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now being extended across fungal phyla. The majorities of fungi are multicellular 
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answer fundamental biological questions. A greater understanding of the cell 
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scientific tools and techniques is essential. As a professional reference, this series 
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fungal biology with the publication of each volume.
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Foreword

Natural products  are the new interest of the current era 
worldwide over synthetic ones, as sustainability is now 
on everyone’s mind. Various natural products have 
been obtained from the different sources including ani-
mals, plants, and microbes, which have great value in 
industries. Microbes, especially fungi, represent an 
incredibly rich reservoir of natural products or biomol-
ecules. Fungi, the highly diverse clade of eukaryotes, 
are known to produce various biomolecules, such as 
enzymes, organic acids, fatty acids, pigments, second-

ary metabolites, and bioactive compounds. These biomolecules have been explored 
in various industries, including cosmetic, food, tannery, and textiles, as coloring 
agents, pH adjuster, and catalyst for various biochemical reactions for the produc-
tion of goods. Fungal biomolecules do comprise various benefits, such as low pro-
duction cost of natural products and ease to obtain. In comparison to the synthetic 
products, these products have no detrimental effects on the environment. This vol-
ume clearly describes the emerging industrial application of biomolecules obtained 
from the fungal communities.

I recommend Industrially Important Fungi for Sustainable Development, 
Volume 2: Bioprospecting for Biomolecules to researchers and students working in 
this emerging and fascinating field of mycology. The book will advance the knowl-
edge to a greater extent in these areas with significant broader research on fungal 
communities. The editors of this book deserve credit for such a splendid and innova-
tive contribution to mycological research.

Davinder Singh, 
Eternal University, Baru Sahib 
Baru Sahib, Himachal Pradesh, India
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Foreword

Today, fungal communities offer important advances 
in global industries due to their mind-blowing potential 
in medical, agriculture, and pharmaceutical industries; 
food and feed processing; and environment for sustain-
able development. Fungi have been obtained from dif-
ferent sources including plants, soil, and water, which 
have great value in pharmaceutical industries and are 
used in several fermentative processes like production 
of enzymes, vitamins, pigments, lipids, glycolipids, 
polysaccharides, and polyhydric alcohols. The unique 
characteristics of fungi hold important promise for the 
production of various biomolecules, such as organic 
acid, pigments, secondary metabolites, and bioactive 

compounds. These biomolecules have been explored in several industries such as 
synthetic pigments are used as additives, antioxidants, colorants, and color intensi-
fiers, in many aspects including the textile for the coloring agent, pharmaceutical, 
cosmetic, painting, food, and beverage industries, tannery and catalysts for various 
biochemical reactions for the goods production. Fungal secondary metabolites as 
structurally different compounds show a variety of biological activities like antimi-
crobial, antitumor, antiparasitic, antioxidant, and immunosuppressant activities, and 
they can also act as plant growth stimulators, pesticides, molluscicides, anthelmin-
tics, and nematicides, leading to industrial scale production of enzyme alkaloids, 
acids, detergents, and bio-surfactants. Fungi are being used as high-cost food due to 
their high protein and low color value. This book clearly mentions the evolving 
industrial applications of biomolecules obtained from the fungal communities.

This volume on Industrially Important Fungi for Sustainable Development, 
Volume 2: Bioprospecting for Biomolecules is a very timely publication, which 
provides state-of-the-art information in the area of mycology, broadly involving 
fungi and fungus-based products for sustainable development in the industry. The 
book volume comprises 23 chapters. The first chapter by Nouh et al. describes the 
bioprospecting for biomolecules from different fungal communities. Nahas et al. 



viii

highlight fungi as a gold mine of antioxidants in Chap. 2. Chapter 3 by Abdel- 
Azeem et al. describes endophytic fungi as a source of new pharmaceutical biomol-
ecules. Chapter 4 by Gezaf et  al. highlights fungal communities from different 
habitats for tannins in industry. Nouh et al. describe recent advances in fungal anti-
microbial molecules in Chap. 5. In Chap. 6, Nahas et al. have given the details of 
fungal laccases to where and where. Ghosh et al. highlight the current research and 
future challenges of fungal cellulases in Chap. 7.

In Chap. 8, Marwa Tamim A. Abdel-Wareth describes the current research, com-
mercial aspects, and applications of fungal secondary metabolites. Balbool et al. 
highlight bioprospecting of thermophilic fungal enzymes and potential applications 
in Chap. 9. Berde et al. highlight bioactive secondary metabolites from psychro-
philic fungi and their industrial importance in Chap. 10. Fungal amylases and their 
industrial applications have been described by Patil et al. in Chap. 11. Chapter 12 by 
Parsa Mahmood Dar describes current research and applications of fungal phytases 
in the food industry. Darwish et al. highlight insights into molecular structures and 
biotechnological applications of fungal lipases in the medicine and dairy industry in 
Chap. 13. Dar and Dar discuss fungal xylanases for different industrial applications 
in Chap. 14. Fungal pigments for the food industry are discussed in Chap. 15 by 
Soliman et al. Dikkala et al. describe the fungal production of vitamins and their 
food industrial applications in Chap. 16. Jagadish et al. describe the nutraceutical 
potential of wild edible mushroom Hygrocybe alwisii in Chap. 17. Current research, 
production, and potential applications of fungal biopharmaceuticals have been dis-
cussed in Chap. 18 by Askari et al. Chapter 19 by Ashok et al. describes natural 
pigments from filamentous fungi and their applications. Kour et  al. describe the 
bioprospecting of industrially important mushrooms in Chap. 20. Bioactive attri-
butes of Xylaria species from the scrub jungles of southwest India have been 
described by Jagadish et al. in Chap. 21. Current research and future challenges of 
fungicide as potential vaccine are discussed in Chap. 22 by Verma et al. Finally, the 
conclusion and future prospects of bioprospecting for biomolecules from industri-
ally important fungi have been described by the editors and co-authors in the last 
chapter.

Overall, great efforts have been carried out by the editorial team and scientists 
from different countries to compile this book as a highly unique and up-to-date 
source on Industrially Important Fungi for Sustainable Development, Volume 2: 
Bioprospecting for Biomolecules for students, researchers, scientists, and academi-
cians. I hope that the readers will find this book highly useful and interesting during 
their pursuit of mycology.

Amrik Singh Ahluwalia
Eternal University, Baru Sahib 
Baru Sahib, Himachal Pradesh, India

Foreword
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Preface

Fungi are an essential, fascinating, and biotechnologically useful group of organ-
isms with an incredible biotechnological potential for industrial exploitation. 
Knowledge of the world’s fungal diversity and its use is still incomplete and frag-
mented. There are many opportunities to accelerate the process of filling knowledge 
gaps in these areas. The worldwide interest of the current era is to increase the ten-
dency to use natural substances instead of synthetic ones. The increasing urge in 
society for natural ingredients has compelled biotechnologists to explore novel bio-
resources, which can be exploited in the industrial sector. Fungi, due to their unique 
attributes and broad range of biological activities, hold great promise for their appli-
cations in biotechnology and industry. Fungi are an efficient source of antioxidants, 
enzymes, pigments, and many other secondary metabolites. 

Industrially Important Fungi for Sustainable Development, Volume 2: 
Bioprospecting for Biomolecules covers major aspects of industrially important 
fungi. The book focuses on fungal communities from diverse niches and habitats as 
potential source of industrially important compounds. The increasing use and 
exploration of novel bioactive compounds from fungi solve countless problems 
mankind faces in today’s constantly changing scenario, such as emergence of life- 
threatening viruses and drug-resistant bacteria and increasing incidences of fungal 
and bacterial infections. The large-scale production of fungal pigments and their 
utility provide natural coloration without creating harmful effects on entering the 
environment, a safer alternative to synthetic colorants. Fungal enzymes can be 
exploited in a wide range of industries, such as food, detergent, and paper, and also 
for removal of toxic waste. Thus, this book will surely serve as a valuable reference 
to current state of knowledge and a stepping-stone for unexplored novel compounds 
from fungi. The book will be extremely useful for researchers, students, microbiolo-
gists, and scientists especially working in the field of mycology. Each chapter has 
been contributed by internationally recognized researchers and scientists with their 
firm viewpoints and experiences in the field of mycology. This book will serve as a 
valuable source of information as well as will provide new directions to researchers 
to conduct novel research in the field of mycology.
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Industrially Important Fungi for Sustainable Development, Volume 2: 
Bioprospecting for Biomolecules provides a discussion of fungal communities 
from diverse habitats and their industrial applications for future sustainability. This 
volume encompasses advanced research of fungal communities and their potential 
biotechnological applications in industry and allied sectors. The book will be useful 
to scientists, researchers, and students working in microbiology, biotechnology, 
agriculture, molecular biology, environmental biology, and related subjects.

Ismailia, Egypt Ahmed M. Abdel-Azeem  
Sirmour, Himachal Pradesh, India  Ajar Nath Yadav  
Ghazipur, Uttar Pradesh, India  Neelam Yadav  
Tallinn, Estonia  Minaxi Sharma  

Preface
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1.1  Introduction

Approximately 1.5 million species of fungi colonize the Earth and invariably use 
chemical language to interact with each other and/or with other organisms or the 
niche environment (Hawksworth 1991). Fungi are among the most important 
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organisms in the world, because of not only their vital roles in ecosystem functions 
but also their influence on humans and human-related activities (Devi et al. 2020b). 
Low-molecular-weight organic compounds (biomicromolecules or biomolecules) 
found in living organisms can be broadly classified into two major categories: (1) 
primary metabolites, which include sugars, amino acids, fatty acids, and nucleotides 
and (2) secondary metabolites, such as alkaloids, flavonoids, quinone, phenols ste-
roids, terpenoids (Guo et  al. 2000), coumarins, glycosides, peptide (Selim et  al. 
2016), and volatile organic compounds (Arora and Ramawat 2017). Secondary 
metabolites are defined as low-molecular-weight compounds that are not required 
for the organism’s growth vice versa for primary metabolites. They are character-
ized by a great diversity of chemical structures and variations in different environ-
mental conditions, conferring a selective advantage to the producer organism (Butler 
and Buss 2006; Rastegari et al. 2019a, b). Fungal secondary metabolites may be 
considered a large and heterogeneous group of small molecules not directly essen-
tial for growth but having an important role in signaling, development, and interac-
tions with other organisms (Mukherjee et  al. 2012). As with actinomycetes and 
plants, fungi are a rich source of a wide array of secondary metabolites. Several 
studies demonstrated that endophytic fungi are capable of producing a number of 
important bioactive secondary metabolites (Priti et al. 2009; Rana et al. 2019a).

Endophytes could have directly provided their hosts with these metabolites, 
thereby contributing to their chemical defense, or they might have transferred the 
corresponding genes to the host genome or vice versa (Wink 2008). Generally, the 
fungal secondary metabolites are classified as polyketides (PKs) (e.g., aflatoxins), 
nonribosomal peptides (e.g., penicillin), terpenes (e.g., gibberellins), and prenylated 
tryptophan derivatives (e.g., ergot and indole alkaloids) (Hoffmeister and Keller 
2007; Devi et al. 2020a). The production of secondary metabolites varies according 
to the particular compound, the species and the presence of other microorganisms, 
and the balance between the biosynthesis of elicitors and the rate of biotransforma-
tion (Degenkolb and Bruckner 2008; Yadav et al. 2019a). In addition, general envi-
ronmental factors, such as carbon and nitrogen sources, temperature, light, and pH, 
as well as competitive forces, host plant interaction and communication, have fur-
ther influence on fungal secondary metabolite production. Environmental effects 
are typically transmitted through Cys2His2 zinc-finger proteins (Shwab and Keller 
2008), such as CreA for carbon signaling (Dowzer and Kelly 1989), AreA for nitro-
gen signaling, and PacC for pH signaling (Tilburn et al. 1995). These proteins may 
either positively or negatively regulate metabolite production, for example, CreA 
positively regulates penicillin production, while PacC has a negative regulatory 
effect (Martin 2000).

Fungi offer a rich and diverse source of biomolecules that continue to be explored 
for food, health, and environmental applications through research and development 
of both public and private sectors (Kumar et  al. 2021; Yadav 2018). In sum, the 
chapter contains fascinating and essential information on various fungal metabolites 
and their applications.

1 Bioprospecting for Biomolecules from Different Fungal Communities: An Introduction
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1.2  Different Ecological Groups of Fungi

1.2.1  Thermotolerant and Thermophilic

Thermophiles are heat-loving organisms, which not only tolerate high temperatures 
but also usually require these for their growth and survival (Maheshwari et al. 2000; 
Kumar et al. 2014; Verma et al. 2019). In general, thermophilic organisms can be 
classified as either moderate thermophilic or hyperthermophilic. The former exhib-
its growth temperatures ranging from a minimum of 20 °C up to a maximum of 
60 °C and with optimal growth above 40 °C. These moderate thermophiles include 
species from the domains Bacteria and Archaea and representatives from Eukarya 
(mostly filamentous fungi), whose maximum temperature limit has been recorded 
to be 62 °C (Tansey and Brock 1972; Saxena et al. 2016; Yadav et al. 2020c). On the 
other hand, the hyperthermophiles are organisms able to grow at temperatures 
between 65 and 110  °C.  They contain several representatives from the domains 
Bacteria and Archaea but do not include organisms from the domain Eukarya 
(Vieille and Zeikus 2001; Sahay et al. 2017). Thermophilic fungi are those with a 
maximum growth at 50 °C or above and a minimum growth temperature at 20 °C or 
above, separating them from the thermotolerant fungi, which could grow up to 
50 °C and below 20 °C, but authors found several exceptions that do not fit to these 
criteria. As an example, Aspergillus fumigatus is a thermotolerant fungus able to 
grow at temperatures above 50 °C and below 20 °C (Mouchacca 2000).

Thermophilic and thermotolerant fungi also can be isolated from bird nests, alli-
gator nests, coal tips, and volcanic hot springs. It is interesting that thermophilic and 
thermotolerant fungi are ubiquitous in soils wherever the sun can heat the soil to 
temperatures that are suitable for germination and growth (Abdullah and Al-Bader 
1990) but are also found in temperate grasslands, forests, and agricultural fields 
(Mouchacca 1995). Natural habitats that harbor a considerable variety of thermo-
philic microorganisms include terrestrial geothermal and volcanic areas and deep-
sea hydrothermal vents (submarine hydrothermal vents) (Mehta and Satyanarayana 
2013; Yadav et al. 2020b). Most of the currently known extreme thermophiles and 
hyperthermophiles have been recovered from these regions. Geothermal and volca-
nic areas include terrestrial fumaroles (e.g., solfataras), terrestrial hot springs, and 
geysers. Other natural habitats include geothermally heated oil and petroleum res-
ervoirs and sun-heated soils/sediments (Greene et al. 1997).

During the last four decades, many species of thermophilic fungi sporulating at 
45 °C have been reported by Abdullah and Zora (1993).Thermophilic fungi are the 
only eukaryotic organisms that can grow at temperatures above 45 °C. Various gen-
era of this group include the Phycomycetes, Ascomycetes, Fungi Imperfecti, and 
Mycelia sterilia (Mouchacca 1997). Abdullah and Al-Bader (1990) reported 35 
thermotolerant and thermophilic fungal species were isolated from soil tempera-
tures ranging from 37 to 44 °C in Iraq. Fungi isolated have been divided in four 
groups according to their percentage of occurrence: Aspergillus terreus, A. 
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fumigatus, and A. niger were present with frequencies of occurrence of 70%, 68%, 
and 60% respectively.

Olagoke (2014) reported a total of seven species of thermophilic fungi isolated 
from three locations in Ibadan, Nigeria. These were Absidia corymbifera, 
Gilmaniella humicola, Talaromyces helicus, Chaetomium elatum, Chaetomium sp., 
Humicola sp., and Rhizomucor pusillus, respectively. The fungi still grow up to 
45 °C. Unal (2015) isolated thermophilic fungi Aspergillus niger, Aspergillus ory-
zae, and Aspergillus terreus from water and soil samples from the area where the 
thermal springs range from 55 to 90  °C around Afyon and Eskisehir in Turkey. 
Eukaryotes can grow only up to 62 °C, and growth at this temperature is represented 
by a small number of fungal species. Species of Thermomyces, Chaetomium, and 
Mycothermus are the most exist genera in different environments. Among them, 
Thermomyces lanuginosus and Mycothermus thermophilus are found as the most 
abundant (Powell et al. 2012). Curvularia protuberata from Dichanthelium lanugi-
nosum is isolated from geothermal soils at temperature ranging between 38 and 65 ° 
of Lassen Volcanic and Yellowstone National Parks (Ali et al. 2018).

1.2.2  Psychrotolerant and Psychrophilic

Approximately, 85% of Earth is cold with temperatures ranging below 5 °C, perma-
nently or seasonally (Hoshino and Matsumoto 2012). Cold habitats range from deep 
sea to high mountains and from Antarctica to Arctic region. Around 71% of the 
biosphere is occupied by oceans and provides temperature from −1 to 4  °C, the 
snow covers 35% of total terrestrial environment, frozen ground 24% of terrestrial 
environment, sea ice 13% of the earth surface, and glaciers 10% of terrestrial envi-
ronment, providing a temperature of about −5 °C along with some other low-tem-
perature environments comprising cold soils, lakes, caves, and cold deserts (Singh 
et al. 2006; Yadav et al. 2017, 2018). The living entities that have adapted to and live 
in cold environments are termed as psychrophiles and psychrotrophs. Psychrophiles 
and psychrotrophs are defined as the organisms that can grow at or near 0 °C. More 
specifically, the optimum and maximum temperature for the growth of psychro-
philes is 15 and 20  °C, respectively. Psychrotrophs grow well above 15  °C 
(Cavicchioli et al. 2002; Yadav et al. 2019b). Obligate psychrophiles require 15 °C 
for their optimal growth, 20 °C for their maximal growth, and 0 °C or lower for their 
minimum growth (Turchetti et al. 2008), and facultative psychrophiles grow well 
below 0 °C (Raspor and Zupan 2006).

True psychrophilic fungi are restricted to permanently cold habitats, such as 
oceans, polar areas, alpine soils and lakes, snow and ice fields, and caves (Hassan 
et al. 2016). Psychrophilic and psychrotolerant fungi are found in genera such as 
Alternaria, Cladosporium, Keratinomyces, Leptomitus, Mucor, Penicillium, 
Rhizopus, and Typhula (Gounot 1986). Snow molds are low-temperature–tolerant 
soil-borne fungi that can damage and kill grasses, cereals, and other plants (Nelson 
and Sturges 1982). The name “snow mold” is based on the fact that these fungi can 
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grow at the bases of snow-covered plants. The most common species of “snow 
molds” are Coprinus psychromorbidus (Traquair et al. 1987), Microdochium nivale, 
Myriosclerotina borealis (Saito 1998), and Typhula ishikariensis and other Typhula 
species (Hsiang et al. 1999).

Arenz et  al. (2006) studied various filamentous Ascomycetes (New Harbor), 
Basidiomycetes (Allan Hills), Ascomycete yeasts, Geomyces sp. (Mt Fleming), and 
Zygomycetes (Lake Fryxell Basin). Duncan et al. (2006) isolated filamentous fungi 
from Terra Nova Hut which were mainly cold-active and grow at 4 and 25 °C. The 
Geomyces sp. and Cadophora sp. are widely present in Antarctica, playing signifi-
cant role in the decaying and nutrient recycling (Arenz and Blanchette 2009). 
Blanchette et  al. (2010) isolated 69 filamentous fungi from Nimrod Hut, Cape 
Royds, Antarctica, which included the genera Cadophora, followed by Thielavia, 
and Geomyces. Franz Joseph Land is a high-arctic desert or semi desert archipelago. 
The average air temperature during summer, ranges from 0.2 to 1.3  °C, with an 
average for the year as 14.1 °C. Bergero et al. (1999) have isolated fungal species of 
Geomyces, Phialophora, Phoma, Acremonium, Thelebolus, and Mortierella from 
Franz Joseph Land.

The filamentous Penicillium species have been investigated in three different 
polythermal glaciers of Arctic region (Svalbard, Norway). The most predominant 
species was Penicillium crustosum (Sonjak et al. 2006). The Arbuscular mycorrhi-
zal fungal communities have also been found in Arctic ecosystems (Allen et  al. 
2006). Ectomycorrhizal fungi are widely distributed in arctic and alpine habitats on 
all continents. Some widely distributed Ectomycorrhizal fungi genera include 
Inocybe, Cortinarius, Hebeloma, Russula, Thelephora, Tomentella, Cenococcum, 
and Laccaria (Deslippe et al. 2011). Aspergillus sp., Fusarium sp., Curvularia sp., 
Penicillium sp., and Cladosporium sp. have been isolated at 5  °C from deep-sea 
sediment core of the Indian Ocean (Raghukumar et al. 2004).

1.2.3  Halotolerant and Halophilic

Halophiles are salt-loving organisms that inhabit hypersaline environments. They 
can be loosely classified according to their salt requirement into three categories: 
slight halophiles, grow optimally at 0.2–0.85 mol/l (2–5%) NaCl; moderate halo-
philes grow optimally at 0.85–3.4  mol/l (5–20%) NaCl; and extreme halophiles 
grow optimally above 3.4–5.1 mol/l (20–30%) NaCl. Halotolerant organisms can 
grow both in high salinity and in the absence of a high concentration of salts 
(Buchalo et al. 1999; Yadav et al. 2020a, 2015). Fungi have been mainly isolated 
from brine and in some cases also from agar baits, biofilms on the surface of crystal-
lization ponds, wood immersed in hypersaline waters, and more recently, microbial 
mats (Gunde-Cimerman et al. 2009). The mycobiota in hypersaline waters around 
the world comprise meristematic melanized yeast-like fungi and different related 
species of the genus Cladosporium (Gunde-Cimerman et al. 2000), non-melanized 
yeasts (Butinar et  al. 2005b), filamentous genera Wallemia, Scopulariopsis, and 
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Alternaria (Zalar et al. 2005), and different species of the genera Aspergillus and 
Penicillium, with their teleomorphic stages (Eurotium, Emericella, and Petromyces) 
(Butinar et al. 2005a).

Halotolerant fungi, including species in the genera Alternaria, Aspergillus, 
Penicillium, Myrothecium, Stachybotrys, and Trichoderma, are commonly isolated 
from arid soils. Halotolerant fungi, such as Basipetospora halophila, Hortaea wer-
neckii, and Aspergillus penicilloides, often are isolated from salted or dried fish. 
Those species have been found to grow optimally at salinities of 2.5  M NaCl 
(Blomberg and Adler 1993). However, these fungi will also grow on more dilute 
media. Basipetospora halophila and H. werneckii are considered halophilic because 
they grow at higher rates on NaCl media than on media with other osmoticants (e.g., 
glucose/fructose and glycerol) (Andrews and Pitt 1987). The species Hortaea wer-
neckii is one of the most halotolerant fungi, with a broad growth optimum from 1.0 
to 3.0 M NaCl, and it can grow in nearly saturated salt solutions as well as without 
sodium chloride (Gunde-Cimerman et  al. 2000). The species Candida glabrata, 
C. tropicalis, C. parapsilosis, and C. krusei were isolated for the first time from the 
hypersaline water of the Dead Sea. Among these, only C. parapsilosis was known 
previously as food-borne halotolerant yeast, while the others were not known for 
their halotolerance (Butinar et al. 2005b).

