuri-
togenic activities (Eik et al. 2012; Lee et al. 2014b; Mohanarji et al. 2012; Wong
et al. 2009; Yap et al. 2015; Yap et al. 2013).

The first report on artificial cultivation of L. rhinocerus through SSF was con-
ducted on sawdust as substrate and sclerotia were produced (Huang 1999). In 2009,
using propriety methodology, sclerotia of L. rhinocerus was successfully cultivated
in 6 months to form sclerotia and 2-3 years to develop into fruiting bodies (Tan
et al. 2012). Pilot cultivation of L. rhinocerus was carried out using optimised for-
mulation consisting of sawdust, paddy straw and spent yeast at ratio 7.9:1:1 in bags
(Abdullah et al. 2013). Sclerotia weighing between 80 and 120 g on fresh weight
basis formed 3—4 weeks after burial, followed by fruiting bodies 8—12 months later.
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The use of LSF; shake flasks and bioreactors to cultivate L. rhinocerus for exopoly-
saccharides and mycelial biomass was also reported (Rahman et al. 2012; Wei et al.
2014). Among the carbon sources tested, glucose yielded the highest mycelia
growth and maximal exopolysaccharides production at 6.84 and 2.67 g/L, respec-
tively after 11 days via bioreactor (Wei et al. 2014). Calcium nitrate was the most
suitable for the growth of mycelial biomass (2.72 g/L) while potassium nitrate was
the most favourable nitrogen source for the maximal production of exopolysaccha-
rides (1.17 g/L) (Wei et al. 2014). Bioactives obtained through LSF shake flasks of
L. rhinocerus was also found high in antioxidant content (Lau et al. 2014).

14.7 Quality Control and Commercial Claims

Bioactives from mushrooms could not be artificially synthesized due to their rather
complex nature and structures. This is one of the reasons why commercial cultiva-
tion is crucial to prevent bottleneck in research and further pharmaceutical develop-
ment. Still, without the bioactive ingredient to be singularly identified and gone
through all stages of clinical trials, many could not be registered as pharmaceuticals.
The supplementary market is therefore saturated with mushroom products claiming
for a variety of health benefits with creative yet not proven statements all too con-
fusing targeting patients and consumers in general. Wild, natural and precious
medicinal mushrooms such as Ophiocordyceps sinensis often succumb to unscrupu-
lous act of adulterations and heavy metal contamination due to pollution.

Cultivated edible mushrooms arena exception, if heavy pesticides were used dur-
ing cultivation or if proper propagation techniques and sites were not monitored
stringently and regulated. This will lead to questionable health value of the culti-
vated medicinal mushrooms is. Quality control is mandatory and the use of safe
food grade material for medicinal mushroom cultivation has to be clear. HACCP
monitoring during mushroom cultivation for medicinal purposes should be imple-
mented for safety reasons. Cultivation using lignocellulosic residues and agro-
industrial by-products is cost effective but if the substrate were previously treated
with agrochemicals, the residues could pose issues as mushrooms in general absorb
and retain chemicals hence their usage in bioremediation. Cultivated medicinal
mushrooms on wood material should also be checked for the presence of harmful
carcinogenic, mutagenic, and nephrotoxic toxins such as aristolochic acid.

Consumers will want to know the source of the raw materials used for cultiva-
tion, be it edible or non-edible, to produce the medicinal product. Amount of active
ingredients, percentage of polysaccharides such as beta-glucans and/or starch, bio-
availability, potency of extract, proof of authenticity (certificate of analysis) are also
important information for consumers. Source of origin, the processes involved in
producing the final product form, dosage to use for therapeutic effect are prime
information for consumers with serious health issues.

The consumer protection association and regulatory bodies need to evaluate cul-
tivation methods, together with high quality extraction protocols of mushrooms
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used for medicinal products. Only mushroom extract products with therapeutic
effect demonstrated and passed the safety assessment in clinical studies should be
allowed for sale.

14.8 Conclusion

Domesticating and cultivating medicinal mushrooms from the wild in controlled
environment be it through SSF or LSF with HACCP implemented for pharmaceuti-
cals is feasible. The health we could gain from medicinal mushrooms is dependent
on how reliable and trustworthy the cultivators and manufacturers are to supply
therapeutic mushroom extracts. The demands for safe and reliable products without
adulterations are the ever-increasing attention of consumers these days. In the next
10-20 years, mass mushroom cultivation with close monitoring by relevant health
authorities will increase production of mushroom bioactives and possibly make
them more affordable, safe and bio-effective as mushroom pharmaceuticals.
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Biological Control of Microbial Pathogens
in Edible Mushrooms
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15.1 Introduction

Mushrooms are commercially cultivated through an intensive agricultural practice per-
formed under controlled environmental conditions using selective substrates specifically
designed for the growth of the target host. Production is susceptible to losses due to the
effect of harmful abiotic and biotic disorders. The biotic disorders are caused by micro-
bial pathogens and pests, mainly bacterial or fungal parasites and flies, which provoke
mushroom diseases and ultimately yield losses. To fight parasites and pests the mush-
room industry implements strict hygiene measurements in addition to the use of preven-
tive phytosanitary products, especially selective fungicides and insecticides.
Environmental issues, the occurrence of resistant strains and consumer interest in the
perceived health benefits of organic food are driving industry to seek out alternative
approaches for pest and disease control. This chapter is focused on the biological control
implemented to fight the harmful parasites and pests in mushroom crops. Biocontrol in
the form of selected bacterial strains and entomopathogenic nematodes, or bioactive
compounds showing antagonism against parasites and pests, have the potential to
address these issues. In addition, the implementation of integrated management pro-
grams based on thorough cleaning between crops, use of effective air filters to prevent
disease and pest dispersion, early detection of disease symptoms, and atmospheric con-
trol through ventilation provide the foundation for reducing chemical use in mushroom
cultivation. Pest and diseases have been reported to affect different varieties of culti-
vated mushrooms. Since the biotic disorders affecting the white button mushrooms
(Agaricus bisporus) are better described, and some of them affect other cultivated
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species, such as Auricularia mesenterica, Flammulina velutipes, Ganoderma lucidum
or Pleurotus ostreatus (Carrasco et al. 2017), we focus our discussion primarily on
A. bisporus as a model organism.

15.2 Mushroom Pests and Diseases

A number of biotic disorders are responsible for yield losses in mushroom crops,
among them bacterial and fungal diseases are the most renowned causative agents
of mushroom diseases. The fungal disturbances can be subdivided into competitors
and parasites (Geels et al. 1988). The first group is constituted by those fungi that
fight with the cultivated mushroom for resources and space, being able to interfere
with the growth of the mushroom mycelium during the colonization of the compost
or the casing. Examples of competing fungi include plaster moulds such as
Scopulariopsis fimicola or Papulaspora byssina (Fletcher and Gaze 2008). On the
other hand, parasitic fungi infect the mycelium and/or the fruiting bodies causing
damage, and in some cases becoming lethal. Among the most harmful fungal dis-
eases are dry and wet bubble (Lecanicillium fungicola and Mycogone perniciosa),
green mould (Trichoderma aggressivum) and cobweb (Cladobotryum mycophilum)
(Fig. 15.1) (Fletcher and Gaze 2008; Largeteau and Savoie 2010).

Fig. 15.1 Examples of fungal diseases affecting A. bisporus: (a) Dry bubble (Lecanicillium fun-
gicola); (b) Wet bubble (Mycogone perniciosa); (¢) Green mould (Trichoderma aggressivum); (d)
Cobweb disease (Cladobotryum mycophilum)
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Symptoms of disease include the occurrence of undifferentiated masses of fungal
tissue called bubbles, the reduction of the available crop surface due to colonisation
of the casing by the parasite, conidial masses engulfing diseased mushrooms and
causing rot, and the common symptom of spotting on caps due to the germination
of spores that land on the cap surface and make the mushrooms unsalable (Fig. 15.1
and 15.2) (Gea and Navarro 2017).

A range of diseases caused by bacterial parasites affect mushroom crops (Fletcher
and Gaze 2008). Of these, brown blotch disease, caused by Pseudomonas tolaasii
and other Pseudomonas sp. and characterized by the occurrence of light brown,
irregular and often sunken spots, on the surface of mushroom caps (Navarro et al.
2018), and the internal stipe necrosis caused by the parasite Ewingella americana,
which provokes dark brown discolouration of the central tissue of the stalk, are the
most renowned bacterial diseases (Fig. 15.2 and 15.3) (Fletcher and Gaze 2008).

Fig. 15.2 Symptoms of cap spotting on A. bisporus due to microbial pathogens: (a) Lecanicillium
fungicola; (b) Trichoderma aggressivum; (¢) Cladobotryum mycophilum; (d) Pseudomonas tolaasii

Fig. 15.3 Symptoms of bacterial diseases: (a) Brown blotch caused by Pseudomonas sp. in button
mushrooms; (b) Infection by Pseudomonas sp. in oyster mushrooms, Pleurotus ostreatus, causing yel-
lowing and stunting; (¢) Internal stipe necrosis of button mushrroms caused by Ewingella americana
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Fig. 15.4 Mushroom flies: (a) Adults of sciarid flies on mushroom cap; (b) Cecid larvae feeding
on mushroom tissue

In addition, certain pests including flies, mites and nematodes condition
mushroom yield (Fletcher and Gaze 2008). Among them, insects belonging to the
order Diptera, including forids, sciarids and cecids, constitute the most serious
pests. Fly larvae feed on the vegetative mycelium and the basidiomes while adults
are attracted by the organic volatile compounds secreted by the mushroom and
represent an important dispersal vector for fungal diseases such as Lecanicillium
fungicola (Fig. 15.4) (Berendsen et al. 2010).

15.3 Biocontrol of Fungal Diseases

Mycoparasites are the biotic agents responsible for the largest crop losses in mush-
room crops, and their control is currently based on hygiene and routine application
of fungicides (Fletcher and Gaze 2008; Berendsen et al. 2010; Gea et al. 2010;
Carrasco et al. 2016). Contamination of the casing is considered the primary source
of infection (Carrasco et al. 2017). However, the germination of L. fungicola has
been reported to be inhibited by the microbiota inhabiting the casing layer
(Berendsen et al. 2010), and the presence of A. bisporus is required to release these
mycoparasites from fungistasis. This fact has led researchers look for alternative
biocontrol agents within the casing layer that inhibit germination or directly inhibit
mycoparasite growth.

Currently, Bacillus velezensis QST 713 (Serenade®) is the only biocontrol agent
registered for mushroom use (Pandin et al. 2018). The commercial biocontrol agent
Mycostop® (Streptomyces griseoviridis) has been also shown to be as effective as
chemical treatment against L. fungicola in cropping experiments (Beyer et al. 2016).

A number of bacterial strains from the genera Bacillus and Pseudomonas, that
naturally inhabit the compost or the casing, including species such as B. pumilus, B.
licheniformis, B. amyloliquefaciens or B. subtilis, have been found to show a
selective suppressive effect over mycoparasites in vitro (Berendsen et al. 2012; Liu
et al. 2015; Stanojevi¢ et al. 2016; Milijasevi¢-Marci¢ et al. 2017). Bacillus sp. has
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Fig. 15.5 Effect of biocontrol agents (Bacillus sp.) co-cultured with mycoparasites in LBA: (a)
Inhibition of L. fungicola; (b) Inhibition of T. aggressivum; (¢) Inhibition of C. mycophilum; (d)
Inhibition of conidial germination (L. fungicola) compared to non-active strains (red circles). In
a-c the mycoparasite is inoculated in the centre of the plate, and candidate biocontrol agents
(CBAs) are inoculated adjacent to the growing mycelium. In d the conidial suspension is spread on
the agar and the CBAs inoculated afterwards

been observed to inhibit mycelium growth and spore germination of mycoparasites
in vitro (Fig. 15.5).

However, effective in vitro results on tested strains do not often translate effi-
ciently to the commercial crop cycle. Therefore, both the preliminary selection of
the most effective candidate and timely application appear to be essential conditions
to success on crop trials (Milijasevi¢-Marci¢ et al. 2017; Aslani et al. 2018). For
instance, the introduction of biocontrol agents, such as Bacillus velezensis QST 713
and Bacillus subtillis B-38, on the casing during cropping show to prevent losses
derived from green mould (Pandin et al. 2018; MilijaSevi¢-Marci¢ et al. 2017).

In order to reduce fungicide dependence, environmentally friendly biomolecules
have also been tested, showing variable efficacy to inhibit fungal diseases in crop
(Gea et al. 2014; Mehrparvar et al. 2016; Dos Santos et al. 2017). Essential oils
(EOs) from aromatic plants have been employed since the middle ages for their
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antiseptic, bactericidal or fungicidal effects (Bakkali et al. 2008). Some EOs act
synergistically as fungicides and as germination inhibitors against mycoparasites
(Sokovi¢ et al. 2006; Glamoclija et al. 2007, 2009). Among EOs from different
aromatic plants and their active compounds, carvacrol and the essential oil from
Origanum vulgare (wild marjoram) have shown higher activity and broad spectrum
efficacy against mycoparasites (Sokovi¢ et al. 2006). EOs from cinnamon, clove,
thyme, “tea tree” (Melaleuca alternifolia), Satureja hortensis or Zataria multiflora
and the volatile fraction of oregano (carvacrol and thymol) and geranium (citronel-
lol and genariol) showed antifungal activity in vitro against bubble diseases and
cobweb (Mehrparvar et al. 2016; Dos Santos et al. 2017; Tanovi¢ et al. 2006, 2009;
Potocnik et al. 2010). EOs from Lippia citriodora, Cymbopogon citratus and
Thymus vulgaris showed toxicity against M. perniciosa with high selectivity to the
parasite in crop trials (Regnier and Combrinck 2010). This is a crucial aspect to
attend in order to determine correct application and concentration, because EOs
have been reported to inhibit the growth of the cultivated mushroom hyphae, as
other chemical fungicides do (Gedsel et al. 2014). The antifungal and fungistatic
activity of EOs are based on the content of phenolic compounds which impact on
the structure and function of the cellular membrane. In addition, these bioactive
compounds are mostly volatiles, which could facilitate the formulation of commercial
products while minimizing chemical residues (Sokovi¢ et al. 2006).

Compost teas (CT), aqueous extracts from fermented composted materials that
are used to control plant diseases and for crop fertilisation, have been evaluated for
their use in the cultivation of A. bisporus, showing satisfactory response against dry
bubble diseases and no inhibitory effects on button mushroom both in vitro and in
vivo (Gea et al. 2012, 2014). Non-aerated compost teas (NCT) from four different
composts obtained from agricultural wastes and aerated compost teas (ACT) from
grape marc compost showed good results to control L. fungicola in vitro (Didnez
et al. 2006; Gea et al. 2009). The analysis of the cultivable microbiome suggests that
the inhibitory effect of compost teas is due to the activity of the native microbiota
(Marin et al. 2013). In addition, the treatment with compost tea obtained from spent
mushroom compost (waste material from mushroom cultivation) was an effective
treatment both in vitro and in vivo to control L. fungicola and bubble disease while
showing a reduce fungitoxic effect on the host (Gea et al. 2012; Dos Santos et al.
2017), which suggests an alternative to recycle this abundant by-product. However,
since spent mushroom compost is susceptible of being a reservoir of mushroom
parasites, the waste material must be previously re-composted to eliminate any
source of disease inoculum.

15.4 Biocontrol of Bacterial Diseases

Bacterial diseases are important biotic disorders that provoke significant yield
losses. The most important bacterial disease in mushroom crops is brown blotch
caused by Pseudomonas tolaasii and Pseudomonas sp., and the majority of
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reported efforts to exercise biological control have been designed to minimize
blotch symptoms.

Different Agaricus strains differ on sensitivity to bacterial diseases such as bac-
terial blotch (Soler-Rivas et al. 1999), so breeding for resistance is one of the strate-
gies available to control bacterial diseases (Savoie et al. 2013). Comparative
mapping of quantitative trait loci involved in resistance to the bacterial blotch,
Pseudomonas tolaasii, affecting Agaricus bisporus, partially characterized loci
involved is resistance to brown blotch (Moquet et al. 1999). However, as far as the
authors are aware, currently there are no commercial varieties of white button
mushroom resistant to brown blotch broadly cultivated, and therefore biocontrol
agents have been explored as an alternative form of disease control.

Antagonistic bacteria have been reported as biological control agents of bacterial
blotch by certain authors (Largeteau and Savoie 2010; Kim et al. 2011; Tajalipour
et al. 2014; Aslani et al. 2018). For example, P. reactans produces the lipopeptide
WLIP (the white line inducing principle), which interacts with and limits the toxic-
ity of the lipopeptide toxin tolaasin that is thought to be largely responsible for the
symptoms caused by P. folaasii (Largeteau and Savoie 2010). The interaction
between these two biomolecules can be observed as a white precipitate in agar
(Fig. 15.6). Although the use of P. reactans or purified WLIP as a control agent for
bacterial blotch disease has been evaluated (Largeteau and Savoie 2010), to date
none commercial product is available.

The microbiota inhabiting fruiting bodies has been described as a potential
source for biocontrol agents, since cultivated mushrooms produce volatiles with
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Fig. 15.6 “White line test” for tolaasin and WLIP production. Bacteria are inoculated at both sides
of the line of the test bacterium (either Pseudomonas reactans or Pseudomonas tolaasii). Colonies
that result in a white precipitate in between the two bacteria, after 48 h incubation at 28 °C on
King’s B medium are identified as potential producers of tolaasin and related molecules if P. reac-
tans is the test bacterium, and as potential producers of WLIP and related molecules if P. folaasii
is the test bacterium. In the image shown P. reactans NCPPB387 is the test bacterium
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antimicrobial effects associated to endomicrobes (Kanchiswamy et al. 2015; Kiies
et al. 2018). For instance, Pseudomonas taiwanensis Bil and Bacillus thuringiensis
De4 isolated from wild mushrooms have been reported to show in vitro antagonistic
properties against the bacterial parasites Pseudomonas tolaasii and Ewingella
americana, and the ability to reduce brown blotch and internal stipe necrosis symp-
toms in crop (Aslani et al. 2018). The bacterial strains Pseudomonas putida Al,
Pseudomonas reactants A2 and A6, Pseudomonas fluorescens A3 and A4, and
Bacillus subtilis A5, isolated from compost, casing and fruit bodies, were described
to inhibit symptoms of brown blotch both in mushroom tissue and during cultivation
(Tajalipour et al. 2014).

Experiments conducted to screen the phytochemical control of bacterial dis-
eases, using plant extracts, have reported variable effects (Sokovi¢ et al. 2006;
Malpani et al. 2012). Nowadays, the adequate management of environmental condi-
tion together with the regular drench application of chlorinated water to the casing
layer are common methods employed to prevent the impact of bacterial diseases
(Fletcher and Gaze 2008; Navarro et al. 2018; Diamantopoulou et al. 2012; Lomax
et al. 2007). The development of the disease has been described to be associated to
high relative air humidity. Moisture condenses on caps if there is no adequate ven-
tilation. Environmental condition must be adequately managed to prevent conden-
sation on mushroom caps and facilitate the water drying over their surface prevent
in an effort to prevent occurrence and dispersion of bacterial blotch disease (Navarro
et al. 2018).

15.5 Biological Control of Mushroom Pests

Historically mushroom flies have been treated though preventive chemicals but evi-
dence of resistance has been reported (Bartlett et al. 1997; Smith 2002). Furthermore,
the use of these phytosanitary products provokes adverse effects on mushroom
mycelium that derives into yield losses or quality shortcuts and the presence of resi-
dues has been detected in the harvested mushrooms (Shamshad 2010). Alternative
methods for the control of mushroom flies include physical barriers such as nets to
prevent the entrance of adults in the farm (Coles 2002); plant extracts and biocontrol
organisms, including mites, bacteria or (Jess and Bingham 2004; Shamshad et al.
2008; Erler et al. 2009a, b).

As regards the biocontrol organisms, nematodes are often applied to control
mushroom flies. Steinernema spp. nematodes track and infest the fly larvae, causing
the death of infested individuals by releasing bacteria (Xenorhabdus sp. or
Photorhabdus sp.) (Kirk and Keil 2001). The nematodes employed require compat-
ibility, in case that insecticide treatment has been previously applied (Koppenhofer
and Grewal 2005), and their effectiveness relies on the environmental factors applied
during the crop cycle (Kirk and Keil 2001). The application of Steinernema feltiae
against phorid flies has shown varied results (Erler et al. 2009b; Navarro and Gea
2014), whereas Steinernema carpocapsae treatments have shown favourable results
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to control phorids (Jess and Bingham 2004). S. feltiae has been postulated as a good
biological agent for the control of sciarids (Shamshad et al. 2008), since S. carpo-
capsae showed lower infectivity than S. feltiae (Kim et al. 2004). Both S. carpocap-
sae and S. feltiae treatments reduced the population of the mushroom fly Lycoriella
auripila in crops, with S. feltiae reported to be most effective treatment. However,
no decrease in the population of the mushroom phorid fly Megaselia halterata was
detected with either nematode treatment (Navarro et al. 2014).

Important aspects concerning dosage rate and time of application must be moni-
tored to maximise the efficiency of the treatment and to reduce their impact on crop,
since a detrimental effect on mushroom mycelia has been reported depending on the
value of nematode applied (Grewal et al. 1992). Certain pathogenic bacteria have
been also reported as potential biological control for mushroom flies. The bacterial
larvicide Bacillus thuringiensis var. israelensis Berliner (Bti) was shown to reduce
the incidence of fruit damage by M. halterata larvae and resulted in significantly
lower losses (Koppenhofer and Grewal 2005). However, Bacillus thuringiensis ssp.
israelensis was ineffective against Lycoriella ingenua (Shamshad et al. 2008).

Among a series of different plant extracts evaluated against M. halterata, neem
products and hot-water extracts of Origanum onites (pot marjoram) and Pimpinella
anisum (aniseed) were identified as potential alternatives to conventional pesticides
for the control of mushroom phorid fly since their application reduced the number
of emerging adults and carpophore damages (Erler et al. 2009a).

15.6 Concluding Remarks

The control of microbial diseases currently relies on the application of integrated
management programs in addition to the use of pesticides, mostly fungicides (Gea
and Navarro 2017). The management of the environmental conditions in the facili-
ties together with the use of air circulation systems, overpressure in the growing
chambers and the possibility of applying “cooking-out” at the end of the cycle,
provide an adequate environment to develop a program for integrated pest and dis-
ease control. However, an increasing demand for organic products and the reported
evidence of resistant strains to fungicides or insecticides advocate for the develop-
ment of novel sustainable strategies for mushroom crop protection.

Microbial biocontrol agents have significant potential for biocontrol, if formu-
lated and applied appropriately. However, the mechanism of parasite inhibition in
mushroom crops is still unknown. Mechanisms of parasite inhibition might be
related to the production of germination inhibitors, various hydrolytic enzymes and
secondary metabolites, or the formation of biofilms around the host hyphae. They
may be based on antagonistic relationships involving for instance mycophagy of
parasites or even elicitation of the immune response of the cultivated species
(Leveau and Preston 2008; Payapanon et al. 2011; Pandin et al. 2018). The under-
standing of these mechanisms will facilitate the development of new and effective
biological approaches to control diseases.
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Bioactive compounds from aromatic plants show promising antifungal, bactericidal
and insecticidal activity to be incorporated as alternative products although more work
is required to understand their action and optimise their application.