The Dead Sea, a typical high-salt habitat for microorganisms, contains 340 g/l of 
dissolved salt; a variety of filamentous fungi have been isolated from the Dead Sea. 
Guiraud et al. (1995) reported that no strictly halophilic fungi (only halotolerant 
fungi) were isolated from localities along the Dead Sea valley. Gymnascella maris-
mortui is a remarkable salt-tolerant fungus that has been isolated from the surface 
water down to a depth of 300 m in the Dead Sea (Buchalo et al. 1998). G. marismor-
tui grows optimally at NaCl concentrations between 0.5 and 2 M (Buchalo et al. 
2000). Among 476 fungal isolates from the Dead Sea, Aspergillus terreus, 
Aspergillus sydowii, Aspergillus versicolor, Eurotium herbariorum, Penicillium 
westlingii, Cladosporium cladosporoides, and Cladosporium sphaerospermum 
were isolated consistently and probably form the stable core of the fungal commu-
nity (Kis-Papo et  al. 2003), and approximately 43% of fungal isolates from the 
Dead Sea were found to belong to the genera Eurotium and Aspergillus (Yan 
et al. 2005b).

The dominant halophilic species are represented by Hortaea werneckii, 
Phaetotheca triangularis, and Trimmatostroma salinum (Gunde-Cimerman et  al. 
2009). In naturally hypersaline environments, such as salt flats, saltpans, and brine 
pools, only a few fungi are considered to be obligate halophiles, and some fungi 
grow better in the presence of salt than when it is absent and thus have a competitive 
advantage over less salt-tolerant competitors (Hocking 1993). Aspergillus halophi-
licus and Scopulariopsis halophilica are halophilic species that have been isolated 
from various saline and arid-region soils (Abdel-Hafez et  al. 1989). Melanized 
fungi are a new group of eukaryotic halophiles isolated from hypersaline waters, 
represented by black, yeast-like hyphomycetes: Hortaea werneckii, Phaeotheca tri-
angularis, Trimmatostroma salinum, and Aureobasidium pullulans, together with 
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phylogenetically closely related Cladosporium species, all belong to the order 
Dothideales (De Hoog et al. 1999).

Hortaea werneckii, Phaeotheca triangularis, and Aureobasidium pullulans of 
the Dothideales and Trimmatostroma salinum of the Chaetothyriales are black, 
yeast-like fungi, which are associated with hypersaline saltpans of 15–30% salinity 
(Gunde-Cimerman et al. 2000). Multi-pond solar salterns that provide a full range 
of salinities have always been popular environments for studies on halophilic micro-
organisms. Of particular interest, there are the crystallization ponds, where NaCl 
saturation is reached. Recent studies have shown that precrystallization and crystal-
lization ponds also harbor a surprisingly rich diversity and abundance of halophilic 
and halotolerant fungi (Zalar et al. 2007, 2008). Species of Wallemia ichthyophaga, 
Wallemia muriae, Phialosimplex salinarum, Aspergillus baarnensis, Aspergillus 
salisburgensis, and Aspergillus atacamensis are obligate halophilic fungi that 
strictly require NaCl from 5% to 10% (Martinelli et al. 2017). Also, Gymnascella 
marismortui (Buchalo et  al. 1998), Trichosporium spp. (Elmeleigy et  al. 2010), 
Aspergillus unguis (Nazareth et al. 2012), and Aspergillus penicillioides (Nazareth 
and Gonsalves 2014) have also been reported to be obligate halophiles according to 
their minimum saline requirement.

1.2.4  Osmotolerant and Osmophilic

An important characteristic of water in any environment is not the amount present 
but its availability for biological activity. Life exists over water-activity values that 
range from 0.60 to 1.0 aw, which is defined as the water availability range for bio-
logical activity. Most microorganisms are restricted to substrata with aw values of 
0.95 and higher (Pitt 1981). Osmophiles are microorganisms adapted to environ-
ments with high osmotic pressures, such as high sugar concentrations. Osmophiles 
are similar to halophiles because a critical aspect of both types of environment is 
their low water activity (Fadl-Allah and Sayed 1991). Soil fungi in Egypt are gener-
ally osmophilic or osmotolerant (recovered on up to 50% sucrose agar) and halo-
philic or halotolerant (recovered on 5% or more sodium chloride agar) (Moubasher 
et al. 1990). In environments where salt concentrations are naturally high, such as 
salt brines or some soils, a fungus must cope with both high ionic strengths and little 
available water. High sugar concentrations represent a growth-limiting factor for 
many microorganisms, yet osmophiles protect themselves against this high osmotic 
pressure by the synthesis of osmoprotectants such as alcohols and amino acids 
(Moubasher et al. 2015).

Abdel-Hafez et  al. (1977) reported that Aspergillus, Cladosporium, and 
Penicillium were the most frequent osmophilic genera of Egyptian salt marshes 
recovered on 60% sucrose. Moustafa and Al-Musallam (1975) reported that 
Aspergillus repens, A. amstelodami, and A. restrictus were highly osmophilic fungi 
recovered on 60% sucrose. EL-Sharouny et  al. (1988) reported that Aspergillus 
niger, A. ruber, and A. amstelodami fungi recovered on 60% sucrose isolated from 
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dry dates and osmotolerant fungi that showed nearly equal growth at 20% and 1% 
glucose could also grow at 40% and 60% sucrose. This group included Fusarium 
moniliforme, F. equiseti, Ulocladium botrytis, Rhizopus stolonifer, Chaetomium 
globosum, Alternaria alternata, and Drechslerabi septata. Foods with low water 
activities as a result of high sugar or salt concentrations that are subject to spoilage 
by fungi include salted fish, jams, jellies, and candy. A wide variety of mitosporic 
fungi can be isolated from these materials, for example, Aspergillus, Aureobasidium, 
Chrysosporium, Cladosporium, Fusarium, Geotrichum, Myrothecium, 
Oidiodendron, Paecilomyces, Penicillium, Rhizopus, Scopulariopsis, Trichoderma, 
Wallemia, and Xeromyces (Pitt 1981).

Important osmophilic yeasts include Debaryomyces hansenii and Saccharomyces 
rouxii (Jennings 1984). Interestingly, the number of colonies of osmophilic fungi 
isolated per gram of desert soil in Saudi Arabia was low, but species richness was 
high. Aspergillus was the most common genus isolated (Abdel-Hafez 1982). 
Hamada and Yamada (1991) recorded Wallemiasebi, Aspergillus restrictus, and 
Eurotium spp. as the most abundant osmophilic mycobiota of house dust. 
Confectionery, jams, conserves, honey, syrups, dried fruit, fruit cakes, and similar 
products are susceptible to spoilage by xerophilic fungi particularly adapted to high 
sugar environments. These products have water activity values between 0.60 and 
0.70. In a study by Moubasher et al. (2015), Emericella and Eurotium genera were 
isolated from soil of high osmotic stress have grown in media containing 40% 
sucrose. Xeromyces bisporus is often associated with spoilage of confectionery 
products, covering the substrate in a fine white overgrowth of mycelium (Pettersson 
and Leong 2011). The majority of X. bisporus strains have been isolated from high-
sugar foods, including dried fruits, and thus, wizened berries and fruits are likely to 
be the natural habitat for this fungus (Aguilera and González-Toril 2019).

1.2.5  Xerotolerant and Xerophilic

Xerotolerant and xerophilic fungi are designated as such for their abilities to grow 
on substrata in which the low matrix potential, rather than osmotic stress from sug-
ars and salts, accounts for low substratum water activity. Xerophilic fungus could 
grow at a water activity value below 0.85 under at least one set of environmental 
conditions. Most fungi able to tolerate water activities below 0.90 aw are ascomy-
cetes or their anamorphs. Fungi in this ecological group most frequently are isolated 
from arid and semi-arid ecosystems and most often are associated with stored cereal 
grains and dried foods (Magan and Lacey 1984a). The genus Aspergillus is collec-
tively the most xerotolerant group of fungi and contains many of the most xerotoler-
ant forms. Aspergillus species are better competitors than Penicillium species at 
high temperatures and low water activities (Magan and Lacey 1984b). Desert eco-
systems also have a higher number of species than would be predicted based solely 
on abiotic conditions (Wicklow 1981).
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Several researchers have isolated the genus Aspergillus from desert soils in 
Argentina, Chile, and Mexico. Aspergillus flavus and A. fumigatus were reported 
from desert soils worldwide (Abdel-Azeem et al. 2019), and A. carneus recorded 
exclusively from desert soils in the Middle East (El-Said and Saleem 2008) were 
missing in the Atacama soil. Moderate xerophiles include species within Aspergillus, 
Penicillium, and Eurotium (Pettersson and Leong 2011). Only a few Penicillium 
species are capable of growth below 0.80 aw: Among these are Penicillium brevi-
compactum, P. chrysogenum, P. implicatum, and Eupenicillium cinnamopurpureum 
(Hocking and Pitt 1979). The most xerophilic of the aspergilli are species in the 
section Restricti (Peterson 2008), particularly Aspergillus restrictus and Aspergillus 
penicillioides, both of which produce blue-green conidia. A. penicillioides is per-
haps best regarded as an extreme xerophile, as it grows very slowly or not at all at 
high aw, grows optimally at 0.91–0.93 aw, and is capable of growth down to at least 
0.73 aw in experimental systems (Andrews and Pitt 1987).

Xeromyces bisporus is an ascomycete filamentous fungus that has the unique 
trait of being, arguably, the most xerophilic organism discovered to date. X. bispo-
rus actively grows in conditions of decreased water availability and has an optimal 
water activity for growth around 0.85 (Grant 2004). Xerotolerant fungi are best 
known as storage fungi, the spoilage microorganisms of agricultural products and 
dried foods in the store. The principal fungal contaminants of seeds, cereals, and 
hay at harvest are field fungi, Cladosporium species, and the other inhabitants of 
plant phylloplanes, together with some specific parasites in the case of seeds and 
cereals (Fusarium, Drechslera species, etc.). Field fungi require minimum water 
activities of at least 0.85 aw for growth (Magan and Lacey 1984a). Basipetospora 
halophila has a minimum aw for growth of 0.73. All known isolates of B. halophila 
have come from salty environments: salted, dried, or cured fish and dried food-
grade seaweed (Pettersson and Leong 2011).

1.2.6  Acidophilic and Alkalophilic

Organisms that thrive at the extremes of pH are classified as either acidophiles, 
which exhibit optimal growth below pH 3, or alkaliphiles, which grow optimally at 
pH greater than 9 (Rothschild and Mancinelli 2001). Acidophiles and alkaliphiles 
have been discovered in habitats all over the world. Acidophiles thrive in sites of 
acid mine drainage, solfataric fields, acidothermal hot springs and fumaroles, coal 
spoils, and bioreactors. These environments feature low pH values, temperatures 
ranging from 25 °C to over 90 °C, pressures up to 5 MPa, low salinity, some heavy 
metals, and either anaerobic or aerobic conditions (Hallberg et al. 2010).

Among acidophilic eukaryotic organisms, algae and protozoans have received 
more attention than fungi and yeasts. Generally, fungi are detected in acid habitats 
like volcanic springs, acid mine drainage, or acid industrial wastewaters (Gross and 
Robbins 2000). Most aquatic acidic habitats have two major origins, one associated 
with volcanic activities and the other with metal and coal mining (Johnson 1998). 
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Two classes of fungi, Dothideomycetes and Eurotiomycetes, have been isolated 
from the highly acidic (pH 0.8) and metal-rich acid mine drainage from Richmond 
Iron Mountain (Baker et al. 2009). Many other filamentous fungi have been shown 
to be able to grow at very low pH values. Many Aspergillus, Eurotium, Fusarium 
and Penicillium spp. can grow down to pH values of 2.0 but also have pH optima of 
up to 10 (Magan 2007).

Acontium pullulans was isolated at pH  2.5 from acidic coal waste and acid 
streams by Belly and Brock (1974). Studies have attempted to examine metaboli-
cally active eukaryotic communities in acidic mine drainage systems, and these 
studies have demonstrated that species such as Dothideomycetes and Eurotiomycetes 
and a number of other ascomycete fungi are present in acid mine drainage (Baker 
et  al. 2004). Species related to Opisthokonta fungi, mainly affiliated within the 
Ascomycota Helotiales and Dothideomycetes, have been identified in Los Rueldos, 
an abandoned mercury underground mine, as well as the genus Paramicrosporidium 
and the Zygomycota genus Mucoromycotina (Mesa et al. 2017). Among the asco-
mycetes, species belonging to the Hemiascomycetes and Euascomycetes have been 
described in the Iberian Pyrite Belt (Glomerella sp. and Lecythophora sp.) as well 
as basidiomycetous yeasts distributed in the classes Hymenomycetes and 
Urediniomycetes (Gadanho et al. 2006).

These species have also been described in natural acidic geothermal areas (Russo 
et al. 2008). Most yeasts grow optimally at pH 5.5–6; some, including Candidakrusei, 
Rhodotorula mucilaginosa and Saccharomyces exigua, can grow at pH  1.5–2.0 
(Battley and Bartlett 1966). Three novels asexual basidiomycetous yeast species 
have been recently described in the Iberian Pyrite Belt (Cryptococcus aciditolerans 
sp. nov., Cryptococcus ibericus sp. nov., and Cryptococcus metallitolerans sp. 
nov.). These Cryptococcus species are apparently specialists of acidic aquatic envi-
ronments since they require low pH for growth (Gadanho and Sampaio 2009).

Approximately 30% of the fungi isolated from slightly alkaline forest soils or 
from limestone caves are alkaline tolerant or alkalophilic (Nagai et al. 1998). Fungi 
whose pH optimum for growth exceed pH 8, usually falling between 9 and 10, are 
defined as alkalophiles (Grant et al. 1990). Species of Acremonium and Fusarium 
are the fungi most frequently isolated from these soils. Alkaline soda lakes and soda 
deserts, low Ca environments with pH values >10, are distributed widely in tropical 
and subtropical regions. They are characterized by high concentrations of NaCO3 
resulting from evaporation (Grant et  al. 1990). Paecillomyces lilacimus was 
described as being alkaliphilic and able to grow very well between pH 7.5 and 9.0. 
True alkaliphilic Chrysosporium spp. were isolated and described from bird nests 
having a pH of 11 maximum for growth (Magan 2007).

Goto et al. (1981) identified Exophiala alcalophila, a pleomorphic species of a 
black yeast-like member of the Herpotrichiellaceae. It was growing in the soil at pH 
10.4 with its accompanying teleomorph stage, Phaeococcomyces alcalophilus. 
Exophila alcaliphila, Candida pseudotropicalis, and Saccharomyces fragilis have 
been described as being alkalotolerant (Magan 2007). Commercial processes such 
as cement manufacture and casting, electroplating, paper manufacturing, and the 
lye treatment of potatoes and animal hides generate alkaline conditions in soils 
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(Haase et al. 1999). Alkaliphilic fungi have also been isolated from industrial efflu-
ents. For example, Aspergillus nidulans KK-99 (isolated from the industrial efflu-
ents of Shreyans Paper Industry Limited, India) is adapted for growth in an 
alkalescent environment (pH 10.0) (Taneja et al. 2002). Another alkaliphilic fungus, 
Myrothecium sp. IMER1, also grows well under alkali conditions (pH 9.0) (Zhang 
et al. 2007). Among the alkaliphilic/strong alkalitolerant fungi, the Sodiomyces spe-
cies (Plectosphaerellaceae), Acrostalagmus luteoalbus (Plectosphaerellaceae), 
Emericellopsis alkaline (Hypocreales), Thielavia sp. (Chaetomiaceae), and 
Alternaria sect. Soda (Pleosporaceae) grow best at high ambient pH, but the pH 
tolerance of Chordomyces antarcticum, Acrostalagmus luteoalbus, and some other 
species was largely affected by the presence of extra Na ion in the growth medium, 
further suggesting that the frequency of alkaliphilic fungi is low, while alkalitoler-
ants seem to be far more widespread in soil (Grum-Grzhimaylo et al. 2016).

1.2.7  Rock Inhabiting

Rocks that are exposed to high solar radiation, high temperatures, low nutrient 
availability, high electrolyte concentration, and low relative humidity, where mois-
ture is available only sporadically, can be considered extreme environments and are 
colonized by unique species of stress-tolerant fungi (Gorbushina et al. 1993). Rock-
inhabiting fungi can be split into two ecological groups: (1) hyphomycetes of soil 
and epiphytic origin (De Leo et al. 1996) and (2) black microscopic fungi forming 
compact restricted microcolonies and known to be typical inhabitants of rock sur-
faces (Ruibal et al. 2005). Black yeasts and dematiaceous mycelial fungi have been 
isolated from various rock surfaces and crevices in rock surfaces and stone monu-
ments (Sterflinger and Krumbein 1997). Those fungi are phylogenetically diverse, 
are nonlichenized, and grow on bare surfaces of diverse rocks types in different 
climates and are termed microcolonial fungi MCF (Staley et  al. 1982). Typical 
adaptational features of MCF are melanized cell walls (Gorbushina et al. 1993) and 
optimal surface-to-volume ratio both for their round yeast-like cells as well as for 
the whole microcolonies (Wollenzien et al. 1995).

Melanized microcolonial fungi in the rock surface habitat are known to penetrate 
rock crevices. Such fungi share high melanin production; resistance to high tem-
peratures and ultraviolet (UV) radiation; and restricted, meristematic growth mor-
phology (Wollenzien et  al. 1997). Rock surfaces in arid regions sometimes are 
coated by “desert varnish,” which is a brown, black, or orange coating, often rich in 
oxides of manganese and iron and in clay minerals (Staley et al. 1992). Some fila-
mentous fungi that occur on rock surfaces are associated with yeasts and bacteria 
that produce a layer of extracellular slime that protects the hyphae from desiccation. 
The fungi and bacteria that grow within desert varnishes are capable of enriching 
the substrata with iron and manganese, resulting in precipitation and accumulation 
of the dense black layers on the rock surfaces. For both the microcolonial and the 
rock varnish fungi, production of a dark pigment or a dark layer on rock surfaces 
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appears to be an adaptation to reduce exposure to extended periods of high UV 
irradiation (Urzì et al. 1995).

Many fungal species have been isolated from the stone monuments such as 
Alternaria, Aspergillus, Arthobotrys, Helminthosporium, Phoma, Auerobasidium, 
Cladosporium, Curvularia, Drechslera, Fusarium, Mucor, Penicillium, Rhizopus, 
Trichothecium, and Trichoderma have been reported as widespread fungi involved 
in biodeterioration of stone monuments. The growth of these fungal genera on stone 
monuments was a cause of discoloring and structural decay of stone material of 
these monuments (Farooq et  al. 2015). Species-colonizing monuments are 
Coniosporiuma pollinis from marble monuments in Greece and Italy (Sterflinger 
et al. 1997) and C. uncinatum in France (De Leo et al. 1999). Some species, particu-
larly recurrent on monuments as Sarcinomyces petricola, are isolated from marble 
and calcarenite in Greece and Italy (Wollenzien et  al. 1997). A number of 
Capnobotryella species were isolated from Turkish marble monuments (Sert and 
Sterflinger 2010). Pseudotaeniolina globosa was recently isolated on statues of the 
Boyl’s Palace in Cagliari (Onofri et al. 2012). Egidi et al. (2014) show that many of 
the rock-inhabiting fungi, isolated from both mild and extreme climates, are found 
in the family Teratosphaeriaceae (Capnodiales), such as Friedmanniomyces endo-
lithicus, Elasticomyces elasticus, and Recurvomyces mirabilis.

1.2.8  Heavy Metal Tolerant

Heavy metals represent a highly abundant group of toxic compounds in the soil that 
can be found naturally in the environment (e.g., cadmium, copper, lead, nickel, mer-
cury, silver, zinc). Fungal responses to naturally occurring heavy and human-gener-
ated metals are wide-ranging. In most cases, species richness declines, and 
community structure changes. Nevertheless, some heavy metal–tolerant fungi can 
be isolated from most metal-contaminated sites (Brown and Hall 1989; Kumar et al. 
2019a, b). Contamination at toxic levels to organisms is mainly a consequence of 
technological development and industrial activities that have deposited waste met-
als into soils and waterways (Baldrian 2010; Kour et al. 2021; Yadav 2020). High 
concentrations of heavy metals can create a selective pressure on soil microbiota 
(Joshi et al. 2011), but little is known about natural heavy metal–resistant fungal 
communities in the soil, despite natural environments representing an important 
reservoir of microbial diversity. Although a higher percentage of metal-tolerant 
fungi can be isolated from metal-contaminated sites, copper-tolerant fungi have also 
been isolated from locations without high concentrations of the metal (Arnebrant 
et al. 1987).

Likewise, lead sensitivities of Aureobasidium pullulans isolates from contami-
nated and noncontaminated sites did not differ (Mowll and Gadd 1985). Yamamoto 
et  al. (1985) reported similar findings for fungi from copper-contaminated soil. 
Species of Aspergillus, Alternaria, Geotrichum, Fusarium, Trichoderma, Rhizopus, 
Monilia, and Penicillium have been isolated from Agricultural field soil treated with 
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municipal wastewater and industrial effluents containing Pb, Cd, Cr, Zn, Fe, and Ni 
in India (Zafar et  al. 2007). Species of Aspergillus, Alternaria, Geotrichum, 
Fusarium, and Penicillium have been isolated from Water and sediment contami-
nated with municipal wastewaters and untreated industrial effluents containing Pb, 
Cr, Cu, Zn, and Cd in Morocco (Ezzouhri et  al. 2009). Species of Aspergillus, 
Fusarium, Penicillium, and Rhizopus have been isolated from Soil from peri-urban 
agricultural areas contaminated with industrial and sewage polluted water contain-
ing Zn, Pb, Ni, and Cd in Pakistan (Iram et al. 2009). Species of Aspergillus and 
Trichoderma have been isolated from Sewage, sludge, and industrial effluents from 
sewage treatment plants and electroplating industry containing Pb, Ni, Cr, and Cd in 
India (Joshi et al. 2011).