Ultimately, mushroom science is a young discipline that could certainly benefit
from the development of a range of approaches for the biological control of mush-
room disease while developing resistant varieties to target parasites. The develop-
ment of resistant cultivars appears as one of the most effective, economical, and
environmentally friendly approach to the management of disease control (Savoie
et al. 2013). Independent quantitative trait loci (QTL) mapping studies investigat-
ing the genetics of the resistance to dry bubble or green mould disease have been
performed evaluating the QTL involved in the expression of disease symptoms
(Foulongne-Oriol et al. 2011, 2012). In addition, resistance to fungal parasites such
as M. perniciosa have been reported among wild and commercial strains of A.
bisporus (Fu et al. 2016) suggesting a real possibility for exploring breeding as a
potential alternative to design resistant strains to mycoparasites (Sonnenberg et al.
2017). However, the genetic resources available in the mushroom field are still
scarce and some cultivated varieties such as the white button mushroom present
technical difficulties due to the nature of their life cycle which hinders breeding
(Sonnenberg et al. 2017). Therefore, further research into alternative approaches for
control of mushroom diseases, including biocontrol, should continue to be a priority
to ensure sustainable mushroom production in the future.
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16.1 Introduction

For many years, mushrooms have been considered as important food based on its
rich nutritional value. In addition, different mushrooms showed high potential
application in medical applications. (El Enshasy et al. 2013) and pharmacological
(Wasser 2002; Elenshasy 2010; El Enshasy et al. 2013). The “Chinese caterpillar
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fungus”, is one of the conventional medicinal mushrooms. This fungus attacks and
expands inside a particular insect and kills the host in the later stage. During the
time of winter passing inside the insect, the fruituning body grows on the surface of
the corpse. However, there are numerous known types of Chinese caterpillar
growths, which fit in with numerous distinctive such as Cordyceps, Torrubiella and
Paecilomyces. One of the well-knownCordyceps species which is the, Cordyceps
sinensis, become a parasite on the larvae of Hepialus armoricanus, been utilized to
initiate the longevity, soothe fatigue and kill various ailments as Chinese traditional
medicine (Pegler et al. 1994; Zhu et al. 1998; Buenz et al. 2005). Later contemplates
showed that different species showed numerous pharmacological activities and
showed potential application as anticancer (Leung et al. 2006; Wu et al. 2007; Lin
and Chiang 2008; Lee et al. 2009; Lee et al. 2010; Choi et al. 2011; Jeong et al.
2011) antioxidant (Wang et al. 2005; Ramesh et al. 2012; Ren et al. 2012;), anti-
diabetic (hypoglycemic) (Yun et al. 2003; Ma et al. 2015), anti-inflammatory
(Mizuno 1999; Won and Park 2005; Jeong et al. 2010; Choi et al. 2014), and immu-
nomodulator (Ng and Wang 2005; El Enshasy & Hatti-Kaul, 2013; Jeong et al.
2013; Yao et al. 2014; Yang et al. 2015; Lee et al. 2015; Peng et al. 2015; Zhang
et al. 2015;). Further investigations for isolation of bioactive molecules from this
type of fungus showed that that low molecular weight compound, cordycepin is one
of the potent active molecules with many biotherapeutic activities (Cunningham
1951; Suhadolnik and Cory 1964; Fujita et al. 1994; Kiho and Ukai 1995; Bok et al.
1999; Li et al. 2004; Yu et al. 2004a; Yu et al. 2004b; Yalin et al. 2006).

Cordycepin (3'-deoxyadenosine) well known as nucleoside analogue that have
different type of bioactivities. The cordycepin will be converted into 5-mono, di and
triphosphates and thus hinder the movement of ribose-phosphate pyrophospho kinase
and 5-phosphoribosyl-1-pyrophosphate amidotransferase in the de novo purines bio-
synthesis and/or the nucleic acids synthesis causing the antimetastatic, antitumor and
antimicrobial results (Overgaard-Hansen 1964a; Rottman and Guarino 1964; Cory
et al. 1965; Rich et al. 1965; Ahn et al. 2006; Yoshikawa et al. 2004; Nakamura et al.
2005). In addition, cordycepin with its antileukemic ability normally join with ade-
nosine deaminase inhibitor and this will cause the inhibitoryn effect to take place
which help to analogues of 2/, 5'- oligoadenylate towards the human immunodefi-
ciency virus infection (Muller et al. 1991; Kodama et al. 2000;). Large scale cultur-
ing of mycelial through synthetic can be used a s a new source of cordycepin due to
its limited amount in natural source. Tow stage control of dissolved oxygen or addi-
tion of NH4+ to the submerged medium can help to improve the production of
cordycepin (Mao and Zhong 2004, 2006). In addition to production using fermenta-
tion technology, cordycepin could be also produced chemically. However, chemical
synthesis has some limitation such as complication of the process and the utilization
of large volume of organic solvents which decrease the attractiveness of this process
(Hansske and Robins 1985; Aman et al. 2000).

The purpose of chapter is to give focus on the recent research for the production
and therapeutic applications of cordycepin. However, weak and strong points of pre-
vious studies can be recognized through this review. Thus, it will be useful for further
assessments to improve the production process and future medical applications of
cordycepin in the treatment of different diseases.
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16.2 Cordycepin Specifications

16.2.1 Chemical Structure, Molecular and Physical Properties

Cordycepin, or 3’-deoxyadenosine, is a subsidiary of the nucleoside adenosine,
contrasting from the recent by the nonattendance of oxygen in the 3’ position of its
ribose part. It was at first concentrated from fungi, family Cordyceps, yet is pres-
ently processed chemically. In light of the fact, as cordycepin is like adenosine, a
few steps cannot separate between the two. Along these lines, it can take part in
certain biochemical reactions (for instance, be joined into a RNA molecule, there-
fore initiating the untimely end of its amalgamation). Despite of other unknown
bioactive ingredients (e.g. polysaccharides) extracted from various species of cordy-
ceps with different molecular weights and biotherapeutic activities (Soltani et al.
2013). The molecular structure of adenosine, its analogues deoxyadenosine and
cordycepin are presented in Fig. 16.1. Moreover, scientific data of cordycepin is
indicated in Table 16.1.

OH N
HO N
3 p ‘ NHo»
.—0
HO— NN
Adenosine
N OH
HO N /=N
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HO— N N HO— o
Deoxyadenosine Cordycepin

(3-Deoxyadenosine)

Fig. 16.1 Molecular structure of adenosine, deoxyadenosine and cordycepin (3'-deoxyadenosine)

Table 16.1 Cordycepin molecular information

TUPAC name 9-(3-Deoxy-p-D-ribofuranosyl)adenine
Name Other names Cordycepine, 3'-Deoxyadenosine
Identifiers CAS number 73-03-3

PubChem 6303

ChemSpider 6064

ChEMBL CHEMBL305686

InChlKey OFEZSBMBBKLLBIJ-
Properties Molecular formula C,0H5N;505

Molar mass 251.24 g mol™!

Melting point 225.5°C, 499 K, 438 °F

Data are given for materials in their standard state (at 25 °C, 100 kPa)



322 M. Soltani et al.
16.2.2 Codycepin Biosynthesis

A biosynthesis pathway is frequently starts with a promptly accessible precursor
particle that is like the product. The cell then joins together this antecedent with other
small molecules, artificially adjusting the product along the way. At every step, the
substrate will dynamically look like the final product. A multi-step biosynthesis path-
way can have many steps along the way, experiencing consistent change by enzymes
until the last compound is shaped. Concentrating on biosynthesis can yield numerous
viable experiences into cures for human ailments. Comprehension the science of the
human body plainly helps when a sickness results because of failing biosynthesis.
Sometimes, on the other hand, concentrating on the biosynthetic pathways of different
living beings can also turn up important hints for improving new drugs.

By picking up a comprehension of the biosynthesis pathway of a cordycepin,
we can find that how it is synthesized and possibly mimic the synthesis in the
laboratory. At last, it will be worthwhile to clone these genes to generate trans-
genic living organism, which might be designed to prepare natural product at more
terrific concentration and purity at a division of the cost. Thus, in order to under-
stand the synthesis of cordycepin deeply, the biosynthesis pathway of cordycepin from
mushroom Cordyceps militaris is presented in detail on Fig. 16.2 (Zheng et al. 2012).
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Fig. 16.2 Cordyceps militaris adenine metabolic pathway. Abbreviations for different enzymes:
ADA adenosine deaminase, ADE adenine deaminase, ADEK adenylate kinase, ADK adenosine
kinase, ADN adenosine nucleosidase, AMPD, AMP deaminase, APRT adenine phosphoribosy-
transferase, DADK deoxyadenylate kinase, DAK deoxyadenosine kinase, NDK nucleoside-
diphosphate kinase, NT5E, 5'-nucleotidase, PK pyruvate kinase, PNP purine nucleoside
phosphorylase, 3’-RNR, ribonucleotide triphosphate reductase. The dashed lines exhibit metabolic
pathways present in other organisms but absent in Cordyceps militaris (Zheng et al. 2012)
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It can be clearly seen that several enzymes as significant agents are present during
the metabolic pathway of cordycepin incorporating process until the final product
is achieved.

16.3 Coducepin: Mechanism of Action

The structure of cordycepin is truly comparable with cellular nucleoside, adenosine
(Fig. 16.1) and demonstrates like a nucleoside analogue.

16.3.1 Hinderance of Purine Biosynthesis Pathway

Inside the cells, Cordycepin get changed over into 5’ mono-, di- and tri-phosphate
that can decrease the catalyst action like ribose-phosphate pyrophosphokinase and
5-phosphoribosyl-1-pyrophosphate amidotransferase that being utilized within de
novo biosynthesis of purines (Fig. 16.3) (Klenow 1963; Overgaard-Hansen 1964b;
Rottman and Guarino 1964).

16.3.2 Cordycepin Incites RNA Chain End

Cordycepin fails to offer 3’-hydroxyl group in its molecular form (Fig. 16.1),
which is the main distinction from adenosine. Adenosine is a nitrogenous base
and function as cell nucleoside, which is needed for the different molecular pro-
cedures in cells such as synthesis of RNA or DNA. Throughout the procedure of
transcription (RNA combination), a few enzymes are not being recognize the
adenosine and cordycepin, that prompts joining of 3’-deoxyadenosine, or cordy-
cepin, in place of typical nucleoside avoiding further fuse of nitrogenous bases
(A, U, G, and C), prompting untimely end of transcription (Chen et al. 2008;
Holbein et al. 2009).

16.3.3 Cordycepin Meddles in mTOR Signal Transduction

Cordycepin has been used for its abbreviation of the poly A tail of m-RNA, which influ-
ences the strength within the cytoplasm. It was watched that restraint of polyadenylation
by cordycepin of some m-RNAs made them touchier than alternate mRNAs. At higher
dosages, Cordycepin represses cell connection and lessens focal attachment. Further
rise in the usage of cordycepin may terminate mTOR (mammalian focus of rapamy-
cin) signaling pathway (Fig. 16.4) (Wong et al. 2009). The name mTOR has been deter-
mined from the medication rapamycin, on the grounds that this medicine represses
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Fig. 16.3 The hindrance effect of cordycepin in mono- and tri- phosphate states on the catalyst

enzymes, phosphoribosyl pyrophosphate synthase and phosphoribosyl pyrophosphate amidotrans-
ferase contain in biosynthesis pathway of purine (Tuli et al. 2014b)
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Fig. 16.4 Cordycepin presumably activates the AMPK by some unknown mechanism, which fur-
ther negatively regulates the translation of mTOR signaling transduction pathway by the formation
of a translational repressor, 4-E-binding protein-1 (4EBP1) (Tuli et al. 2014b)
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mTOR action. The mTOR inhibitors, for example, rapamycin and CCI-779 have been
tried as anticancer medicines, on the grounds that they repress or block mTOR pathway.
mTORcan be defined as 298 kDa serine/threonine protein kinase from the family
PIKK (Phosphatidylinositol 3-kinase-related kinase). The mTOR assumes an extremely
imperative part to direct proteins production. Be that as it may, mTOR itself is controlled
by different sorts of cell indicators such as factors of growth, nutritional environment,
hormones, and energy level for cellular. As growth factor tie with cell receptor,
Phosphatidyl inositol 3 kinase (PI3K) gets initiated, changes over phosphatidyl inositol
bisphosphate (PIP2) to phosphatidyl inositol trisphosphate (PIP3). PIP3 further initiates
PDKI1 (phosphoinositide subordinate protein kinase 1). The actuated PDK1 then phos-
phorylates AKT 1 kinase and makes it somewhat initiated which is further made com-
pletely enacted by mTORC?2 complex. The activated AKT 1 kinase now actuates
mTORC1 complex that prompts the phosphorylation of 4EBP1 (translational repressor)
and makes it inactive, exchanging on the protein production (Wong et al. 2009). The
study confirmed that during the low level of nutrutional stress affirmed, Cordycepin
actuates AMPK, which hinders the action of mMTORC1 and mTORC2 by some obscure
component. The inactivated mMTORC2 complex cannot enact AKT 1 kinase completely,
which inhibits mTOR signal transduction hindering translation and more cell expansion
and development (Fig. 16.4) (Tuli et al. 2014b).

16.4 Pharmacokinetic of Cordycepin

The cordycepin effects at molecular level represent comprehensive analysis on the
cordycepin kinetics as well as ADME (Absorption, Distribution, Metabolism and
Elimination at site of action of the biological target) studies. Therefore, promising
investigations has been carried out in order to enhance the kinetic and the cordyce-
pin quality of action at different active sites such as plasma.

In terms of cordycepin effects on the RNA synthesis, the termination of RNA
transcription was recognized as a result of the absence of 3’ hydroxyl moiety
(Holbein et al. 2009). Therefore, the impact of cordycepin investigated on the RNA
metabolism of the yeast. The results presented that Cordycepin-triphosphate (CoTP)
acted as a toxic and limiting factor on the growth of cells via RNA synthesis inhibi-
tion. However, the modulation of 3" end heterogeneity of ASC1 and ACT1 mRNAs
as well as rapid extended NEL025c loci and CYH?2 transcript were another obtained
findings (Holbein et al. 2009). In addition, the amelioration of poly (A) polymerase
mutants growth defects together with papl—1 mutation was reported to neutralize
the effects of gene expression of cordycepin. It exhibited the epistatic relation of
cordycepin function and poly (A) polymerase activity along with its potency to drop
the efficiency of 3’ formations independently (Holbein et al. 2009). Advantageous
impacts of cordycepin on the metabolic profiles of plasma and liver specifically in
hyperlipidemic hamsters were studied thoroughly. Thus, '"H NMR spectroscopy was
applied on the intact liver tissues and plasma resulted high lipid level in the hyper-
lipidemic hamsters. At the end, the lipid-regulating activities and also the protective
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effects of cordycepin on the plasma and liver especially in the fatty liver condition
were recorded respectively (Sun et al. 2011).

Effects from cordycepin on the activation of Wnt/B-catenin survival pathway to
develop leukemia stem cells (LSCs), whether cordycepin regulates expression of
B-catenin in leukemia cells or not, was investigated (Ko et al. 2013). Cordycepin
exhibited positive effects on the malignant cancer cells such as HepG2, A549, MCF7
and SK-Hepl in a dose-dependent manner. Unexpectedly, reverse action with reduc-
tion on the levels of B-catenin in the specific cancer cell line including THP1, K562
and U937 was resulted. GSK-38 as pharmacological inhibitor was used in order to
restore the negative effects of cordycepin on the above-mentioned group. The findings
represented that cordycepin selectively reduced stability of B-catenin in leukemia
cells but not in other solid tumor cells (Ko et al. 2013). Another study by Wu et al.
(2014), showed interaction of cordycepin with the y1 subunit was found as activator
for the AMP-activated protein kinase (AMPK) protein. The results clarified the mech-
anism and the role of cordycepin on the activation of AMPK in HepG2 cells. Therefore,
circular and fluorescent dichroism as well as molecular docking measurements per-
formed. The results showed the direct interaction of cordycepin with AMPK y1 sub-
unit. However, knock down of AMPKyl by siRNA and inhibition of AMPKy]
expression has reported as significant factor leading abolishment of cordycepin
actions in the lipid regulation especially in hyperlipidemia. Finally, cordycepin was
introduced as promising agent to inhibit intracellular lipid accumulation by activating
AMPXK through the interaction with y1 subunit (Wu et al. 2014).

16.5 Biological Activities of Cordycepin

16.5.1 Antioxidant Activity

In 2005, the Supercritical carbon dioxide (SC-CO2) was utilized as the elution
dissolvable for fractioning ethanolic concentrate (E) of Cordyceps sinensis (CS), a
customary Chinese natural cure, into R, F1, F2, and F3 parts. This extractive frac-
tionation strategy was as an agreeable with extensive scale and as a nontoxic proce-
dure. These four fractions were described regarding sum polysaccharides and
cordycepin fixations; scavenge the free radicals and antitumor functions.
Exploratory effects showed that fractionation changed the conveyances of aggregate
polysaccharides and cordycepin in parts. Fraction R was the most dynamic portion
to rummage free radicals and repress the expansion of carcinoma cells, emulated by
the fraction F1 and the extract E. The impact of scavenging on 1, 1-diphenyl-2-
picryl hydrazyl (DPPH) of Cordyceps sinensis concentrate and fractions at 2 mg/ml
was R (93%), E (66%), F1 (75%), F2 (47%), and F3 (27%). The ICs, (half cell
growth inhibitory concentration) of tumor cell expansion and colony structuring on
human colorectal (HT-29 and HCT 116) and hepatocellular (Hep 3b and Hep G,)
carcinoma cells by fraction R were around 2 pg/ml. Then again, R did not influence
the development of ordinary isolating human peripheral blood mononuclear cells
(PBMC) by showing an extensive esteem of ICs, over 200 pg/ml. Tumor cells
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accumulation at sub-G, stage and the fracture of DNA, regular characteristics of
customized cell expiration, were watched in a time and manner of dose dependent.
Totally, the discoveries recommended that fraction R containing cordycepin and
polysaccharide, acquired by SC-CO, liquid extractive fractionation, indicated solid
scavenging capability and specifically restrained the development of colorectal and
hepatocellular growth cells by the procedure of apoptosis (Wang et al. 2005).

The most significant consequence led to aging process was introduced as oxida-
tive damage induced by free radicals (Ramesh et al. 2012). The capacities and
activities of antioxidant actions of cells decrease with increase in age. In addition,
main reason for aging is steady loss of antioxidant/pro-oxidant equilibrium result-
ing considerable increase in oxidative stress. Current study was concentrated on
cordycepin impacts on antioxidation and lipid peroxidation in elder rats. By com-
parison between old and young rats, decline in activities of catalase (CAT), super-
oxide dismutase (SOD), glutathione peroxidase (GPx), glutathione-S-transferase
(GST), glutathione reductase (GR), vitamin C and vitamin E, reduced glutathione
(GSH), and elevated levels of malondialdehyde (MDA) were entirely detected in
the aged rats’ lungs, heart, kidneys and liver. Moreover, the elevation of serum
aspartate aminotransferase (AST), urea, alanine aminotransferase (ALT), and cre-
atinine were significantly observed in old rats compared to younger ones. Cordycepin
treatment on aged rats by increasing the activity of CAT, SOD, GST, GPx and GR
and elevation of vitamins E, C and GSH level like the values of these parameters
found in younger rats, demonstrated promising effects of cordycepin in antioxidant
activities. In addition, decrease in the level of creatinine, ALT, AST and MDA was
reported due to using cordycepin on the aged rats. Authors suggested cordycepin as
effective agent for decreasing lipid peroxidation and restoring antioxidant status in
the aged rats (Ramesh et al. 2012).

Furthermore, NF-xB signaling pathway suppression by cordycepin was investi-
gated (Ren et al. 2012). Dose-dependent decrease in activity of NF-kB induced by
TNF-o in HEK-293 T cells by cordycepin was detected. Although cordycepin in its
high concentration decreased the NF-kB transcriptional activities and DNA-binding,
cordycepin did not limit nuclear translocation of p65 induced by TNF-a. Moreover,
in order to suppress IkBa degradation, cordycepin inhibited phosphorylation of
IxBa. Additional examination showed that activation of NF-kB mediated by IKKs
suppressed by cordycepin. Also, inhibition of IKKy ubiquitination was reported as
the effect of cordycepin. Researchers proposed cordycepin as an agent, which
strongly inhibits NF-kB signaling through IKK, IxkB and NF-«kB activity suppression.
In addition, They suggested potential medical applications of cordycepin in treating
disorders associated with inflammation and cancer therapy (Ren et al. 2012).

16.5.2 Anticancer Activity

A research study with the aim at examination and exhibition of high chemical
constituents and antitumor effects of Cs-HK1 mycelium were conducted. When
compared with natural Cordyceps sinensis, the mycelium of fungal had much higher
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contents of cordycepin (65/7 pg vs 20/8 pg) (per gram dry weight). Low cytotoxic
effect was shown by the fungal extract from the hot water extraction towards the
B16 melanoma cells in culture (about 25% inhibition) but significant antitumor
effect in animal tests, that cause 50% inhibition on the B16 cell-induced tumor
growth in mice. Major bioactive compounds like cordycepin and polysaccharides of
Cordyceps sinensis, can be found in mycelium biomass and the mycelium extract
had significant antitumor activity. The Cs-HK1 fungus was introduced as a new and
promising medicinal fungus and as an effective and good substitute of economical
of the wild Cordyceps sinensis for health care (Leung et al. 2006). One year later,
the cultured mycelium of a Cordyceps sinensis (CS) organism was successively
removed by petroleum ether (PE), ethyl acetic acid derivation (EtOAc), ethanol
(EtOH) and heated water. All dissolvable concentrates with the exception of high
temperature water extract demonstrated a huge and dose-dependent inhibitory
impact on the cell growth of four cancer cell lines, MCF-7 breast growth, HI-60
human premyelocytic leukemia, B16 rodent melanoma and Hepg2 human hepato-
cellular carcinoma, with ICs, values underneath 132 mg/ml. The EtOAc extract,
specifically, had the most intense impact against every one of the four cancer cell
lines, with ICs, between 12 mg/ml (on B16) and 45 mg/ml (on MCF-7). Conversely,
it had lowest cytotoxicity on the ordinary rodent bone marrow cells. The EtOAc
extract included significant amount of cordycepin cooperating the in vitro cytotox-
icity. In an animal experiment, the EtOAc extract demonstrated noteworthy hinder-
ing impact on B16-induced melanoma in C57BL/6 mice, bringing on around the
range of 60% abatement of tumor size over 27 days. The outcomes proposed that the
EtOAc concentrate of Cordyceps sinensis mycelium has solid antitumor activity
and can be positively applied as a potential anticancer and/or antitumor product
(Wu et al. 2007).

In 2008, the study utilized Radix Astragali (RA) as the media for cultivation of
Cordyceps militaris to explore the antitumor function of the fermentation stock. The
cordycepin production through the culturing of Cordyceps militaris in Radix
Astragali medium was found higher in antitumor activity than that cultured in arti-
ficial or synthesized medium. The broth used for fermentation purpose hindered the
development of four different tumor cells incorporating human breast cancer MCF-7
cells, human gastric cancer AGS cells, murine colorectal adenocarcinoma CT26
cells and human hepatocellular carcinoma Hep G2 cells with IC50 37 mg/ml,
465 mg/ml, 20 mg/ ml, and 25 mg/ml, respectively. Despite the fact that cordycepin
as the main bioactive segment with the strong antitumor functions in the fermenta-
tion medium of Cordyceps militaris in RA culture, there were different constituents,
which improved the antitumor function of fermentation synergistically. To assess
and accept the antitumor function, the BALC/c mice were embedded with CT26
cells and after that encouraged with different measurements of the fermentation
broth. Clearly it was reported that 20-mg/kg-body weight (Bw)/day group had no
noteworthy antitumor movement as contrasted with the control group. The measure-
ments of 100 mg/kg Bw/day and 200 mg/kg Bw/day hindered the tumor size by
43.81% and 48.89%. Tumor weight was additionally decreased by 31.21% and
39.48% contrasted with the control bunch. Moreover, the fermentation broth
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demonstrated low cytotoxicity against essential rodent hepatocytes, and did not
cause any genuine symptom or any side effects on the key organs of the mice as
contrasted with the chemotherapeutic medicine 5-FU (Lin and Chiang 2008).

Other research on antitumor activity of cordycepin mechanism have been studied
in two various bladder cancer cell lines, T-24 and 5637 cells (Lee et al. 2009).
Important and dose-dependent tumor growth inhibition by cordycepin action at a
dose of 200 pM (IC50) through cell-cycle progression, was reported as a main result
of G2/M-phase arrest and led to up-regulation of p21WAF1 expression, free of the
p53 pathway as well as cordycepin-induced phosphorylation treatment of JNK
(c-Jun N- terminal kinases). Small interfering RNA (si-JNK1) and SP6001259
(JNK-specific inhibitor) blocked the JNK function and saved cell growth inhibition,
cordycepin-dependent p21 WAF1 expression and decreased cell cycle proteins.
It demonstrated cordycepin as a positive and effective healing agent for the treat-
ment of bladder cancer (Lee et al. 2009).

Regarding the molecular mechanism and molecular targets of cordycepin, a
research study was explored promising molecular systems for the antitumor impacts
of cordycepin on the human colon malignancy HCT116 cells. After using cordyce-
pin to treat the cells, the dose-dependent cell was watched at an IC50 esteem of
200 pm. Cordycepin medicine demonstrated G2/m-stage cell cycle arrest, which
was connected with expanded p21WAFI1 levels and decreased measures of cyclin
Cdc2, B1, and Cdc25c in a p53-free pathway. Additionally, treatment by cordycepin
instigated enactment of JNK (c-Jun N-terminal kinases). SP600125 pretreatment as
a JNK-particular inhibitor, annulled cordycepin-intervened p21WAF1 expression,
cell development restraint, and diminished proteinscell cycle. Besides, JNKI
restraint by small meddling RNA (siRNA) handled comparative results: conceal-
ment of cordycepin-actuated p21 WAF1 expression, diminished cell growth, and
decreased cell cycle proteins. Together, these effects prescribed a basic role for
G2/m-stage arrest in human colon growth cells and JNK1 activation in cordycepin-
instigated restraint of cell development (Lee et al. 2010).

Other investigation was also carried out to determine the mechanism of cell
death induced by cordycepin in the breast cancer cells. Reduction in cell viability
and dose-responsive cell growth inhibition were resulted due to contact of both
MCF-7 and MDA-MB-231 breast cancer cells with cordycepin. Moreover, Some
particular properties of mitochondria-mediated apoptotic pathway confirmed by
biochemical assays, TUNEL and DNA fragmentation was associated with cell
death induced by cordycepin in MDA-MB-231 cells (Choi et al. 2011).

In addition, Caspases-3 and Caspases -9 activation and cytosolic release of
cytochrome ¢ was triggered by cordycepin-associated dose-dependent growth of
mitochondrial translocation of Bax. Interestingly, in cytoplasm, large membranous
vacuole ultrastructure morphology and autophagosome-specific protein were
detected which confirmed the autophagy-associated cell death of MCF-7 cells.
Regardless of ER response, MCF-7 cells with apoptotic defects can be treated by
employing cordycepin-induced autophagic cell death. While survival roles of
autophagy in tumorigenesis of other cancer cells have been confirmed, the signifi-
cant function of autophagy on the cordycepin-induced MCF-7 cell death is also
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observed. Finally, results showed the strong killing of MCF-7 and MDA-MB-231
human breast cancer cells by the cordycepin. Further study was suggested to evaluate
more about clinical usage, ER dependency and therapeutic actions of cordycepin on
human breast cancer (Choi et al. 2011).

However, the recent research of (Pan et al. 2015) reported on the strong antitumor
activity of cordycepin when treating MA-10 cells in different combined immuno-
deciency (SCID) mice in vivo. The outcome of studyshows that cordycein is signifi-
cantly selective treatment highly effective in inductionof MA-10 cells apoptosis
through p38 MAPKs signaling.

16.5.3 Anti-Inflammatory Activity

In 2005, a study was carried out to illustrate anti-inflammatory functions of
Cordyceps militaris. The 70% ethanolic extract concentrates of fruiting bodies
(FBE) and cultivated mycelia (CME) of Cordyceps militaris were ready. Both FBE
and CME demonstrated topical anti-inflammatory in the croton oil-prompted ear
edema in mice. CME was reported to hold intense anti-inflammatory movement,
which was assessed by the carrageenan-instigated edema, and additionally solid
antinociceptive action in writhing experiment. FBE and CME hold powerful inhibi-
tory action on the chick embryo chorioallantoic membrane (CAM) angiogenesis in
a dose-dependent manner. Besides, cordycepin as famous product from Cordyceps
militaris was reported to be responsible for only part of anti-angiogenic and anti-
inflammatory activities (Won and Park 2005).

Kim et al. (2006) investigated the anti-inflammatory effect of cordycepin on
lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophage cells. The key com-
ponent of endotoxin, Lipopolysaccharide (LPS), which is formed by lipid A (phos-
phoglycolipid) is connected to hydrophilic heteropolysaccharide covalently.
Cytokines production such as TNF-a, IL-ly, GM-CSF, and nitric oxide was
increased by considerable LPS-induced macrophage activation and modulated by
up-regulation of inducible NOS2 (nitric oxide synthase). In addition, butanol frac-
tion of Cordyceps militaris was inhibited by the production of nitric oxide (NO) in
LPS-activated macrophage. Moreover, Cordycepin was reported as main compo-
nent of Cordyceps militaris identified by high performance liquid chromatography.
The activation of MAP and Akt kinases in LPS-activated macrophage was evaluated
to elucidate the mechanism of inducible nitric oxide synthase (iNOS) expression
and NO production inhibition by cordycepin. Furthermore, the phosphorylation of
p38 and Akt in dose-dependent manners LPS-activated macrophage strong inhibi-
tion by cordycepin was reported obviously. Tumor necrosis factor (TNF-a) expres-
sion, translocation of nuclear factor- B (NF-kB) and IxB alpha phosphorylation
were reported by considerable suppressing property of cordycepin. In contrast,
Cordycepin demonstrated decreasing effect on the expressions of inducible nitric oxide
synthase (iNOS) and cycloxygenase-2 (COX-2) in RAW 264.7 cell significantly.
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Results presented that inhibition of NO production was occurred by cordycepin by
down-regulation of COX-2 and iNOS gene expression via p38 and Akt phosphory-
lation and suppression of NF-kB activation as antioxidant inhibitor. Hence, the con-
clusion drawn by authors is that the cordycepin may afford a potential therapeutic
action for inflammation-associated illnesses (Kim et al. 2006).

Recently, cordycepin anti-inflammatory action on the inflammatory mediator’s
production in murine BV2 microglia stimulated by lipopolysaccharide (LPS) was
assessed by Jeong et al. (2010). In addition, the cordycepin secretion results on
phosphorylation of mitogen-activated protein kinases (MAPKs) and nuclear
factor-kappaB (NF-kB) activation induced by LPS was studied. After LPS stimula-
tion, Pro-inflammatory cytokine production, nitric oxide (NO) and prostaglandin
E2 (PGE2) was sensed in BV2 microglia. However, significant inhibitory effect of
cordycepin on the extreme production of PGE2, pro-inflammatory cytokines and
NO in a concentration-dependent manner without producing cytotoxicity was
reported. In addition, cordycepin illustrated the suppressing effect on NF-«xB trans-
location by blocking the degradation of IkappaB-a (IkB-a) and inhibition of Akt,
ERK-1/2, JNK, and p38 kinase phosphorylation. Results presented that cordycepin
inhibition on LPS-stimulated inflammatory mediator production in BV2 microglia
is related to Akt, NF-xB, and MAPK signaling pathway suppression. Therefore,
authors proposed cordycepin as useful agent for the treatment of neurodegenerative
diseases by inflammatory mediator production inhibition in activated microglia
(Jeong et al. 2010).

16.5.4 Hypoglycemic (Anti-Diabetic) Activity

Anti-diabetic impact of different fractions of Cordyceps militaris was compared in
pure compounds and crude extracts. In addition, the effect of the various fractions,
CMESS (ethanol soluble supernatant), CCCA (crude cordycepin containing ade-
nosine) and cordycepin were studied in diabetic mice (Yun et al. 2003). Regarding
to starch-loaded mice, Potential inhibitory activity of 34.7% and decreased blood
glucose level by 35.5% was reported for the CMESS. Nevertheless, cordycepin and
CCCA presented no difference. It is reported that administration of cordycepin and
CMESS for a period of 7 days, considerably decreased the level of blood glucose.
But, the reduction of blood glucose did not occurred by utilizing of CCCA with high
concentration of cordycepin. T-lymphocyte proliferation was expressively reduced;
while NO production was augmented above than two-fold in the cordycepin-
administered group. Additionally, NO production and macrophage proliferation
were meaningfully reduced in the group administrated by CMESS. Authors sug-
gested that cordycepin and CMESS might be useful kits use to control the blood
glucose level in diabetes and encouraging new medicine as an anti-hyperglycemic
instrument without the deficiencies of decreased immune responses and other side
effects (Yun et al. 2003).
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16.5.5 Immunomodulatory and Protective Effects
of Codycepin

A research conducted on medicine by Zhou et al. (2002), which resulted in the dis-
criminating up-regulation of interleukin-10. Authors focused on the immunoregula-
tory effects of cordycepin derived from Cordyceps spp. measuring the Interleukin-2
and interleukin-10 secretion of human peripheral blood mononuclear cells, which
were incubated through cordycepin was performed. Furthermore, the expression of
surface markers on T lymphocytes, the proliferative response and the effect of
cordycepin on the expression of interleukin-10 mRNA were evaluated completely.
In addition, cytotoxicity of cordycepin, interleukin-10-secreting cells and the impact
of anti-interleukin-10 neutralizing antibody were assessed. Results showed that
cordycepin has an expressively up-regulative impact on the interleukin-10 produc-
tion and interleukin-10 mRNA expression. Moreover, Cells of CD8+, CD4+,
CD56+, CD14+ and CD19+ were confirmed as Interleukin-10-producing cells. In
parallel, Proliferation of peripheral blood mononuclear cells cordycepin and
phytohaemagglutinin-induced interleukin-2 production was inhibited consider-
ably. It is reported that decrease in expression of the surface markers CD45PRO,
CD25, CD71, CD54 and HLA DR also reflected restricted T lymphocyte activation.
Furthermore, Anti-interleukin-10 neutralizing antibody was reported, as component
not completely hindered the cordycepin suppressive effect on production of inter-
leukin-2. Authors stated an effective concentration (above 24 pg/ml) of cordycepin,
which presented minor cytotoxicity but did not raise apoptosis. In contrast, high
cordycepin concentration was stated as it may have exerted widely inhibitory effect
on DNA synthesis or caused in cytotoxicity remarkably. However, in range of
cordycepin concentration between 0 and 24 pg/ml, the strong up-regulation of inter-
leukin-10 expression and immediate down-regulation of interleukin-2 expressions
signified that an inhibitory result on DNA synthesis or a cytotoxicity mechanism
might not be essential. Results indicated that cordycepin uses immunoregulativeo-
utcomes. Additional study on the method for the improvement of novel immuno-
modulatory medicines, which precisely adjust the excretion of cytokines, was
suggested (Zhou et al. 2002).

Cho et al. (2007) carried out a research on the new effect of collagen stimulated
human platelet accumulation resulted by cordycepin (3’-deoxyadenosine). Inhibition
of measure-dependently collagen-induced platelet aggregation by the cordycepin in
existanceof different wide range of concentrations of CaCl2 was reported thor-
oughly. Of thromboxane A2 (TXA2) and cytosolic freeCa** ([Ca*]i), as two
aggregation-inducing molecules, up to 74% of up-regulation of [Ca*]i was blocked
with cordycepin (500 pM) while for TXA, production, it was suppressed by 46%.
Afterward, phosphorylation of Ca*- for 20-kDa and 47-kD aproteins in collagen
treated platelets was effectively reduced by by cordycepin. But, upstream routes
such as formation of inositol1,4,5-triphosphate (IP3) and the activation of pphos-
pholipase C- y2 (PLC-y2) (assessed by phosphotyrosine level) that normally used
for producing these two inducers were not changed by cordycepin. Furthermore,
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the level of second messengers guanosine 3’, 5’-cyclic monophosphate (cGMP) and
adenosine 3',5'-cyclic monophosphate (cAMP) in collagen-stimulated platelets was
increased in presence of cordycepin. However, cordycepin-induced up-regulation of
cGMP did not changed by the NO-sensitive guanylyl cyclase inhibitor ODQ and the
cAMP enhancement mediated by cordycepin was totally blocked by adenylyl
cyclase inhibitor SQ22536, demonstrating the various cordycepin modes of action.
Hence, Authors suggested that their results show the inhibitory effect of cordycepin
on platelet aggregation could be related to the boost of cAMP/cGMP production
and the down-regulation of [Ca*"]; (Cho et al. 2007).

One of the common techniques for curing the atherosclerosis is Percutaneous
Transluminal Coronary Angioplasty (PTCA). However, it has limited efficacy due
to manifestation of restonesis during 3—6 months after angioplasty(Chang et al.
2008). Restenosis is stimulated in cells andextracellular matrix (ECM) inside the
intimal layer and/or alteration of the vessel wall. Thus, one of the potential thera-
peutic agents for the atherosclerosis or restenosis treatment can be matrix metal-
loproteinase (MMP) system. In this study, the effect of cordycepin on the MMP
system within vascularmuscle cells was investigated particularly. Cordycepin
(20 pM/day, i.p) led to inhibition of rat aortic smooth muscle cells (RaoSMCs) pro-
liferation. Thus, neointimal development in the carotid artery of a balloon injured-
Spraque—-Dawley (SD) rat was decreased considerably. In addition, the triggering of
MMPapproachincollagentypel activated RaoSMCs was evaluated in order to con-
duct on cordycepin inhibition mechanism on the buildupof both, cells and ECM
and/or remodeling of thou thee vessel wall. The positive effect of cordycepin was
reported as a strong agent to inhibit the activation of MMP-2 and extracellular
matrix metalloproteinaseinducer (EMMPRIN) expression in a dose-dependent
within RAoSMCs activated by collagen type I. Furthermore, the expression of
cycloxygenase-2 (COX-2) correlated tohyperplasia of RAoSMCs was strongly sup-
pressed by cordycepin. Taken together, anti-proliferation property of cordycepin in
RA0SMCs through the varietypf vessel wall remodeling concluded by the authors.
They also stated that cordycepin can be a probable use medicinal for restenosis
treatment (Chang et al. 2008).

Previous investigation was also obtained by (Yao et al. 2011) to investigate the
effects of cordycepin on CA1 pyramidal neurons exist in the rat hippocampal brain
slices by whole-cell patch clamp method. The result exhibited the drop in the both
evoked and spontaneous action potential (AP) firing frequencies. The hyper-
polarization of neuronal membrane potential by cordycepin and the stability of
either membrane input resistance or the amplitude of fast after hyperpolarization
(fAHP) in presence of cordycepin was reported as opposed with AP, which spiked
width. Collectively, Membrane hyperpolarization induced by cordycepin led to
diminish neuronal activity presenting cordycepin as potential therapeutic approach
to treat excitotoxic disorders such as ischemic.

Oxygen—glucose deprivation (OGD) injury in mice brain slices was investigated
in the presence of cordycepin. Study outcomes illustrated that brain slice injury and
especially postischemic neuronal degeneration can be prevented by cordycepin.
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Also, two types of excitatory amino acids in brain homogenized supernatant,
aspartate and glutamate, were enhancedin reperfusion/ischemiaset, were sensed by
HPLC. The results also showed that the significant reduction in the extracellular
level of aspartate and glutamate was the positive effect of cordycepin. Furthermore,
Ameliorating the extent of oxidation, dropping malondialdehyde (MDA) level and
increasing the superoxide dismutase (SOD) activity were reported as cordycepin
activity on the system. The remarkable increase in the expression of matrix metallo-
proteinase-3 (MMP-3 as main enzyme involved in inflammation) after ischemia
reperfusion was also inhibited by the protective activity of cordycepin. It was con-
cluded that the potential neuroprotective action of cordycepin, in both in vivo and in
vitro studies, was exerted subsequently after cerebral reperfusion/ ischemia (Cheng
etal. 2011).

Drugs, mostly viable throughout the initial phase of trypanosomosis, however
crudely enter the blood brain restraint, are ineffectual when parasites spread to the
brain and reason cencephalitis. Therefore, a study with intended to assess the weak-
ness of speciesT. evansi to cordycepin invitro and in rats tentatively affected was
carried out. In vitro, a critical reduction (P < 0.01) in living trypanosomes in the
doping between 5.0 and 10 mg/ ml was recorded one hour afterward the start of the
investigation, and also at three, six, nine and twelve hours in all concentrations con-
trasted with control. Despite the fact that no remedial impacts were found in the
in vivo assessments in the most of groups, the treatment was fit to keep the parasit-
emia at low levels, along these lines expanding the life span of rats when contrasted
with positive control. Rats that gained cordycepin only or in combination by adeno-
simedeaminase inhibitor (ADA: EHNAhydrochloride), did not indicate
trypomastigote manifestations of the parasite in the bloodstream 24 h after the con-
sumption. Averages of 8 days were assigned to remain animals negative in blood
smears, yet from that point had a repeat of parasitemia. Around all the tainted crea-
tures, just 3 rats cured with the mixture of EHNA hydrochloride (2 mg/kg) and
cordycepin (2 mg/kg) persisted negative throughout the trial period. The adequacy
of 42.5% was affirmed by PCR utilizing Trichoderma evansi particular primers.
Subsequently, authors concluded that cordycepin requires natural impact to against
T. evansi. The cordycepin treatment, when secured by an inhibitor of ADA, be able
to delay the T. evansi-contaminated rats survival then furnish therapeutic viability
(Da Silva et al. 2011).

Jeong et al. (2011) carried out a research on the specific polyadenylation inhibi-
tory effect of cordycepin as an operative compound in Cordyceps militaris. Authors
believed that cordycepin has possessed many immunological activities, which is
efficient for cancer therapy. However, anticancer mechanism still needs more
investigation. In this study, cordycepin apoptotic effects were conducted on human
leukemia cells. Apoptosis induction (not necrosis) by cordycepin treatment led to
celldevelopment inhibition in a suitable concentration manner. Poly (ADP-ribose)
polymerase protein cleavage, caspases activation, dysfunction of mitochondrial and
initiation of reactive oxygen species (ROS) were reported as activities related to
induction process. However, significant inhibitory effect of caspases, in the
responses of cordycepin, attenuated cordycepin-induced apoptosis. N-acetyl-L-
cysteine, a ROS scavenger, also inhibited caspases activation and apoptosis induced
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by cordycepin. Results supported a mechanism whereby human leukemia cells
apoptosis was induced by cordycepin via a signaling cascade containing a caspase
pathway mediated by ROS (Jeong et al. 2011).

As knowledge goes far, Cordyceps sinensis is a parasite utilized as conventional
Chinese drug as a tonic to alleviate the lung for the medication of exhaustion and
respiratory ailments. Idiopathic pulmonary fibrosis is a persistent, irreversible and
incapacitating lung infection demonstrating fibroblast/myofibroblast development
and extreme deposition of extracellular framework in the interstitium causing
breathing issues. Recently, some results uncovered an incomplete help of lung fibro-
sis in patients experiencing intense respiratory syndrome (SARS). Subsequently,
the theory that cordyceps has some benefits for lung fibrosis was expressed and the
idea of more current study was pointed at investigating the target(s) of cordyceps in
the alleviation of lung fibrosis in rats and cell unit models and understanding of its
mechanisms. A rodent model of bleomycin (BLM)-incited lung fibrosis and a
fibrotic cell pattern with converting growth factor beta —1 actuation were used in the
studies. Lessening of invasion of inflammatory cells, accumulation of fibroblastic
loci and collagen, creation of reactive oxygen species (ROS), and cytokines produc-
tion, together with recuperation from unbalance of MMP-9/TIMP-1, were seen in
fibrotic rats after medication with cordyceps in prophylactic (from the day of BLM
consumption) and remedial (from 14 days after BLM) diets. In a fibrotic cell pattern
with changing growth factor beta-1 infusion, the human Iung epithelial A549 gained
a mesenchymal phenotype with an expansion of vimentin manifestation with an
associative lessening of E-cadherin. This epithelial-mesenchymal move could be
returned in part by cordycepin as a significant component of Cordyceps. The results
give an understanding of the prophylactic and remedial possibilities of Cordyceps
for the cure of lung fibrosis (Chen et al. 2012).

Cordycepin exhibited an anti-atherogenic impact on exploratory animals.
Notwithstanding, the impacts of cordycepin on the signaling pathway and cell-cycle
regulation in vascular smooth muscle units (VSMC) maintain largely obscure;
hence, in an alternate study, surprising function of cordycepin-actuated hindrance in
VSMC development were examined. Cordycepin treated VSMC mechanisms were
explored through a MTT test, an uptake trial of thymidine, FACS investigation,
immunoblot examination, kinase assay, immunoprecipitation test, and transient
transfection evaluation. Cordycepin repressed cell growth, actuated G1-phase cell-
cycle arrest, down the cyclins and cyclin-subordinate kinase (CDK) secretion, and
up-regulated p27KIP1 expression in VSMC. Cordycepin actuated JNK activity,
ERK1/2 and p38MAPK. Obstructing of the ERK activity by either ERK1/2-
particular inhibitor U0126 or a little meddling RNA (si-ERK1) restraint of cell
development, switched p27KIP1 expression, and diminished cell-cycle proteins in
VSMC treated by cordycepin. Ras initiation was expanded by cordycepin. Cells
transfection with overwhelming negative Ras (RasN17) mutant genes expanded
p27kipl declaration, saved cordycepin-instigated ERK1/2 movement, decreased
cell cycle proteins and restrained cell multiplication. In conclusion, Authors stated
that findings of research demonstrated that Ras/ERK1 pathways take part in
p27KIPI-intervened Gl-phase cell cycle arrest incited by cordycep in through
cyclin/CDK complexes reduction in VSMC (Jung et al. 2012).
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Recently, novel research was accepted to examine the cordycepin impact on the
normal sleep in rats, and intervened by adenosine receptors (ARs). Thus, electro-
encephalogram (EEG) was applied in order to record the sleep about 4 h later than
cordycepin oral administration by rats. Analyses on the sleep structure and EEG
effect spectra were performed. As a result, Cordycepin diminished wake cycles of
sleep and expanded non rapideye movement (NREM) rest. Fascinatingly, cordyce-
pin expanded (theta) waves force density throughout NREM rest. Furthermore, AR
subtypes (A2A, Al and A2B) protein levels were risen later the cordycepin con-
sumption, particularly in the rodent hypothalamus which assumes a vital part in
regulation of sleep. Subsequently, authors prescribed that cordycepin grows theta
waves force density throughout NREM rest through nonspesifiv AR in rats. Authors
declared that results were presented to give fundamental proof that cordycepin may
be accommodating for sleep-bothered issues (Hu et al. 2013).

Lately, a research study with focuson the in vitro cordycepin effects on osteoclas-
togenesis as well asthein vivo effects on ovariectomized (OVX) mice were con-
ducted (Dou et al. 2016). An in vivo result showed the significant role of cordycepin
on prevention of several diseases such as bone loss and bonemicroarchitecture as
well as fixes bone mineral in OVX mice. The authors proposed the cordycepin
asanosteoclastinhibitor and have big ability therapeutic effect especially effective
inavoidingbone loss between postmenopausal osteoporosis victims.