Abdel-Azeem et al. (2007) studied the effects of long-term heavy metal contami-
nation on a diversity of terricolous fungi and nematodes in an agroecosystem in 
Egypt as a case study. They collected 100 soil samples in a randomized way to 
represent different stages of land reclamation during the period from September 
(2004) to February (2005). These profiles represented different land-use periods of 
0–20  years. Isolated species belonged to 21 genera. The prevailing genera were 
Aspergillus (12 species including anamorph stages of one Emericella and one 
Eurotium species; 52.63% of the total isolates). They found that the most abundant 
species were: Aspergillus niger var. niger, (21.15% of the totalisolate number), 
Trichoderma pseudokoningii (12.65%), A. flavus (9.4%), and A. fumigatus (8.63%).

Abdel-Azeem et al. (2015) studied the occurrence and diversity of mycobiota in 
heavy metal-contaminated sediments of a Mediterranean coastal lagoon, El-Manzala, 
Egypt. They found that the prevailing genera were Aspergillus (11 species including 
anamorph stages of 2 Emericella species; 36.66% of the total isolates), Penicillium 
(4 species including anamorph of Talaromyces; 13.33%), and the remaining taxa 
were represented only by two to one species each. Aspergillus niger, A. flavus, and 
A. terreus showed the highest percentage of frequency of occurrence.

1.2.9  Phoenicoid

The term phoenicoid fungi meaning arising from the ashes. Phoenicoid fungi are a 
specialized group of primarily ascomycetes and basidiomycetes that fruit on soil; 
plant material; burned wood following a forest fire, prairie fire, or fireplace fire; and 
volcanic eruptions (Carpenter and Trappe 1985). The terms pyrophilous, anthra-
cophilous, and carbonicolous have also been used to refer to fungi that fruit on heat-
treated substrata. Although a habitat that has burned is not a stressed environment in 
the classical sense, forest fires usually lead to a 3- to 5-unit increase in pH because 
of ash deposition. The plant community in which a fire has occurred and the depths 
of burn play major roles in determining the types of fungi that will appear following 
the fire (Pandit and Maheshwari 1996).

The phoenicoid fungi have been arranged into four groups in relation to the inci-
dence of fruiting following burning according to Dix and Webster (1995).
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• Group 1: Species that (under favorable climatic conditions) appear on bonfire 
sites as early as 7 weeks after burnin, but which do not fruit later than 80 weeks 
after burning, for example, Anthracobia spp., Pyronema spp., and Trichophaea 
abundans.

• Group 2: Heterogeneous group of species that fruit 10–15 weeks after burning. 
The duration of fruiting is very variable: for Peziza trachycarpa not later than 
100  weeks after burning, for P. praetervisa andTephrocybe carbonaria up to 
150 weeks after burning, and for Pholiota carbonaria 190 weeks after burning.

• Group 3: Comprises only Trichophaea hemisphaerioides and Peziza endocar-
poides, which take 20–50 weeks to appear and persist for 130–200 weeks.

• Group 4: Heterogeneous group of species and includes species that do not usu-
ally appear until 50 weeks after burning and may not disappear for 150 weeks, 
for example, Ripartites tricholoma, or 200  weeks, for example, 
Myxomphalia maura.

Volcanic eruptions and subsequent depositions of hot ash, as occurred on Mount 
St. Helens in the state of Washington (United States), can also lead to abundant 
fruiting of phoenicoid fungi. Six weeks after the eruption, apothecia of Anthracobia 
melaloma and perithecia of Gelasinospora reticulospora appeared within the tephra 
(Carpenter et al. 1987). Petersen (1971) noted that following a natural forest fire in 
Denmark, the fructifications of Anthracobia maurilabra occurred in hollows in the 
ground surrounding the trunks of charred Picea. Geopyxis carbonaria and Rhizina 
undulata are generally restricted to coniferous forests. Rhizina undulata is a good 
example and is especially common at bonfire sites in pine plantations growing on 
acid soil (Ginns 1974).

1.2.10  Oligotrophic

Oligotrophy is defined as the ability of microbes to grow when concentrations of 
nutrients are very low or absent. Oligotrophic habitats are generally regarded with a 
nutrient flux from 1 to 15 mg of carbon per liter (Poindexter 1981), and a medium 
containing a carbon concentration of 10 mg per liter was widely suggested to culti-
vate oligotrophic fungi (Martin and MacLeod 1984). Oligotrophic microorganisms 
are classified on the basis of the trace nutrients that they scavenge; thus, one can 
distinguish between oligocarbotroph and oligonitrotrophs, organisms that respec-
tively grow by utilizing traces of carbon and nitrogen. This terminology could be 
extended to include, for example, oligophosphotrophs and oligoferrotrophs, that is, 
organisms that grow in the presence of trace amounts of phosphate and iron 
(Wainwright et al. 1993).

That ability is important for survival in some low-nutrient environments, which 
mycologists generally consider to be stressful. Carbon plays an important role in 
fungal community dynamics and taxonomic diversity, particularly in soil. Wood 
decomposing fungi, such as Phanerochaete chrysosporium, and several 
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mycorrhizal species cannot grow on a carbon-free substratum. It is interesting that 
numerous zygomycetes and mitosporic ascomycetes are able to grow oligocarbotro-
phically on nutrient-free silica gel (Wainwright et al. 1992). Inoue (1988) reported 
the growth of fungi on aluminum, plastics, and electronic components and isolated 
various fungi from printed circuits and PVC covering electric cables. Fungi, includ-
ing Aureobasidium pullulans, Cladosporium, and Phoma spp., can also grow on the 
painted surface without degrading the paint itself.

The ability of fungi to grow oligotrophically by scavenging nutrients from the air 
explains why materials capable of passing standard fungal resistance tests still occa-
sionally become rapidly contaminated with fungal growth (Smith and Nadim 1983). 
Caves have been generally regarded as typical oligotrophic environments (Bastian 
et al. 2009), distinctly characterized by constantly low temperature, high humidity, 
scarcity of organic matter, and darkness (Gabriel and Northup 2013). Species of 
Cephalotrichum, C. stemonitis from Slovakia and Spain and C. verrucisporum from 
Japan, were reported from caves environments (wall and ceiling, rodent feces, and 
rhizomorphs) (Kuzmina et al. 2012). In a study by Jiang et al. (2017), 169 strains 
belonging to at least 84 taxa were isolated from carbonate caves in China, using 
oligotrophic carbon-free silica gel medium (SGM). The most common genera 
obtained in this study include Cephalotrichum, Plectosphaerella, Clonostachys, 
Cladosporium, and Fusarium. The most common species include Plectosphaerella 
cucumerina, Clonostachys rosea, Cephalotrichum oligotriphicum, and 
C. guizhouense.

1.3  Biomolecules from Endophytic Fungi

Endophytic fungi are microfungi that internally infect living plant tissues without 
causing disease or any harm to plant and live in a mutualistic association with plants 
for at least a part of their life cycle (Abo Nouh 2019; Rana et al. 2019b). Endophytic 
microbes are able to provide survival strategies and provide protection of their host 
plants including production of chemically different and secondary metabolites 
(structurally) also drug conduct showing the layout of pharmacological activities or 
biological, namely, anticancer, antimicrobial, antiviral, insecticidal, antioxidants, 
antimalarial, antidiabetic, antiparasitics, and immunosuppressants (Strobel and 
Daisy 2003; Rana et al. 2019c; Yadav et al. 2019d).

Endophytic fungi have protection activity, most notably endophytic fungi protect 
their host from pathogenic microflora through disallowing the pathogens to expand 
a systemic connection including the host plant (Jalgaonwalal et al. 2011; Rana et al. 
2020), and are controlling plant disease via practice as a new approach. In other 
words, a different range of metabolites have been separated from endophytic fungi 
giving special importance to their ecological system or role. However, the evalua-
tion made, since 2003, mentioned 4000 bioactive compounds from a few fungal 
species, specifically Penicillium, Fusarium, and Acremonium, playing a functional 
or react role on various perspectives; nevertheless, some of the studies exist from 
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endophytes (Laxmipriya et al. 2013). Bioactive compounds produced by endophytic 
fungi exhibit their activities (Table 1.1).

1.3.1  Anticancer Agents from Fungal Endophytes

According to World Health Organization (2017a), in 2015, 8.8 million deaths were 
due to causes of cancer; this disease is demonstrated through uncontrolled or uncon-
trolled division of abnormal cells in a part of the body that consequent in uncon-
trolled division cell multiplication or abnormal tissue growth or proliferation in the 
human body (Deshmukh et al. 2019). Plant origin compounds, for example, taxol 
like Taxus baccata, T. canadensis, and also T. brevifola, vincristine (Catharanthus 
roseus) and vinblastine, camptothecin, and its preparation, namely, topotecan as 
well irinotecan, and etoposide derived from epipodophyllotoxin, have played a sig-
nificant role in the development of useful anticancer drugs clinically (Debbab et al. 
2011). Some examples of bioactive compounds produced by endophytic fungi 
exhibiting anticancer activity are shown (Table 1.2).

Table 1.1 Biomolecules compound and their activity

Name of the fungi Biomolecules compound Activity Reference

Acremonium zeae Pyrrocidines A and B Antifungal activity 
against A. flavus and F. 
verticillioides

Gao et al. 
(2020)

Aspergillus 
fumigatus
CY018

Asperfumoid, fumigaclavine C, 
fumitremorgin C, physcion and 
helvolic acid

Restrict Candida albicans Pimentel 
et al. (2011)

Cephalosporium sp. 
IFB-E001

Graphislactone A Free radical scavenging Zhou et al. 
(2018)

Cephalotheca 
faveolata

Sclerotiorin Antibacterial Zhang et al. 
(2019)

Chaetomium 
globosum

Chaetoglobosins A and C Inhibit Mucor miehei Chen et al. 
(2020)

Cladosporium sp. Brefeldin A Antifungal activity Wang et al. 
(2007)

Talaromyces sp. 7-Epiaustdiol Inhibit multidrug-resistant 
opportunistic pathogen P. 
aeruginosa

Li et al. 
(2010)

Xylaria sp. Griseofulvin To treat human and 
animal mycotic diseases

Meshram 
et al. (2016)
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1.3.2  Antimicrobial Compounds from Fungal Endophytes

Antimicrobial metabolites manufactured through endophytes are low-molecular-
weight extro-lites not inevitable for growth and yield at low concentrations against 
pathogenic invasion (Guo et  al. 2006). Therefore, endophytes are a potential 
resource of antimicrobial compounds to prevent the major threat from human drug-
resistant and plant pathogens (Tan and Zou 2001). Furthermore, based on the litera-
ture report, endophytes yield structurally various diseases of antimicrobial 
compounds, for example, alkaloids, phenols, terpenoids, quinines, steroids, and fla-
vonoids (Guo et al. 2000). Penicillium sp. produced the monoterpene preaustinoids 
A1, A2, and B1, endophytic to Melia azedarac, which exhibited mild bacteriostatic 
activity against E. coli, P. aeruginosa, S. aureus as well Bacillus sp. (Geris dos 
Santos and Rodrigues-Fo 2002). Likewise, preaustinoid B2, austinolide, preausti-
noid A3, and isoaustinone those are monoterpenes, and four monoterpenes were 
identified that were produced owing to α-ketol rearrangements also Bayer-Villiger 
oxidations related to in the biosynthetic system/process (Fill et al. 2007). Bioactive 
compounds produced by endophytic fungi exhibiting antimicrobial activity are 
shown (Table 1.3).

1.3.3  Antioxidants from Fungal Endophytes

It goes without saying that in medicinal plants are present natural antioxidants and 
also in fruits and vegetables; despite that metabolites produced through endophytes 
are studied to show naturally produced antioxidants. Finally, and most importantly, 
microbial polysaccharides are additionally reported as natural antioxidants (Huang 
et al. 2007). Different ROS associated with diseases, namely, atherosclerosis, hyper-
tension, cancer, most notably antioxidants exhibited administration (therapeutic) 
promise for therapy of varied ROS (Valko et  al. 2007). Particularly, endophytic 
fungus Pestalotiopsis microspora produced pestacin and isopestacin, which 

Table 1.2 Endophytic fungi producing anticancer activity

Name of the endophyte Plant source
Compound 
name Reference

Phyllosticta spinarum, 
Bartalinia robillardoides

Taxus baccata Taxol Gangadevi and 
Muthumary (2008)

Pestalotiopsis microspore Torreya taxifolia Torreyanic acid Lee et al. (1996)
Fusarium solani Camptotheca 

acuminate
Camptothecin Kusari et al. (2009)

Aspergillus fumigatus Podophyllum 
peltatum

Podophyllotoxin Eyberger et al. (2006)

Unidentified fungus XG8D Xylocarpus 
granatum

Merulin A and C Chokpaiboon et al. 
(2010)
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displayed potent antioxidant activity. Therefore, pestacin’s proposed antioxidant 
activity is owing to the crack-up of reactive C-H bond and via OH abstraction. There 
is no doubt that antioxidant activity is 10-fold greater than Trolox (Harper et al. 
2003). Bioactive compounds produced by endophytic fungi exhibit antioxidant 
activity (Table 1.4).

Table 1.3 Endophytic fungi producing antimicrobial compounds

Name of the 
endophyte Plant source Biomolecules compound Reference

Cladosporium sp. Quercus 
variabilis

Brefeldin Wang et al. 
(2007)

Xylaria sp. YX-28 Ginkgo biloba 7-Amino-4-methylcoumarin Liu et al. (2008)
Xylaria sp. F0010 Abies holophylla Griseofulvin Park et al. (2005)
Pestalotiopsis 
adusta

Unidentified 
plant

Pestalachloride A Li et al. (2008)
Pestalachloride B

Phomopsis cassia Cassia 
spectabilis

Ethyl 
2,4-dihydroxy-5,6-
dimethylbenzoate

Silva et al. 
(2005)

Phomopsilactone
Phomopsis sp. Erythrina crista Phomol Weber et al. 

(2004)
Curvularia lunata Niphates olemda Cytoskyrin A Jadulco et al. 

(2014)

Table 1.4 Endophytic fungi exhibiting antioxidant activity

Name of the 
endophyte Plant source

Biomolecules 
compound Reference

Pestalotiopsis 
microspora

Terminalia morobensis Pestacin, 
Isopestasin

Harper et al. 
(2003)

Cephalosporium sp.
IFB-E001

Trachelospermun 
jasminoides

Graphislactone A Hormazabal et al. 
(2005)

Microphaeropsis 
olivacea

Pilgerodendron uviferum

Corynespora 
cassiicola L36

Lindenbergia philippensis 
(Cham) Benth

Corynesidone B Chomcheon et al. 
(2009)

Corynespora 
cassiicola L36

Lindenbergia philippensis 
(Cham) Benth

Corynesidones A

Corynespora 
cassiicola L36

Lindenbergia philippensis 
(Cham) Benth

Corynether A
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1.3.4  Insecticidal Activities from Fungal Endophytes

Foliar Clavicipetalean grass and systemic endophytes produced toxic alkaloids; 
however, it protected the hosts athwart vertebrate herbivores and insects. Mechanisms 
concerning the manufacturing of toxic repellent compounds through endophytic 
fungus have been studied (Shi et al. 2013). A multitude of endophytic nematopha-
gous and entomo-pathogenic fungi are generally thought to be biocontrol agents 
that assist nematicides or insecticides. Endophytic Phomopsis sp. produced pho-
mopsolids that prohibit the repellent and feeding activities in elm bark beetles 
(Grove 1985). Bioactive compounds produced by endophytic fungi exhibit insecti-
cidal activity (Table 1.5).

1.4  Biomolecules from Mangrove Fungi

Mangroves are salt-tolerant forest habitats restricted to intertidal areas of flooded 
beaches, estuaries, tidal creeks, backwaters, lagoons, marshes, and tropical and sub-
tropical latitudinal mudflats. Such important ecosystems are a complex ecotone of 
great ecological, economic, and social importance between the terrestrial and the 
marine environments (Gopal and Chauhan 2006). Nearly 90% of mangroves are 
allocated in South-East Asia, America, and Africa. The diversity of mangrove spe-
cies is well known among animals and plants including microorganisms (Shearer 
et al. 2007). The related mangrove fungi in mangroves are also called manglicolous 
fungi, which mainly include marine fungi; however, a select minority of terrestrial 
fungi also occurs in mangrove area. Because aerial parts in mangroves are subjected 
to salt spray (Kohlmeyer and Kohlmeyer 2013), these fungi can be shown to have 
salt tolerances. The latest estimate of marine fungi is 1500 species, which excludes 
lichens, and many of them are new or inadequately described species (Hyde et al. 
1998). Jones and Alias (1997) estimated that there are 269 species of higher marine 
fungi from mangrove, while Schmit and Shearer (2003) listed 280 fungi (198 asco-
mycetes, 78 mitosporic and 4 basidiomycetes) worldwide. Fungi in mangrove envi-
ronment represent bioactive metabolites that enjoy renewed attention for providing 
novel and interesting chemical scaffold and an essential ecological role in organic 
matter decomposition through the development of a variety of extracellular 

Table 1.5 Bioactive compounds produced by endophytic fungi exhibiting insecticidal activity

Name of the fungi Plant source Biomolecules compound Reference

Nodulisporium sp. Bontia daphnoides Nodulisporic acid Demain (2000)
Penicillium sp. Acanthus ilicifolius Penicinoline Shao et al. (2010)
Muscodor vitigenus Paullinia paullinioides Naphthalene Daisy et al. (2002)
Eupenicillium sp. Murraya paniculata Alantrypinene Fábio et al. (2005)
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degrading enzymes, such as cellulase, xylanase, pectinase, amylase, and so on 
(Kobayashi and Tsuda 2004).

1.4.1  Bioactive Compounds from Mangrove Fungi

1.4.1.1  Cytotoxic Compounds

Phomoxanthone A is a dimeric natural product of tetrahydroxanthone that has 
gained considerable attention because of its cytotoxic, antibacterial, and antifungal 
effects. This interesting metabolite was obtained from the Phomopsis longicolla 
endophyte derived from the Sonneratia caesolaris mangrove plant, harvested on 
Hainan Island, South China (Frank et  al. 2015). The Aspergillus versicolor 
HDN1009 fungal strain obtained from mangrove soil collected in Guangzhou, 
China, yielded six rare heterogeneous dimers, versixanthones A–F.  These com-
pounds were evaluated for cytotoxicity to the cell lines HL-60, K562 (myelogenous 
leukemia), A549, H1975, MGC-803 (human gastric cancer), HO8910 (ovarian can-
cer), and HCT-116 (colorectal carcinoma). Compounds versixanthone A, B, and C 
exhibited activity against at least two types of cells with IC50 values ranging from 
2.6 to 25.6 μM and the derivatives versixanthone D, E, and F and secalonic acid D 
demonstrated cytotoxicity against at least five cancer lines with IC50 values ranging 
from 0.7 to 21 μM (Wu et al. 2015).

Annulohypoxylon sp. endophyte CA-2013, derived from the mangrove plant 
Rhizophora racemosa, collected in Cameroon, resulted in the characterization of 
new congeners based on benzofluoranthene, daldinones H–J.  Daldinon demon-
strated high to moderate cytotoxicity to adult lymphoblastic T cells (Jurkat J16) and 
Burkitt’s lymphoma B lymphocytes with 14.1 and 6.6 μM IC50 values, respectively 
(Liu et  al. 2017). Research on the fungal strain Rhytidhysteron rufulum AS21B, 
obtained from Azima sarmentosa collected from a mangrove field in the province of 
Samutsakhon, Thailand, provided a series of spirobisnaphthalene analogs display-
ing cytotoxic and nitric oxide (NO) production inhibitory activities. Cultivation of 
the fungus under mildly acidic conditions (pH 5) resulted in a distinct improvement 
in its metabolic parameters, with the addition of 2 new spirobisnaphthalenes, rhyt-
idenones G and H, and 11 recognized compounds including rhytidenones E and F 
(Siridechakorn et al. 2017).

1.4.1.2  Antimicrobial Compounds

A significant number of reports focused on antimicrobial metabolites isolated from 
mangrove saprophytic fungi, for example, Auranticins, which are antimicrobial 
depsidones, and the epimeric δ-lactones, helicascolide A and B, were obtained from 
fungi isolated from mangroves (Poch and Gloer 1991). Aigialomycins A–E, new 
14-membered resorcylic macrolides, were isolated together with a known 
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hypothemycin from the mangrove fungus, Aigialus parvus BCC 5311 (Isaka et al. 
2002). Hypothemycin and aigialomycin D exhibited in vitro antimalarial activity 
with IC50 values of 2.2 and 6.6 μg/mL, respectively, while other analogues were 
inactive. Hypothemycin is reported to exhibit moderate antibiotic activity against 
the protozoan, Tetrahymena furgasoni, and the plant pathogenic fungi Ustilago 
maydis and Botrytis allii (Nair and Carey 1980). Christophersen et al. (1999) have 
also investigated some ubiquitous genera, such as Aspergillus and Penicillium iso-
lated from lagoons and mangroves in Venezuelan waters, expected to furnish opti-
mal conditions for the discovery of new metabolites. Among the total 227 isolated 
fungi, 61 strains of Penicillium citrinum antibacterial activity and 30 isolates of 
Penicillium steckii produced very similar profiles of secondary metabolites that had 
activity against either Vibrio parahaemolyticus or Staphylococcus aureus or both. 
Cytosporone B shows broad activities against fungi, of which MIC against 
Aspergillus niger, Trichodema sp., and Fusarium sp. were 0.125 mg/mL, 62.5 μg/
mL, and 62.5 μg/mL, respectively, and was purified from the fermentation broth of 
an endophytic fungus, Dothiorella sp., isolated from mangrove plant Avicennia 
marina at the esturary of Jiulong River, Fujian Province, China (Yan et al. 2005a). 
The fungal extract of P. brocae MA-231, grown on the PDB medium, permitted the 
characterization of five new derivatives of sulfide diketopiperazine, namely, penici-
brocazines A–E, and one established analog, phomazine B. All compounds were 
checked against several human- or plant-pathogenic. The penicibrocazines B–D and 
phomazine B showed activity against S. aureus with MIC values of 82, 0.55, 17.6, 
and 0.55 μM, respectively. Penicibrocazine C demonstrated good inhibitory activity 
against Micrococcus luteus with an MIC value of 0.55 μM (Meng et al. 2015).