16.6 Production of Cordycepin

16.6.1 Cultivation Conditions for Cordycepin Production

Optimal cultural environments for the creation of cordycepin through submerged
cultures of Cordyceps sinensis and Cordyceps militariswas investigated by Kim and
Yun (2005) in shake flask level cultivation and in 5 literstirred tankbioreactors. The
mycelial biomass concentration of cordycepin attained in the submerged culture
conditions of Cordyceps militaris was greater than Cordyceps sinensis.

In same year, production of cordycepin (3'-deoxyadenosine) in submerged culti-
vationof a Cordyceps militariss was performed and the effect of different types of
carbon source and carbon: nitrogen (C:N ratio) on cordycepin was studied by Mao
et al. (2005). Glucose (carbon source) was discovered to be the suitable for cordy-
cepin production. The maximum cordycepin production of 245.7 was found in
medium of 40 gL.~! glucose. In addition, response surface analysis as well as central
composite design was used to study the impact of carbon: nitrogen ratio on cordy-
cepin production. The highest cordycepin production of 345.4 mg/l was reached in
culture media of 42.0 g/l glucose and 15.8 g/l peptone. (Mao et al. 2005).

One year later, Cordyceps militaris NBRC 9787 surface culture was used to
study the production of cordycepin (Masuda et al. 2006). In this study, 98% of
extracted cordycepin from Cordyceps militaris was excrete into medium (extracel-
lular). Mixture of yeast extract and peptone was the best for the production of
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cordycepin. Glucose was utilized as the carbon source with the optimum carbon:
nitrogen ratio of 2:1 (w/w). The maximum concentration and productivity of cordy-
cepin in the medium under the optimal condition were reported as 640 mg/l and
32 mg/day, respectively (Masuda et al. 2006).

Mao et al. (2005) described that Peptone was the best nitrogen source involved
in complex medium for the production of cordycepin. In addition, NH,*has signifi-
cant role in cordycepin production. To improve production of cordycepin, in this,
NH," was added during fed-batch culture along with complex medium in the pres-
ence of peptone. Furthermore, Maximum concentration of cordycepin
(420.5 = 15.1 mg/1) was obtained by optimizatation of feeding and ammonium feed-
ing rate.

Different compounds such as glycine, I-glutamine, l-aspartic acid, adenosine and
adenine were also supplemented to the base medium to enhance the cordycepin
production, which illustrated positive effects on the production rate. The mixture of
16 g/l glycine and 1 g/l of adenine was the most suitable concentration and sup-
ported cordycepin production up to 2.5 g/l, which was4.1 times significant than the
one in the basal medium. The results showed that guanine and cordycepin produc-
tion may be connected to each other and also about 97% of Cordyceps militaris
synthesized cordycepin was excreted into the medium (Masuda et al. 2007).

Fan et al. (2012) investigated the cordycepin productionin submerged cultivation
of Cordyceps militaris, in shake flasks level. Adding of ferrous sulfate in concentra-
tion of 1 g/l at zero time supports volumetric production of cordycepin up
10596.59 + 85.5 mg/L (70% greater than control without addition of ferrous sulfate).
Meanwhile consumption of a potential cordycepin precursor, inosine 5-monophos-
phate (IMP), was dropped significantly. In addition, study on transcription levels of
key genes encrypting IMP cyclohydrolase (purH), IMPdehydrogenase (guaB) and
adenylosuccinate synthetase (purA) in the purine nucleotide biosynthetic pathway
were done. In comparison with controlled sample, the transcription level of guaB
and purH were slowly down-regulated, while in ferrous sulfate supplemented cul-
tures, purA was expressively up-regulated (Fan et al. 2012). Recent research showed
that the optimum culture condition for production of cordycepin were pH at 5.5,
temperature 25 °C, inoculum size 8% v/v, inoculum age 72 h, incubation time 24 d.
The optimum culture medium in the same study was composed of: 1.5% dextrose,
0.8% yeast extract, potassium phosphate dibasic (K,HPO,) 0.3%, Potassium phos-
phate monobasic (KH,PO,) 0.1%, sodium chloride (NaCl) 0.05%, Magnesium
Sulfate (MgSO,) 0.05% and NaCl 0.05%. The maximal cordycepin production in
this medium was 846 mg/L (Tuli et al. 2014c).

16.7 Synthesis and Delivery of Cordycepin

A novel study on layered double hydroxides (LDHs) as nanocarriers for delivering
of cordycepin was investigated. Using XRD, CZE, TEM, FT-IR and electropho-
retic mobility confirmed negatively charged biomolecule-cordycepin intercalated in
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the gallery spaces of charge-compensating species, [Mg—Al-NO3]. Decomposition
of cordycepin by adenosine deaminase was prevented by new bio-LDH nanohybrid
particles strongly. This new preparation suggested as a new form cordycepin arterial
injection (Yang et al. 20006).

In 2008, a research study on the preparation of 4'-benzoyloxy precursor (4'-sub-
stituted cordycepin from adenosine) was carried out. In order to make the precursor,
an electhrophilic supplementation (iodo-benzoyloxylation) to the 4, 5"-unsaturated
byproducts was performed. Furthermore, radical mediated removal of the 3'-iodine
atom of the consequential adducts was done. The 4 -substituted cordycepin effec-
tiveness was concisely proved through the synthesis of 4"-cyano and 4 -allyl cordy-
cepin analogues (Kubota et al. 2008).

Moreover, for easing off the rapid metabolic velocity and also expanding the
cordycepin bioavailability, four N-acyl-(octanoyl-, propionyl-, stearoyl- and lau-
royl-) cordycepin formatives were produced artificially and their pharmacokinetic
profiles were examined. The outcomes demonstrated that half-life time (t;,) and
maximum concentration time (T,,,,) might be stretched with the alkyl chain length
expansion, however concentration time curve (AUC) and maximum concentration
(Ciuax) enhanced at first, then diminished when the number of alkyl carbon surpassed
eight. The C,,,x, Tiax and AUC of N-octanoyl-cordycepin were about 30, 4 and 68
times, respectively, greater than that of cordycepin. It showed that N-octanoyl modi-
fication could expand the cordycepin bioavailability and diminish the metabolic
activity (Wei et al. 2009).

Recently, an investigation on region selective and extremely efficient cordycepin
acyltion with an immobilized species of Candida antartica lipase B (Novozym
435)-catalyzedvinylacetateinthesolventconsumed, whichis2-methyltetrahydrofuran
(MeTHF) was carried out. High operational stability and excellent region selectivity
during the transformation displayed by Novozym 435 as biocatalyst, and 96.2%
isolated yield of cordycepin acetate 25-g scale syntheses by biocatalyst introduced
Novozym 435 as useful and effective agent on production of cordycepin. In addi-
tion, 5™-substituted cordycepin derivative was described as the mainly product from
acylation effects. Finally, Recycling of Novozym 435, as biocatalyst, for the cordy-
cepin derivative synthesis on a 25 g scale and maintaining of 63% of its unique
activity after reusing for 7 batches production (Chen et al. 2013). Moreover, the
identification of genes involved in formation of cordycepin within the fungus
Cordyceps militaris was investigated through bioinformatic analysis method. The
results showed important role of glucose methanol choline oxido reductase and
telomerase reverse transcriptase on the development of cordycepin in fruting body
of fungus Cordyceps militaris (Zheng et al. 2015).

In recent years, several methods have been applied in command to enhancethe
rate of cordycepin creation within the cell as first level biofactory unit (Lia et al.
2015) or in total manufacturing rate including the coupling of Cordyceps militaris
cells with various additives in medium culture (Das et al. 2009; Leung and Wu
2007), repeated batch culture method (Das et al. 2016), optimization of bioprocess
parameters in order to achieve higher rate of production (Tang et al. 2007; Jiapeng
et al. 2014), using mixed static-liquid culture technique (Kang et al. 2014), and
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improved feeding strategy (Velut et al. 2007) as well as cordycepin extraction
process enhancement (Wang et al. 2014; Park 2015).

Another research was conducted on the optimization of solvent-solvent
extraction method in order to efficiently extract the cordycepin from fermented
broth. The hexane, chloroform and n-butanol were used in different parameters such
as solvent-solvent ratio, extraction time and extraction temperature. Results showed
the maximum yield of extraction (95% cordycepin) was establish at solvent-solvent
ratio (1:2 v/v), 90 min of extraction at 40 °C (Tuli et al. 2014a).

16.8 Extraction, Separation, Purification and Determination
of Cordycepin

Hsu et al. (2002) investigated on characterization of the bioactive components con-
taining cordycepin and adenosine from Cordyceps sinensis. The mycelium of
Cordyceps sinensis was cultured in potato dextrose broth (PDB) for 5 day incuba-
tion period at 22 °C. The fermentation process was performed in a 5-L fermenter
with a working volume of 3-L and 10 percent of inoculum at 22 °C for 5 days. The
overall levels of amino acids were found considerably diverse, varying from 4-17%
obtained by an automatic amino acid analyzer device. Aspartic and glutamic acid
were found as two major amino acids significantly in all samples verified. The
amount of overall amino acids in the mycelium was determine only half that found
in the natural type. HPLC analysis proved that no bioactive components adenosine
and cordycepin found in the mimic and counterfeit types. Regarding to Adenosine,
it was exist rich in the fruiting body, more than in the mass of the ordinary type and
also in the Cordyceps sinensis mycelium. In terms of cordycepin, it was found in
both fermented and natural Cordyceps extracts. Results suggested that cordycepin
and adenosine can be applied as indexing elements for distinguishing cordyceps
from the mimic and counterfeit (Hsu et al. 2002).

In the same year, Capillary zone electrophoresis (CZE) method was applied to
separate adenosine and cordycepin by Ling et al. (2002). In addition, determination
of concentrations of both adenosine and cordycepin in the stroma of Cordyceps spp.
was made by CZE. Outcomes presented that the CZE technique is a rapid, simple
and sensitive system to quantify the cordycepin and adenosine concentration with
upright repeatability (Ling et al. 2002).

Regarding to cordycepin determination, an innovative capillary electrophoresis
(CE) technique with UV detection at 254 nm was advanced and enhanced (Rao
et al. 2006). Ideal settings initiate were 20 mM sodium borate buffer plus 28.6%
methanol, separation voltage20 kV, pH 9.5, temperature 25 °C and hydrodynamic
injection time 10s. Above the 20—100 pg/mLvarieties of cordycepin concentration,
linearity was found clearly. It should be noted that enhanced technique has already
been practicalfor cordycepin determination in different pharmaceutical products.
By comparing the results obtained by either CE or high performance liquid chroma-
tography (HPLC) methods, it can be found that both techniques were offered
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comparable outcomes regarding cordycepin concentration in either natural types
purchased from China and Taiwan or cultured fruiting body within the solid-state
fermentation. At the end, Authors claimed that low running cost and short analysis
time are two main advantages of CE technique were proposed (Rao et al. 2006).

In addition, Quantitative and qualitative evaluation of bases, nucleosides and
their analogues in cultured and natural Cordyceps was done utilizing high perfor-
mance liquid chromatography electrospray ionization tandem mass spectrometry
(HPLC-ESI-MS/MS) and rapid pressurized liquid extraction (PLE) (Fan et al.
2006). Extractions were done using PLE technique while ZORBAX Eclipse XDB-
C18column with 5 mM aqueous ammonium acetate as mobile phase and gradient
elution of methanol was used for separation purposes. Precursor ions, product ions,
and retention times were characterized to identify target compounds. Compounds
were analyzed quantitatively operating time programmed selective reaction moni-
toring (SRM) or selective ionmonitoring (SIM) with10segmentsinpositive (or nega-
tive foruridine) ion mode. The total numbers of 43 nucleosides, bases and their
analogues were discovered in cordyceps, which among them 16compoundswere
known separately. PLE and HPLC-ESI-MS/MS techniques explained above, were
demonstrated good selectivity, linearity, recovery, precision, short analysis time
plus LOQ and LOD in the ng/ml range (Fan et al. 2006).

In order to investigate pharmacological and physiological effects of bioactive
ingredients from mushrooms, nucleoside determination and its metabolic
compounds are important concepts should be considered initially. In other study,
a fast-response ultra-performance liquid chromatography (UOLC) technique
was created for the cordycepin determination. The detachment was done on
Water AcquityUPLC framework with Acquity UPLC BEH-C18 column with
0.5 mm acetic acid gradient elution and acetonitrile (5 min). In addition, high
value of analyte correlation coefficient was recorded at R2 > 0.9995. The LOQ
and LOD were lower to 47.0 and 11.9 ng/ml along with 1 pl of injection volume,
respectively (Yang et al. 2007).

For extracting the cordycepin from the solid state fermentation, a novel column
chromatographic extraction (CCE) technique was developed and presented.
Imbibition of dried wastes (4times its volume of water) for6 h, transferring to the
columns and washing with water were the initial steps for preparations. Separation
step was done using macro-porous resinDM130columnsfollowedby precipitation
phenomenon, crystallization process, and polyamide column chromatography as
purification steps. The results were 97% extraction rates of cordycepin gained by
4 volumes of water for washed materials distributed through 3 different columns
and 12 volumes of water for a single column aimed to concentrate cordycepin (Ni
et al. 2009).

In other study, cordycepin and adenosine were extracted from Cordyceps kyush-
uensis using supercritical fluid extraction (SFE) technique. In order to get the
optimal extraction conditions anorthogonal array strategy (OAD) test, L9(3), includ-
ing different parameter synch as temperature, pressure and flow rate of COas criti-
cal factors (Ling et al. 2009). In addition, scaling up the procedure up to 30 times
using a SFE system was successfully achieved under the following conditions
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40 °C, pressure of 40 MPa and a flow rate of CO2 (2.0lmin™"). The same study
showed also that High-speed counter-current chromatography (HSCCC) with a
two-phase solvent system constituted of collected fractions analyzed by HPLC and
ethyl acetate—n-butyl alcohol-water at ratio of 1:4:5 (v/v/v) was used successfully
for cordycepin separation (Ling et al. 2009).

Moreover, capillary electrophoresis mass spectrometry (CE-MS) technique
was improved in order to concurrent resolution of cordycepin in wild and artificially
cultured Cordyceps by 5 chlorocytosine arabinoside as standard. The CE division
environments and MS related parameters were enhanced methodically for obtaining
exceptional CE and MS results of the explored compound. The 100 mM formic acid
including 10% (v/v) methanol was reported as the optimal CE electrolyte. In addi-
tion, the optimal MS parameters were explained as 75%(v/v)methanol including
0.3% formic acid with a rate of 3 pl/min was chosen (Yang et al. 2009).

Xie et al. (2010) established a consistent, selective and sensitive liquid chroma-
tography mass spectrometry (LCMS) method using electrospray ionization inter-
face technique to separate and determine bioactive compounds adenine, thymine,
cordycepin and adenosine in mushroom Cordyceps sinensis. In this method, gradi-
ent elution technique using a 2.0X150mm VP-OD Scolumn was used for separation
(Xie et al. 2010).

Recently, One-step separation and purification of cordycepin from Cordyceps
militaris(L.) Link, in a preparative measure, has been applied using high speed
counter current chromatography (HSCCC) method (Xie Huichun et al. 2011).
A two-phase solvent method of combinations of n-hexane-n-butanol-methanol-
water (23,80,30:155, v/v/v/v) was used to perform HSCCC separation with high
efficiency. The identification of product was done using IR, UV, 'H NMR, *C NMR
and MS (Xie Huichun et al. 2011). Recent study showed simple optimized solvent
system composed of: water (23%), ethanol (30%), methanoll (25%), ethylacetate
(22%) was successfully used for cordycepin extraction (Soltani et al. 2017).

In order to get better overall look on the recent investigations on the cordycepin
determination techniques as provided above, data were summarized and presented
in Table 16.2 as follows.

16.9 Conclusion

As we have recently faced by various hard-treating diseases such as cancer among
the people in different societies, the researchers were encouraged to find the alter-
nate treatment with potential therapeutic activity. Chinese medicinal mushrooms
especially Cordyceps spp. are one of those with long history background about
2000 years which are used to treat many type of these diseases. Cordycepin is low
molecular weight bioactive compound isolated from the mushroom Cordyceps mili-
taris and/or Cordyceps sinensis and possess different biotherapeutic activities.
Therefore, the method of production and its therapeutic actions on the different
types of cancer cell lines were investigated extensively. However, more studies are
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still required to improve the production process in both upstream and downstream.
In addition, more investigations are still needed for scaling up and industrialization
of this process. Finally, finding the correlation between cordycepin and other bioac-
tive ingredients in the extract need further investigations to improve the production
process.
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Chapter 17
Biosynthesis of Nanoparticles Using
Mushrooms

Anu Kalia and Gagandeep Kaur

17.1 Introduction

Nanoparticles (NPs) are the zero dimensional nanomaterials which exhibit diverse
morphologies, dimensions and chemistry. This novel form of matter possesses
unusual physicochemical and optoelectronic properties owing to phenomena of
‘Quantum confinement’ i.e. confinement of electrons within particles that are
smaller than the bulk electron delocalization length (Foldbjerg et al. 2015).
Therefore, nanoparticles have found wide applications in diagnostics, therapeutics,
catalysis, electronics and many other fields and numerous commercial products
contain engineered nanomaterials (Zhang et al. 2016; Matsoukas et al. 2015).
Nanoparticles can be generated by several physical, wet chemistry and other
techniques. However, in the quest to design environmentally benign procedures for
synthesis of NPs, the focus of researchers has been greatly shifted from chemical
methods towards biological systems (Khan et al. 2018). Over the evolutionary
period, living organisms have acquired specialized traits that mechanistically
involve arange of escaping or counter-acting processes such as bio-accumulation/bio-
mineralization and precipitation to evade the cellular toxicity due to exposure of
xenobiotics and heavy metal compounds (Banerjee and Rai 2017). Thus, such
organisms possess resistance machinery against the respective metal/semiconductor
ions/compound (s), provided that their concentration does not exceed the threshold
limit. The components of the resistance machinery include different primary and
secondary metabolites as well as the cellular and extracellular macromolecules
which work in a consorted manner within or on surface of the living cell to accom-
plish the detoxification process. This leads to formation of NPs inside, on the cell
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surface or outside the cell through process called ‘nanobiosynthesis’ (Siddiqi and
Husen 2016).

The diversity of these macromolecules of a living cell can be harnessed to generate
different morphologies, size dimensions and consequently varied functionalities of
NPs. Biogenesis of NPs comprehensively relies on reduction of metal/semi conduc-
tor ions by various biomolecules such as proteins particularly the biocatalytic pro-
teins (enzymes), and other proteins, peptides and even amino acids; cellular sugars
(polysaccharides), and hetero—/homocyclic aromatic compounds such as vitamins
of cellular origin. Therefore, the reduction potential and capacity of the system
determines the effectiveness of the biogenerators (Siddiqi and Husen 2016).

Another specialized aspect of this clean, environmentally benign nanobiosyn-
thesis process is the utilization of the diversity of the cell types, prokaryotic to
eukaryote besides the complexity of tissue and organ systems which further intensi-
fies the multiplicity for obtaining different types of NPs. Prokaryotes such as bacte-
ria and actinomycetes have been elaborately evaluated for the synthesis of various
NPs. Likewise, unicellular eukaryotes such as single cell algae and multicellular
eukaryotes, fungi, devoid of organ-system hierarchy, have also shown a great prom-
ise for the synthesis of a variety of metal/metal oxide, non-metal oxide and semi-
conductor NPs. The fungal cell derived NP synthesis, mycosynthesis, has caught the
attention of researchers worldwide due to few peculiar characteristics of fungi such
as secretion of copious amount of diverse extracellular enzymes and proteins
which act as the reducing as well as capping agents thereby mediating the extracel-
lular NP synthesis rendering ease in the downstream isolation and purification pro-
cesses (Banerjee and Rai 2017). Moreover, the several fold quicker growth compared
to other microbes leads to generation of huge fungal biomass. This further enhances
the NP yield per unit biomass as the cylindrical fungal mycelia offer a large surface
area for interaction with the dissolved ionic forms of the metal/semiconductor
elements leading to greater extent of availability of the interface for the reduction of
ionic forms and generation of NPs (Mukherjee et al. 2001).

Among fungi, basidiomycetous macrofungi or mushrooms exhibit enormous
variability regarding their habitat and morphology. These fungi exist in the wild and
have been cultivated on farms (Atkins 1972) for their nutritional benefits due to
presence of a range of bioactive compounds spanning over saccharides, proteins to
complex terpenes, flavonoids, vitamins and minerals (Cheung 2010). The immuno-
modulatory and immune-stimulating properties of the medicinal mushrooms further
magnify the nutraceutical benefits of intake of mushroom extracts, reductions, and
concoctions. In recent few years, focus of nanoparticle research has intensified on
exploring the possibilities of NP synthesis by utilizing various genera of edible and
medicinal mushrooms. Presence of innumerable bioactive compounds in these
mushrooms offers a huge potential for NP synthesis. Numerous proteins and poly-
saccharides found in mushrooms have been employed for the synthesis of both
intracellular and extracellular organic (carbon NPs) and inorganic NPs (metal and
non-metal NPs). The mushroom derived NPs exhibit unique features such as high
stability, extended shelf-life, water solubility and good dispersion properties.
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Therefore, nanobiosynthesis using mushroom hyphae and fruiting bodies seem
to be very promising technology for the green synthesis of probably non-toxic,
eco-friendly and stable nanomaterials (Banerjee and Rai 2017).

17.2 How Mushroom Derived Inorganic Nanoparticles can
be Synthesized?

Both fruiting body and the mycelium of the mushrooms have been used for NP
synthesis. Edible and medicinal mushrooms have been utilized for the synthesis of
a variety of inorganic NPs by the use of metallic compounds such as mineral salts
viz., silver nitrate (AgNOs3), chloroauric acid (HAuCl,), sodium selenite (Na,SeO;),
zinc sulfide (ZnS), cadmium sulfide (CdS), ferrous sulfate (FeSQO,), palladium chlo-
ride and (PdCl,), alumina (Al,O;) (Vaseghi et al. 2018). The generalized protocol
starts with thorough washing of the basidiocarps with distilled water to remove any
dirt, dust and other impurities. This is followed by blending or crushing of the
cleaned fruit bodies and then suspending the resulting paste in known volume of
distilled water. The cell extract can be obtained easily by either filtering or centrifu-
gation of the suspension. The resultant filtrate/supernatant can be utilized for gen-
eration of NPs by supplementation of metal salt solution followed by incubation
with or without electromagnetic radiation exposure. Certain noble metal NP synthe-
sis can be figured out as change of color in the reaction mixture while the metal
oxide NPs such as ZnO or TiO, may exhibit shift from near transparent to white
suspension on incubation (Fig. 17.1).

%

-

Fig. 17.1 Silver nanoparticles synthesized by photocatalysis using Pleurotus florida fruit body
extract. The AgNPs can be seen embedded in a matrix which was found to be proteinaceous in
nature. (Image: Electron Microscopy and Nanoscience Laboratory, Punjab Agricultural University,
Ludhiana)
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17.3 Mechanism for Synthesis of Nanoparticles
by Mushrooms

Riboflavin is a water soluble compound that is sensitive to light and functions in the
bound coenzyme forms flavin mononucleotide (FMN) and flavin adenine dinu-
cleotide (FAD), which catalyze various cellular oxidation-reduction reactions.
Mushrooms serve a s a rich source of riboflavin and its presence in mushroom
extracts has been hypothesized to be responsible for the reduction of metal ions into
NPs. When the reaction mixture is exposed to sunlight, the flavins present in the
reaction mixture may get excited and act as electron donors or oxidizers. This gives
a signiificant insight into the mechanism for the conversion of metal salts to nano-
metals (Bhat et al. 2013).