1.4.1.3  Other Bioactive Compounds

β-Carboline, adenosine, and 8-hydroxyl-3,5-dimethyl-isochroman-1-one were iso-
lated from mangrove fungus K32. The interaction of β-carboline with calf thymus 
DNA was investigated by UV–vis and fluorescence spectra, resulting in the occur-
rence of the binding reaction, which was proposed to be one possible mechanism of 
the antitumor activity of β-carboline (Song et al. 2004). Eight new indole triterpenes 
named shearinines D–K, along with shearinine A, paspalitrem A, and paspaline, 
have been isolated from the mangrove endophytic fungus Penicillium sp. Shearinines 
D, E, and G exhibit significant in vitro blacking activity on large-conductance cal-
cium-activated potassium channels (Xu et  al. 2007). The endophyte R. rufulum 
AS21B produced six new derivatives of spirobisnaphthalene, namely, rhytidenones 
A–F. Among the isolated compounds, rhytidenone C in lipopolysaccharide (LPS)-
stimulated J774.A1 macrophages with an IC50 value of 0.31 μM demonstrated the 
most potent inhibitory effect on NO output (Pudhom and Teerawatananond 2014). 
Chromatographic workup of sediment-derived Penicillium pinophilum H608 
(obtained from the Xiamen coastline, China) extract led to the isolation of a series 
of phenolic compounds that were assessed for their inhibitory activity against oleic 
acid-related lipid aggregation in HepG2 cells. Eight compounds were reported to 
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prevent lipid aggregation at a dosage of 10  μM, with no major cytotoxicity 
(IC50 > 50 μM) as a result of this bioactivity screening (Wu et al. 2016).

1.4.1.4  Enzymes from Mangrove Fungi

The great biodiversity of mangrove fungi can produce enzymes possessing better 
physiological characteristics in relation to temperature, pressure, pH, and salinity of 
medium (Burtseva et  al. 2003). A study by Wu (1993) identified 15 genera (42 
strains) of fungi from mangroves in the Tansui Estuary near Taipei, Taiwan, and 
found that most of the ascomycetes were able to secrete a wide range of enzymes 
potentially capable of decomposing mangrove litter. Raghukumar et  al. (2004) 
reported that a mangrove fungus, Aspergillus niger, can produce thermostable, cel-
lulose-free alkaline xylanase activity in bio bleaching of paper pulp, and the crude 
enzyme of its crude culture filtrate, with high xylanase activity, cellulose-free and 
unique properties containing 580 Ul-1 xylanase, could bring about bleaching of 
sugarcane bagasse pulp by a 60-min treatment at 55  °C.  D’Souza et  al. (2006) 
reported that a mangrove white-rot basidiomycetous fungus, NIOCC#2a, is able to 
produce laccase to decolorize colored effluents and synthetic dyes. The efficiency of 
this fungus in decolorization of various effluents with laccase that is active at 
pH 3.0–6.0 and 60 °C in the presence of seawater has great potential in bioremedia-
tion of industrial effluent. Another example is that a marine hypersaline-tolerant 
white-rot fungus, Phlebia sp. MG-60, screened from mangrove stands (Li et  al. 
2002), has shown excellent lignin degradation ability and selectivity. It can degrade 
more than 50% of lignin incubated with whole sugarcane bagasse, but less than 10% 
of holocellulose was lost, and after biopulping with this strain, the whole sugarcane 
bagasse might be used to produce animal feed after fermentation (Li et al. 2003).

1.5  Biomolecules from Aquatic Habitat Fungi

Seventy-one percent of our planet’s surface comprise of water, yet just 0.6% are 
lotic and lentic freshwater habitats. Often taken for granted, freshwaters are widely 
diverse habitats and host >10% of all animal and >35% of all vertebrate species 
worldwide. Nevertheless, no other main components of global biodiversity are 
decreasing as rapidly and dramatically as freshwater ecosystem. While there is con-
siderable evidence that freshwater fungal diversity is huge, the study of freshwater 
(aquatic) fungi biodiversity is still in its infancy (Webster 1976). Hyde et al. (2007)
have estimated that there are around 1.5 million fungal taxa on earth. Of these, only 
about 3000 species are recorded to be associated with aquatic habitats and only 465 
species occur in marine waters (Shearer et  al. 2007). This small proportion of 
aquatic fungal taxa is outstanding as the aquatic habitats are a potentially perfect 
habitat for many species. Based on this notion, we believe that the “true” number of 
aquatic fungi is much larger than 3000 and includes a broad range of hitherto 
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undescribed species with unknown ecological function. Aquatic fungi are typically 
microscopic species, which do not produce visible fruiting bodies but grow asexu-
ally (anamorphic fungi). Water-associated fungi have been known traditionally and 
classified as “phycomycetes,” a functionally defined group consisting of “true 
fungi” (Eumycota) (Webster 1976).

Aquatic and aquatic-derived fungi have been widely studied for their bioactive 
metabolites and have proven to be a promising source of novel anticancer, anti-
plasmodial, antiviral agents, antibacterial, and anti-inflammatory (Hernández-
Carlos and Gamboa-Angulo 2011). Aquatic-derived fungi were also used as 
biosorbents of heavy metals and radionuclides from polluted groundwater (Abdel-
Azeem and Gab Allah 2011). Several years ago, only a few antibacterial agents have 
received approval by the U.S.  Food and Drug Administration. Thus, there is an 
urgent need for new antimicrobial agents and other effective pharmaceutical agents. 
Fungi have a magnificent record in producing bioactive compounds, and several of 
these currently have significant medicinal and other uses (Lazaro and Hyde 2001).

1.5.1  Bioactive Secondary Metabolites of Aquatic Fungi 
in Pharmaceutical Applications

Aquatic Fungi are known for their potentiality to produce a wide diversity of bioac-
tive secondary metabolites. The first compound of medical and economic impor-
tance derived from an aquatic fungus is the Cephalosporin C, a broad-spectrum 
antibiotic isolated from Acremonium chrysogenum (Abraham 1979). Recently, 
more than 1000 compounds derived from aquatic fungi were discovered, with pos-
sible applications for treating cardiovascular diseases, diabetes, cancer, immune 
suppressants, antibiotics, antioxidants, and antivirals, among others (Wang et  al. 
2015). Fungi producing those compounds were isolated from freshwaters, consider-
ing environments such as the mangroves or the associations with macroalgae and 
other organisms. Aquatic fungi turned into a significant reservoir of new chemical 
structures and bioactive natural compounds (Qin et al. 2015). It is important to high-
light that there is still an overwhelming knowledge gap of bioactive compounds 
isolated from aquatic fungi when compared to their terrestrial counterparts.

1.5.1.1  Bioactive Compounds as Antioxidants 
and Antimicrobial Activities

Abdel-Wareth and Ghareeb (2018) isolated Penicillium implicatum and Aspergillus 
niveus as promising freshwater-derived fungus producing a number of phenolic 
compounds, among them methyl gallate and p-coumaric acid. These two com-
pounds were found to have antibacterial effects and miracicidal and cercaricidal 
activities (Tables 1.6 and 1.7). Methyl gallate is a derivative of gallic acid a powerful 
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compound. It was previously isolated from plants showing medicinal properties like 
antioxidant, antiproliferative, and anticancer abilities (Chaudhuri et al. 2015). On 
the other hand, p-coumaric acid, stated to have biological activities and many physi-
ological functions, is one of the most significant phenolic acids, p-coumaric acid 
(4-hydroxycinnamic acid), classified as a nutraceutical and phytochemical, is iden-
tified at significant levels in many fruits and vegetables as well as cereals; p-cou-
maric acid was effective against Bacillus cereus as compared with Kanamycin 
(Abdel-Wareth and Ghareeb 2018). There are more than 600 taxa of freshwater 
fungi between mitosporic and ascomycetes fungi, where a greater number are 
known from temperate, in contrast to tropical, regions (Wong et al. 1998).

1.5.1.2  Bioactive Compounds as Nematicidal

As for the search of nematicidal metabolites produced by freshwater fungi micro-
mycetes, the contributions found in the literature corresponded to the research con-
ducted by Dong’s group. These were made for alternatives to control Bursaphelen 
chusxylophilus, a very economically important nematode devastating pine wood. 

Table 1.6 The phenolic compounds identified in Penicillium implicatum filtrate by reverse 
phase HPLC

Peak No. R.T (min) Area % Identified compound μg/100 mL

1 7.26 0.32 Gallic acid 53.74
2 7.37 0.12 Pyrogallol 833.58
3 7.93 0.30 4-Amino-benzoic acid 18.66
4 8.65 0.18 Protocatechuic acid 80.70
5 8.69 0.10 Catechin 56.69
6 9.21 0.23 Chorogenic acid 57.86
7 9.53 1.12 Methyl gallate 285.00
8 9.69 0.10 Epicatechin 23.83
9 10.24 0.25 Caffeic acid 19.19
10 10.35 0.17 Vanilic acid 63.48
11 11.75 0.75 p-Coumaric acid 89.24
12 11.86 0.13 Ferulic acid 19.90
13 12.08 0.40 Iso-ferulic acid 68.51
14 12.63 0.14 Reversetrol 7.65
15 13.03 0.35 Ellagic acid 932.51
16 13.10 2.14 e-Vanilic acid 8021.09
17 13.28 0.26 α-Coumaric acid 42.48
18 13.43 0.30 Benzoic acid 516.93
19 13.92 0.78 3,4,5-Methoxy cinnamic acid 11.73
20 14.04 0.19 Coumarin 23.41
21 14.39 0.19 Salicylic acid 131.51
22 15.15 0.20 Cinnamic acid 12.08

Source: Abdel-Wareth and Ghareeb (2018)
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During this search, the fungus Caryospora callicarpa was detected which produces 
seven compounds belonging to two groups of chemical families, macrolactons 
(caryospomycins A–C) and naphthalenes. All exhibited moderate activity against 
B. xylophilus (LC50 = 100–229 lg/mL) (Dong et al. 2007). Also, fungus Paraniesslia 
sp. was able to produce two glycosphingolipids, (2S,20R,3R,30E,4E,8E)-1-O-(b-d-
glucopyranosyl)-3-hydroxyl-2-[N-20-hydroxyl30eicosadecenoyl]amino-9-
methyl-4,8octadecadiene and cerebroside C both showed weaker (LC50 = 110 lg/
mL) nematicidal activities against B. xylophilus (Dong et al. 2005). A compilation 
of freshwater species of fungi have been explored in terms of their chemical content 
and biological properties, which belong to different fungal genus. These include 
Anguillospora, Annulatascus, Astrosphaerilla, Camposporium, Caryospora, 
Clavariopsis, Decaisnella, Dendrospora, Glarea, Helicodendron, Helicoon, 
Kirshchsteiniothelia, Massarina, Mortierella, Ophioceras, Paraniesslia, 
Pseudohalonectria, Stachybotrys, and Vaginatispora genera (Hernández-Carlos and 
Gamboa-Angulo 2011). Some of species producing antimicrobial and nematicidal 
agents are shown (Table 1.8).

Table 1.7 The phenolic compounds identified in Aspergillus niveus filtrate by reverse phase HPLC

Peak No. R.T (min) Area % Identified compound μg/100 mL

1 7.29 0.13 Gallic acid 12.04
2 7.34 0.27 Pyrogallol 970.06
3 7.93 0.66 4-Amino-benzoic acid 22.21
4 8.64 0.84 Protocatechuic acid 202.17
5 8.68 0.20 Catechin 56.79
6 9.24 0.63 Chorogenic acid 86.84
7 9.55 0.98 Methyl gallate 135.72
8 9.72 0.28 Epicatechin 34.73
9 10.27 0.58 Caffeic acid 24.26
10 10.38 0.54 Vanilic acid 108.31
11 10.64 1.35 p-Coumaric acid 87.07
12 11.88 0.32 Ferulic acid 26.99
13 12.20 0.58 Iso-ferulic acid 54.33
14 12.61 0.11 Reversetrol 3.08
15 13.01 0.03 Ellagic acid 57.26
16 13.04 0.06 e-Vanilic acid 124.44
17 13.28 0.22 α-Coumaric acid 20.38
18 13.52 0.61 Benzoic acid 573.71
19 13.90 0.04 3,4,5-Methoxy cinnamic acid 3.19
20 13.97 0.10 Coumarin 7.02
21 14.35 0.15 Salicylic acid 56.31
22 15.20 0.12 Cinnamic acid 3.89

Source: Abdel-Wareth and Ghareeb (2018)
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1.5.2  Aquatic Fungi: An Effective Tool in Bioremediation

Mycoremediation is a type of bioremediation in which fungi have been used to 
decontaminate the area because it is the cheapest option for remediation. Fungi are 
unique microorganisms because they secrete extracellular enzymes. Decomposition 
of lignocellulose is classified as the most significant degradative event in the carbon 
cycle of the earth (Bennett and Faison 1997; Yadav et al. 2019c, e). Mycoremediation 

Table 1.8 Metabolites with pesticidal properties isolated from fungi found in freshwater systems

Fungal species Metabolite Type of compound Activity Reference

Stachybotrys sp. 
(CS-710-1)

Stachybotrins A and B Alkaloid Antimicrobial Xu et al. 
(1992)

Anguillospora 
longissima

Anguillosporal Polyketide Antimicrobial Harrigan 
et al. 
(1995)

Helicodendron 
giganteum

Heliconols A–C Polyketide Antimicrobial Mudur 
et al. 
(2006)

Decaisnella 
thyridioides

Decaspirones A–E Spirodioxynaphthalenes Antimicrobial Jiao et al. 
(2006)

Paraniesslia sp.
YMF1.01400

(2S,20R,3R,30E,4E,8E)-
1-O-(b-
dGlucopyranosyl)-3-
hydroxyl-2-[N-20-
hydroxyl-30 
Eicosadecenoyl]
amino-9-methyl-4,8-
octadecadiene

Sphingolipid Nematicidal Bills et al. 
(1999)

Pseudohalonectria 
adversaria
YMF1.01019

Pseudohalonectrin A–B Pyrone-quinone Nematicidal Dong 
et al. 
(2006)

Caryospora 
callicarpa
YMF1.01026

Caryospomycins A–C Macrolactone Nematicidal Dong 
et al. 
(2007)

4,8-Dihydroxy-3,4-
dihydronaphthalen-
1(2H)-one
4,6-Dihydroxy-3,4-
dihydronaphthalen-
1(2H)-one
4,6,8-Trihydroxy-3,4-
dihydronaphthalen-
1(2H)-one
3,4,6,8-Tetrahydroxy-
3.4-dihydronaphthalen-
1(2H)-one(cis-4-
hydroxyscytalone)

Naphtahlene Nematicidal Zhu et al. 
(2008)
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is the determination of the right fungal species to target a particular pollutant. The 
purpose of fungi in the ecosystem is the decomposition and conversion of organic 
and inorganic substrates (Kshirsagar et al. 2012). Cooke (1976) encouraged the use 
of fungi in the treatment of wastewater as fungi tended to exhibit higher rates of 
degradation of organic matter. In addition to the extracellular enzyme production, 
the fungal cell walls and their components play a significant role in the biosorption 
of toxic substances during the treatment of wastewater. Aksu (2005) recorded bio-
sorption of organic contaminants by different types of fungal taxa. Denizli et al. 
(2004) discovered that fungal biomass eliminates large quantities of organic con-
taminants from aqueous solution by adsorption. Aquatic fungi also play a role as 
natural environmental remediators (Hasija 1994). Kshirsagar et al. (2012) particu-
larly focus on elimination of contaminants from wastewater during wastewater 
treatment.

Essential parameters such as pH, BOD, COD, phosphate, and nitrate were used 
to understand the function of aquatic fungi in remediation. Aquatic fungi were iso-
lated from water from river Mula, Pune. This study was carried out using four spe-
cies of fungi. The most dominant species were Aspergillus terreus, Aspergillus 
niger, and Cunninghamella sp. (Table 1.9) (Kshirsagar and Gunale 2011; Kshirsagar 
2012) and were used as test organisms for the treatment of wastewater. Fungal 
Medium and culture were used for isolation of fungi from the polluted water from 
the Mula river. The wastewater samples were tested for nitrate, phosphate, COD, 
BOD, and pH. The following approach was used to research the role of fungi in 
wastewater treatment. (1) Wastewater treated with Aspergillus terreus, Aspergillus 
niger, Rhizopus nigricans, and Cunninghamella sp. and (2) Wastewater treated 
without Aspergillus terreus, Aspergillus niger, Rhizopus nigricans, and 
Cunninghamella sp. (Control). Wastewater was tested for pH, BOD, COD nitrate, 
and phosphate before and after treatment with fungi. Aspergillus terreus was shown 
to have the highest nitrate removal from wastewater. By order of elimination of 
nitrate, Aspergillus terreus  >  Aspergillus niger  >  Rhizopus nigri-
cans  >  Cunninghamella sp.  >  Control. Aspergillus niger effectively eliminated 
nitrogen and could be maintained as dominant.

Reduction of BOD in wastewater by Aspergillus terreus and Aspergillus niger 
demonstrates the highest reduction potential of BOD during wastewater treatment 
(Preetha and Viruthagiri 2005). Rhizopus sp. is reported to be essential adsorbents 

Table 1.9 Analysis of pH from wastewater using aquatic A. terreus, A. niger, R. nigricans and 
Cunninghamella sp.

Initial pH 7.41 ± 0.10
Days Control A. terreus A. niger R. nigricans Cunninghamella

5 7.69 ± 0.07 6.70 ± 0.16 7.02 ± 0.12 7.09 ± 0.10 7.33 ± 0.18
10 7.08 ± 0.06 7.15 ± 0.12 7.61 ± 0.07 7.28 ± 0.07 7.59 ± 0.05
15 7.66 ± 0.14 7.99 ± 0.21 7.48 ± 0.08 7.63 ± 0.16 7.17 ± 0.06
20 7.73 ± 0.06 7.81 ± 0.22 7.65 ± 0.14 7.89 ± 0.10 7.68 ± 0.15

Values represent the mean ± S.E of the three replica

F. A. Abo Nouh et al.



29

for the removal of metals and organic matter from urban and industrial wastewater. 
Rhizopus sp. was reported to have reduced by 23.74% of phosphate. When used 
Cunninghamella sp. were 50.83%, 52.57%, 47.48%, and 42.40% respectively, but 
Aspergillus niger resulted in the highest—52.57% of phosphate elimination. So, the 
percentage of phosphate reduction order in wastewater were Aspergillus 
niger > Aspergillus terreus > Rhizopus nigricans > Cunninghamella sp. > Control. 
Pedro et al. (2007) report Aspergillus terreus and Aspergillus niger demonstrated 
excellent ability to extract contaminants. While Aspergillus terreus has demon-
strated the best result for elimination of nitrate and BOD, Aspergillus niger showed 
best removal of phosphate and COD from wastewater.

1.6  Biomolecules from Soil Fungi (Desert–Agricultural–
Salt Marshes)

The soil is probably home to the most diverse biome among the resources of our 
planet (Jansson and Hofmockel 2020) due to its heterogeneous nature in physical 
and chemical factors that condition this means of life, where microorganisms such 
as fungi have adapted developing survival strategies (Neifar et  al. 2015), which 
involves, among others, the production of antimicrobials, which is a very important 
characteristic for obtaining drugs for the preservation of human and veterinary 
health (Chandra and Kumar 2017). Fungi are resistant to stress, able to grow in 
water scarcity, and tolerate drought through spore formation (Sterflinger et  al. 
2012). According to the functions that their metabolic capacity establishes on the 
soil, they can be classified into three functional groups: biological controllers, eco-
system regulators, and decomposers of organic matter and other compounds such as 
pesticides and heavy metals (Verbruggen et al. 2012).

1.6.1  Biomolecules from Soil of Desert Fungi

Desert soils are limited in water and nutrients; additionally, they present adverse 
conditions for common life such as extreme temperatures between day and night or 
high ultraviolet (UV) radiations (Makhalanyane et al. 2015). In this type of soil, the 
fertility with respect to the addition of phosphate is limited by the solubility of phos-
phate (Ameen et  al. 2019). This is how species of phosphate-solubilizing fungi 
(mostly organic acid producers) are mentioned, such as Aspergillus nidulans, 
A. niger, A flavus, Penicillium lilacinum, P. frequentans, Fusarium moniliforme, and 
others, have the ability to degrade cellulose and lignin, for example, Aspergillus 
niger and Humicola fuscoatra (El-Gindy and Saad 1990). The fungi that have 
adapted to grow in desert conditions can be classified into earth fungi, fungi 
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associated with plants, hyphomycetes, yeasts, and microcolonial fungi (Sterflinger 
et al. 2012).

Among the metabolites produced by desert fungi, we can mention sterigmato-
cystin, produced by Emericella nidulans (imperfect phase of Aspergillus nidulans) 
and Emericella rugulosa (imperfect phase of Aspergillus rugulovalvus) (Klich et al. 
2001). Sterigmatocystin (STC) is a widespread mycotoxin produced by Aspergillus 
fungi, with hepatotoxic and carcinogenic properties (Huţanaşu et  al. 2011). 
Aspergillus nidulans is also capable of producing norsolorinic acid, which exhibits 
antiproliferative activity in MCF-7 cells of human breast adenocarcinoma (Wang 
et al. 2008). A. flavus produces aflatoxins, which are the most toxic and potent natu-
ral hepatocarcinogenic compounds known and are the second leading cause of inva-
sive aspergillosis (Hedayati et al. 2007). However, these substances are dependent 
on the strain and the culture conditions that regulate its metabolome, in biofilm 
conditions, for example, other strains stand out for the absence of carcinogenic afla-
toxins that would allow a greater valorization of A. flavus to develop biopesticides. 
Among the metabolites produced by this species can be mentioned aspergillic acid, 
beta-cyclopiazonic acid, cyclopiazonic acid, ferrineospergiline, flavacol, and sper-
madin A (Francis et al. 2020). The peptide-like antibiotic leucinostatin was isolated 
from P. lilacinum, and this compound showed activity against some gram-positive 
bacteria and a wide range of fungi and showed some inhibitory effect on the 
EHRLICH subcutaneous solid tumor (Arai et al. 1973). Currently, its enzymes are 
used, such as amylases, in food and other biotechnological applications because 
they maintain their activities even under severe pH and temperature conditions 
(Kashif et al. 2018).

P. frequentans produces pectinases and cellulases that, according to some in vitro 
and in vivo tests, would be correlated with their antagonistic capacity against some 
pathogens such as Cercospora beticola (El-Fawy et al. 2018) and Monilinia spp. 
(Guijarro et al. 2017), where the probability of risks to human and animal health is 
considered very low. F. moniliforme has a wide capacity for the production of 
metabolites of scientific interest, from some mycotoxic substances, such as monili-
formin, fusaric acid, fusarin C, and fusariocin C, to enzymes such as renin, cellulo-
lytic, and amylolytic enzymes, pectinases, and phenol-degrading enzymes (Brückner 
et al. 1989). This species is also a contaminant of the corn crop and produces metab-
olites called fumonisins, which have been shown to be carcinogenic in laboratory 
rats and cause acute toxicity in domestic animals such as pulmonary edema in pigs 
and are associated with an incidence of esophageal cancer. in humans (Norred 
1993). H. fuscoatra is a mycoparasitic fungus, originally isolated as a colonist from 
sclerotia of Aspergillus flavus, and known metabolites include 7-deoxyisterigmato-
cystin, sterigmatocystin, isosclerone, and decarestrictins A and I, among other trit-
erpenoid glycosides with activity in antifungal assays against A. flavus (Joshi et al. 
2002). This fungus also produces cellulolytic enzymes capable of improving fer-
mentation processes in the use of agro-industrial waste such as rice straw to obtain 
other economically important products (Kaur et al. 2015).