Fungal phenol oxidases (laccases, tyrosinases, and Mn-peroxidases) have also been
hypothesized to play a role in recovery of gold, silver, selenium, and silicon nanopar-
ticles using Lentinus edodes, Pleurotus ostreatus, Ganoderma Ilucidum, and Grifola
frondosa (Vetchinkina et al. 2017). The study also introduced a hypothetical mecha-
nism of gold (IIT) reduction from HAuCl, to gold (0) by phenol oxidases that resulted
in formation gold nanoparticles of different shapes and sizes. Analysis of FT-IR
spectra supported the involvement of proteins and heterocyclic compounds in the
culture filtrate of Schizophyllum commune for the synthesis of silver nanoparticles.

17.4 Types of Mushroom Derived Engineered Nanoparticles
(ENPs)

17.4.1 Silver Nanoparticles (AgNPs)

Mycosynthesis of AgNPs was first reported by Vigneshwaran (Vigneshwaran et al.
2007) that involved the role of proteins of spent mushroom substrate (SMS) for
synthesis. Variable morphologies of the AgNPs (different shapes, sizes and topogra-
phies) have been reported from mycelial and fruit body extracts of various popular
edible and medicinal mushrooms like Agaricus bisporus (Narasimha et al. 2011),
Pleurotus florida (Bhat et al. 2011), Pleurotus sajor-caju (Musa et al. 2017),
Ganoderma neo-japonicum (Gurunathan et al. 2013), Ganoderma lucidum (Karwa
et al. 2011), Inonotus obliquus (Nagajyothi et al. 2014), Tricholoma crassum (Ray
et al. 2011), Tricholoma matsutake (Anthony et al. 2014), and Calocyble indica
(Gurunathan et al. 2015). Invariably, size variability is more often over the shape
variabilities as most reports documented formation of spherical or near spherical
morphologies though rare reports of triangular (Shankar et al. 2003) and hexagonal
NP synthesis have also been in scientific literature. As both size and shape affect the
activity potential of the synthesized AgNPs, maintenance of the monodisper nature
of the NP suspension is desirable. The mushroom derived AgNP suspensions exhibit
better stability which can be unanimously attributed to the capping action of the
mushroom macromolecules (Narayanan and Sakthivel 2010).
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17.4.2 Applications of Mushroom Derived AgNPs

Since the dawn of Nanotechnology, AgNPs have been lauded for excellent anti-
microbial activities. Therefore, majority reports advocated the evaluation of the
synthesized AgNPs against a range of plant and human pathogenic bacterial and
fungal cultures. Moreover, a synergistic enhancement in potential of antibiotics
against biofilm forming bacteria has been reported by (Al-Hamadani and Kareem
2017) on application of antibiotics in combination with AgNPs synthesized using
mushrooms. The anti-cellular effects are not restricted to microorganisms rather
significant anti-tumorogenic properties of multi-shaped AgNPs derived from
Calocybe indica have been observed against breast cancer cells (Gurunathan et al.
2015). The possible mechanism of action potential of AgNPs regarding the cytotox-
icity and apoptosis may be attributed to oxidative stress induced by AgNPs
(Gurunathan 2015). Sen et al. (2013) reported use of Pleurotus florida glucans for
the synthesis of AgNP-glucan conjugates that exhibited antibacterial activity against
multiple antibiotic resistant (MAR) bacterium Klebsiella pneumoniae YSI6A. The
antibacterial activity was hypothesized to be due to generation of reactive oxygen
species (ROS) that damaged the cellular macromolecules. The hypothesis was sup-
ported by observed degradation of bacterial DNA. Further evidence came from
introduction of ROS scavenger histidine that resulted in dose dependent decrease of
bactericidal activity of AgNPs-glucan.

17.4.3 Gold Nanoparticles (Au-NPs)

Use of gold nanoparticles (AuNPs) for a wide variety of biomedical applications,
like bio-imaging, lateral flow assays, environmental detection and purification, data
storage, drug delivery, biomarkers, catalysis, chemical sensors, and DNA detection
makes them one of the most sought after nanomaterials. Mycosynthesis of AuNPs has
been reported using a variety of genera such as Agaricus bisporus, Pleurotus sapidus,
Inonotus obliquus, Ganoderma spp. and Flammulina velutipes (Khan et al. 2014,
Lee at al. (2015), Sarkar et al. (2013). Extract of Volvariella volvacea has been used
for extracellular synthesis of Au, Ag and Au-Ag NPs in water (Philip 2009).

The dielectric heating technique is yet another alternative technique for the syn-
thesis of AuNPs that utilized edible mushroom Agaricus bisporus extract as both
reducing and stabilizing agent (Eskandari-Nojehdehi et al. 2016). This method has
been used for synthesis AuNPs of different sizes (20—-150 nm) and shapes (triangular
nanoprisms to nearly spherical and hexagonal). The AuNPs morphology particularly
the size and shape largely depended on extract temperature. Gold nanoparticles were
also synthesized using glucans isolated form an edible mushroom Pleurotus florida,
that acted to reduce chloroauric acid to AuNPs (Sen et al. 2013). The fungal glucan
acted as reducing as well as stabilizing agent for AuNPs. The resulting AuNPs-glucan
bio-conjugates were able to efficiently catalyze the reduction of 4-nitrophenol (4-NP)
to 4-aminophenol (4-AP), in the presence of sodium borohydride.
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17.4.4 Applications of Mushroom Derived Gold NPs

Flammulina velutipes derived intracellular AuNPs have been utilized to catalyti-
cally reduce organic pollutants methylene blue and 4-nitrophenol (Narayanan et al.
2015). While biocompatibility analysis of AuNPs synthesized from Ganoderma sp.
showed no cytotoxicity towards breast cancer cell lines (Gurunathan et al. 2014),
biofunctionalized AuNPs synthesized from Pleurotus florida showed significant
anti-cancer activity against four different cancer cell lines and no lethal effect was
observed in Vero cell lines (Bhat et al. 2013).

17.4.5 Selenium Nanoparticles (Se-NPs)

Elemental Se (Se?) is an insoluble metalloid which can be synthesized both chemi-
cally and biologically (Yang et al. 2008) and is proposed to be a good replacement
for selenate (Se*?) or selenite (Se**) ions in clinical practices due to its lower toxicity
(Zhang et al. 2008, 2001). Vetchinkina et al. (2013) reported that the medicinal
mushroom Lentinula edodes can be used to synthesize spherical nanoparticles of
slemental Se by reducing selenium from inorganic sodium selenite (Se'v) and from
the organo-selenium compound 1,5-diphenyl-3-selenopentanedione-1,5 (DAPS-
25). Pleurotus ostreatus, Ganoderma lucidum, and Grifila frondosa also have the
capability of formation of NPs on cultivation on selenium and germanium-containing
media (Na,SeO; and GeO,, respectively) (Vetchinkina et al. 2016). Mushroom poly-
saccharides and proteins have been used extensively for bio-functionalization of
Se-NPs. Xiao et al. (2017) reported generation of Cordyceps sinensis exopolysac-
charide (EPS)-conjugated SeNPs through reduction of SeO;*~. Formation of C—
O---Se bonds between the -OH groups of EPS and SeNPs could have resulted in
good dispersion of SeNPs in the EPS matrix. The EPS-SeNPs conjugates exhibited
significant scavenging ability against superoxide anion radical (O,”) and ABTS
radical cation (ABTS*) when compared to pure EPS, indicating that the conjugated
SeNPs reinforced antioxidant effect of EPS.

17.4.6 Applications of Mushroom Derived Selenium NPs

Pleurotus tuber-regium polysaccharide functionalized nano-selenium hydrosol
has been reported to exhibit enhanced anti-tumor effects because of synergistic
activity of mushroom polysaccharide and Se-NPs (Chen et al. 2015). The SeNPs
decorated by the water-soluble derivative of Ganoderma lucidum polysaccharides
showed immune-modulatory activity (Wang et al. 2014). Mushroom polysaccharides-
protein complexes were used as capping agent for synthesis of size controllable
and highly stable selenium nanoparticles (SeNPs) (Wu et al. 2012, 2013).
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The polysachharide-protein complex capped the SeNPs through physical adsorption
of hydroxyl groups of polysaccharides and imino groups of proteins on the SeNP
surface. These bio-functionalized SeNPs were found to exhibit enhanced cellular
uptake through endocytosis and were able to significantly inhibit human breast
carcinoma cells.

17.4.7 (dS Nanoparticles (Quantum Dots)

The increasing application of semiconductor nanoparticles like Cadmium Sulfide in
biosensors, photocatlysts, solar cells, diodes and quantum dots for targeted drug deliv-
ery and therapy has intensified the research on their biological synthesis. Macro-
fungus Coriolus versicolor has been used for extracellular synthesis of CdS
nanoparticles under ambient conditions. The sulfure required for the transformation
of toxic Cd to non-toxic CdS was found to be provided by thiol groups of fungal pro-
teins. The resulting CdS NPs were found to be highly stable and auto-capped (Sanghi
and Verma 2009). In another study, Pleurotus ostreatus was used for synthesis of CdS
quantum dots. The obtained quantum dots were of a spherical shape with predominant
size ranging from 4 to 5 nm (Borovaya et al. 2015). Cadmium Sulfide NPs were syn-
thesized by using Reishi mushroom (Ganoderma lucidum) aqueous extract and were
found to have antibacterial and antifungal properties (Raziya et al. 2006). Senapati
and Sarkar (2014) reported synthesis of ZnS nanoparticles using Pleurotus ostreatus.
The XRD analysis of the synthesized NPs confirmed that the ZnS nanoparticles had
cubic structure. Further, the analysis also revealed a relationship between smaller
particle size and increase of dislocation density and strain with increase of amount
of mushroom extract used for the synthesis.

17.4.8 Iron Nanoparticles (Fe-NPs)

Synthesis of Fe-NPs using Pleurotus sp. has been reported by Mazumdar and Haloi
(2017). UV-Vis spectra showed SPR peaks at 226 nm and 276 nm wavelength, con-
firming the formation of nanoparticles. The study hypothesized use of siderophores
by mycelium to transport the iron inside.

17.5 Future Prospects

Use of mushrooms for synthesis of nanoparticles has been a relatively new venture in
nanotechnology. However, the trend has been catching on due to many advantages
like easy downstream processing, high protein content in mushrooms, cost effective-
ness and easy scale up of processing. Extracellular and intracellular reductases have
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been found to play major role in nanoparticle synthesis. While nanoparticles syn-
thesized through mushrooms are already finding applications in fields of therapeutics
and biomedical engineering, it only appears like we have only scratched the surface
yet. For future research, mushrooms can be genetically engineered to produce more of
the enzymes involved in synthesis of nanoparticles. Elucidation of mechanisms
involved in mycosynthesis of nanoparticles in of utmost importance at this stage as
variation in mechanism in various mushroom species can help identify different
strategies of synthesis and help us modulate the size, shape and yield of nanoparticles
for their application in medicine, agriculture and technology.
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Chapter 18 )
Bioconversion and Biotransformation Creck o
Efficiencies of Wild Macrofungi
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Joao Ricardo Moreira Almeida, Eustaquio Souza Dias,

Euziclei Gonzaga de Almeida, and Félix Gongalves de Siqueira

18.1 Introduction

Macrofungi are vital for the maintenance of life on earth, meanly because of their
ability to biodegrade organic matter, such as all the components of wood. When
these microorganisms utilize organic matter as a substrate to produce a valuable
by-product, the process is called bioconversion. Purified enzymes from a macrofun-
gus can be used for the production of new, valuable by-products from a specific
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substrate, which is a process called biotransformation (Collins and Kennedy 1999).
The fungi need to obtain energy from a nutrient source to create a new product.
Complex substrates generally need to be degraded to produce sugars; this processes
is called biodegradation, which is applied to disintegration of any matter by a bio-
logical process. The biodegradation occurs through the action of specialized
enzymes. Some of these enzymes, called promiscuous enzymes, are able to degrade
several analogous substrates. Through the action of these enzymes, the fungi can
degrade/remove some toxic/xenobiotic substances by a process called biodetoxifi-
cation. When the elimination of the xenobiotic compounds occurs in contaminated
media, including water, soil and subsurface material, the fungi/microorganisms
achieve the bioremediation or myco-bioremediation. When the macrofungi degrade
complex organic matter into mineral samples, this process is called mineralization
(Coleman and Raiswell 2015).

Macrofungi are important agents that are responsible for mineralization, and
they are specialized in the process of deconstructing complex structures such as
lignin, for example (Boyle et al. 1992). With the capacity to produce different
enzymes, macrofungi can efficiently degrade a wide range of substances so they are
used as biodetoxification and bioremediation agents. Because of the ability of fungi
to adapt to the most variable and extreme conditions, different biomasses can be
used as substrates for the growth of macrofungi and the production of by-products
with great interest for industry.

18.2 Vegetal Biomass Transformation to Value By-Products

The bioconversion efficiency of a macrofungus is closely linked to its ability to
produce an enzymatic arsenal capable of efficiently degrading the most diverse
types of substrates. Through the production of an enormous variety of enzymes, the
so-called white-rot fungi (WRF) are naturally-occurring organisms that cause the
decay of fallen trees by degrading the lignin present. Under laboratory conditions,
these macrofungi produce enzymes and metabolites that are used in human activi-
ties, such as medicine, food, textile, paper, and feedstock (Chen and Chiu 2005).

E. G. de Almeida
Graduate Program of Biotechnology and Biodiversity, Federal University of Mato Grosso,
Mato Grosso, Cuiabd, Brazil

F. G. de Siqueira (P<)
Graduate Program of Biosciences, Federal University of Bahia,
Vitéria da Conquista, Bahia, Brazil

Graduate Program of Biotechnology and Biodiversity, Federal University of Mato Grosso,
Mato Grosso, Cuiabd, Brazil

Embrapa Agroenergy, Distrito Federal, Brasilia, Brazil
e-mail: felix.siqueira@embrapa.br


mailto:felix.siqueira@embrapa.br

18 Bioconversion and Biotransformation Efficiencies of Wild Macrofungi 363

Pre-treatment is essential for the reduction of recalcitrant biomass, and it func-
tions by destroying the lignin structure and, thereby, increasing the accessibility of
enzymes to cellulose. During its development in the plant material, the fungus rec-
ognizes its environment and can adapt to the present conditions by secreting exoen-
zymes or substances that help to modulate a propitious condition or to compete and
survive in the presence of other organisms (Rossi et al. 2013). During this process,
the enzymes catalyze the release of small portions of the complex macromolecules
present in the plant cell wall. This process acts as a foundation for the biorefinery
technology technology that is based on the sugar platform, and it is an effective way
to utilize the raw materials from lignocelluloses (Su et al. 2018).

Filamentous fungi produce two principal groups of enzymes that are important
for the degrading of plant cell walls: holocellulotic (cellulases and hemicellulases)
and lignolytic (oxidative) enzymes. Oxidative enzymes include peroxidases (lignin
and manganese peroxidase) and laccases. These enzymes are capable of oxidizing
smaller molecules (eg, organic acids), and they form unstable intermediates by
decomposing the lignin matrix when they are in contact with the phenolic and aro-
matic amine components of lignin (Tian et al. 2012). The deconstruction of lignin is
one of the crucial processes for reducing the recalcitrance of vegetal cell walls.

Three classes of enzymes are required for the hydrolysis of cellulose: p-1,4-
endoglycanases, exoglycanases and f-glycosidase. Endoglycanases catayze the
hydrolysis of glycosidic bonds in the interior of the cellulose chain, mainly in the
amorphous regions, to release units that are later degraded by the other two classes
of enzyme. Exoglycanases act on the terminal bonds of cellulose by cleaving it into
oligomers and cellobiose; the cellobiose is finally cleaved into glucose monomers
by the action of f-glycosidase (Kantharaj et al. 2017).

The degradation of hemicellulose is a much more complex process than that of
cellulose because of its greater structural complexity. Thus, different enzymatic
classes are required for the degradation of the different types of hemicellulose: xyla-
nases (p-1,4-endoxylanase, p-1,4-xylosidase) for the degradation of xylan. p-1,4-
endoxylanase catalyses the hydrolysis of the p-1,4 bonds of the xylan chain to
produce oligosaccharides, which are converted to xylose by f-1,4-xylosidase.
Xyloglucanase and p-glucosidases are necessary for the decomposition of xyloglu-
cans (de Souza 2013).

Wild or commercially cultivated macrofungi are able to bio-transform the vege-
tal biomass, rich in carbon and nitrogen, into valuable commercial substances, for
example, enzymes (hydrolases and oxidative enzymes), carbohydrates (f-glucans),
proteins (lectin) and secondary metabolites (lovastatin) (Kozarski et al. 2015). The
interest in these potential products from macrofungi is due to the fact that these
molecules are also useful for human activities. For example, it is necessary to make
the sugar bound in the form of cellulose and hemicellulose from the plant cell wall
available to obtain second generation ethanol. For this purpose, the recalcitrance of
the vegetal biomass, conferred principally by the lignin, must be reduced.
Macrofungi from groups of white-rot fungi are great producers of an arsenal of
enzymes that can deconstruct the lignin complex and degrade the cellulose and
hemicellulose chains into oligomers and monomers.
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The importance of enzymes from macrofungi goes beyond the ability of degrade
lignocellulosic material; fungal enzymes are required in many industrial areas
(food, textile, paper, medicine). Wild macrofungi are sources of different enzyme
classes such as laccase produced by Lactarius sp (Khaund and Joshi 2014a),
Lentinula boryana and Pycnoporus sp. (Diaz-Godinez et al. 2016). Other wild
macrofungi are able to produce enzymes that are used in medicine, such as metalo-
endo-peptidases from Tricholoma saponaceum. These enzymes are able to hydrolyze
fibrinogen and fibrin, for example (Kim and Kim 2001).

In general, domestic and wild macrofungi are true enzymes factories. These
macrofungi have the impressive ability to use different carbon-nitrogen sources to
develop so that several biomasses can be used to cultivate these fungi and then use
the hydrolases and oxidases to convert the lignocellulosic material. Wild strains
such as Trametes versicolor (CMU- TAO1), Irpex lacteus (CMU-84/13) and
Phlebiopsis sp. (CMU-47/13) have been reported to be potentially useful for the
degradation of lignin because of their oxidative activities; thus, they can be useful
for the paper industry (Damidn-Robles et al. 2017).

The same rule that governs the production of enzymes by wild macrofungi using
different carbon sources also works very well for other fungal substances, such as
carbohydrates. The difference is that the carbohydrates are usually part of the fun-
gus cell wall and membrane. These carbohydrates have different industrial interests,
such as the use of B-glucans in medicine. Several wild mushrooms are sources of
glucans. Some species are better producers than commercial species, for example,
Cortinarius violaceus (L. ex Fr.) Gray, Leucocybe connata (Schumach.) Vizzini,
Laccaria amethystina (Cooke), Trametes versicolor, Piptoporus betulinus and
Phlebia tremellosa (Sari et al. 2017).

Other commercially interesting molecules include linoleic acid (Boletus reticu-
latus, Flammulina velutipes var. velutipes, Lactarius salmonicolor, Pleurotus
ostreatus, Polyporus squamosus, and Russula anthracina) (Giing Ergoniil et al.
2013), lectin (Singh et al. 2015) and bioactive secondary metabolites. For example
Hymenogaster aromaticus has been reported to be a great producer of antioxidant
agents. It contains a large quantity of phenolic components such as (+)-catechin and
p-hydroxybenzoic acid (Zengin et al. 2017). Some studies that have obtained valu-
able by-products from wild macro fungus are summarized in Table 18.1.

The white-rot fungi are able to degrade lignin into water-soluble components and
CO, by enzymatic action so that they have total access to cellulose and hemicellu-
lose (Boyle et al. 1992). The bioconversion process process is basically based on the
utilization of the energy from the sugar present in cellulose and hemicellulose to
form the macrofungi’s own metabolites that are necessary for growth and survival.

Wild mushrooms are expected to be a great source of a wide range of secondary
metabolites and enzymes. Secondary metabolites are produced to help the macro-
fungi compete and better adapt to a rough environment; these metabolites are also
used for human activities (antibiotics, antifungals, nematicides, vitamins, anti-
inflammatory agents, polysaccharides). To grow, the macrofungi need to obtain
their nutrients mainly from dead wood, which has a recalcitrant matrix protecting



18 Bioconversion and Biotransformation Efficiencies of Wild Macrofungi 365
Table 18.1 By-product from bioconversion of vegetal biomass by wild macrofungi.
Wild macrofungi Substrate By-product References
Coprinus cinereus Sisal waste + | Laccase, lignin peroxidase, | Raymond
cow dung carboxy-methylcellulase, etal. (2015)
manure xylanase
Coriolus versicolor f. antarcticus | Malt extract | Phenoloxidase, laccase, Fonseca et al.
BAFC 266, Pycnoporus agar peroxidase (2015)
sanguineus BAFC 2126 and
Phlebiabre vispora BAFC 633,
Ganoderma applanatum
Trametes versicolor Kraft pulp + | Laccase, manganese Damidn-
(CMU- TAO1), Irpex lacteus Potato peroxidase, lignin peroxidase | Robles et al.
(CMU-84/13), Phlebiopsis sp. dextrose broth (2017)
(CMU-47/13)
Trametes sp, T. cingulata, Synthetic Lignin peroxidase, Teere et al.
T. elegans, T. poca medium manganese peroxidase, (2001)
laccase activities
Russula sp., Pycnoporus Sabouraud Antimicrobial metabolite Alofe et al.
cinnabarinus dextrose agar (2005)
Cerrena unicolor Synthetic Antioxidant and antimicrobial | (Jaszek et al.
medium bioactive molecules 2013)
Rigidoporus microporus (Sw) - Tannin, saponin, terpenoid, Falade et al.
alkaloid, steroid, (2017)
phlobatannin, anthraquinone
and cardiac glycoside
Lactarius sp. - laccase Khaund and
Joshi (2014b)
Phlebia sp. Hardwood ethanol Kamei et al.
kraft pulp (2012)

the cellulose and hemicellulose macromolecules. However, the macrofungi, white-
rot fungi, have an enzymatic arsenal that is able to biodegrade and biotransform the
organic components of the wood (lignin) so that they have access to the cellulose
and hemicellulose chains. The enzymes produced that degrade lignocellulosic material
into sugar monomers for the production of second generation ethanol by a fermen-
tation process using yeast are of industrial interest (Fig. 18.1).

18.3 Macrofungi as Decomposers

The biodegradation of lignocellulolytic materials is important in the carbon- and
nitrogen-cycling process because of the abundance of these materials in most
terrestrial ecosystems. Lignocellulolytic materials are predominantly composed
of approximately 50% cellulose, 25% hemicellulose and 25% lignin (Cosgrove
and Jarvis 2012).
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Fig. 18.1 Process of bioconversion to valuable by-products by wild mushrooms. Legend: Wild
mushrooms are natural decomposers responsible for the decay of wood (1). Wild mushrooms are
able of bioconvert the nutrients in the dead wood into important bioactive molecules for human
activities (2). For that purpose, they produce an enzymatic arsenal (3) that is capable of biotrans-
forming the complex plant cell wall components-lignin, cellulose, and hemicellulose (4) into
oligomers and monomers (5). The sugar monomers can be further employed in the fermentation
process (6) for the production of other valuable substances (ethanol, organic acids) (7)

Fungi participate in crucial processes of maintenance of tropical forests because
they act as one of the main decomposers of organic matter in the soil (Shah et al.
2017). These organisms are considered to be natural recyclers because they use an
enzymatic complex with a great capacity for degrading several substrates and trans-
forming them into nutrients for their survival (Balaes et al. 2017).

Many of these decomposing fungi belong to the phylum Basidiomycota and par-
ticipate directly in the degradation of major plant compounds such as cellulose and
lignin (Baldrian and ValaSkova 2008). Even though there is some controversy with
regard to the separation of macrofungi into two major groups on the basis of their
ability to degrade different components of plant cell walls (Riley et al. 2014), it has
still been didactically useful to divide them into white-rot and brown-rot macrofungi.
White-rot fungi degrade cellulose, hemicellulose and lignin. This action is possible
because of the presence of an extracellular enzyme system involving cellulases,
ligninases and hemicellulases. They are of notable ecological importance because
they play an important role in the decomposition of woody materials in forests.
In addition, among the fungi, the white-rot group is the only one capable of totally
degrading lignin. This degradation occurs as a result fo the presence of enzymes that
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produce hydrogen peroxide (Vasina et al. 2017). The fungi that cause brown-rot
only degrade cellulose and hemicellulose; the lignin remains intact, and it is respon-
sible for the brown color of the substrate (Monrroy et al. 2011). The ability to adapt
to different carbon and nitrogen sources means that basidiomycetes can occupy
diverse ecological niches, such as soil, wood and organic waste materials. Wild
macro fungi have the potential of efficiently bioconverting these substrates into
valuable products for the fungi and for human activities.

The ecological benefits of decomposing mycobiota go far beyond the decompo-
sition of organic matter and recycling of nutrients for plants. These fungi can
attract and interact with various groups of organisms, especially insects such as
beetles and fly larvae. They can also facilitate the creation of a fertile environment
for the emergence of algae, mosses and arachnids. They serve as food, environment
and substrate for the reproduction of these organisms, feeding an entire chain
within an ecosystem. This interaction results in a dynamic and vigorously growing
environment (Mycena, 2017).

Fungi can degrade other types of organic molecules such as waxes, rubbers,
phenol, benzene, toluene, xylene and xenobiotic substances, which are also
present in forest ecosystems. They are the main agents responsible for the
decomposition of those organic substances that impregnate the plant cells, fibers
and vessels, and prevent the entry and displacement of external agents
(Prenefetaboldu, 2002).

18.4 Soil Mycoremediation by Wild and Commercial
Macrofungi

The use of fungi in soil remediation is also called Mycoremediation and has been
reported to be a form of bioremediation. Many fungi have inhabited soil polluted by
crude oil, and they have been reported to be capable of producing enzymes that help
to predigest, degrade, utilize and mineralize various hydrocarbon pollutants.

White-rot fungi are considered to be efficient biodegraders of contaminants,
including pesticides, as the result of an enzyme production system that is composed
of lignin peroxidase, manganese peroxidase and laccase. White-rot fungi have been
reported to have an important role in the biodegradation of various xenobiotic com-
pounds, including chlorinated phenols, dioxins, polycyclic aromatic hydrocarbons,
polychlorinated dibenzofuran, polychlorinated biphenyls, polychlorinated dibenzo-
p-dioxin, lignin, explosives, pesticides and dyes. Different strains of white-rot fungi,
such as Phanerochaete chrysospoium, Trametes hirsutus, P. ostreatus, Phanerochaete
sordida, Pleurotus (florida, sajorcaju, eryngii, ostreatus), and Cyathus bulleri
have been reported because of their ability to degrade lindane, diuron and other
recalcitrant pesticides (Tortella et al. 2005).

Similarly, the fungal “waste” product from as edible mushroom farm (commer-
cial) — Spent Mushroom Substrate (SMS) — has also been reported to be a useful tool
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for bioremediation. Several studies have shown that SMS can bind heavy metals and
prevent them from migrating to water resources or being absorbed by plants from
the soil. il eliminates preservatives from wood and pesticides, chlorinated and
non-chlorinated hydrocarbons from contaminated soils (Okerentugba et al. 2015).
The compounds by SMS also play an important role in establishing and enabling
plant growth on various contaminated or degraded soils, as well as improving bios-
timulation, nutrients, soil water content and retention (Asemoloye et al. 2017).

Many studies have been performed on microorganisms with the potential for
decontamination processes. Chan-Cupul et al. (2016) analyzed the degradation of
atrazine in a soil microcosm system by white-rot fungus (Trametes maxima) and its
co-cultivation with Paecilomyces carneus and determined the absorption-desorption
kinetics of atrazine in a clay soil. They concluded that both the fungal enzyme
extract from 7. maxima monoculture and that from co-cultivation with P. carneus
were able to degrade atrazine in a short time (12 h) in a clay soil and that atrazine
was highly adsorbed by clay soil. Degradation of atrazine by enzymatic extracts of
fungi cultivated under different soil conditions revealed that both the monoculture
of T. maxima and the co-cultivation with P. carneus degraded 100% of the atrazine
in the soil, but the degradation time was shorter in the co-culture.

Huang et al. (2015) performed a market research and risk assessment for trace-
ability in edible fungi and the role of the substrate in the accumulation of heavy
metals, and they showed that there were significant positive correlations between
the concentrations of metals (Cd, Pb and As) in mushrooms and their substrates.
Martirani et al. (1996) studied the reduction of phenol content and toxicity in efflu-
ents from the olive oil industry by the ligninolytic fungus Pleurotus ostreatus, and
the initial ability of this macrofungi to survive in the presence of wastewater from
the olive oil industry (OMW) was observed in mycelia capable of growing in OMW
up to a 20% dilution. This fungus was selected for use in transforming diluted crude
OMW. Pleurotus ostreatus removed a detoxified OMW phenotype diluted to 10%
in the absence of nutrients; dilute wastewater was also decontaminated, and this
action occurred over a relatively short time (100 h). Bash et al (1999) investigated
different factors associated with the use of white-rot fungi for bioremediation using
SMS and substrate before fungal production. The contaminants were 16 polycyclic
aromatic hydrocarbons (PAHs). Compounds with three rings were similarly
degraded by the two sources; however, a significant difference was observed for
compounds that were more difficult to degrade (4 and 5 rings). In addition, four- and
five-ring compounds were degraded more rapidly when the soil and substrate were
homogenized. There was an improvement in the degradation process when fish oil
was added. The following removals occurred after seven weeks of incubation: 86%
of the total of 16 PAHs, 89% of PAHs with three rings, 87% of PAHs with four rings
and 48% of PAHs with five rings.

One of the advantages of this technology is that fertilizer components can be
produced without leaking into groundwater (in contrast to inorganic salts). With this
technology, micronutrients are bound to the surface of biological material that is
completely biodegradable (Tuhy et al. 2015). SMS, like other agricultural residues,
has been shown to contain several organic compounds and functional groups, which
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makes it a good biosorbent (Putra et al. 2014) with promising properties for use in
agriculture (Tuhy et al. 2014).

Chiu et al. (1998) tested tested nine fungi (Armillaria gallica, A. mellea,
Ganoderma lucidum, Lentinula edodes, Phanerochaete chrysosporium, Pleurotus
pulmonarius, Polyporus sp., Coprinus cinereus and Volvariella volvacea) and the
SMS of Pleurotus pulmonarius for the removal of the biocide pentachlorophenol;
and, concluded that the use of SMS for the bioremediation of sites contaminated by
biocides was promising because the performance of the substrate was better than
that of many mushroom mycelia for the removal of the biocide. Jia et al. (2017)
studied the bioremediation of soil co-contaminated with cadmium cadmium (Cd)
and dichlorophene (DCP) by SMS of Lentinus edodes and the effects on the activity
and biochemical properties of the soil. They concluded the study with promising
values and an attractive option for reuse of SMS from bioremediation.

Studies over time have defined the mechanisms used by fungi for degradation and
transformation of the contaminating compounds into compounds that can be assimi-
lated by other organisms. The fungi secrete one or more enzymes that are known to
play key roles in the processes of breaking down potentially polluting molecules. The
three main enzymes are two peroxidases and laccase, whereas tolerance to pesticides
has also been demonstrated for the the catalase group. More recently, cytochrome
P450 has been reported to be a potential remedy. Some systems are complementary,
as was observed from the activity of the laccase enzyme in the early stage of biodeg-
radation, whereas the peroxidase participated more actively in the biodegradation in
the later phase. Pizzul et al. (2009) used two mediators (MnSO, and Tween 80) to
evaluate the capacity of lignin peroxidase (LiP) (LiP), manganese peroxidase (MnP),
horseradish peroxidase (HRP) and laccase for the degradation of glyphosate and
other pesticides. The results revealed that, in the presence of MnSO, and Tween 80,
complete degradation of glyphosate by MnP occurred with and without H,O,.

18.4.1 Peroxidases

Among the peroxidases of fungal origin, lignin peroxidase (LiP) and manganese
peroxidase (MnP) are heme peroxidases, which require the presence of hydrogen
peroxide and manganese for activity and are mainly reported for the degradation of
toxic compounds by white-rot fungi. MnP catalyzes an H,O,-dependent oxidation of
Mn?* to Mn**, and the Mn* ions are stabilized by chelation with organic acids. These
chelated ions act as diffusible redox mediators facilitating the attack on several mol-
ecules and giving MnP a versatile oxidative capacity (Hofrichter 2002). On the other
hand, LiP, in the presence of H,0O,, catalyzes the oxidation of veratryl alcohol (a natu-
ral secondary metabolite in fungi that serves as a redox mediator), which then oxi-
dizes non-phenolic aromatic residues or their partial degradation products to generate
aryl radicals. These radicals, after various reactions, subsequently undergo com-
plete degradation (Pointing 2001). Studies have demonstrated the production of LiP
and MnP under conditions of nitrogen sufficiency. LiP and MnP productions are
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generally optimum at high oxygen stresses, but they are repressed by the agitation
of fungi cultured in submerged liquid culture (conversely, Lac production is
enhanced by agitation).

18.4.2 Laccase

Laccases are copper-containing extracellular enzymes from the group of blue
oxidases, which use copper as a cofactor and molecular oxygen as the co-substrate.
Laccases are able to oxidize most of the phenolic and non-phenolic compounds
produced during the degradation of pesticides, and their activity has been observed
to be 20 times greater in white-rot fungi, such as Trametes versicolor, than those of
other organisms (Margot et al. 2013). Viswanath et al. (2014) reported detoxifica-
tion mediated by marine fungal laccase. The non-specific nature of their activity on
a variety of substrates makes them ideal catalysts for the metabolism of a variety of
insecticides (Donoso et al. 2008). In the presence of molecules that act as mediators
of electron transfer, laccases are able to oxidize many compounds (Atalla et al.
2013), and some of these laccase mediators are produced during the normal meta-
bolic activity of white rot fungi (Asgher et al. 2008). Several recent studies have
demonstrated the combined involvement of peroxidase and laccase enzymes in the
biodegradation of different pesticides (Donoso et al. 2008; Kadimaliev et al. 2011).
For example, Donoso et al. (2008) documented the involvement of peroxidase and
laccase activities in the degradation of tribromophenol by Trametes versicolor.
Kadimaliev et al. (2011) also measured the biodegradation of phenol by Lentinus
tigrinus in liquid medium with the combined action of laccase and peroxidase.

18.4.3 Catalase

The production of reactive oxygen species (ROS) is a general toxic response in
many biological systems. The accumulation of ROS results in damage to cell
macromolecules, which is detrimental to cell integrity. Experiments with many
other fungi have suggested that catalase activity could be used as a monitoring tool
to quantify the efficiency of bioremediation (Lin et al. 2009).

18.4.4 Citocromo P450

The cytochrome P450 (CYP) enzyme system is a large family of widely distributed
cysteinatoheme enzymes in nature that participate in the oxidative transformation of
many endogenous and exogenous molecules through the insertion of an oxygen
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atom into a substrate and the consequent reduction of the oxygen atom to a water
molecule (Ichinose 2013). Fungal CYP possesses hydrolytic and an enzymatic
hydrolytic-oxidative complex for the detoxification of compounds in the environ-
ment. In addition to these systems, certain fungi have intracellular networks consist-
ing of cytochrome P450 monooxygenases and glutathione transferases, which
constitute its genome, for dealing with various types of pollutants. A cytochrome
P450 (CYP) monooxygenase has been shown to be involved in the transformation
of organochlorine compounds. In addition, CYP from white rot fungi was also
involved in the initial oxidation in the degradation of pyrene, anthracene, fluorene
and dibenzothiophene, through the production of epoxidation products (Bezalel
et al. 1996). Analysis of the genome of P. chrysosporium showed that cytochrome
P450 monooxigenases represent the largest and most important group of P450
genes in any fungal species and that the induction of these clusters is differentially
expressed, depending on the type of xenobiotic and nutrition (Yadav et al. 2006;
Yadav and Loper 2000). Many other fungal enzymes are also involved in combina-
tion with the degradation and detoxification of insecticides. While studying the deg-
radation of simazine, trifluralin and dieldrin from T versicolor and P. chrysosporium,
Fragoeiro and Magan 2008, observed the production of extracellular enzymes with
higher cellulase/dehydrogenase activity. Similarly, the degradation of organophosphate
monocrotophos insecticides by three fungal strains — Aspergillus flavus, Fusarium
pallidoroseum and Macrophomina sp. — was bound to the extracellular release of
alkaline phosphatase, inorganic phosphates and ammonia (Jain et al. 2014).

18.5 Biodegradation in the Plant-Soil-Microbiota
Relationship

The rhizosphere is densely populated with a variety of organisms. The interactions
between members of the root and rhizosphere community are mainly achieved
through chemical communication (Dam and Bouwmeester 2016).

By nature, soil communities are extremely diverse. As a consequence, the rhizo-
sphere' is populated by numerous organisms, including nematodes, fungi, bacteria,
arthropods and herbivores (Bonkowski et al. 2009). Each of these organisms, alone
and in combination, can interact with the plant. Soil organisms depend mainly on
chemical communication because other forms of communication are not viable
underground. In fact, plants secrete a wide variety of primary and secondary plant
metabolites into the rhizosphere to facilitate interactions with their biotic and abiotic
environment. Even the root exudate of a small plant species, such as arabidopsis
(Arabidopsis thaliana), can contain more than 100 different metabolites (Strehmel
et al. 2014).

The main mechanism in bioremediation processes is the production of enzymes
that have the ability to degrade xenobiotics. The peroxidase, laccase, catalase and
cytochrome p450 enzymes are capable of degrading a diverse group of environ-
mental pollutants, including dioxins, polychlorinated biphenyls (PCBs), petroleum
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hydrocarbons, HAP, trinitrotoluenes, industrial dye effluents, herbicides and
pesticides (Magan et al. 2010).

The challenge over time is the production of sufficient enzymes for industrial use.
The co-cultures have shown a great potential for inducing the production of these
enzymes. Schneider et al. (2018) evaluated the effect of different sources and
concentrations of carbon and nitrogen on the secretion of ligninolytic enzymes from
a basidiomycete M. palmivorus VE111. They concluded that the concentrations of
carbon and nitrogen interfere in the production of ligninolytic enzymes by this
fungus, and they found that lower glucose concentrations in combination with inter-
mediate concentrations of casein yielded the highest activity of laccase and peroxi-
dases in a bioreactor. The activities of laccase and peroxidases achieved in this study
were among the highest found in the literature.

Despite all the studies favoring the use of co-cultures in bioremediation
processes, there are some factors that still need to be considered and studied. The
bioremediation process in field studies is conducted under non-sterile conditions.
White rot fungi’s ability to colonize non-sterile soil differs from species to spe-
cies. This ability also depends on the antagonistic activity in mixed cultures and
consortia. An antagonist interaction is a more likely occurrence; as such, one should
consider the negative effects that resident flora might have on the growth of newly
introduced fungal species. Therefore, an investigation of the antagonistic effect of
fungal co-cultures is of great importance (Albert et al. 2011).

18.6 Omics Approaches to Wild Macrofungi

Great attention has been directed to macrofungi because they have been shown to be
an important source of molecules and food with great nutritional value. Because
only a small percentage of macrofungus species are known, compared to their real
extension in nature, wild macrofungi can be a great and unprecedented source of
nutritional food and a source of better bioactive molecules or species that can be
used to biodegrade/biotransform different types of substances. To better understand
the environmental relationship and potential of these unknown species, techniques
that are part of the “omics” concept are required.

Onmics is revolutionizing the way biology is studied and how life is perceived.
Omics approaches can provide a global view of an entire living system, which can
englobe the processes that happen in a single cell or the interaction between cells or
two or more different organisms (https://omics.org). The omics field has been driven
largely by technological advances that have made cost-efficient analyses intrinsic to
biologic systems possible, especially disease studies (Hasin et al. 2017). Fungal
omics are now extensively applied to assist in the comprehension of both the funda-
mental fungal biology and related applications, including understanding and evalu-
ating the processes that lead to fungal biotransformation and bioremediation
efficiency. Genomics, transcriptomics, metabolomics, and proteomics can be used
to understand the microbial network in an effective way. These “omics” approaches



18 Bioconversion and Biotransformation Efficiencies of Wild Macrofungi 373

play an important role in understanding the molecular mechanism of degradation
because of the ability to bring new perspectives, and they have been discussed at
both the single species and at community levels (Aydin et al. 2017).

Silva (2016) states that fungal genomics deals with the discovery and character-
ization of all the sequences in the entire genome. However, the determination of the
genomic sequence is only the beginning. Once it has been achieved, further work
should be performed to determine the entire process, such as addressing a function
of the numerous genes and compare with other organisms, study the expression
profile, study the protein “expression profiling” (proteome) and study the low
molecular weight compounds in the cell (metabolomics).

Even though there are visible advances in wild macrofungi by the omics
approaches, there is a lack of information regarding fungal lifestyle and evolution,
fungi-fungi interactions and fungi-environmental relationships. All the genomic
material of the cells from hyphae can be extracted from an isolated specimen.
Certification of the right species of the fungi and screening of specific genes for
potential enzymes, proteins and secondary metabolites can be achieved with the
entire genome. Knowledge of the potential for the enzyme production of the fungi
is important mainly for understanding how the species can degrade hard wood or
degrade other xenobiotic substances, for example (Li et al. 2018).

When is working with pure cultures, some information remains missing when
all the fungal information is obtained with the omics technique, except that from
the genomic method. This happens because the fungi are grown in a purified
environment. Generally, the medium is made with sugar, water, and other nutri-
ents readily available for the fungi, which does not happen in the nature.
Therefore, the fungal potential is supressed under some laboratory conditions
(Bertrand et al. 2013).

Methods such us cultivation in complex biomasses and co-culture with different
microorganisms, including other fungal species, might help to activate the potential
of these macrofungi (mushrooms) to produce different metabolites in quality and
quantity. Criation of new toolbox approch macrofungi “omics” are required to
understand how these changes occur by modifying just the environment. Some
strategies that are able to visualize a biological system are necessary, and this visu-
alization can be achieved by a multi-omic approach.
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Chapter 19

Wild Macro-Fungi from Northwest
Himalayas: Future Prospects

and Challenges

Monika Thakur

19.1 Introduction

With the increasing population and fast depletion of natural resources, it became
necessary to explore the possibilities of using newer indigenous untapped plant
resources. There are many natural resources, still lying unexplored and underex-
ploited. Therefore, there has been focused attention by the researchers on exploiting
underutilized natural resources for multifarious use. India possesses a rich treasure
of wild edible mushroom. In the classification of forest products the mushrooms are
covered under “Minor Forest Products”, along with resin, honey, bamboos and
medicinal plants etc., though the role they play in nature is a major one (Lakhanpal
2000; Thakur 2015; Thakur and Lakhanpal 2015 and Lakhanpal and Sai 2016)

Before the era of cultivation and domestication began, the mushrooms were col-
lected and consumed from the wild only. Wild edible mushrooms, till date continues
to be an integral component of the culture of many ethnic groups across the Indian
local villages. Besides the gastronomic delight that they offer, these wild mush-
rooms have been exploited for their potential curative properties and are part of
some medicinal practices. But, while collecting mushrooms from the wild natural
sources, where the edible and the toxic ones may grow close by, there is no clear
identification for the edibility of these mushrooms. Thus mushroom hunting, despite
being an age old practice, involves a high risk of poisoning, even for an experienced
forager.

Mushrooms have been consumed from wild and a speciality food form times
immemorial. Wild edible mushrooms have been the food in wilderness; which now
has come to occupy a very popular place in modernistic regimen, because of
nutritive and medicinal value (Bano 1976). The Greeks regarded mushrooms as
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providing strength to soldiers in wars, Romans considered wild edible mushrooms
as ‘Foods of the Gods’ while Chinese regarded them as ‘Elixir of Life’ (Chang and
Miles 1982). Before the era of industrialization, the mushroom were collected and
consumed from the wild. Those species which still defy cultivation or for which the
cultivation technology is eluding are collected and consumed. Many of them are
highly prized and priced as well. The wild edible mushrooms comprise a very vast
variety of macro-fungi (Wasson 1980). They occupy diverse habitats and occur in
climates ranging from tropical, subtropical to temperate occupying niches on
ground, grass, litter, soil, wood all over the world and an integral component of the
forest ecosystem.

There have been around 15,000 mushroom species globally and amongst them
around 7000 species are edible; amongst these about 2000 species are considered
nutraceutically important and about 200 are known to be mycorrhizal. Till date only
200 of them have been cultured in lab, 100 cultivated economically, approximately
60 grown on commercial scale and 10 have been grown in industrial level (Chang
and Miles 2004). The present review provides an account of wild edible mushrooms
specifically pertains to N.W. Himalayas. Wild edible mushrooms have been also
underutilized and untapped resources, as wide variety of mushrooms are still under-
exploited (Lakhanpal 1994; Thakur and Lakhanpal 2015; Thakur 2015; Lakhanpal
and Sai 2016). In last decades, the focus has been shifted from other herbal natural
products to wild edible mushrooms and their use by native people in food and medi-
cine (FAO 2004).

The chapter, highlights the ethno-mycological aspects (dietary and therapeutic
uses), mycophagy, nutritional and Nutraceutical potential, marketing, production
and sustainable conservation of the wile edible mushrooms, so that their under-
exploited potential shall be fully exploited.

19.2 Ethnomycological Studies

Ethnomycology is the branch of Ethnobotany and study the interaction of people
and fungi. The ethnobotanical studies on fungi have been termed as ‘Ethnomycology’
as, “The study of the use of fungi by the native or tribal people” (Wasson 1980).
Mushrooms played an important role for mankind as food, poison, medicine, in
folklore, and religion (Militoris 2001). FAO (2004) listed ethnomycological impor-
tance of wild edible fungi as a source of nutritional components; source of income;
source of delicacy and many other health benefits. Ethnomycology includes the
cultural, ceremonial and medicinal uses of wild fungi by native people. Previously
very little attention has been paid for the use of wild edible mushrooms by the local
inhabitants. But as time passed, with the scarcity of food from natural resources and
increasing interest of public in new and different food and their medicinal values
has built up and expanded the market of wild edible mushrooms.

Ethnic knowledge in mycology is still prevalent in tribal and local inhabitants
(Singh 1999). If such work is undertaken in the right perspective, the ethnomycological
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studies disclose the traditional wisdom and are under the danger of extinction and
are vanishing rapidly due to assault of modern civilization and changes in suste-
nance economy. Several mycologists have reported ethnomycological usage of this
natural resource wealth from some regions of India (Pandey and Singh 1978;
Lakhanpal and Shad 1986a, b; Lakhanpal and Kaisth 1987; Harsh et al. 1993, 1996;
Rai et al. 1993; Lakhanpal 1994; Lakhanpal 1997; Boruah et al. 1997; Kamat 1999;
Lakhanpal and Shad 1999; Rana 2006, 2002; Deshmukh 2004; Sagar et al. 2005;
Lakhanpal and Rana 2005; Lakhanpal et al. 2010; Singh and Aneja 1999; Kumar and
Sharma 2011; Thakur 2015; Thakur and Lakhanpal 2015; Lakhanpal and Sai 2016
and Paul et al. 2018). This has been very important that the traditional ethno-
mycological data is well documented so that the same can be passes from generation
to generations.