On the other hand, there are the desert truffles that are species of hypogeal fungi 
that establish mycorrhizal associations with diverse plants, many of them endemic. 
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According to the hymenium, which is the layer formed by the spore-producing ele-
ments, some genera can be grouped into Exothecia (Ruhlandiella, Sphaerozone), 
Ptychotecia (Hydnocystis, Genea, Balsamia, Choiromyces), and Estereothecia 
(Tuber, Loculotuber) (Moreno et al. 2014). Desert truffles have nutritional value due 
to their proteins, carbohydrates, fats, and fibers; they also produce phenols, carot-
enoids, anthocyanins, ascorbic acid, flavonoids, tannins, glycosides, and ergosterol, 
which confer very diverse pharmacological activities: immunomodulatory, hepato-
protective, antidepressant, antibacterial, antifungal, antiviral, and antioxidant 
(Owaid 2018).

1.6.2  Biomolecules from Soil of Agricultural Fungi

Agricultural activity changes and restricts many of the initial soil conditions where 
the fungal microbiota develops; this alteration is reflected in later disorders on pests 
and the nutrient cycle (Thiele-Bruhn et al. 2012). In soils dedicated to agriculture, 
Mycoflora depends on the type and content of organic matter in the soil, with some 
species such as Penicillium, Trichoderma, Aspergillus, Fusarium, and Mucor 
becoming predominant due to its ability to produce a wide variety of extracellular 
enzymes that mineralize organic matter and complex minerals (Žifčáková et  al. 
2016). In soils where agriculture is practiced, there are also other species of fungi 
such as those that establish symbiotic relationships with plants, arbuscular mycor-
rhizae, which by colonizing the plant root produce biomolecules that stimulate 
growth and immunity in plants; among them can be mentioned auxins, cytokinins, 
ethylene and gibberellins (Contreras-Cornejo et al. 2015); in addition, inoculation 
with arbuscular mycorrhizal fungi can increase the production of secondary metab-
olites of plants that have medicinal or nutritional potential (Pedone-Bonfim et al. 
2015). Many species of fungi also have the ability to remedy toxic metals such as 
cadmium, copper, mercury, lead, and zinc, accumulating them in their fruiting bod-
ies (Baldrian 2003).

Penicillium oxalicum and Aspergillus niger, isolated from soil with excessive 
application of phosphate fertilizer for decades in China, showed the ability to 
excrete various organic acids with phosphate-solubilizing activity that, applied as a 
seed treatment, also increased the fresh mass of corn (Yin et al. 2015). Trichoderma 
spp. could be an important tool for soil management due to its ability to solubilize 
nutrients and reduce the load of phytopathogenic fungi in the soil, thus promoting a 
greater generation of crop biomass (Zhang et al. 2018). Mucor spp. and Aspergillus 
parasiticus, on the other hand, show antimicrobial activity on gram-positive bacte-
ria (Staphylococcus aureus, Bacillus subtilis), gram-negative bacteria (Escherichia 
coli, Salmonella typhi), and even on other fungi (Candida albicans) that show us the 
already known potential of fungi from the soil to obtain drug-producing strains 
(Mensah et al. 2016).
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1.6.3  Biomolecules from Soil of Salt Marshes Fungi

Saline soils are widespread throughout the world and represent 7–8% of the Earth’s 
surface (Artiola et al. 2019), and fungi are also found there, particularly in marshes, 
where they have been found in greater occurrence to Aspergillus fumigatus, 
Aspergillus niger, Cladosporium herbarum and Alternatia alternata, Aspergillus 
terreus, Curvularia spicifera and Penicillium notatum; in moderate occurrence: 
Penicillium, Fusarium, Curvularia, Rhizopus, Stachybotrys and Chaetomium; and 
in low occurrence to: Paecilomyces, Cephalosporium, Epicoccum, Mucor and 
Myrothecium, all of them with the ability to produce enzymes that degrade cellulose 
and lignin (Abdel-Hafez et al. 1978), in addition to these halophilic and halo-toler-
ant fungi, their resistance to high ultraviolet (UV) radiation and extreme pH values 
(Gunde-Cimerman et al. 2000).

Fungi have also been found in solar salines (Gunde-Cimerman et al. 2000), and 
many of these species had previously been reported as contaminants in foods pre-
served with salt (Zalar et al. 2005) and today they have become a source of new 
metabolites with antibiotic and anticancer properties. Its use is also considered an 
attractive strategy to meet the needs of contaminated ecosystems (Naranjo-Briceno 
et  al. 2013). Species such as Debaryomyces hansenii, Hortaea werneckii, and 
Wallemia ichthyophaga have also been reported as fungal strains isolated from 
hypersaline environments (Gunde-Cimerman et al. 2009). In this group, halophilic 
and halo-tolerant black yeasts, Hortaea werneckii, Phaeotheca triangularis, 
Aureobasidium pullulans and Trimmatostroma salinum, and others such as 
Cladosporium, Aspergillus and Penicillium, have become valuable biological 
resources with potential for biotechnological applications (Chung et al. 2019). As 
large areas around the world are exposed to salinization, a better understanding of 
the Extremophilic fungi, their metabolism, and their genes will help us to adapt to 
changes in the adverse future (Gunde-Cimerman 2009). A promising species is 
Aspergillus that, in addition to growing in salinity conditions (0–6.34 M), stands out 
from other fungi because some species can grow in temperature ranges (10–50 °C), 
pH (2–11), as well as degrading and metabolizing polycyclic aromatic hydrocar-
bons (Atagana 2009). In Wallemia spp., a total of approximately 25 metabolites 
have been isolated and identified among them: wallimidione, walleminone, wal-
leminol, and UCA.  Wallimidione is the most toxic of Wallemia’s metabolites 
reported to date. Walleminol and walleminone are sesquiterpene caryophylenes. 
UCA1064-A and UCA1064-B are metabolites with known antitumor activities 
(Jančič et al. 2016).

There are different solutes that accumulate in large quantities when the fungus is 
in a saline environment; thus, the accumulation of polyols in yeasts is common 
(Brown and Simpson 1972). Also, glycerol has been found in a large number of 
fungi (Adler et al. 1985) as is the case of yeast Debaryomyces hansenii tolerant to 
salt, which was subjected to saline stress, produced glycerol, and the internal level 
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of glycerol increased linearly in proportion to the increases in external salinity 
(Adler et al. 1985); in addition, this species has a high biotechnological potential, 
particularly in the food industry (Prista et al. 2016), where it contributes directly and 
indirectly to the flavor of the foods in which they grow by adding a full range of 
different volatile compounds or altering their composition with their particular pro-
teolytic enzymes (Gori et al. 2012).

The ascomycotic black yeast Hortaea werneckii was identified as a potential 
source of melanin. Melanin has different applications in many fields, such as the 
cosmetic and pharmaceutical industry. Furthermore, the melanin extracted from this 
species showed antimicrobial activity against different pathogens such as 
Staphylococcus sp., Streptococcus pyogenes, methicillin-resistant Staphylococcus 
aureus (MRSA), Bacillus subtilis, and Erwinia carotovora (Saleh et al. 2018).

Different strains of Aspergillus pullulans can produce amylase, proteinase, 
lipase, cellulase, xylanase, mannanase, transferases, pullulan, siderophore, and uni-
cellular protein, and the genes encoding proteinase, lipase, cellulase, xylanase, and 
siderophore have been cloned and characterized (Chi et al. 2009). In Aspergillus 
versicolor, four xanthones, eight anthraquinones, and five alkaloids were isolated, 
including a new xanthone, oxisterigmatocystin, and a new alkaloid, aspergillusin 
(Wu et al. 2018).

Special mention should be made of the fungi from which pigments are extracted, 
among which the genera Aspergillus, Fusarium, Penicillium, Paecilomyces, 
Epicoccum, Lecanicillium, Monascus, and Trichoderma. Pigments commonly pro-
duced by fungi are carotenoids, quinones, flavins, ankaflavin, anthraquinone, naph-
thoquinone, and carotene. Pigments produced by soil fungi have a valuable use in 
medicines, textile dyes, food dyes, and cosmetics (Kumar et al. 2019a, b).

1.7  Biomolecules from Coprophilous Fungi

The conformation of dung is very complex due to the number of compounds it con-
tains; some reports mention that the carbon and nitrogen ratio is the most important 
likewise organic matter content (Frank et  al. 2017). On the other hand, volatile 
organic compounds (VOCs) have a special influence on the diversity of living 
things, such as coleoptera insects, and there are unique patterns in composition and 
ubiquitous components such as p-cresol (Frank et  al. 2018). Dung of herbivores 
animal represents a diverse and nutrient-rich ecosystem and thus supports growth 
and development of different types of saprotrophic microbial communities (Jain 
et al. 2020). Within these microbial communities, common inhabitants are the dung 
fungi, also known as coprophilous fungi of fimicolous fungi.
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1.7.1  Classification of Coprophilous Fungi

Coprophilous fungi are an artificial taxonomic group encompassing fungi with 
physiological and ecological adaptations at different levels, adapted to grow on the 
dung of a diverse, mainly herbivorous animals (Doveri 2004). Studies reported the 
confirmed diversity of coprophilous fungi to over 225 species until 2017 (Calaça 
et al. 2017). Coprophilous fungi are a taxonomically broad fungal group classified 
in two denominations, in accordance with its life history and substrate preference, 
namely, the true dung fungi and the fimicolous fungi (Doveri 2004). The true dung 
fungi are all fungi whose spores must pass through the animal gut as a decisive step 
to initiate germination of spores and subsequent growth on dung after defecation. 
The fimicolous fungi on the other hand do not require a passage through the animal 
digestion system to grow in dung. For fimicolous fungi, dung is just one of the pos-
sible suitable substrates where it can complete its life cycle (Abdel-Azeem and 
Salem 2015; Simões Calaça et al. 2020). Despite being a taxonomically diverse and 
not necessarily related group of fungi, authors confirmed several genera and species 
as being commonly present in the dung of various herbivores (Table 1.10).

Table 1.10 Some common genera found in coprophilous fungi

Authors Richardson (2001) Melo et al. (2016) Jain et al. (2020)

Genera
Ascobolus + − −
Cheilymenia − − +
Coniocheta + − −
Coprinellus − + −
Coprinopsis − + −
Coprinus + − +
Cyathusstercoreus − − +
Deconica − + −
Iodophanus + − −
Lasiobolus + − −
Paneolus − + +
Pilobolus − − +
Podospora + − −
Poroniaerici − − +
Psylocybe − + +
Saccobolus + − −
Schizothecium + − −
Sporomiella + − −
Thelebolus + − −
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1.7.2  Biomolecules from Coprophilous Fungi

The importance of coprophilous fungi may be used also as an indicator of habitat 
diversity (Richardson 2001). Overall, coprophilous fungi play a significant role in 
the decomposition of organic matter, nutrient cycling, and maintenance of the eco-
logical balance on the Earth (Amandeep et al. 2015). Coprophilous fungi have a 
high potential for the production of various bioactive compounds. With the rich and 
diverse substrates, and high population density of microbial communities, there is a 
need for the production of various biomolecules that ensure the survival and use of 
available nutrients. Among common biomolecules produced by coprophilous fungi 
are antibiotics, growth stimulators, biopesticides, and various oxidative enzymes 
that have a potential to (partially) decompose various xenobiotics (Jain et al. 2020).

1.7.2.1  Biomolecules from Coprophilous Fungi 
in the Pharmaceutical Industry

An example of a true coprophilous fungus with high antibiotic resistance is 
Cryptococcus neoformans var. neoformans which was repeatedly isolated from 
feces of pigeons in recreational parks in Perú, with all isolates showing an unidenti-
fied biomolecules-based resistance to fluconazole and itraconazole (Huamán et al. 
2018). The diversity of dung fungi offers accessible systems for dissecting the func-
tion of antibiotics and for exploring fungal genomes for new antibiotics, their poten-
tial for antibiotic discovery is evidenced by a high frequency of antifungal antibiotics 
and bioactive secondary metabolites from limited prior efforts and from mapping 
biosynthetic pathways in the genomes of the coprophilous fungi Podospora anse-
rina and Sordaria macrospora (Bills et al. 2013). On the other hand, Krug et al. 
(2004) consider the myxobacteria within the taxon of fungi coprophilous because 
they have cells aggregating into fruiting bodies.

They present high biotechnological potential, as is associated with the produc-
tion capacity of crocacin, which constitutes a class of metabolites of the dipeptide 
type derived from glycine and a 6-aminoexadienic or 6-aminoexenoic acid, which 
presents moderate to high antibiotic potential inhibiting the growth of gram-positive 
bacteria and some species of fungi (Oliveira et  al. 2008). The most commonly 
reported biological activity associated with these biomolecules so far has been anti-
fungal activity, for example, Stilbella fimetaria produced peptaibol antibiotics (anti-
amoebins) in rabbit dung pellets at concentrations well above concentrations needed 
for inhibiting most competing coprophilous fungi and other fungi and bacteria. The 
fungus also coproduced the diterpene myrocin B, but the levels measured in colo-
nized dung were below the predicted antifungal thresholds (Lehr et  al. 2006). 
Sordaria araneosa produce a biomolecule called Sordarin a diterpene glycoside, 
and its aglycone, the effects of sordarins on fungal protein biosynthesis via interac-
tion of elongation factor 2 at the ribosomal P-protein have been reviewed exten-
sively (Dominguez and Martín 2005).
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1.7.2.2  Other Biomolecules of Coprophilous Fungi 
of Industrial Importance

Several bioactive compounds from coprophilous fungi were already brought to bio-
technological use, for example, metabolites from Chaetomium spp. were used as a 
biocontrol of various plant pathogens, and the further development is directed of 
producing an efficient and eco-friendly nanomaterial-based carrier to be subse-
quently loaded with efficient biomolecules from Chaetomium. Functional use of 
such applications is expected in various biological and agricultural applications 
(Abdel-Azeem 2020). The development of applications with bioactive molecules 
use only is highly appreciated in Chaetomium, as releasing of spores or whole 
mycelia is discouraged due to its high inhalant allergen potential, already recorded 
or an indoor environment (Wang et al. 2016).

Conocybe is a fimicolous coprophilous genus with high biomolecules production 
potential. Opposite to Chaetomium, Conocybe spp. form macroscopic, easy to spot 
and record fruiting bodies. Thus, its wide distribution and diversity among different 
regions, dung types, seasons, and growing habits are well recorded (Amandeep 
et al. 2015). Conocybe spp. produces a range of biomolecules, such as cyclic pep-
tides, rare biomolecules that were found in several poisonous species as Conocybe, 
22 distinct cyclopeptide toxins have been identified in this fungi that are chemically 
classified into four major groups: amatoxins (bicyclic octapeptides), phallotoxins 
(bicyclic heptapeptides), virotoxins (monocyclic heptapeptides), and the nontoxic 
cycloamanides, all having several known uses in biotechnology applications 
(Pomilio et al. 2006). Another fimicolous fungus Agrocybe pediades can also grow 
on cattle dung as its main substrate (Calaça et al. 2020).

This species was confirmed to contain flavonoids, ascorbic acid, phenol, 
β-carotene, lycopene, and other components with antioxidant potential, proven radi-
cal scavenging activity (EC50 value of 1.03 mg/mL), and a total antioxidant capacity 
of 11.71 μg ascorbic acid equivalents (Acharya et al. 2017). Agrocybe pediades may 
be a good source of bioactive molecules and suggest their purification approach as 
helpful in authentication of the biomolecules and quality control approach for raw 
fungal material testing. Some other bioactive biomolecules reported from coprophi-
lous fungi include preussomerins, flutimide, australifungin, sordarins, zaragozic 
acid B, antiamoebins, talaroderxines, coniochaetones, communiols, curvicollides, 
podosporins, bombardolides, terezines, sporminarins, and petriellins (Bills 
et al. 2013).

1.8  Biomolecules from Marine Fungi

Marine fungi are a well-defined taxonomic group of microorganisms, ecologically 
divided into two groups, according to their ability to grow in marine environments: 
obligate marine fungi and optional marine fungi (Agrawal et al. 2018). This capac-
ity could be explained by the possible evolutionary origin of the superior marine 
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fungi, adapting to live in different tissues of organisms or other marine sources, 
such as sponges, algae, sediments, tunicates, coral mollusks, algae, fish, wood, and 
marine macrophyte debris (Bugni and Ireland 2004). These symbiotic associations 
position fungi in marine ecosystems as the main decomposers of woody and herba-
ceous substrates in addition to being important pathogens of marine plants and ani-
mals (Hyde et al. 1998). It should be mentioned that although we know well how 
marine fungi can produce a set of diverse and complex metabolites, their synthesis 
depends on certain conditions (ecological, physical, and biological) (Pejin and 
Maja 2017).

1.8.1  Diversity of Marine Fungi

The diversity of marine fungi is determined by two important factors: the geograph-
ical distribution and the temperature of the sea (Jones 2000). Sea temperature is 
considered the most important and determining factor in the geographical distribu-
tion of marine fungi (Booth and Kenkel 1986). Likewise, psychrotolerant marine 
fungi have been isolated from antarctic, arctic, and desert marine environments 
associated with sea urchins (Cryptococcus laurentii) and a macralga Palmaria 
decipiens from Geomyces sp. (Murray et al. 2013). Likewise, deep-sea fungi have 
been reported, and where environmental characteristics are extreme, still, a wide 
diversity of fungi in these environments is indicated (Mahé et al. 2013). The discov-
ery of marine fungi has been slow in coming. By 1958, only 100 species had been 
described (Jones 2011). Gradually, with further research, this number has increased 
to about 530 obligate marine fungi, divided into 321 genera that include 424 
Ascomycota (251 genera), 94 Mitosporic fungi (61 genera), and 12 Basidiomycota 
(9 genera) (Jones et  al. 2009). However, it was in tropical waters and mangrove 
ecosystems that the number increased to 290 taxa, including 537 genera (Jones 
2011). It is worth mentioning that the number of fungi has been estimated in 1500 
species (Jones and Mitchell 1996); however, many of them have been inadequately 
described or are synonyms of existing taxa (Jones 2011).

1.8.2  Biomolecules of Marine Fungi 
in the Pharmaceutical Industry

Various marine fungi biomolecules are used for the development of new pharma-
ceutical, nutraceutical, and cosmeceutical products. However, their potential has 
been partially evaluated (Agrawal et al. 2018) because only a small amount could be 
isolated and used as cosmetic ingredients (Corinaldesi et al. 2017). This leaves an 
incredible potential in marine fungi still to be discovered and studied, mainly when 
it is known that marine fungi have developed specific metabolic pathways that are 
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not present in terrestrial fungi (Abdel-Lateff 2008). By 2011, more than 1000 
marine fungal compounds had been isolated, including alkaloids, terpenoids, lipids, 
polyethylene, and non-ribosomal peptides (NRP) (Rateb and Ebel 2011). Thus, 
Cephalosporium sp., a marine fungus that produces cephalosporin C, has been one 
of the most important discoveries so far (secondary metabolite of a non-ribosomal 
peptide) (Rateb and Ebel 2011). Marine fungi are also an important source of 
metabolites with photoprotective capacity, among them micosporins produced 
mainly by Phaeotheca triangularis, Trimmatostroma salinum, Hortaea werneckii, 
Aureobasidium pullulans and Cryptococcus liquefaciens, specifically micosporin-
glutaminol-glucoside, and micosporin-glutamicol-glucoside (Kogej et  al. 2006). 
Among metabolites derived from marine fungi that serve as UV filters are micospo-
rine-like amino acids such as scytonemine (Pallela et al. 2010), carotenoids coming 
from the genera Rhodotorula, Phaffia, and Xanthophyllomyces (Rastogi et al. 2010), 
and benzodiazepine alkaloids (circundatin I, C and G) found in a marine fungus of 
the genus Exophiala with high UV detection levels (Zhang et al. 2008).

Also, hydroquinone derivatives with significant antioxidant activity, produced by 
Acremonium sp., are used today for their preventive effect on aging (Abdel-Lateff 
et al. 2002). On the other hand, some species of the genus Myrothecium (3-amino-
5-ethylcyclopentenones, microtenones A and B) have the capacity to produce tyros-
inase inhibitors (Li et al. 2005), a glycoprotein that catalyzes the first two reactions 
of melanin synthesis, which causes darkening of the skin (Fais et al. 2009). In addi-
tion, 6-[(E)-Hept-1-enyl]-α-pyrone (α-Pyrone Derivative) from Botrytis sp. (Zhang 
et al. 2007), Homothallin-II from T. viride H1–7 (Tsuchiya et al. 2008), 1β,5α,6α,14-
tetraacetoxy-9α-benzoyloxy-7βH-eudesman-2β11-diol and 4α,5α-diacetoxy-9α-
benzoyloxy-7βH-eudesman-1β,2β,11,14-tetraol from Pestalotiopsis sp. Z233 (Wu 
et al. 2013) have been reported.

Studies about the activity of marine fungal extracts have also been reported, such 
as Trichoderma viride 4MCMC1 and Penicillium citrinum 4MCMC4, which dem-
onstrated antifungal efficiency on Candida albicans ATCC 1023 with maximum 
inhibition halos of 3.08 mm and 2.52 mm, respectively. Within the group of asco-
mycetes with antimicrobial capacity, there is Amycolatopsis alba that produces 
Pyridinium, Salinospora arenicola whose cyclomarazins have inhibitory properties 
against Entrococcus faecium and Staphylococcus aureus (Jayaprakashvel 2012). 
Regarding the development within the pharmaceutical industry, marine yeasts such 
as Yarrowia sp. and Candida sp. are recognized as capable of synthesizing diverse 
pharmaceutical products, although, unlike terrestrial yeasts, these are still in their 
initial stages for application in the pharmaceutical industry (Abdelrahman et  al. 
2014), and a strain of Rhodotorula glutinis YS-185 is capable of producing astaxan-
thin (He et al. 2011), Aureobasidium pullulans producing siderophores (Wang et al. 
2009), Candida membranifaciens subsp. flavinogenie synthesizing riboflavin (Wang 
et al. 2008), and Aureobasidium sp. and Pichia sp. producing insulin (Chi et al. 2011).
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1.8.3  Other Biomolecules of Marine Fungi 
of Industrial Importance

The metabolic versatility of marine fungi gives them the ability to produce diverse 
biomolecules, including xylanases, lignin peroxidases, manganese peroxidases, and 
laccases (Parte et  al. 2017). Among the main ones are alkaline proteases 
(Scopulariopsis spp.) used in the formulation of detergents (Niyonzima and More 
2014), amylase, cellulase, chitinase, gelatinase, lipases (Penicillium, Aspergillus, 
Scopulariopsis, Cephalosporium, Humicola, Gymnoascus, Endomysis, 
Zygorhynchus, Trichoderma, Zalerion, Pleospora, Chaetomium and Phoma, 
Botryphialophora) involved in mineralization processes (Smitha et  al. 2014), 
Tannase (acyl hydrolase tannin) (Aspergillus awamori BTMFW032) useful in the 
food industry as an antioxidant, and catechin gallate applied in the manufacture of 
instant tea, coffee flavored drinks, juice clarification, improves the taste of alcoholic 
beverages either wine or beer (Beena 2010). Enzymes such as cellulases, xylanases, 
and pectinases are isolated from Alternaria alternata, Aspergillus terreus, 
Cladosporium cladosporioides, Emericella nidulans, Fusarium solani, and 
Cochliobolus australiensis; their use is not only limited to the food industry but, on 
the contrary, they are also of great importance in the textile, paper, and chemical 
industries (Moubasher et al. 2016). Meanwhile, marine fungi isolated from Arctic, 
Antarctic, and desert environments have been found to be notable lipolytic (lipase) 
producers of the genus Basidiomycota (Murray et al. 2013).