1. Wild Edible Mushrooms: As Underutilized Treasures of Nature

In India, the mushroom cultivation has shown the progress in the field of food,
medicine and employment at the grass root level. Their cultivation had shown
improvement in sustainable livelihood but the nutraceutical potential is yet to be
fully explored. Now days, mushroom production technologies have grown enor-
mously but still the cultivation technologies are not successful in many wild edible
species.

(i) Cultivated Mushrooms

From amongst the edible mushrooms, about 21 species have been successfully
cultivated artificially. Some of the most important species which have been com-
mercially exploited all over the world are: Agaricus bisporus (button mushroom),
Pleurotus sajor caju, P. ostreatus (Dhingri, oyster mushroom), Volvariella volvacea
(straw mushroom), Lentinus edodes (Shiitake, Japanese mushroom), Agrocybe sp.
(Black Popular Mushroom), Calocybe indica (Milky mushrooms), Aurocularia sp.
(wood Ear mushrooms), Ganoderma lucidum (Reishi mushrooms) (Manjit 2011;
Thakur 2015). There are enough challenges ahead. Still there is vast number of the
species collected and consumed from the wild and the numbers of wild edible
mushrooms are not explored.

(ii) Wild Edible Mushrooms

Wild mushrooms are also important Non-Timber Forest Product (NTFP’s) from
the forests and are being used as food since time immemorial (Devkota 2008). From
India, many species of edible fungi has been reported to be traditionally and regularly
consumed by the local inhabitants without causality and fatality. Table 19.1 and
(Figs. 19.1, 19.2) lists the wild edible species which have been regularly consumed
by people having both nutritional and medicinal potential.

2. Mycophagy

Mycophagy is the study of consuming fungi (mushrooms) collected available in
wild forests. This practice has been very common by the tribal population and local
inhabitants. Many people consume these wild mushroom fruiting bodies on the
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Table 19.1 Major Wild edible mushrooms from North West Himalayas

Sr. No. | Wild edible mushrooms Use (Edible / Medicinal)

1 Lactarius deliciosus; L. Sanguifuulus Edible

2 Russula brevipes Edible

3 Boletus edulis; B. Hoarkii Edible

4 Cantharallus cibarius Edible

5 Sparasis crispa; S. Radicata Edible

6 Hericium coralloides Edible

7 Trappeinda himalayansis Edible

8 Albatrellus cristatus Edible

9 Helvella crispa; H. Elastic Edible

10 Ramaria bitrytoides Edible

11 Hydnum repandum Edible

12 Volvariella bombycina Edible

13 Morchella angusticeps; M. Deliciosa; M. Esculenta; Edible & Medicinal
M. Crassipes; M. conica

14 Cordyceps sinensis Edible & Medicinal

15 Termitomyces sp. Edible

16 Lycoperdon pusitum Medicinal

17 Rhizopogon spp. Edible

18 Ramaria spp. Edible

Fig. 19.1 Wild Edible Mushrooms, (a) Morchella sp.; (b) Lactarius delicious; (¢) Rusulla brevi-
pes; (d) Boletus edulis; (e) Volvariella bombycina; (f) Hericium coralloies
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Fig. 19.2 Wild Edible Mushrooms, (g) Helvella crispa; (h) Sparassis crispa; (i) Termitomyces
sp.; (j) Cordyceps sinensis; (k) Lycoperdon sp.; (1) Hydnum repandum

basis of their aroma, earthy flavour, texture and taste. They even don’t have idea
about the nutritional and nutraceutical importance of the same (Ene-Obong and
Camovale 1992; Osemwegie et al. 2006). This is a very common practice. But
before consumption, one should have a proper knowledge of edibility and a fool-
proof method to identify poisonous mushrooms. Unfortunately no such method
exists and those which have been used in the past have proved to be just figments of
superstition. It was believed for instance that if a silver spoon / silver can / an onion
boiled with fungi turned black, this was an infallible sign that the mushrooms was
poisonous. One should neither be afraid nor careless with the consumption of wild
mushrooms. Species that cannot satisfactorily identify should be used only after an
expert has declared them edible (Thakur 2015).

19.3 Importance of Wild Edible Mushrooms

In the past decades, because of ethno-mycological data there has been visible upsurge
in the collection, consumption and selling of wild edible mushrooms available in the
forest areas. Historically, there has been no documentation of mushroom gathering
and hunting by people, but the ancient wisdom of collection and consumption is
reflected through the species collected and consumed. During the past few years,
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export market is also developing for other wild edible mushrooms. Aside their
importance as a source of food and income, they are excellent sources of various
bioactive compounds showing medicinal properties (Das 2010; Singh and Aneja
1999; Lakhanpal and Sai 2016). The collection of wild edible mushrooms by the
local inhabitants can directly improve livelihoods through economic, nutritional,
medicinal attributes and also ecologically beneficial as mentioned below:

(a) Nutritional Potential

Mushrooms are the macro-fungi that have been used as traditional food since
time immemorial. Nutritionally they are valuable health food, which is low in calo-
ries, rich in carbohydrates, proteins, essential amino acids, fibre, vitamins and min-
erals and many important bioactive components. The consumption of mushrooms
can make a valuable addition to the often unbalanced diets of people in developing
countries. The mushroom fruiting bodies have also been an excellent source of high
quality proteinaceous food (Singh and Aneja 1999).

(b) Medicinal Potential

Mushrooms fruiting bodies are also known as ‘Health potentiators’ and
‘Elicitors of immune system’. In the last two decades there has been an upsurge on
the use of wild edible mushroom fruiting bodies in the form of mycelium, powder
or extract form in form of functional foods or nutraceuticals. As there has been
much awareness now on the relationship between diet and disease, and this has
evolved the concept of Myco-nutraceuticals. Myco-nutraceuticals are complete
foods that are eaten not only to satisfy functional dietary needs but also elicit addi-
tional medicinal benefits. Mushrooms also have been variously used in traditional
Indian medicine system. Many mushrooms like puffballs have been used on wounds
to reduce inflammations and infection. Many species have also been traditionally
used as tonics, aphrodisiacs and in several other preparations. The derivatives form
the medicinally important wild edible mushrooms — the bioactive components have
received diligence for improving biological function thus making people fitter,
healthier and prosperous.

(¢) Income Benefits

Wild edible mushrooms having very good commercial value are species of
Morchella, Helvella, Hericium, Sparassis, Hydnum, Trapeinda, Clavaria, Ramaria,
Boletus, Albatrellus, Cordyceps, Lactarius and Rusulla (Lakhanpal 2000; Thakur
2015). All these mushrooms are consumed as well as sold fresh, collected and dried
for sale. A few species of wild edible mushrooms dominate the world market with
an estimated value of more than 2 billion dollars (Wang and Hall 2004).

In India the most valued and important mushroom species collected are Morchella
spp. (Morels) and Cordyceps sinensis. Morels are presently the costliest and also
most sought after edible mushrooms with great commercial potential. Till date,
so many attempts have been made to domesticate morels, but all in vain and the
process to domesticate morels is still incomplete (Singh and Aneja 1999; Thakur
2015). Himachal Pradesh, Jammu Kashmir and Uttrakhand are the main exporters
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of morels in India (Lakhanpal 1994). Every house sells around 10-15 kg/season and
the annual return only from one village is Rs. 1-1.5 Lakhs/season. The main trading
markets for the selling of morels are: Pathankot, Amritsar, Delhi and Bombay. From
these centers the morels are exported to France, U.K., Switzerland, Dubai, Germany
etc. and their export range from 150—170 million rupees (Igbal 1993).

Some other species (other than morels) are also used in local trade and export.
Cordyceps sinensis is one of the wild costliest mushrooms but mainly valued for
medicinal values and nutraceutical potential. The cost of one kg of wild collected
Cordyceps sinensis in the market varies from Rs. 60,000 to Rs. 1 lakh in India.
Therefore, the collection of these wild edible mushrooms contributes to the income
of the tribal population and local inhabitants.

19.4 Production and Trade of Wild Edible Mushrooms

(i) Drying and storage

Owing to a high moisture content of 80-85%, fresh mushrooms are perishable in
nature and deteriorate very quickly. Freshly harvested morel fruiting bodies can
only be stored at ambient temperatures for only 24 h, and after that the same are to
be refrigerated, just to increase their shelf life for 2-3 days. Traditional drying has
been the easiest, fastest and long lasting method of preservation. The collected
mushrooms are cleaned with a damp cloth or a soft brush to remove mud, dirt,
debris, bugs and insects, etc. These are then dried in the sun by spreading them on
slate roofs or by making ‘garlands’. The garlands may be dried indoors by hanging
them above the fireplace where fuel wood is burnt for cooking. Drying on roof tops
has been discontinued by many people because it causes dark spots to appear on the
morels. Instead, they are first spread on gunny bags for 3—4 days to absorb surplus
moisture and then are left to dry in the sun for 2-3 days.

The specimens to be marketed are preserved by wrapping in polythene’s or paper
bags and those kept for home consumption are hanged indoors. It is believed that
drying enhances the flavor and aroma of these mushrooms. They are kept in closed
chambers (with little ventilation) as in open they may absorb moisture and initiate
the spoilage process. Almost identical data on drying and storage of mushrooms has
been recorded by a number of researchers working in this field (Shad 1985; Shad
1989; Jandaik and Sharma 1995; Rathore 2001; Thakur 2015; Paul et al. 2018).

19.5 Production and Trade

So far the forests resources were considered only as a source of timber and timber
products. Now it has been realized that forests are actually store houses of large
number of other resources also. Mushroom though classified as MFP or NTFP in
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reality play a major role in ecological processes of the forest. The extraction for
these MFP’s and NATP’s has been constructive while the extraction of timber can
be destructive process. Marketing of wild edible mushrooms by the local inhabit-
ants contributes to the food security, nutritional and medicinal benefits; generating
additional employment and income (local, regional and national trade); and offering
opportunities for various small village level entrepreneurs (Marshall and Nair 2009;
Singh and Aneja 1999; Singh, 2011; Lakhanpal and Sai 2016). Picking and selling
of mushrooms form wild supplements income of the people.

Production of mushrooms has been seasonal activity, but where the snow falls,
the activity is both during the rainy season and spring season and in other areas it is
only during rainy season. The ethno-mycological information for collection, con-
sumption and trade of wild edible mushrooms is only speculative in India.
Nevertheless, it is certain and observationally correct, that wild mushrooms are col-
lected and consumed by local people, especially rural populations and almost all the
tribal people for consumption and for trade as well. In North East India, in most of
the places it is an organized activity and wild varieties of mushrooms are displayed
in the markets and sold to the customers regularly (Thakur and Lakhanpal 2015). In
India there has been large population which is mycophilic but the data is neither
systematized nor categorized, which actually needs to be quantified and qualified.

19.6 Myco-Nutraceuticals Form Wild Edible Mushrooms

The medicinal mushrooms has emerged a new field of nutraceuticals in past two
decades and it is interesting that most of the cultivated and wild edible mushrooms
have been proven to be medicinally useful. Mushrooms though been used as food
since time immemorial and their nutritional value is well recognized. In many Asian
cultures, especially China, mycophagy is very common and is used to promote good
health, vitality and to increase the adaptive capability of the individuals (Lombardi
and Rountree 2002). The usage of mushrooms fruiting bodies for health benefits
was most probably in the form of extracts, health tonics, beverages, tea’s, soup con-
centrates, and arid healthful food dishes. The mushroom fruiting bodies are com-
plete nutraceuticals (contain many bioactive components and then termed are now
termed as ‘Mushroom Nutraceuticals’ (Smith et al. 2002). The term “Mushroom
Nutraceuticals” has been coined by Chang and Buswell (1996) and is a refined /
partially defined extractive from either mycelium or fruiting bodies, which is con-
sumed in a capsule or tablet form as a dietary supplement (not as a regular food)
with potential therapeutic applications (Lakhanpal and Sai 2016). Therefore, mush-
rooms are beneficial with dual role as, they have nutritional value plus accrue health
benefits. The metabolites from the nutraceuticals may exhibit various properties
such as anti-tumour, immune-modulating and hypo-chloestrolemic properties etc.
In the last decades, there has been an upsurge on the use of mushrooms as nutra-
ceuticals. Many cultivated and wild edible mushroom species have been thoroughly
investigated and authenticated for medicinal use. The species that have been properly
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analysed for medicinal value are: Ganoderma Ilucidum (Reishi), Lentinus edodes
(Shiitake), Grifola frondosa (Maitake), Agaricus blazei (Himematsutake), Cordyceps
sinensis (Caterpillar fungus), Pleurotus ostreatus (Oyster mushroom), Morchella spe-
cies (morels) and Hericium erinaceous (Lions mane) etc. There are various bioactive
components present in the fruiting bodies like polysaccharides, proteins, vitamins,
and other phytochemicals. These have been good for the body as they provide some
of the important health benefits like — immune enhancement, anti-cancerous
effects, anti-HIV and anti-viral activity, and reduce the toxic effect of chemo- and
radiotherapy (Wasser and Weis 1999; Wasser et al. 2000). Some of the fruiting bod-
ies also show the aphrodisiac properties and many commercial application are also
available in the markets (Lakhanpal and Rana 2005; Thakur 2012 and Thakur 2015).

(i) Antioxidant Potential

The antioxidant rich food reduces the plunge of various diseases (Liu et al. 2009;
Huang et al. 2007). Mushrooms contain various biologically active components as
phytochemicals and have antioxidant properties (Thakur and Sayeed 2014; Thakur
and Lakhanpal 2015). The listed species which possess antioxidant properties are:
Agaricus bisporus, A. brasiliensis, A. silvaticus, Agrocybe cylindracea, Antrodia cam-
phorate, Boletus edulis, Boletus badius, Geastrum saccatum, Grifola frondosa,
Hypsizigus marmoreus, Inonotus obliquus, Lactarius sanguifluus, Laetiporus sulphu-
reus, Lentinula edodes, Leucopaxillus giganteus, Lepista nuda, Morchella esculenta,
Phellinus linteus, Polyporus squamosus, Russula delica, Suillus collitinus, Turbinaria
conoids, Verpa conica (Thakur and Sayeed 2014; FAO, 2004; Elmastas et al. 2007,
Soares et al. 2009; Barros et al. 2008; Tsai et al. 2007; Shu and Lung 2008; Ribeiro
etal. 2008; Sarikurkcu et al. 2008; Dore et al. 2007; Lee et al. 2007a, b, 2008; Turkoglu
et al. 2007; Zheng et al. 2005; Song et al. 2003; Chattopadhyay et al. 2009; Thakur
and Lakhanpal 2015).

(ii) Anti-microbial Potential

In addition to antioxidant activity, the mushrooms have been shown to display
antimicrobial activity of a varying degree. The mushroom species showing antimi-
crobial activities are: Cheimonophylum candissimum, Clitocybe cyathiformis;
C. diatreta, Cordyceps militaris, Coprinus atrementarius, Crepidotus fulvotomento-
sus, Lentinus edodes, Lactarius sanguifluus Russula delica, Morchella esculenta,
M. conica, Ganoderma lucidum; G. japonicum, Laetiporus sulphureus (Thakur and
Lakhanpal 2015; FAO 2004; Thakur and Sayeed 2014; Elmastas et al. 2007).

(iii) Anti-tumoral Properties

One of the most significant features of almost all the mushrooms analyzed is their
anti-tumor activity. The species showing anti-tumoral activities are: Agaricus
brasiliensis, Agrocybe aegerita, Albatrellus confluens, Cordyceps sinensis, Coriolus
versicolor, Fomes fomentarius, Ganoderma capense, Ganoderma lucidum, G. tsugae,
Grifola frondosa, Inonotus obliquus, Poria cocos (Peng et al. 2003; Ngai and Ng
2004; Kim et al. 2006; Cui et al. 2007; Hatvani 2001; Fan et al. 2007; Dyiabalanage
et al. 2008; Harhaji et al. 2008; Chen et al. 2008; Rubel et al. 2008).
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(iv) Anti-inflammatory and Immuno-modulatory properties

Mushrooms are also known to have a wide variety of bioactive components having
a wide range of therapeutic effects and can act as immuno-modulatory, anticar-
cinogenic, antiviral, antioxidant, and anti-inflammatory agents (Lee et al. 2007a, b;
Kim et al. 2006; Nishizawa et al. 2007). The concentration and efficacy of the bioac-
tive compounds available will depends upon the type of species, cultivation trials,
fruiting bodies, prevalent storage conditions, processing and cooking process. Many
of the bioactive compounds found in mushrooms exhibit significant anti-
inflammatory properties. The most of the well-known mushroom species and their
anti-inflammatory and immunomodulatory properties, along with their bioactive
compounds are: Agrocybe cylindracea (Agrocybin), Amanita muscaria Hot water,
methanolic and ethanolic extracts, Cordyceps militaris (Aqueous and alkaline),
Fomitopsis pinicola (Polysaccharides), Ganoderma lucidum (Triterpene), Geastrum
saccatum (Glucans), Inonotus obliquus (Hot water), Phellinus linteus (Butanol
fraction), Poria cocos (Polysaccharides), Coriolus versicolo (Polysaccharide),
Ganoderma lucidum (Fractions, Polysaccharide), (Kim et al. 2004; Zheng et al.
2005; Lu et al. 2009, 2006; Ji et al. 2007; Gu and Belury 2005; Wu et al. 2006; Kim
et al. 2006; Nishizawa et al. 2007; Yang et al. 2007; Dore et al. 2007; Smirdele et al.
2008; Cheng et al. 2008; Dudhgaonkar et al. 2009; Van et al. 2009).

(v) Prebiotics

Wild edible mushrooms are rich in dietary content and are the good source of
carbohydrates and thus potential sources of the prebiotics. They are considered
non-digestible food ingredients which stimulate the growth of beneficial bacteria
(probiotics) in the gastrointestinal tract. They mainly consist of the dietary fibers
and oligosaccharides (Thakur 2016). They are having the beneficial effects like gut
health maintenance, cancer inhibition, immune-potentiation, cholesterol removal,
prevention of obesity. Different mushroom species produces the different types of
polysaccharides (soluble or insoluble) (Aida et al. 2009; Wani et al. 2010).

Various mushroom species which are widely used as sources of prebiotics viz.
Agaricus bisporus, A. bitorquis, A. blazei, Auricularia auricular-judae, Boletus
erythropus, Calocybe indica, Flammulina velutipes, Ganoderma lucidium, Geastrum
accatum, Hericium erianaceus, Lentinus edodes, Phellinus linteus, Pleurotus eryn-
gii, P. florida, P. ostreatus (Thakur and Lakhanpal 2015). The different types of
polysaccharides and their benefits as prebiotic are: D-Glucan, p-1, 3 glucan; B-1, 6
glucan; Lentinan; Grifloan; Lentinan.

Hence, the polysaccharides extracted from mushroom species not only activates
probiotic organisms but also sustains the gastrointestinal tract and shows various
health benefits like tumor therapy, cardiovascular disease, anti-viral, antibacterial
role. Hence, the mushroom species are considered potential source of prebiotics.

3. Sustainable Conservation

So far no measures have been undertaken for the conservation of mushrooms in
wild. Almost all the wild edible mushroom has been cultivated, but still some are the
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uncultivated ones. Since, it is still a source from the wild, over exploitation can lead to
the total depletion and then disappearance of this resource. Hence, proper conservation
strategies are to be developed for the same. However, there is some traditional wisdom
used for conservation. The traditional morel hunters pick morels very delicately by
cutting the stipe with knife and leaving the base and underground mycelium which
serves as inoculum for next season. There are other collectors who leave 1-2 fruiting
bodies at some specific sites, believing that this will lead to increased production of
Guchhis next year. Such traditional picking methods ensure propagation and can help
in morels not becoming endangered. Some prominent researchers have also discussed
similar methods for further propagation of fruiting bodies of morels (Lakhanpal and
Sai 2016; Lakhanpal and Shad 1986a, b; Singh and Aneja 1999).

19.7 Future Prospects

Therefore, with the awareness in the use of mushroom as nutraceuticals have been
up-surged and this has been named as a “Non -green revolution” (Thakur and
Lakhanpal 2015). Wild edible mushrooms have bigger role in our lives as alleviating
poverty, enhancing human health, and arresting environmental degradation etc.
Mushrooms can serve as agents for promoting equitable economic growth in society.
This chapter also aims to explore the possibilities of conservation and sustainable
development of wild edible mushrooms and the indigenous knowledge associated
with them as Wild edible fungi have great potential for generating a great socio-eco-
nomic impact in human welfare. A system and policies for training local people must
be developed to use the ethnomycological information for the wise exploitation of
wild edible fungi (Christensen and Larsen 2005). The dissemination of knowledge
about wild edible and poisonous mushrooms should also be there, so that no fear of
poisoning will be there in the local inhabitants. The bioactive components of the
medicinally important wild edible mushrooms have received great attention for being
products of improving biological function thus making people fitter and healthier.