Some genera of marine yeasts have been reported as Rhodotorula, 
Rhodosporidium, Candida, Debaryomyces, Cryptococcus, Yarrowia, 
Aureobasidium, Metschnikowia, Torulopsis, Pichia, Kluyveromyces, Saccharomyces, 
Williopsis, Pseudozyma, Hansenula, Trichosporon, Filobasidium, and 
Leucosporidium (Chi et al. 2016). Some marine yeasts have been identified as pro-
ducers of surfactants. Yasan, an emulsifier isolated from Y. lipolytica IMUFRJ50682 
(Amaral et al. 2006), in the same way, has been reported as a producer of citric acid 
(Liu et al. 2013) and Williopsis saturnus, a producer of xylitol (Kamat et al. 2013). 
With respect to ethanol production, Pichia salicaria (Kathiresan et al. 2011) and 
Candida albicans (Senthilraja et al. 2011) have been reported as ethanol producers, 
producing 12.3 ± 0.8 g/l and 47.3 ± 3.1 g/l of bioethanol, respectively. Likewise, 
terrestrial and marine strains of Saccharomyces cerevisiae showed that the marine 
strain of S. cerevisiae obtained the highest bioethanol production with 25.1  g/l 
higher than the terrestrial strain (Saravanakumar et al. 2013).

1.9  Biomolecules from Yeast and Yeast-Like Fungi

Bioactive compounds are naturally occurring in small quantities in plants, microor-
ganisms, and food products (Kris-Etherton et al. 2002). Most bioactive compounds 
include secondary metabolites, such as antibiotics, mycotoxins, alkaloids, plant 
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growth factors, and phenolic compounds (Nigam 2009). Secondary metabolites are 
widely used in industrial products, such as pharmaceuticals; microorganisms are 
one of the widely employed strategies used as a host for the production of secondary 
metabolites, especially yeast (Siddiqui et al. 2012). Yeast has been used to synthe-
size various biomolecules that have various important biological roles such as 
defense against biotic and abiotic stresses, antimicrobial activity, and signal trans-
duction (Rahmat and Kang 2020). Yeast is a single-celled eukaryotic microorgan-
ism that belongs to the fungal kingdom. Yeast species represented a percentage of 
all identified fungal members (Kurtzman and Piškur 2006); approximately 1500 
yeast species have been identified until now (Hoffman et al. 2015). Some yeast spe-
cies, likes Saccharomyces cerevisiae and Schizosaccharomyces pombe, is used as a 
model for eukaryotic organisms and used for the construction of powerful standard 
biotechnological techniques (Brückner et al. 2009). Secondary metabolites can be 
produced or synthesized naturally from yeast cells (native) or artificially from other 
organisms (non-native) such as plant and bacteria. Yeast can produce many biomo-
lecular compounds, such as terpenoids, alkaloids, flavonoids, non-ribosomal pep-
tides, and polyketides (Rahmat and Kang 2020).

1.9.1  Secondary Metabolite Production in Yeast

1.9.1.1  Alkaloids

Alkaloids are a class of secondary metabolites that include nitrogen rings as part of 
their structure and exhibit strong bioactivity (Siddiqui et al. 2012). There are many 
drugs belonging to alkaloids, including noscapine (antitussive agent), vincristine 
(anticancer agents), codeine (analgesic), and sedative. The earliest example of engi-
neering yeast to express plant enzymes to synthesize alkaloid molecules showed the 
production of cathenamine, an indole alkaloid that serves as an intermediate for the 
biosynthesis of other alkaloids (Geerlings et al. 2001). In this two-enzyme system 
was strictosidine synthase (STR) (Brown et al. 2015). Strictosidine is obtained from 
Catharanthus roseus where about 14 genes of Catharanthus roseus were expressed 
to produce strictosidine in the engineered yeast. Strictosidine serves as an interme-
diate for the biosynthesis of terpenoid indole alkaloids (TIAs), which include vin-
cristine (anticancer) and ajmalicine (anti- hypertensive) (Nam et  al. 2007). 
Benzylisoquinoline alkaloid (BIA) biosynthetic pathway constructed in yeast can 
be divided into two parts: the production of the key branchpoint metabolite 
(S)-reticuline and the downstream modification (Trenchard et al. 2015). Reticuline 
is an important intermediate and precursor to many BIAs of medicinal interest 
including the powerful analgesics codeine and morphine (Hawkins and Smolke 
2008). S. cerevisiae has been engineered for the synthesis of (S)-reticuline, which is 
an important intermediate in the biosynthetic pathway of various alkaloids, includ-
ing the baine and morphine, which are known as opioids (Trenchard et al. 2015).
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1.9.1.2  Polyketides

Polyketides comprise a huge group of secondary metabolites assembled from ace-
tyl-CoA, malonyl-CoA, or other CoA-activated subunits (Siddiqui et  al. 2012). 
Polyketides have many biological compounds, encompassing various drugs, such as 
antitumor and antibiotic drugs. Antibiotics e.g. such as tetracycline and erythromy-
cin. The polyketides chain is synthesized by fungi and bacteria using activity 
enzymes called polyketide synthases (PKS). The functional type III PKS enzymes 
in yeast are the expression of the production of flavonoids and stilbenes. Several 
efforts have been taken up to synthesize polyketide in the engineered S. cerevisiae, 
such as the production of 6-methylsalicylic acid (6-MSA) (Kealey et  al. 1998), 
methylmalonyl-CoA (Mutka et al. 2006), and simvastatin (Bond and Tang 2019). 
Simvastatin is a semisynthetic drug that was produced in engineered yeast by enter-
ing six heterologous biosynthetic genes and the acyl-donor dimethylbutyryl-
S-methyl mercaptopropionate (DMB-SMMP) into the S. cerevisiae genome. 
Simvastatin was used to decrease the cholesterol level and has a large market 
demand as the world’s top-selling statins. Various strategies were applied to increase 
the production yield (Bond and Tang 2019). Eichenberger et al. (2017) reported the 
de novo production of dihydrochalcones (DHCs) by expressing the ScTSC13 gene 
in the engineered S. cerevisiae. After the production of phloretin, various derivatives 
of DHCs, such as phlorizin (antidiabetic), nothofagin (antioxidant), and naringin 
dihydrochalcone (sweetener compound), were successfully produced by a prolon-
gation pathway including glycosylation or methylation using enzymes (Eichenberger 
et al. 2017).

1.9.1.3  Non-ribosomal Peptides

Nonribosomal peptides (NRPs) are a type of secondary metabolites that are synthe-
sized by multidomain mega-enzymes named nonribosomal peptide synthetases 
(NRPSs), without the need for the cell ribosomal machinery and messenger RNAs 
(Evans et al. 2011). Microorganisms such as bacteria and fungi are naturally synthe-
sized NRPs by the symbionts of higher eukaryotes naturally synthesized NRPs (Dai 
and Ding 2012). NRPs include a wide range of bioactivities and pharmacological 
properties. For example, NRP natural products such as antibiotics (e.g., penicillin, 
cephalosporin, actinomycin, and vancomycin), cytotoxics (e.g., bleomycin), and 
immunosuppressants (e.g., cyclosporines) have found beneficial applications in 
human medicine (Hoffmeister and Keller 2007). NRPs also synthesize some pig-
ments such as indigoidine and some harmful toxins such as HC-toxin and AM-toxin 
phytotoxins (Desriac et al. 2013). Gurmarin is an example of nonribosomal peptide 
production in engineered yeast which used as a pharmacological agent in sweet-
taste transduction studies due to its ability to selectively impede the neural response 
to sweet substances in rats and mice (Rahmat and Kang 2020). Gurmarin was pro-
duced from the Pichia pastoris, a methylotrophic yeast (Sigoillot et al. 2012).
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1.9.1.4  Phenolics

Phenolic compounds are widely ubiquitously distributed phytochemicals found in 
plant food. They are secondary metabolites characterized as containing at least one 
hydroxylated aromatic ring and that are synthesized through the shikimic acid and 
phenylpropanoid pathways (De la Rosa et  al. 2019). Phenolic compounds are 
important in cell protection ascribed to their capacity of scavenging, transferring 
electrons to free radicals, activating antioxidant enzymes, and inhibiting oxidase 
enzymes (Dumitriu et al. 2015) also anti-inflammatory, analgesic, gastroprotective 
(Lajili et al. 2016), and antimicrobial actions (Cetin-Karaca and Newman 2015). 
Besides, those compounds have protective action against oxidative stress, which has 
been suggested as the root cause of aging and human disorders, such as diabetes, 
arteriosclerosis, cancer, and neurodegenerative diseases (Asadi et al. 2010). Many 
valuable flavonoids and stilbenoid compounds are found in a limited number of 
plant species. Saccharomyces cerevisiae is well known as a host cell to support the 
biosynthesis of phenolic compounds. Although yeast does not naturally produce 
phenylpropanoid phenolics, its central metabolism provides the amino acid precur-
sors that are necessary for an introduced phenolic biosynthesis pathway (Lee 
et al. 2016).

1.9.1.5  Flavonoids

Flavonoids are secondary metabolites naturally synthesized by plants and microor-
ganisms, such as (fungi) from aromatic amino acids l-phenylalanine and l-tyrosine 
(Rodriguez et  al. 2017). Flavonoids play an important role in the physiology of 
plants; their main functions comprise UV protection, reduction of oxidative damage 
in cells, and antibacterial effect (Cushnie and Lamb 2011). Research on human cells 
showed positive properties of cancer and cardiovascular diseases (Bulzomi et al. 
2012). Moreover, some flavonoids such as naringenin, liquiritigenin, and fisetin 
have neuroprotective, antioxidant properties, antitumor, and antidiabetic activity 
(Choi 2012). For increasing the supply of flavonoid production, it can be an advan-
tage to engage genetically engineered microbial cell factories such as S. cerevisiae. 
Naringenin is a key intermediate of flavonoids from glucose using an engineered 
yeast strain which is the first study for flavonoid production in engineered S. cerevi-
siae was reported by Koopman et al. (2012). Moreover, naringenin to engineered 
cells enable the production of other flavonoids, such as genistein, kaempferol, and 
quercetin (Trantas et al. 2009).

1.9.1.6  Terpenoids

Terpenoids are the largest class of natural products, which can be resources for 
pharmaceuticals and with diverse biological functions. Terpenoids were showed a 
wide range of biological activities including antibacterial, antifungal, antiviral, 
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antiparasitic, anti-inflammatory, antiallergenic, antihyperglycemic, antispasmodic, 
antitumoral, and immunomodulatory activities (Wagner and Elmadfa 2003). 
Terpenoids are manufactured in yeast by engineering the pertinent metabolic path-
ways. The synthesis of artemisinin precursor of antimalarial (Westfall et al. 2012) is 
considered as one of the most successful yeast (Saccharomyces cerevisiae) syn-
thetic biology and metabolic engineering methods for the production of terpenoids. 
The first documented on the medicinally useful terpenoid production in yeast was 
the synthesis of amorphadiene in S. cerevisiae. Generally, the strategies that have 
been used to engineer the biosynthetic pathway of terpenoids in yeast are as fol-
lows: overexpressing UPC2-1 and genes involved in the mevalonate pathway 
(ERG10, ERG13, HMGR, ERG12, ERG8, IDI1, and ERG20) (Siddiqui et al. 2012) 
to increase the pathway fluxes; inserting HXT1p (glucose inducible promoter), 
CTR3p (copper repressible promoter), or MET3p (methionine repressible pro-
moter) (Paddon et al. 2013) to substitute the original promoter to downregulate the 
expression of ERG9 gene; enhancing carotenoid synthesis and mevalonate pathway 
fluxes by knocking out several regulators (YPL062W, YIL064W, and ROX1) 
obtained from the YKO Collection (Ozaydin et al. 2012).

1.10  Biomolecules from Wood Degrading Fungi

The wood-decaying fungi use both enzymatic and non-enzymatic systems for the 
degradation and complete decomposition of wood. In the wood decay process, the 
wood turns discolored and loses weight, strength, and density by the action of fungi. 
The wood decaying involves three broader groups, namely, white-rot, brown-rot, 
and soft-rot fungi (Schwarze 2007). Basidiomycetous white-rot and brown-rot fungi 
are the most efficient degraders of wood among microorganisms in the environ-
ment. White-rot fungi attack all components of wood: cellulose, hemicellulose, and 
lignin (Goodell et al. 1997). Brown-rot fungi utilize predominantly hemicellulose 
and cellulose in wood, leaving behind a chemically modified lignin residue. White-
rot fungi colonize both hardwoods and softwoods, although they primarily attack 
hardwood, while brown-rot fungi attack softwood (Messner et al. 2003). Soft-rot-
type decay is caused by ascomycetes and mitosporic fungi (Deuteromycetes or 
Fungi imperfecti). They decompose wood carbohydrates, but some can partially 
degrade lignin (Kluczek-Turpeinen et al. 2003).

1.10.1  White-Rot Fungi

White-rot and litter-decomposing basidiomycetous fungi are the only microorgan-
isms that are able to efficiently degrade all the components of plant cell walls, both 
carbohydrates and lignin (Kuhad et al. 1997). Degradation of lignin is more efficient 
than in the case of brown-rot and soft-rot fungi because they possess a unique ability 
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to complete mineralization to CO2. Lignin consumption is mainly accomplished by 
laccases, manganese-dependent peroxidases (MnP), lignin peroxidases (LiP), and 
versatile peroxidases (VP) that are the major groups of ligninolytic enzymes pro-
duced by the white-rot fungi (Kracher and Ludwig 2016). Based on their main 
extracellular ligninolytic enzymes, white-rot fungi can be classified into three or 
four groups: LiP and MnP group (e.g., Phanerochaete chrysosporium, Phlebia radi-
ata), MnP-laccase group (e.g., Ceriporiopsis subvermispora), LiP-laccase group 
(e.g., Phlebiaochraceofulva), and a fourth, the laccase group (Pycnoporus cinnaba-
rinus) (Hatakka 1994).

The MnP-laccase-producing fungi are the most common group (Hatakka 2001). 
They cause two main white-rot types: simultaneous or nonselective and selective 
white-rot. In selective white-rot lignin and hemicellulose are lost preferentially and 
in nonselective white-rot, cellulose, hemicellulose, and lignin are degraded more or 
less simultaneously (Messner et al. 2003). Species of Phanerochaete chrysosporium 
and Trametes versicolor are typical nonselective rot-type fungi (Hatakka 2001). But 
Pleurotus ostreatus (Martinez et al. 1994), Pycnoporus cinnabarinus (Eggert et al. 
1996), Ceriporiopsis subvermispora (Hakala et al. 2004), Phlebia radiata, Phlebia 
tremellosa (syn. Merulius tremellosus) (Fackler et  al. 2006), and 
Physisporinusrivulosus (Hildén et  al. 2007) represent the selective degraders of 
wood that remove lignin preferentially to cellulose.

1.10.2  Brown-Rot Fungi

Brown-rot fungi preferentially attack dead coniferous wood, timber, and wooden 
structures in which they cause destructive types of decay and rapid degradation of 
cellulose (Goodell 2003). The brown-rot fungi generally reduce the strength of 
wood up to 75% by decomposing the cell wall polymers such as cellulose and hemi-
cellulose leaving behind the lignin (Yelle et al. 2008). Brown-rot fungi must first 
penetrate hemicelluloses to access cellulose because cellulose microfibrils are 
enveloped by hemicellulose. They remove hemicellulosic xylose and mannose 
before cellulosic glucose. Hemicellulose hydrolysis may provide fungal enzymes 
with substrates for H2O2 production which is necessary for the attack on lignocel-
lulose by brown-rot fungi (Green and Highley 1997). Models for the study of 
brown-rot fungi are Gloephyllum trabeum, Coniophora puteana, and Postia pla-
centa (Arantes and Goodell 2014). The brown-rot fungi dries out, making wood into 
powder when crushed, and it is characterized by reddish-brown color and dry, crum-
bly, and brittle consistency.

Brown rot is often referred to as “dry rot.” Poria incrassate is one of the waters 
conducting brown-rot fungi having specific rhizomorphs based on root-like water-
conducting tubes to transport water from the soil to the wood and can be decayed by 
the fungus (Martínez et al. 2005). Once the brown-rot fungus infected, it can rapidly 
multiply from side-to-side building and destroying large areas of floor covering and 
walls in 1 or 2 years. Examples of such wood-decaying brown-rot fungi include 
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Gloeophyllum trabeum, Fomitopsislilacino-gilva, Laetiporus portentosus, Postia 
placenta, and Serpula lacrymans (Wong 2009).

1.10.3  Soft-Rot Fungi

Soft-rot fungi ascomycetes are usually thought to degrade mainly carbohydrates in 
soil, forest litter, and compost, but they may also degrade lignin in these environ-
ments. Soft-rot fungi otherwise referred to as micro fungi were characterized by 
cavity formation in the secondary walls of the wood cells (Tuomela et al. 2000). 
Thus, some ascomycetes/deuteromycetes (“molds”) were found to be able to min-
eralize grass lignins, for example, Penicillium chrysogenum, Fusarium oxysporum, 
and F. solani (Rodriguez et al. 1996). Generally, soft-rot fungi utilize cellulose and 
hemicellulose. Soft-rot fungi degrade wood at a slower rate compared to brown-rot 
fungi and white-rot fungi. Some of these fungi are common decomposers of cellu-
lose in soil, and they are the least specialized wood-decaying fungi. Most of soft-rot 
fungi belong to genera Aspergillus and Neurospora (Woiciechowski et al. 2013).

1.10.4  Enzymes Involved in Lignocellulose Degradation

Fungi have two types of degradation systems: intracellular, together with the outer 
cell envelope layer, and extracellular, important for polysaccharide degradation. 
Furthermore, the extracellular enzymatic system includes two types of enzymes: 
hydrolytic, responsible for polysaccharide degradation; and oxidative, which 
degrade lignin and open phenyl rings. Extracellular enzymes such as cellulases, 
hemicellulases, MnP (Manganese peroxidase), LiP (Lignin Peroxidase), and Lac 
(Laccase). These enzymes can be used in the management of environmental pollut-
ants, such as textile effluents, pulp effluents, organochloride agrochemicals, and 
crude oil residues (Mtui and Nakamura 2004; Kour et al. 2019a).

1.10.4.1  Cellulases

Cellulase hydrolyzes the glycoside bond present between the glucose residues in the 
organic polymer cellulose. Cellulose can be hydrolyzed by β-1,4-endoglucanases, 
exoglucanases or 1,4-β-cellobiosidase, and β-glucosidase (Vlasenko et  al. 2010; 
Kour et  al. 2019b). Production of the cellulolytic enzyme from aerobic fungi is 
widespread; among them, species of Aspergillus, Trichoderma, Penicillium, and 
Sclerotium are found as highly cellulolytic and are mainly considered for commer-
cial exploitation (Milala et al. 2005). Immanuel et al. (2009) reported cellulase pro-
duction by Aspergillus niger and Aspergillus fumigates and optimized the parameters 
including pH, inoculums size, temperature, presence of inducers, and so on. 
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Trichoderma reesei is identified as the efficient cellulase producer by many research-
ers to degrade cellulose (Ravikumar et al. 2014). In this study, the cellulose pro-
duced by the Aspergillus sp. was used for the enzymatic saccharification of 
lignocellulosic agro-waste (Rana and Kaur 2012).

Sohail et al. (2009) investigated the production of cellulases from A. niger in an 
attempt to obtain a sufficient amount of β-glucosidase. Many other ascomycetous 
fungi such as Aspergillus nidulans, A. fumigatus and A. oryzae, Magnaporthe gri-
sea, Neurospora crassa, and Fusarium gramineum have a higher number of cellu-
lases (Hatakka and Hammel 2010). Similarly, T. harzianum and T. viride are also 
used as naturally producing sources of cellulases like A. niger (Menedez et  al. 
2015). One of the most extensively studied aerobic fungi is T. reesei which is capa-
ble of hydrolyzing native cellulose (Reczey et  al. 1996). T. reesei possesses two 
genes encoding for exoglucanase, eight for endoglucanases, and seven for glucosi-
dases (Sukumaran et al. 2005). Cellulase production from Humicola species (H. gri-
sea and H. insolens) is effective under mild alkaline conditions and at elevated 
temperatures. So, they are mostly used as additives in detergents and washing pow-
ders (Uhlig 1998). Two strains of Penicillium were identified from subtropical soils 
with potentials for the production of cellulase (Picart et  al. 2007); Chaetomium 
thermophilum, Sporotrichum thermophile, Talaromyces emersonii, and Thermoascus 
aurantiacus grew well and decomposed cellulose very rapidly producing thermo-
stable cellulases (Li et al. 2011).

1.10.4.2  Hemicellulases

Hemicellulases are divided according to their action on distinct substrates into two 
types of enzymes involved in hemicellulose degradation: endo-1,4-β-xylanase and 
exo-1,4-β-xylosidase; alternative names: xylan β-1,4-xylosidase, 1,4-β-d-
xylanxylohydrolase, β-xylosidase, or xylobiase. Hemicellulases such as xylanase 
hydrolyzes the xylan and are extensively studied and applied on an industrial scale 
with higher pulp brightness resulting in a lower chemical input (Saha 2003). The 
chief xylanase producers from fungal genera include Aspergillus, Penicillium, 
Fusarium, Trichoderma, and Pichia (Kavya and Padmavathi 2009). White-rot fungi 
have been reported to synthesize extracellular xylanase which can act on a broad 
range of hemicellulose materials such as the following: Coriolus versicolor synthe-
size mixture of xylanolytic enzyme and Phanerochaete chrysosporium synthesize 
α-glucuronidase in large amounts (El-Nasser et al. 1997). A comparative study of 
Milagres and Sales (2001) showed that the brown-rot species Wolfiporia cocos pro-
duced a higher level of xylanases in comparison to the white-rot fungus Poriamedula-
panis. In a recent study, cold-active xylanase was isolated from a marine fungus, 
Cladosporium sp. (Del-Cid et al. 2014). In addition, the xylanase and endo-xylanase 
production has been widely studied in fungi such as Penicillium thomii, P. pinophi-
lum, A. niger, and Ceratocystis paradoxa (Kantharaj et al. 2017). Among the meso-
philic fungi, Trichoderma and Aspergillus are the two genera that are preeminentin 
xylanase production (Shah and Madamwar 2005). Xylanase enzyme reported from 
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various species of thermophilic fungi are reported which include Thermoascus 
aurantiacus, Thermomyces lanuginosus, Talaromyces emersonii, Talaromyces bys-
sochlamydoides, Paecilomyces variotii, Melanocarpus albomyces, Humicola gri-
sea, Humicola lanuginosa, Humicola insolens, and Chaetomium thermophile (Li 
et al. 2011).

1.10.4.3  Laccase

Laccase is a copper-containing oxidase that utilizes molecular oxygen as an oxidant 
and also oxidizes phenolic rings to phenoxy radicals (Baldrian 2006). Laccase can 
also oxidize nonphenolic substrates in the presence of certain auxiliary substrates 
94. Laccase can cleave Cα-Cβ bonds in the side chains of syringylglycerol-β-
guaiacyl ether, β-1 lignin substructures, and demethoxylatemethoxyl groups 
(Higuchi 1990). Extracellular laccases are present in most fungal species but most 
typically in basidiomycetous white-rot fungi and related litter-composting fungi 
(Steffen et al. 2000). Almost all species of white-rot fungi produce extracellular lac-
case, for example, C. subvermispora and Phlebia spp. (Baldrian 2006). Atalla et al. 
(2010) have isolated Trematosphaeria mangrovei from the mangrove ecosystem 
which produces laccase enzyme in significant quantity. A thermostable, metal-toler-
ant laccase is reportedly produced by marine-derived fungi, Cerrena unicolor 
(D’Souza-Ticlo et  al. 2009). Various researchers have isolated laccase-producing 
fungi from different sources including Trichoderma harzianum, Trichoderma atro-
viride and Trichoderma longibrachiatum, Trametes versicolor, Lentinus tigrinus, 
Trametes pubescens, Cyathus bulleri, Paecilomyces sp., P. chrysosporium, Lentines 
edodes and Pleurotus ostreatus, Ganoderma lucidum, Alternaria tenuissima, and 
Trichoderma sp. (Kantharaj et al. 2017). Some examples of fungi that produce lac-
case with high activity are Trametes, Coriolus hirsutus, Trametes hirsuta, Trametes 
versicolor, Pycnoporus cinnabarinus, Neurospora crassa, and Pleurotus ostreatus 
(Andlar et al. 2018).

1.10.4.4  Lignin Peroxidase

Lignin peroxidases are the heme glycoprotein that plays a vital role in lignin degra-
dation, which cleaves C-C bonds and oxidizes benzyl alcohols to aldehydes or 
ketones (Piontek et al. 2001). Lignin peroxidases act on both phenolic (e.g., syringic 
acid, guaiacol, catechol, vanillyl alcohol, and acteosyringone) and nonphenolic lig-
nin substrates (Wong 2009). Mostly, basidiomycetes are shown to produce efficient 
lignin peroxidases (Abbas et al. 2005). Extracellular lignolytic enzymes are promi-
nently produced by P. chrysosporium and P. radiata (Lee et  al. 1997), whereas 
Coriolus tersicolor is capable of producing intracellular lignolytic enzymes 
(Lobarzewski 1990). Researchers have studied the lignin peoxidase producing abil-
ity of different fungi including P. chrysosporium, T. versicolor, Pleurotus ostreatus, 
Panus sp., P. coccineus, Perenniporia medullapanis, and P. sanguineus (Kantharaj 

1 Bioprospecting for Biomolecules from Different Fungal Communities: An Introduction



48

et al. 2017). LiPs evidently arose only once in the Polyporales, which harbors many 
white-rot taxa, whereas MnPs and VPs are more widespread and may have multiple 
origins. The phlebioid clade of polyporales includes fungi such as Phanerochaete 
chrysosporium and Phlebia radiata, which are well-known producers of LiP 
(Lundell et al. 2010).

1.10.4.5  Manganese Peroxidase

Manganese peroxidase degrades the lignin mainly by attacking phenolic lignin 
component (Asgher et al. 2008). In the presence of H2O2, manganese peroxidase 
oxidizes the phenolic structures by converting Mn2+ to Mn3+. Oxalate and malonate 
are the mediators that produce carbon-centered radicals, peroxyl radicals, and 
superoxide radicals which improve the effective lignin-degrading system (Wong 
2009). Manganese peroxidase is an essential component to certain basidiomycetes 
and some wood-decaying white-rot fungi, which secrete manganese peroxidase in 
several forms into their environment. Among the basidiomycetes, Agaricus bispo-
rus (Lankinen et al. 2001), Lenzites betulinus (Hoshino et al. 2002), Panus tigrinus 
(Lisov et al. 2003), and Nematoloma frowardii (Hilden et al. 2008) are identified to 
produce more stable manganese peroxidases. Järvinen et  al. (2012) have studied 
MnP production on selected lignin-degrading organism’s P. chrysosporium, 
Physisporinus rivulosus, P. radiata, and Bjerkandera sp. and found P. chrysospo-
rium as the best manganese peroxidase producer. Bonugli-Santos et al. (2010) iso-
lated marine fungi, Mucor racemosus, which possess the ability to produce 
salt-tolerant manganese peroxidase. MnP is the most significant ligninolytic enzyme 
produced by Ceriporiopsis subvermispora and Physisporinus rivulosus. Laccase is 
produced by almost all white-rot fungi (Hatakka 2001).
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2.1  Introduction

There has been a current upsurge in the medical implications of free radicals and 
related species during the past several decades. These chemical species are integral 
components produced during normal biochemical and physiological processes but 
lead to oxidative stress when produced in excess and cause potential damage to 
cells. A wide range of nonenzymatic and enzymatic antioxidant defenses exists to 
counteract the damaging effects of free radicals. There exist epidemiological evi-
dence correlating higher intake of antioxidant-rich foodstuffs with greater free radi-
cal neutralizing potential to lower incidence of several human morbidities or 
mortalities. Novel biomolecules and the use of functional foods enriched with anti-
oxidants are milestones to newer approaches to reduce free radical damage. So, the 
putative antioxidants from different sources play a significant role in controlling 
oxidative stress and reduce the incidence of concerned diseases (Kalam et al. 2012).

One of the exciting moves in microbial sciences has been to refocus and revital-
ize efforts to mine the secondary fungal metabolome (SMs) and natural products 
(NPs). The magnitude of biosynthetic gene clusters (BGCs) combined with the his-
torical number of sequenced genomes in a single filamentous fungal genome sug-
gests that the secondary metabolite wealth of filamentous fungi is largely untapped. 
Mining algorithms and scalable expression platforms have greatly increased access 
to the chemical repertoire of secondary metabolites derived from fungi (Keller 2019).

Fungi have a long and intimate relationship with the human, especially on the 
chemical level. The realization that fungi were the source of both dangerous and 
beneficent compounds was brought to light in the 1960s by the aflatoxin poisoning 
case Turkey X disease, and the discovery of the first wide-spectrum antibiotic, peni-
cillin, was considered World War II2’s wonder drug (Devi et al. 2020; Yadav 2019; 
Yadav et  al. 2018, 2019a). These bioactive molecules may be fungal secondary 
metabolites or primary metabolite (natural products NPs), these metabolites are 
produced by specific fungal taxa principally by filamentous fungi belonging to the 
Pezizomycotina, Ascomycete class, and many Basidiomycete classes (viz., 
Agaricomycetes and Exobasidiomycetes), additionally by unexpected taxa such as 
Kluyveromyces lactis, in which pulcherrimin gene recently located (Keller 2019; 
Yadav et al. 2019b).

Secondary metabolites are derived from core metabolic pathways and primary 
metabolite reservoirs, with acyl-CoAs being the essential initial building blocks 
that feed into polyketide synthesis (e.g., aflatoxin) and terpene (e.g., carotene) sec-
ondary metabolites and amino acids that are used to synthesize non-ribosomal sec-
ondary metabolites, for example, penicillin. In contrast to genes that are required 
for the synthesis of a primary metabolite that is dispersed throughout the fungal 
genome (Krause et  al. 2018; Rastegari et  al. 2019a, b). About 1500 compounds 
have been isolated from fungi between 1993 and 2001. More than half of them 
exhibited antifungal, antibacterial, or antitumor activity was discovered between 
2009 and 2013 confirmed as prospective fungal secondary metabolites (Schueffler 
and Anke 2014).
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Bioprospecting is described as the search for naturally occurring chemical com-
pounds and biological material, especially in extreme harsh habitats under different 
stressors or biodiversity-rich environments (Abdel-Azeem et al. 2012; Yadav et al. 
2020). There are many lines of proof supporting ecological fitness roles for fungal 
secondary metabolites, involving the assessment of regulatory cascades. These 
studies showed that many genes that encode secondary metabolites are regulated in 
a manner congruent with fungal development or in response to stressors (both abi-
otic and biotic) and that overproduction or loss will alter the specific fungus devel-
opment and survival (Keller 2019).

Fungi are the most versatile and plentiful group on the planet and since they 
mimic the animal system, they are an excellent candidate for the development of 
bioactive metabolites (Kour et al. 2019). Molecular test methods recently suggested 
there were up to 5.1 million fungal species, of which only around 100,000 have 
been recorded in the literature. They involve 14,000 mushroom species, 5000 macro 
fungi, and more than 1800 fungi with medicinal and pharmacological therapeutic 
properties (Kirk et al. 2001; Abdel-Azeem et al. 2021). The different fungal king-
doms are classified into many phyla, including Ascomycota (sac fungi) and 
Basidiomycota (club fungi), Zygomycota and Blastocladiomycota and 
Chytridiomycota. Most pharmacological and therapeutic studies focus solely on 
Ascomycota and Basidiomycota strains or species (Cui et  al. 2015), while 
Zygomycota is relatively less investigated. However, the majority of those in the 
diverse, high-antioxidant capacity, the secondary metabolite-rich endophytic com-
munity of fungi also belong to the divisions Ascomycota and Basidiomycota, with 
few members known as Mucor and Umbelopsis of the genera Zygomycota (Cui 
et al. 2015). The adaptation and morphogenesis of host plants by protecting against 
insects, predators, microbial pathogens, and latent pathogens are being played an 
important role by endophytic fungi. Similarly, Mucorales of Zygomycota is known 
as the Entomophthoral (pathogens of insects) sister group, Mucorales’ pathogenic 
nature is believed to be caused mainly by endocellular excretions and the develop-
ment of subtilizers, chitinases, proteinases, and antioxidant proteins (e.g., superox-
ide dismutase, catalase, and peroxidase) (Freimoser et al. 2003).

2.2  Oxidative Stress: Basic Overview

Oxidation is essential for many living organisms to produce energy to fuel biologi-
cal processes (Yang et al. 2002). Oxygen is a highly reactive atom that is able to 
become part of massively damaging molecules commonly called “free radicals”. 
Free radicals are capable of attacking the healthy cells of the body. Cellular destruc-
tion is caused by free radicals, in the form of reactive nitrogen species (RNS) or 
mainly in the form of reactive oxygen species (ROS) during normal metabolic pro-
cesses in aerobic cells. Free radicals derived from molecular oxygen are the most 
important class of radical species formulated in living systems (Miller et al. 1990). 
A free radical is categorized as any atom or molecule with unpaired electrons in the 
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outer orbit, which are usually unstable and very reactive (Gutteridge and Halliwell 
2000). Oxidative stress is known as an imbalance in free radical production, as a 
result of overproduction of ROS or loss of natural antioxidant defenses. 
Overproduction can contribute to lipid, DNA, or protein oxidation, and is a major 
contributor to aging (Barja 2004), degenerative diseases such as cancer (Valko et al. 
2006b), cardiovascular disease (Shah and Channon 2004), compromised immune 
function, inflammation, and renal failure (Valko et al. 2006a). For the past 40 years, 
oxidative stress has been progressively recognized as a contributing factor in aging 
and different forms of pathophysiology generally associated with aging (Hybertson 
et al. 2011).

Oxidant signals interfere in aerobic cells with the otherwise usual natural meta-
bolic activity of ROS, such as; cell proliferation, differentiation, and apoptosis. 
When such damage occurs, there is cell toxicity leading to health ramifications 
(Suzuki et al. 2010). Mitochondria are often the first victim of a free radical attack 
because the lipid membrane is very susceptible to ROS degradation; this attack is 
called lipid peroxidation. ROS interaction with lipid molecules produces new free 
radicals; superoxide anions (O2

−), hydrogen peroxide (H2O2), and hydrogen radicals 
(OH∙). Then, these radical groups interact cytotoxically with biological systems 
(Barros et al. 2007). The relationship between antioxidant defense and ROS produc-
tion is usually a representation of the degree of oxidative stress (Suzuki et al. 2010). 
Different free radicals involved in oxidative stress have different biological, chemi-
cal, and physical properties, including hydroxyl, alkoxyl, peroxyl, superoxide, nitric 
oxide, sulfur, and nitrogen-centered radicals (Niki 2010). The free radical scaveng-
ing capacity is influenced by several factors; the rate and number of radical mole-
cules scavenged and the fate of antioxidant-derived radicals. The fate of this radical 
is also an important consideration of antioxidant efficacy (Niki and Noguchi 2000). 
There are many factors that impact the free radical scavenging capacity like, inter-
action with other antioxidants, concentration, mobility in the environment, and the 
adsorption, distribution, retention, and metabolism of the antioxidant compounds, 
the rate and number of radical molecules scavenged (Niki and Noguchi 2000; Niki 
2010). When an active radical is scavenged by an antioxidant compound, a stable 
non-radical product is formed. At the same time the antioxidant yields one antioxi-
dant-derived radical. The fate of this radical is also a significant consideration of 
antioxidant effectiveness (Niki and Noguchi 2000) (Fig. 2.1).

2.2.1  Oxidative Stress as “Mother” of Many Human Diseases 
at Strong Clinical Impact

Oxidative stress can be considered “mother” of numerous human diseases, which 
are life-threatening. Oxidative stress is a condition in which oxidation surpasses the 
antioxidant reactions, causing an imbalance between oxidative and antioxidant 
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systems, with the predominance of reactive oxygen species ROS.  Under typical 
conditions, ROS are kept up at physiological levels by many endogenous antioxi-
dant systems, as superoxide dismutase, glutathione peroxidases, catalase, lacto-
peptidases, glutathione reductase, and others. However, if active ROS are massively 
created, the balance between the formation and the removal of these species is lost. 
Resulting oxidative damage can be generated from both endogenous and exogenous 
sources. Endogenous ROS are produced in normal metabolic reactions. Exogenous 
ROS derive by exposure to environmental pollutants, cigarette smoke, and con-
sumption of alcohol in excess, exposure to ionizing radiations, viral and bacterial 
infections, and others as mention before. Individual, hereditary factors, and lifestyle 
are the major determinants of oxidative stress. So, we are going to refer to some 
pathology favored by detrimental impacts of ROS, responsible for morbidity and 
death (Cacciapuoti 2016).

Aging is a process characterized by the progressive depletion of organ and tissue 
function. The oxidative stress theory of aging is based on the hypothesis that age-
associated functional losses are due to the accumulation of ROS-induced damages. 
Simultaneously, oxidative stress is included in many age-related conditions (viz., 
cardiovascular diseases (CVDs), chronic kidney disease, neurodegenerative 

Fig. 2.1 Oxidative modifications of biomolecules. In normal physiological conditions, and how it 
ultimately causes various diseases. (Adapted from http://robinthomas.biz/
so-what-causes-oxidative-stress-anyway/)
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diseases, chronic obstructive pulmonary disease, and cancer), including frailty and 
sarcopenia. Various types of oxidative stress biomarkers have been recognized and 
may provide significant information about the effectiveness of the treatment, guid-
ing the selection of the most effective drug for patients and, if especially relevant 
from a pathophysiological point of view, acting on a particular therapeutic target. 
Given the significant role of oxidative stress is the pathogenesis of clinical condi-
tions and aging (Liguori et al. 2018). The cancer-induction is a multifactorial pro-
cess that involves many factors, as physical, chemical, genetic, and environmental 
factors. Recent knowledge’s in ROS biology elucidate that free radicals control dif-
ferent features of tumor development involving inflammation, transformation, sur-
vival, proliferation of cancers’ cells, invasion, angiogenesis, and metastasis (Waris 
and Ahsan 2006). Particularly, free radicals directly or indirectly act, via DNA dam-
age, on gene expression and signaling at the cellular levels. In progression, the 
major impacts of ROS on tumor genesis and some clinical complications 
(Cacciapuoti 2016).

Youn et al. (2014) hypothesized that ROS produced in vascular smooth muscle 
cells (VSMC) play a significant role in the development of obesity, causing a con-
dition of overweight due to glucose intolerance, leptin resistance, and inflamma-
tion. On the other hand, the expansion of visceral adipose tissue caused by 
overconsumption of food, increases visceral adipose tissue. As visceral fat stores 
expand, adipocytes generate increased ROS levels and metabolic syndrome. 
Therefore, two conditions (oxidative stress and obesity) can be considered corre-
spondingly as cause and impact one of another. Indication loss in nerve structure 
and function leads to progressive brain damage and neurodegeneration as a com-
plication of neurogenerative diseases. Apart from environmental or genetic factors, 
oxidative stress mainly contributes to neuro degeneration. Especially, ROS have 
been implicated in the progression of Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), and amyotrophic lateral sclerosis (ALS). Cacciapuoti (2016), in the 
case of Parkinson’s disease, felt that majority of cases of PD is idiopathic. Exposure 
to some substances (e.g., pesticides, toxins, organic solvent) is viral and bacterial 
(Gomez-Cabrera et al. 2005). Oxidative stress also intervenes in other pathologic 
conditions commonly occurring among human diseases, such as chronic obstruc-
tive pulmonary disease, chronic fatigue syndrome, and skin disease 
(Cacciapuoti 2016).

2.3  Meet Your Free Radical Surveyors: Antioxidants

Antioxidants are a wide group of compounds that constitute the primary line of 
defense against free radical stress. They are fundamental for keeping up ideal well-
being as defensive operators that can deactivate or stabilize free radicals (Kalam 
et al. 2012). Free radical damage complication and ramification raises the require 
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for admissions of antioxidants, free radical hoist due to contamination, cigarette 
smoke, ailment, and therapeutics operators. Recognizable proof of pharmacologi-
cally potential antioxidants expanded staggeringly as they show no side impact for 
us in preventive medication and food industry.

Antioxidants are a family of compounds considered to be the leading endeavor 
against a number of age-related issues such as Alzheimer and many diseases. 
Termed as a wonder element; antioxidants are basic to great health and well-
being as the concept of well-being enhancement has ended up a genuine portion 
of healthcare. The capacity to utilize oxygen has given people the advantage of 
metabolizing fats, proteins, and carbohydrates for vitality (Percival 1998). 
Humans have advanced an exceedingly complicated antioxidant defense tech-
nique to combat the harmful impacts of free radicals. These incorporate both 
endogenous and exogenous components, which work with intelligence and syn-
ergistically to neutralize free radicals (Liebler 1993). These components are (1) 
Antioxidant chemicals (Superoxide Dismutase, Glutathione peroxidase, and 
Catalase), (2) Metal official proteins (Ferritin, Lactoferrin, Egg whites, and 
Ceruloplasmin), (3) Nutrient-derived antioxidants (Ascorbic corrosive, 
Tocopherols, Tocotrienols, Carotenoids, Glutathione, and Lipoic corrosive), and 
(4) Phytonutrients (Flavonoids, Phenolic corrosive, Stilbenes, Tannins, and 
Carotenoids). The sum of antioxidants is calculated as ORAC values, that is, 
Oxygen Radical Absorbance Capacity, which could be a degree of the capacity 
of nourishments to stifle hurtful oxygen free radicals that can harm the 
human body.

The ORAC values for two glasses of dark tea are proportionate to that of one 
glass of ruddy wine or seven glasses of orange juice or consuming 20 glasses of 
apple juice. In addition to, dark chocolate snack within a balanced diet can 
enhance DNA resistance to oxidative stress in healthy subjects (Spadafranca 
et al. 2010). Antioxidants are intimately elaborated in the prevention of cellular 
damage the general pathway for cancer, aging, and different disease. DNA dam-
age and other cellular organelles by free radicals occupy the highest position in 
the onset and development of diseases. For instance, Atherosclerosis and its 
complexity most particularly Coronary Heart Disease (CHD) continue to be the 
main cause of premature death in the developing world. Polyunsaturated fatty 
acid residues in lipoproteins have a chemical configuration that makes them a 
particularly vulnerable target for free radical oxidation. Studies have illustrated 
an inverse relationship between vitamin C intake and cardiovascular disease 
mortality in humans. In hypercholesterolemic persons, treatment with a combi-
nation of vitamin E and slow-release vitamin C slows down atherosclerotic 
progression.

On the other hand, antioxidants in plant cells mainly include glutathione, tocoph-
erol, ascorbate, betaine, proline, and others, which are also information-rich redox 
buffers and important redox signaling components that interact with cellular organ-
elles. As an unfortunate ramification of aerobic life for higher plants, ROS are 
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formed by partial reduction of molecular oxygen. The enzymatic and nonenzymatic 
antioxidants in higher plant cells can protect their cells from oxidative damage by 
scavenging ROS. Thus, a special investigation is given to ROS and ROS-antioxidant 
interaction as a metabolic interface for various types of signals derived from metab-
olisms and the changing environment. Besides exacerbating cellular damage, ROS 
act as ubiquitous signal molecules in higher plants as well as a central ingredient in 
stress responses (Kalam et al. 2012). Other than the health advancing impacts from 
the utilization of natural antioxidants, avoidance of oxidation is vital in other areas 
too. Within the nourishment industry, oxidation influences the dietary esteem of 
food and can cause rancidity of color, flavor, and texture. Microbial decay may be a 
huge issue for nourishment producers. Customarily salt, sulfite, and antimicrobial 
compounds have been used to restrain the development of microorganisms in food 
items; in any case, usually not perfect. Moreover, utilization of synesthetic antioxi-
dants such as butylated hydroxyanisole (BHA) and butylated hydroxyltoluene 
(BHT) are presently known to have a negative effect on health (Branen 1975; 
Larson 1988).