19.8 Conclusion

The wild edible mushroom sector is growing day by day in India is vast but also
unexplored and unexploited one. The mushroom diversity supports and is an unex-
plorable part of the socio-economic culture of many traditional people in India.
A lot many wild edible mushrooms have still been unexplored and their potential is
still underutilized. The present chapter is aimed to summarize the importance of
untapped natural resources — wild edible mushrooms and with the increasing; more
ethnomycological studies are to be conducted so that they can be used as a potent
source of nutraceuticals. Hence, by fully exploiting the unexplored potential, mush-
rooms can bring ‘Non -green revolution’.
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Carbohydrates, 34, 35, 131
Carbon tetrachloride (CCl,), 100
Carotenoids, 29
Caspases-3, 329
Caspases-9, 329
Catalase (CAT), 115, 122, 327
Cauliflower mushroom, 27
Cell cycle, 148
Cell proliferation, 263
Chemical Oxygen Demand (COD), 178
Chemopreventive agents, 234
Chemoprotectants, 237
Chemotherapeutic drugs, 264
Chitin, 35, 137-140
Chitosans, 137
Chorioallantoic membrane (CAM), 330
Claviceps, 129, 229
Clitocybe, 22
Clitocybe maxima, 145
Clitocybe nebularis, 263
Clitocybe nebularis lectin (CNL), 253, 263
Closed dialysis and ultrafiltration, 204
Coducepin

hinderance, 323
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mTOR, 323-325
RNA, 323
transcription, 323
Column chromatographic extraction (CCE)
technique, 340
Column fractionation, 204
Competitors, 306
Complement Receptors (CR), 263
Complementary medical (CAM)
approaches, 102
Compost teas (CT), 310
Coprinopsis cinerea, 235
Coprinus comatus, 93, 140
Cordycepin
anticancer activity, 327-330
anti-inflammatory activity, 330-331
antioxidant activity, 326-327
biosynthesis pathway, 322
characterization, 339
chemical structure, molecular and physical
properties, 321-322
cultivation conditions, 336337
hypoglycemic (anti-diabetic) activity, 331
pharmacokinetic, 325-326
synthesis and delivery, 337-339
Cordycepin-triphosphate (CoTP), 325
Cordyceps, 22, 320
C. kyushuensis, 340
C. militaris, 196, 322, 328, 330, 331, 334,
337,338
C. sinensis, 18, 195, 327, 328, 335,
336, 339
Cortinarius, 23
Cosmeceuticals, 29
Cultivation, 16
Cultivation technologies, 381
Cup fungi, 244
Cyclin-subordinate kinase (CDK), 335
Cyclooxygenase-2(COX2), 248
Cytochrome oxidase I (COX I), 76
Cytochrome P450 (CYP), 237, 371
Cytokines, 234
Cytostatic activity, 149
Cytotoxic T lymphocytes (CTL), 132
Cytotoxicity, 118, 356
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Dampa Tiger Reserve, 4-6, 9, 11
Death cap, 21

De novo biosynthesis of purines, 323
Desert truffles, 27

Desulfo vibrio, 186

Detoxification, 351
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Dexidative damage to DNA
H,0, prevention
ethanolic extract, 119
Dielectric heating technique, 355
Dimethyl sulfoxide (DMSO), 198
Dimethylhydrazine, 136
1,1-Diphenyl-2-picrylhydrazyl (DPPH), 326
2,2-Diphenyl-1-picrylhydrazyl (DPPH), 97, 116
Disk-diffusion, 90
Dissolved oxygen (DO), 178
DNA barcode, 74
DNA fragmentation, 119, 329
DNA repair, 235

E
Ectomycorrhizal, 43
Edible mushrooms
antimicrobial activity (see Antimicrobial)
bioactive compounds, 82
description, 81
hepatoprotective activity
(see Hepatoprotective activity)
natural products, 82
therapeutic compounds, 82
Elaphomyces granulatus, 142
Electroencephalogram (EEG), 336
Elicitors of immune system, 384
Engineered nanoparticles (ENPs)
AgNPs, 354
AuNPs, 355
CdS, 357
Fe-NPs, 357
mushroom derived AgNPs, 355
mushroom derived AuNPs, 356
mushroom derived Se-NPs, 356
Se-NPs, 356
Entheogenics, 16
Entomopathogenic, 305
Environmental stress, 235
Enzymatic mineralization, 184—185
Enzymes, 144-145
Epigenetic, 74
Ergosterol, 146, 228-229
applications
antimycotic drug development, 232-233
health benefits, 234
plant immunity, 233
vitamin D, 232
biosynthesis, 229-230
conventional and advanced techniques, 231
molecular structure, 229
spore separation method, 228
Ergosterol peroxide (EP), 234
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Ergothioneine, 140
ERIC-PCR, 215
Essential oils (EOs), 309, 310
Ethanol (EtOH), 328
Ethnic communities, 57
Ethnic tribes, 18
Ethnomycology, 389
cultivated mushrooms, 381
dietary and therapeutic uses, 380
edible mushrooms, 18
ethnobotanical studies, 380
fragments, 18
hallucinogenic mushrooms, 16
long net stinkhorns/bamboo fungus, 18
mushrooms, 380
mycology, 380
mycophagy, 381
mycophilic, 17
mycophobic, 19
nutritional values, 19
poisonous mushrooms, 18
truffles, 17
WEEF, 16
wild edible mushrooms, 381
Ethyl acetic acid derivation (EtOAc), 328
Eukaryota, 2
Eumycotic fungi, 229
European Nucleotide Sequence Archive of
European Molecular Biology
Laboratory (EMBL), 76
Ewingella americana, 307
Exopolysaccharides, 298
extraction
acidic, 193, 194
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aqueous, 193
MAE, 196
PLE, 194
SFE, 197
UAE, 195, 196
purification
column fractionation, 204
dialysis and ultrafiltration, 204
Fehling solution treatment, 198
freeze—thawing, 198
solvent treatment, 198
Extracellular enzymes, 352
Extracellular matrix metalloproteinaseinducer
(EMMPRIN), 333

F
Fats/lipids, 33, 34
Fatty acids, 141
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Ferric reducing antioxidant power (FRAP),
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Fiber, 34

Filamentous fungi, 363

Flammulina, 23, 159

Flammulina velutipes, 136, 168, 278, 283,
284,293

Flavin adenine dinucleotide (FAD), 354

Flavin mononucleotide (FMN), 354

Flavonoids, 29

Fluorescent microscopy, 116

4-Aminophenol (4-AP), 355

4-Nitrophenol (4-NP), 355

Freeze—thawing, 198

Fruiting bodies, 306, 384, 386, 387

FT-IR, 236, 337, 354

Fungal biomass, 180

Fungal diseases, 306, 308, 309

Fungal immunomodulatory protein (FIP), 263

Fungal phenol oxidases, 354

Fungal taxonomy, 78

Fungicides, 305
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G
G-aminobutyric acid (GABA), 104
Ganoderma, 227, 264
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Ganoderma lucidum, 117-119, 123, 125, 170,
171, 197, 247, 2438, 263
aphyllophorales, 227
ergosterol, 228
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triterpenes, 227
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physiological and developmental role,
235-236
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234-235
Gel filtration, 198
Genetic structure, 32
Genoprotection, 118, 121, 122
Genoprotective effect
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anendogenous catalase-like activity, 118
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L-DOPA-tyrosinase system, 122
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vs. tyrosine hydroxylating activity, 121
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Glutathione (GSH), 327

Glutathione peroxidase (GPx), 101, 115,
151, 327

Glutathione reductase (GR), 327

Glutathione-S-transferase (GST), 327

Glycerol, 82

Glycoproteins, 138

Gold nanoparticles (AuNPs), 355

Golden needle mushroom, 23

Gram-negative bacteria, 85

Gram-positive bacteria, 85

Granulocytes, 132

Grifola frondosa, 136, 139, 172

Gut microbiota, 214-216

H
Hallucinogenic mushrooms, 37-39
Hazard analysis and critical control points
(HACCP), 298, 299
Health potentiators, 384
Hep 3b, 326
Hepatitis B (HBV), 103
Hepatitis B surface antigen (HBsAg), 103
Hepatitis C (HCV), 103
Hepatocytes, 82
Hepatoprotective activity, 83, 93
antioxidant properties, 96, 97
cholesterol and triglycerides
beneficial effects, 98
LF, 99
mevinolin, 98
oxidative damage, 98
clinical utility, 103, 104
hepatitis treatment methods
Agaricus brasiliensis, 103
CAM, 102
HBYV and HCV, 103
therapeutic agents, 102
induced liver injury, 99-102
shiitake mushrooms, 98-99
Hepatotoxicity, 84, 85, 99, 101, 102
HepG?2 cells, 148
Hepialus armoricanus, 320
Herceptin (trastuzumab), 243
Hericium erinaceus, 136, 172, 289
Heteropolysaccharides, 132
High-density lipoprotein (HDL), 98
High-performance liquid chromatography
(HPLC), 120, 231, 334, 339
High-speed counter-current chromatography
(HSCCC), 341
Histolyticum, 213
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Human epithelial carcinoma cells (HeLa), 134
Hydrolytic enzyme, 282
Hydrophobin proteins, 236
Hydrophobins, 236-237
Hypercholesterolemia, 138
Hyphae, 310
Hypocholesterolemic effect, 137
Hypogeous fungi, 2
Hypoglycemic, 293
Hypolipidemic properties, 149
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molecular markers, 75, 76
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Immunomodulating, 34
Immunomodulatory, 22, 216, 320, 388
Immunosuppression, 136
Indoor fermentation, 281
Inducible nitric oxide synthase (iNOS), 330
Innate immunity, 216
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Inosine 5'-monophosphate (IMP), 337
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Integrated management programs, 305, 313
Interferon (IFN-Y), 133
Interferons (IFNs), 234, 264
Interleukins (ILs), 234, 264
Internal transcribed spacer region (ITS), 75
International Fungal Barcoding Consortium, 76
Inter-simple sequence repeat (ISSR), 3
Iron nanoparticles (Fe-NPs), 357
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Japanese traditional medicine, 246
Jelly fungi, 244

L

Laccaria, 23
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Lamellar hymenophore, 149

Index

Lanosterol pathway, 230
Lard functionalized (LF), 99
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Lipid peroxidation, 147, 327
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Liver
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CCl,, 100
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hepatocytes, 82
inflammatory response, 83
injury, 99-102
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Long chain fatty acids (LCFAs), 213
Low-density lipoprotein (LDL), 98
L-tryptophan, 144
Lycoperdon, 25
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Lysed cell comet (LCC), 120
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Macrofungi, 352
commercial mycelium spawn, 160
decomposers, 366
mushroom growth and development,
159-160
nutritional requirements
basidiomes, 162
cellulose-degrading enzymes, 161
fermentation, 162—-167
heterotrophic organisms, 161
lignin-degrading enzymes, 161
omics, 373
pH, 173
vegetal biomass transformation
oligomers and monomers, 363
pre-treatment, 363
Macrolepiota, 25
Macrolepiota procera, 134, 151
Macromycetes, 81, 84
Macrophages, 132
Magdalenian population, 17
Malignant cancer cells, 326
Mammalian focus of rapamycin
(mTOR), 323
Manganese peroxidase (MnP), 180
Mannitol, 35
Matrix metalloproteinase (MMP), 333
Medicinal mushroom
atherosclerosis, 333
biotherapeutic activities, 320
Chinese caterpillar fungus, 319-320
cordycepin, 320
cytotoxicity, 332
DNA synthesis, 332
interleukin-10, 332
submerged medium, 320
Medicinal properties, 289, 296, 297
Medicinal value, 379
Melatonin, 142
Melzer staining, 58
Meripilus giganteus, 94
Mesophilic microbiota, 163
Messenger RNA (mRNA), 332
Metal bio-sorption, 185
Metal leaching, 185
Metal transformation, 185
Methionine, 33
2-Methyltetrahydrofuran (MeTHF), 338
Mevinolin, 98
Microbial biomass, 185
Microbial community, 163
Microbiota, 162, 308, 310, 311
Microdilution, 84, 89, 94
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microwaves, 196
UMAE, 196
Minerals, 35, 36
Minor Forest Products, 379
Mitogen-activated protein kinases
(MAPKs), 331
Mizoram, 4
Modified atmosphere packing (MAP), 37
Molecular fingerprinting, 3
Molecular weight (Mw), 215
Morchella, 25
Morchella esculenta, 94, 95, 295
Morphogenic stage, 235
Morphotyping, 58
Moulds/rust, 75
Multi-drug resistant, 91
Multiple antibiotic resistant (MAR), 355
Murlen National Park, 5, 6,9, 11
Mushroom capital of the world, 43
Mushroom caps, 307
Mushroom cultivation, 305
Mushroom-derived polysaccharide
Lactobacillus acidophilus and
Bifidobacterium longum
subsp., 215
prebiotics, 214
Mushroom nutraceuticals, 386
Mushrooms, 244
agro/lignocellulosic wastes, 277
anticancer activity, 265
bioactive compounds, 2
bioactives, 295, 298, 299
bio-innovation and technological
diffusion, 277
biological control (see Biological control)
bioremediation tools, 287
characteristics, 277
collectors, 249
consumption of, 276
cultivation, 39, 42, 43, 278
artificial, 296, 297
and biomass production, 293
commercial, 298
medicinal, 295, 298
methods, 293-295, 298
protocols, 297
cultivation techniques and developing, 279
Dampa Tiger Reserve, 4, 5
definition, 1
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ecological climate, 1
edible and non edible, 289
environmental factors, 282
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Mushrooms (cont.)

exopolysaccharides
(see Exopolysaccharides)
exporters of, 277
family wise distribution, 10
farming and improved technology, 279
fruiting bodies, 296
global production, 276, 281, 284
health promoting properties, 289
humid climate, 1
hypertension, hypercholesterolemia and
cancer, 2
industrial bio-products, 287
lignocellulosic materials, 282
LSF, 295
macrofungus, 275
macroscopic identification, 3
market value, 276
medicinal, 245, 276
anti-cancer agents, 247
anti-cancer properties, 247
breast and prostate cancer, 247
evidence of, 288
global market, 288
mass and social media, 289
natural remedies, 289
production of, 293
safe, 289, 298, 299
selective cytotoxicity, 248
TMM, 248
western medicine, 249
MEFP, 385
microscopical analysis, 67-73
molecular characterization, 3, 4
morphological characterization, 61-66
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Murlen National Park, 5
NTEP, 385
nutrients composition, 2
nutritional and therapeutic properties, 277
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saprophytes, 275
Shiitake, 280
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spawning or casing or injecting
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SSF, 295
supply of, 276
synthetic log, 280
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taxonomy, 16

tissue/spore culture or breeding, 278

TMM, 297

traditional, 192

treatment options, 265

white rot fungi, 282

wild edible, 244

wild magic, 248

wild poisonous, 249

wild species, 265

year of cultivation, 281

zero-waste model, 278
Mycelial growth, 282
Mycobacterium tuberculosis, 90
Mycogone perniciosa, 306, 310, 314
Mycology, 74
Myco-nutraceuticals, 384

anti-inflammatory and immuno-

modulatory, 388

antimicrobial, 387

antioxidant, 387

antitumor, 387

fruiting bodies, 386, 387

medicinal value, 387

prebiotics, 388

properties, 386

sustainable conservation, 388, 389
Mycoparasites, 308
Mycophagy, 15, 16, 313, 381, 386
Mycopharmaceuticals, 16
Mycophilia, 15, 17-19
Mycophilic, 386
Mycophobia, 15
Mycophobic community, 19
Mycorrhizal, 293
Mycosynthesis, 352, 354, 355, 358
Myxomycetes, 75

N
N-acetylgalactosamine, 139
N-acetylglucosamine polymer, 137
N-acetyl-L-cysteine, 334
NADPH-oxidase, 233
Nanobiosynthesis, 352
Nanoparticles (NPs), 237

biogenesis, 352

biological systems, 351

ENPs (see Engineered nanoparticles

(ENPs))
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extracellular and intracellular reductases, 357

inorganic, 353
mechanism, 354

medicinal mushrooms, 352
nanobiosynthesis, 353
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unicellular eukaryotes, 352
xenobiotics, 351
National Centre for Biotechnology
Information (NCBI), 76
Natural products, 96, 100
Natural resources, 379
Nematodes, 305, 308, 312
Nephrotoxicity, 136, 216
Neuroprotective, 289

Nicotinamide adenine dinucleotide (NADp), 181
Nicotinamide adenine dinucleotide phosphate

(NADPH), 123, 181
Nitric oxide synthase (NOS2), 330
Nitrite ions (NO?*), 139
NK cells, 132
Non-aerated compost teas (NCT), 310
Nonalcoholic steatohepatitis (NASH), 83
Non-green revolution, 389
Nonrapid eye movement (NREM), 336
Non-Timber Forest Product (NTFP), 381
Northwestern Himalaya, 19
Nutraceuticals, 29, 277, 278, 380, 381, 385
Nutraceutics, 16
Nutritional composition, 29-31
Nutritive value, 379

(0]
Oligosaccharides
inulin or fructo, 215
low-molecular-mass, 215
prebiotics, 211
types, 213
Omics, 373
Oomycetes, 75
Ophiocordycep sinensis, 263
Ophiocordyceps, 296
Ophiocordyceps sinensis, 298
Orchids, 5
Organoleptic properties, 159
Origanum onites, 313
Ovariectomized (OVX), 336
Oxidative damage, 98, 327
Oxidative damage to DNA
comet assay
LCC, 116
SCGE, 116
dietary impact, 123
H,0, prevention, 120
Agaricus blazei, 120
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aqueous extracts, 117
clitocybin A, 120
Coriolus versicolor extract, 120
DNA fragmentation, 119
oxidative attack, 119
mushroom-based protection, 124—125
mushroom-mediated inhibition, 121, 123
ROS, 115
Oxidative stress, 101
Oxygen—glucose deprivation (OGD), 333
Oxygen radical absorbance capacity (ORAC), 97
Oyster mushroom, 26

P
Paddy straw mushroom, 18
Paecilomyces, 320
Palynological, 57
Parasites, 306
Parasitic fungi, 306
Pattern recognition receptors (PRR), 131
Penicillium citrinium, 149
Penicillum chrysogenum, 129
Peripheral blood mononuclear cells
(PBMO), 326
Peroxidises, 182
Pesticides, 182, 185, 298
Petroleum ether (PE), 328
Phagocytosis, 216
Phanerochaete chrysosporium, 177
Pharmaceuticals, 29, 288, 293
Phenolic compounds, 310
Phenolics, 29
Pholiota nameko, 172
Phosphatidylinositol 3-kinase-related kinase
(PIKK), 325
Phosphorylation, 327
Photomicrographical analysis, 58
Phytosanitary, 305
Pimpinella anisum, 313
Piptoporus betulinus, 288
Pleuran, 135
Pleurotus, 25, 169, 275
P. citrinopileatus, 139
P. cornucopiae, 147
P. eryngii, 168
Pleurotus ostreatus, 94, 135, 136, 139,
166, 275
agar diffusion method, 91
antimicrobial potential, 92
fungal pathogens, 93
gemmotherapic extract, 92
multi-drug resistant, 91
oyster mushroom, 92
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Pleurotus ostreatus (cont.)
polarity of solvents, 91
strains, 92
Pleurotus spp., 282, 284
Podaxis, 26
Poly A tail, 323
Polychlorinated biphenyl (PCBs), 178
Polycyclic aromatic hydrocarbons (PAH),
178, 183
Polyketides, 29
Polymerase chain reaction (PCR), 3, 74
Polymeric macromolecule, 216
Polyphasic, 76
Polyporus, 26
Polyporus squamosus, 95
Polysaccharide (POPS-1), 35, 135
Polysaccharide Krestin (PSK), 264, 289
Polysaccharide-peptide (PSP), 289
Polysaccharides, 137, 215, 263, 289, 326
anticancer activity, 132
anticancer effect, 132
anti-inflammatory effects, 131
antiproliferative, 134
apoptosis, 136
B-glucans, 131
cancer/viral diseases, 132
cytotoxic, 133
exopolysaccharides (see
Exopolysaccharides)
freeze-thawing, 198
glucans, chitin and chitosans, 131
gut health improvement, 215
heteropolysaccharides, 132
immunomodulatory activity, 216-220
BRM, 216
isolation and purification, 199-203
L. edodes, 133
lentinan, 133
MAE, 196
mushroom-derived, 192
MWCO membrane, 204
PLE, 194
potential applications, 216, 221
prebiotics (see Prebiotics)
therapeutic effect, 133
UAE, 195
UMAE, 196
water-insoluble, 193
Polysaccharopeptide (PSP), 264
Polyunsaturated fatty acids (PUFA), 141
Potato dextrose broth (PDB), 339
Prebiotics, 35, 388
anti-inflammatory, 214
antiobesity effects, 215
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biological properties, 214
criteria, 212
gut microbiota, 212
SCFAs, 212
gut bacteria effects, 215
immunomodulatory mechanism, 221
mechanism action, 213
beneficial effects, 214
Lactobacilli and Bifidobacteria, 213
LCFAs, 213
oligosaccharides, 213
Preparative chromatography, 192
Pressurized liquid extraction (PLE),
194, 340
Prevotella intermedia, 90
Proinflammatory cytokines, 150
Proinflammatory proteins, 131
Protein, 29, 32
Protein kinase, 325
Proteolytic activity, 237
Protists, 75
Pseudomonas syringae, 233
Pseudomonas tolaasii, 311
Psilocybins, 38, 248
Psychedelic fungi, 37-39
Psychoactive, 37
Puffballs, 25, 244, 384
Pyricularia chrysosporium, 184
Pyricularia oryzae, 184

Q
Quality control, 298

Quantitative trait loci (QTL), 314
Quantum confinement, 351
Quinones, 29

R
Ramaria, 26
Random amplified polymorphic DNA
(RAPD), 3
Reactive oxygen species (ROS), 96, 115, 250,
334,355
effects, 115
enzymic systems, 115
mediated damage, 116
scavenging activity, 119
Restriction fragment length polymorphism
(RFLP), 74
Rhizosphere, 372
Riboflavin, 354
Ribonucleic acid (RNA), 249, 250, 252
Russula, 26
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Saccharomyces cerevisiae, 233
Saprophytes, 244
Scavenger receptors (SR), 263
Schizophyllan (SPG), 264
Sclerotia, 248, 294, 295, 297
Sclerotial technology, 297
Scytalidium thermophilum, 163
Selective cytotoxicity, 248, 263
Selective ionmonitoring (SIM), 340
Selective reaction monitoring (SRM), 340
Selenium nanoparticles (Se-NPs), 356
Serotonin, 143
Serum triacylglycerides, 137
Sexual reproductive units, 74
Shiitake, 24, 247, 275
Short ribosomal subunit (SSU), 76
Short-chain fatty acids (SCFAs), 212, 213, 215
Shrooms, 37
Siderophores, 357
Signalling pathways, 245
Silver nanoparticles (AgNPs), 89, 353, 354
Simple sequence repeat (SSR), 3
Single cell gel electrophoresis assay
(SCGE), 116
Size exclusion chromatography (SEC), 204
Small interfering RNA (si-JNK1), 329
Small ribosomal subunit (SSU), 76
Soil mycoremediation
CYP, 371
hydrocarbon pollutants, 367
laccases, 370
Solid state fermentation (SSF), 295, 296, 299
Sparassis, 27
Sparassis crispa, 134
Spent mushroom substrate (SMS), 102, 354, 367
Spore separation method, 228
16S r1RNA, 75
18S rRNA, 75
28S rRNA, 75
Standard alkaline comet (SAC), 120
Staphylococcus aureus, 89
Statins, 149
Steroids, 29, 145
Stinkhorns, 244
Streptococcus mutans, 90
Streptococcus pyogenes, 90
Structure of superoxide dismutase (SOD), 151
Subterranean truffles, 244
Suillus, 27
Suillus bovinus, 144
Supercritical carbon dioxide (SC-CO2),
197, 326
Supercritical fluid extraction (SFE), 340
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operating pressure, 197
SC-CO2, 197
Superoxide dismutase (SOD), 101, 115,
233, 327
Sustainable conservation, 388
Sustainable development, 389
Synthetic dyes, 178

T

Taxol (paclitaxel), 243

TEM, 337

Terfezia, 27

Termitomyces, 27

Terpenoids, 29, 145

Theanine, 150

Therapeutic agents, 102

Tiger Milk Mushroom (TMM), 248, 249, 297

T lymphocytes, 132

Tocopherols, 145-148

Toll-like receptors (TLRs), 263

Tolypocladium inflatum, 129

Torrubiella, 320

Total flavonoid content (TFC), 96

Total phenolic content (TPC), 96, 97

Traditional Chinese Medicine
(TCM), 246

Traditional knowledge (TK), 246

Trametes versicolor, 184

Trehalose, 131

Tremella mongolicum, 139

Trichoderma evansi, 334

Trichoderma sp., 184

Tricholoma, 28

Trifluoroacetic acid (TFA), 198

Triterpenes, 227

Truffles, 17, 20, 37

Trypanosomosis, 334

Tryptophane, 33

Tuber, 28

Tumour Necrosis Factor-alpha (TNF-o),
234,250

U
Ultra-performance liquid chromatography
(UOLC) technique, 340
Ultrasonic and microwave combined assisted
extraction (UMAE), 196
Ultrasonic-assisted extraction (UAE)
ABP, 195
sound waves, 195
Ultrastructural components, 74—75
UV radiation, 129
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Variegatic acid, 29
Vascular smooth muscle units
(VSMC), 335

Vegetative mycelium, 173, 308
Vegetative stage, 235
Vitamins, 148

vit B, 36

vit B1, 36

vit B2, 36

vit B9, 36

vit C, 36

vit D, 36, 232

vit D2, 36, 146, 147
Volatile compounds, 308
Volvariella spp., 28, 275, 278
Volvariella volvacea, 171

W
Weeping God, 16
WEF
albumins and globulins, 32
components, 37
ethnomycology, 16
non-timber forest resource, 19
vitamin composition, 36
White-rot fungi, 177
Wild edible mushrooms
amino acids and proteins, 140
bioactive compounds, 384,
388, 389
biological activity
agaritine, 150
antioxidative processes, 151
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expression, 151
phagocytosis, 151
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carbohydrates, 131
drying and storage, 385
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ethno-mycological data, 383
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fungi, 129
income benefits, 384, 385
indole compounds, 142—144
medicinal potential, 384
myco-nutraceuticals

(see Myco-nutraceuticals)

North West Himalayas, 382
nutritional potential, 384
phenolic compounds, 141-142
production and trade, 385, 386
secondary metabolites, 129
terpenoids, 145
tocopherols and steroids, 145
vitamins, 148

X
Xenobiotics, 182, 351
XRD, 337, 357
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Yarsagumba, 18
Yeast, 229
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Zero-waste model, 278
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