Fig. 2.2 The sources of free radicles and their effects on human body (Kalam et al. 2012)
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With expanding consumer awareness of food preparation, controversy has sur-
rounded the use of synthetic antioxidants like, BHT and BHA as food additives, 
which lead to a particular interest in safe preservatives from natural sources. A wide 
extent of additives can be utilized alone or as a mix. A mix can create a less costly 
item without compromising proficiency. For example, tocopherols may be mixed 
with another prevalent antioxidant, such as rosemary extract. The food preservation 
market is expected to reach €2 billion by 2018, in spite of the fact that natural pre-
servatives are projected to contribute to the smallest share of the markets. The 
European market alone is extended from €79 million, recorded in 2011 to €188 
million by 2018. With consumer perception with respect to the benefits of natural 
additives and health hazards related with consumption of foods preserved with the 
utilization of nourishments protected chemically, natural preservatives, such as anti-
oxidants are in demand (Smith 2014). New trends launched lately depend on using 
fungi as a potential source of antioxidants that can be utilized to prevent oxidative 
damage and, as such, can decrease their harmful impacts on humans and animals 
alike (Smith 2014) (Fig. 2.2).

2.4  Antioxidant Classification

Antioxidants can be classified into two major types based on their source, that is, 
natural and synthetic antioxidants (schematic representation of the classification of 
antioxidants is shown in Fig. 2.3).

2.4.1  Natural Antioxidants

Either is synthesized in the human body through a metabolic process or is supple-
mented from other characteristic sources and their action depends very much upon 
their physical and chemical properties and component of action. This could be 
advance separated into two categories, that is, enzymatic antioxidants and nonenzy-
matic antioxidants (Mamta et al. 2013).

2.4.2  Enzymatic Antioxidants

Enzymatic antioxidants are uniquely produced in the human body and can be sub-
divided into primary and secondary antioxidants (Mamta et al. 2013) (Fig. 2.4).
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2.4.2.1  Primary Antioxidants

Primary antioxidants basically include superoxide dismutase (SOD), catalase 
(CAT), and glutathione peroxidase (GPx) as portrayed below. Superoxide dismutase 
(SOD) enzyme is found in both the dermis and the epidermis. It expels the superox-
ide radical (O2

−) and repairs the body cells harmed by free radicals. SOD catalyzes 
the reduction of superoxide anions to hydrogen peroxide. SOD is additionally 
known to compete with nitric oxide (NO) for superoxide anion, which inactivates 
NO to create peroxynitrite. Subsequently, scavenging superoxide anions promotes 
the activity of NO (Chakraborty et al. 2009).

 2 22 2 2O H H O O
SOD

?? ?+ +  

Fig. 2.3 Schematic representation of antioxidants classification (Mamta et al. 2013)
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Catalase enzyme (CAT) is found within the blood and most of the living cells and 
breaks down H2O2 into water and oxygen. Catalase besides glucose peroxidase is 
additionally utilized commercially for the conservation of the natural product juices, 
a cream consisting of egg yolk and serving of mixed greens by evacuating the oxy-
gen (Chakraborty et al. 2009).

 2 22 2 2 2H O H O O
CAT

? +  

Glutathione peroxidase (GPx) could be a gather of selenium-dependent enzymes, 
and it comprises cytosolic, plasma, phospholipid hydroperoxide, and gastrointesti-
nal glutathione peroxidase. GPx (cellular and plasma) catalyzes the response of 
H2O2 by decreased glutathione (GSH); as a result, oxidized glutathione (GSSG) is 
delivered and it is once more restored to its reduced form by glutathione reductase 
(GR) and reduced nicotinamide adenine dinucleotide phosphate (NADPH) 
(Chakraborty et al. 2009).

 2 22 2 2GSH
GPx

+ +H O GSSG H O?  

2.4.2.2  Secondary Antioxidant

Secondary antioxidant incorporates glutathione reductase (GR) and glucose-
6-phosphate dehydrogenase (G6PDH). G6PDH creates NADPH. GR is required to 
reuse the reduced glutathione (GSH) utilizing secondary enzyme GR and NADPH.

Fig. 2.4 Outline of the mechanism of enzymatic antioxidants in the removal of free radicals 
(Mamta et al 2013)
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 GSSG NADP NADP+ +?
GR
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Glutathione is a cysteine-containing peptide-type antioxidant and is synthesized 
in the body cells. The thiol group in its cysteine moiety is a reducing agent and can 
be reversibly oxidized and reduced. An elevated level of glutathione was found 
within the cells (~3100 μg/g of tissue), kept up within the reduced form (GSH) by 
the protein GR and in turn decreases other metabolites and enzyme systems, such as 
ascorbate. Due to its elevated concentration and its part in maintaining the redox 
state within the cells, it is considered one of the foremost critical cellular antioxi-
dants (Hissin and Hilf 1976).

2.4.3  Nonenzymatic Antioxidants

These are a class of antioxidants that are not normally present in the body, but must 
be included in the diet for proper metabolism. Vitamins, carotenoids, minerals, 
polyphenols, and other antioxidants are some of the identified nonenzymatic anti-
oxidants as mentioned below (Veysi et al. 2007).

2.4.3.1  Minerals

Minerals are needed for the proper functioning of the enzymes in the body cells. It 
is understood that their absence affects the metabolism of several macromolecules. 
Minerals include selenium, copper, iron, zinc, manganese, and so on. They serve as 
cofactors for the antioxidant enzymes. Iron (Fe) is the most common trace metal 
used in the biological system to bind to the protein. The free iron concentration is 
naturally very small, and small iron-binding protein concentrations promote ROS 
formation, lipid peroxidation, and oxidative stress (Dabbagh et al. 1994). The intake 
of iron thus helps to reduce oxidative stress. Magnesium (Mg) is a glucose-6-phos-
phate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD) 
cofactor associated with pentose cycle that catalyzes NADPH production during 
glucose metabolism and thus maintains a proper GSH to GSSG ratio and a normal 
redox state in cells. Magnesium deficiency decreases GR activity and GSSG aren’t 
reduced to GSH, thereby resulting in oxidative cell damage (Fang et  al. 2002). 
Selenium (Se) is also an essential enzymatic antioxidant element. In the existence 
of selenium (Se), glutathione peroxidase (GPx) provides excellent protection 
against lipid oxidation and serves to protect the cell membrane and participates in 
the metabolism of H2O2 and hydroxyperoxide of lipids. (Se) thus acts like vitamin 
E and can be supplemented with vitamin E and is used to reduce cancer risk and 
cardiovascular disease (Sikora et al. 2008). Copper (Cu), Zinc (Zn), and Manganese 
(Mn) SOD is an enzyme class consisting of different forms of SODs, based on their 
metal cofactor including Cu–Zn and Mn. Cu–Zn SOD is located in the cytosol with 
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Cu and Zn at their active sites that aid in the conduction of protons, while Mn-SOD 
is located in the mitochondria and has Mn at their active site. Those metals are the 
source of antioxidant activities of SOD (Mamta et al. 2013).

2.4.3.2  Vitamins

Vitamins are the micronutrient class necessary to act properly in the body’s antioxi-
dant enzyme system, such as vitamin A, vitamin C, vitamin E, and vitamin B. They 
are not synthesizable in our body and therefore have to be replaced in the dietary 
intake (Rastegari et al. 2020). Vitamin A helps to improve night vision and epithelial 
cells in the mucous membranes and skin. This also strengthens the immune system 
because of its antioxidant properties and is present in three primary forms: retinol, 
3,4-didehydroretinol, and 3-hydroxyretinol. Sweet potatoes, carrots, milk, egg 
yolks, and mozzarella cheese are the principal sources of vitamin A. Vitamin C is 
soluble in water and is also known as ascorbic acid. It is found in fruits (mostly 
citrus), vegetables, cereals, beef, poultry, and fish, and so on. It helps to avoid some 
of the DNA damage caused by free radicals, which can lead to the aging process and 
disease progressions, such as cancer, heart disease, and arthritis. Vitamin E is a 
vitamin that is soluble in lipids. It consists of eight various forms such as α-, β-, γ-, 
and δ-tocopherol and α-, β-, γ-, and δ-tocotrienol. It is most common in almonds, 
safflower oil, soybean oils, wheat germ oil, nuts, broccoli, fish oil, and so on, 
α-tocopherol exhibits the highest bioavailability and is the most significant lipid-
soluble antioxidant that reacts with the lipid radical and preserves the membranes 
from lipid peroxidation; as a result, oxidized α-tocopheroxyl radicals are generated, 
which can be restored to the reduced form through reduction by many other antioxi-
dants, such as ascorbate and retinol (Mamta et al. 2013).

2.4.3.3  Carotenoid

Carotenoid is formed of β-carotene, lycopene, lutein, and zeaxanthin. They are col-
ored compounds found in fruits and vegetables that are fat-soluble. β-Carotene is 
mostly found in radish-orange-green foods, including carrots, sweet potatoes, apri-
cots, pumpkin, mangoes and cantaloupe, together with some green and leafy vege-
tables, such as spinach and kale. In green leafy vegetables such as collard greens, 
spinach, and kale, lutein is prevalent (Hamid et al. 2010). Lutein is best known to 
play a role in protecting the retina from dangerous free radical activity and also 
helps to prevent atherosclerosis (Sikora et al. 2008). While there is no provitamin A 
production in lycopene, lutein, canthaxanthin, and zeaxanthin, β-carotene is known 
as a precursor to vitamin A (Fang et al. 2002). Tomatoes are a good source of lyco-
pene and zeaxanthin is a good source of spinach. Lycopene is a powerful antioxi-
dant and is the most effective compound contained in strawberries, watermelon, 
guava, papaya, apricots, pink grapefruit, and other foods to eliminate singlet oxygen 
(Mamta et al. 2013).
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2.4.3.4  Polyphenols

Polyphenols are a class of phytochemicals with notable antioxidant activity. Their 
antioxidant activities rely on our physical and chemical characteristics, which 
depending on their molecular structures, manage the metabolism (Ajila et al. 2011). 
These include phenolic acids, flavonoids, gingerol, curcumin, and so on (Kunwar 
and Priyadarsini 2011). Flavonoid is a significant component of polyphenolic com-
pound and is found mainly in vegetables, fruits, grains, seeds, leaves, flowers, bark, 
and many more. Many of the spices, such as ginger and turmeric, are also excellent 
sources of polyphenolic compounds, for example, gingerol is derived from ginger 
rhizomes, whereas curcumin (diferuloylmethane) is the primary bioactive compo-
nent of turmeric and is considered to have strong antioxidant activity. Curcumin is 
an outstanding scavenger of ROS, such as O2

∙− radicals, lipid peroxyl radicals 
(LO2

.), OH radicals and nitrogen dioxide (NO2
.) radicals that triggered oxidative 

stress. Curcumin has also been proven to prevent lipid peroxidation and GSH levels 
have also been shown to rise in epithelial cells leading to lower ROS development 
(Biswas et al. 2005).

2.4.3.5  Other Antioxidants

Albumin, ceruloplasmin, haptoglobin, and transferrin are the metal-binding transi-
tion proteins present in human plasma, binding with transition metals and control-
ling the development of metal-catalyzed free radicals. Albumin and ceruloplasmin 
are sequesters of copper ions, haptoglobin is a sequester of hemoglobin, and trans-
ferrin serves as the free iron sequester. Nonprotein antioxidants such as bilirubin, 
uric acids, and ubiquinol are antioxidants that prevent oxidation by scavenging free 
radicals (Papas 1998). Bilirubin is a catabolism final product of heme. It is a cyto-
toxic outcome that is lipid-soluble and must be eliminated. Nevertheless, bilirubin 
effectively scavenges peroxyl radical at in vitro model, micromolar concentrations 
(Stocker et al. 1987) and is considered the strongest antioxidant against lipid peroxi-
dation. Uric acid is an effective antioxidant and a scavenger of singlet oxygen and 
radical substances. Urate reduces the oxidant developed by peroxide reaction with 
hemoglobin and prevents erythrocytes from peroxidative effects. Human plasma 
urate levels are about 300 μM, making it one of the most important antioxidants in 
humans (Ames et al. 1981). Coenzyme Q is also known as ubiquinol (Co Q) and is 
an antioxidant that is soluble in oil. This is generated by monovalent pathways in the 
body, in the heart, liver, kidney, pancreas, and so on. The action mechanism can 
occur in two ways. The reduced form of ubiquinol (CoQH) functions as a chain-
breaking antioxidant in the first mechanism, reducing peroxyl (ROO) and alcoxyl 
radicals (LO) (Papas 1998).

 CoQH Q ROOH+ +?ROO  
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It interacts with vitamin E radical (TO∙) and regenerates vitamin E in the second 
mechanism.

 CoQH TOQR+ +? OOH  

2.4.4  Synthetic Antioxidants

Synthetic antioxidants are generated or synthesized artificially, using different tech-
niques. They are mainly polyphenolic compounds that detect the free radicals and 
stop the chain reactions. Polyphenolic derivatives often involve more than one 
group of hydroxyls or methoxyes. Ethoxy quinine is the only heterocyclic, 
N-containing compound recorded to be used in food, especially animal feed, as an 
antioxidant. Most of the recorded synthetic phenolic antioxidants are p-substituted, 
whereas the o-substituted are mainly natural phenolic compounds. Because of their 
lower toxicity, the p-substituted substances are better suited. To boost their solubil-
ity in fats and oils and to reduce their toxicity, synthetic phenolic antioxidants are 
often substituted with alkyl groupings. Such organic compounds with antioxidant 
activity are widely used as preservatives for cosmetics in pharmaceuticals and for 
stabilizing food fat, oil, and lipid (Gupta and Sharma 2006). Such recent results 
about synthetic antioxidants have led the researchers to create new synthetic anti-
oxidants in terms of their water solubility, stability, and nontoxicity. Features of 
some of the identified synthetic antioxidants, including butylated hydroxyanisole 
(BHA), butylated hydroxytoluene (BHT), ethylenediaminetetraactic acid (EDTA), 
6-ethoxy-1,2-dihydro-2,2,4-trimethylquinoline (ethoxyquin), propyl gallate (PG), 
and tertiary butyl hydroquinone (TBHQ) (Hamid et al. 2010).

2.4.4.1  BHA

This is a monophenolic, lipid-soluble antioxidant and is best used in animal fat for 
lipid oxidation compared with vegetable oil (Wanasundara and Shahidi 2005).

2.4.4.2  BHT

This is also a monophenolic fat-soluble antioxidant but at high temperatures, it is 
much more stable than BHA and both function in synergy. Many antioxidant formu-
lations that are currently available incorporate both of those antioxidants. BHA 
reacts with peroxy radicals to create a radical BHA phenoxy, which can, in turn, 
detach a hydrogen atom from the BHT hydroxyl group. The hydrogen radical pro-
vided by BHT regenerates BHA. The so-formed BHT radicals can interact with a 
radical peroxide and function as a chain terminator (Wanasundara and Shahidi 2005).
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2.4.4.3  EDTA

EDTA is a widely used sequestrant, a water-soluble antioxidant that is applied to 
food, body care, and home products. It attaches with the trace minerals that may be 
present in the foodstuff, such as copper, iron, and nickel. If not inhibited, these min-
erals may result in discoloration, rancidity, and breakdown of the textures. Added as 
an antioxidant, EDTA helps to prevent oxygen from triggering changes in color and 
rancidity.

2.4.4.4  Ethoxyquin

It is chiefly used as an antioxidant to prevent carotenoid oxidation all through stor-
age in animal feeds, vegetables, and fruits.

2.4.4.5  PG

This is an ester, created by gallic acid and propanol condensation. It works as an 
antioxidant that is used as a food additive to preserve primarily oils and fat in the 
foodstuff.

2.4.4.6  TBHQ

TBHQ is a remarkably efficient antioxidant to the diphenolic system. This is used 
as a preservative in food for unsaturated vegetable oils and other edible animal fats. 
Although in the presence of iron, it does not trigger discoloration and does not even 
alter the flavor or odor of the material to which it is introduced. It is used industrially 
as a stabilizer to restrict organic peroxide auto-polymerization. It can be used in 
biodiesel as a corrosion inhibitor. It is used as a fixative in perfumery, to lower the 
rate of evaporation and increase stability. It is also applied to additives to the var-
nishes, lacquers, resins, and field oil. It can be used individually or in conjunction 
with BHA or BHT (Said et al. 2002).

2.4.5  Natural Antioxidant versus Synthetic Antioxidant

Based on complex toxicity studies, synthetic antioxidants have been tested to ensure 
safety and approval for use in limited concentrations in foods. While synthetic anti-
oxidants have been widely used in most countries, their safety remains in question 
(Shahidi 2005). An antioxidant should have two requirements to be declared safe: 
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its LD50 should not be less than 1000 mg/kg body weight and the antioxidant must 
have no noticeable impact on the growth of the experimental animal in long-term 
experiments at a level 100 times higher than that indicated for human consumption 
(Lehman et al. 1951). An antioxidant for use in food often needs comprehensive 
toxicological studies of its possible mutagenic, teratogenic, and carcinogenic 
actions (Yanishlieva et al. 2000). It has been shown that high concentrations of anti-
oxidants can share a range of toxic properties (Shahidi 2005). BHT had negative 
effects on rat’s liver, kidney, and lung due to their possible action as carcinogenesis, 
as per the Lanigan and Yamarik studies (2002). A few studies have shown that BHA 
and BHT are cytotoxic due to the carcinogenicity of BHA in the rodents’ forestom-
ach (Saito et  al. 2003; Verhagen et  al. 1991), therefore, governments have taken 
some steps to minimize the use of synthetic antioxidants in foods. It is clear that 
negative consequences of synthetic antioxidants only occur at elevated 
concentrations.

Meanwhile, several studies have shown that the amount of synthetic antioxi-
dants commonly used in foods does not only have any harmful effects on humans, 
but also anticarcinogenic and antimutagenic qualities and other beneficial effects 
(Whysner et al. 1994; Hirose et al. 1999; Valenzuela et al. 2003; Williams et al. 
1999). BHA and BHT show no cancer threat according to Williams et al. (1999) 
and may be anticarcinogenic at current rates of use. The safety of synthetic anti-
oxidants during long-term consumption is still a controversial issue due to their 
potentially harmful effects. It seems rational that if there is a slight chance of 
synthetic antioxidants being toxic, we would seek to substitute them with natural 
antioxidants, which are more relevant to human nature. Using TG/DTA method-
ology, Santos et  al. (2012) tested the thermal stability of industrial synthetic 
antioxidants and some natural antioxidants using both dynamic and isothermal 
(110 °C) research methods. They found that synthetic antioxidants showed ther-
mal resistance in the following order: PG > TBHQ > BHA > BHT and natural 
antioxidants showed the following stability: α-tocopherol > caffeic acid > ferulic 
acid > gallic acid. Cruz et al. (2007) studied the thermal stability of three bio-
mass-derived fractions with antioxidant activity (ethyl acetate soluble-fraction of 
Eucalyptus globulus acid hydrolysates, ethyl acetate soluble-fraction of red 
grape pomace auto-hydrolysis liquors after fermentation and distillation and 
water washing of the same feedstock) and two synthetic antioxidants in food is 
BHA and BHT. For assays lasting up to 120 min, the nonvolatile component, 
antioxidant activity, and the percentage of phenolic recovered during solid phase 
were assessed at 100, 150, or 200 °C. The tests showed higher thermal stability 
than BHA or BHT in the ethyl acetate soluble from acid hydrolysates of 
Eucalyptus globulus wood, from auto-hydrolysis and the washing of distilled red 
grape pomace. Furthermore, after the heating treatment, the naturally derived 
antioxidants displayed more antioxidant activity. Encapsulation has been proven 
to improve the thermal stability of natural antioxidants (Taghvaei et al. 2013). 
The Arabic gum encapsulated OLE improved soybean oil’s thermal stability 
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more than OLEs. The reason for this could be traced back to the protection of 
natural antioxidants by encapsulation against destructive factors. It can be estab-
lished that certain natural antioxidants not only have a greater capacity for pre-
vention of oxidation than synthetic antioxidants but also have greater thermal 
stability and can stay further active after heat treatment compared to synthetic 
antioxidants.

Taking into consideration the adverse effects of high concentrations of synthetic 
antioxidants and their poor thermal stability in the heat processing and frying of 
food products, the substitution of synthetic antioxidants with natural ones seems 
reasonable. There are plenty of natural antioxidants that can be derived from low-
cost sources with more antioxidant activity and thermal stability than synthetic ones 
in different edible oils, according to several studies done over the past two decades. 
For instance, green tea extract derived from tea waste may be used in the food indus-
try as the correct natural antioxidants. Additionally, extracts rich in rosemary and 
β-carotene and tocopherols can be used more often in the future. Several of these 
studies show that natural antioxidants can be extracted and applied in the edible oil 
industry, instead of synthetic ones. Both tea extract and rosemary extract have been 
proposed as an effective alternative for synthetic antioxidants in the research of 
Yanishlieva et al. (2000). The authors suggested that the health issues need to be 
resolved in future research for the use of natural antioxidants. Abo Nahas (2019) 
reported that the food industry is sighted on replacing synthetic antioxidants with 
natural antioxidants. He studied the utilization of fennel and chamomile extracts, 
rich in phenolic compounds, as natural antioxidants in biscuits and compared their 
performance with a synthetic 62 antioxidant vastly used, the butylated hydroxyl 
anisole (BHA).

The complete nutritional profile, free sugars, fatty acids, and antioxidant activ-
ity were estimated after baking immediately, also after 15, 30, 45, and 60 days of 
storage. The results showed that the incorporation of natural and synthetic addi-
tives did not cause significant changes in color or the nutritional value of biscuits 
when compared with control samples. Both natural and synthetic additives con-
ferred similar antioxidant activity to the biscuits. Therefore, natural additives are 
a more convenient solution for consumers who prefer foods “free” from synthetic 
additives. Moreover, natural additives were given by aqueous extraction, an eco-
friendly and safe process. The main focus of studies in this field over the past 
decade has been to add more powerful natural antioxidants, which were mainly 
from plant resources and were usually considered healthy. When we use olive 
extract at very low doses, for example, there is no need to examine the harmful 
effects of such extract on humans. Yet certain unrecognized natural antioxidants 
have been added, and the potential toxic effects on the human body need to be 
investigated. It has been shown that animal PHIs do have an adequate antioxidant 
activity and may be more efficient from plant resources and synthetic antioxidants 
than certain natural antioxidants. Further studies are required to apply animal 
PHIs in edible oils and evaluate the long-term stability of the oil, since the antioxi-
dant activity was examined through model systems in most studies in this area 
(Fig. 2.5).
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2.5  Fungal Jewels

Fungi are the most diverse and plentiful group on the planet and they are a brilliant 
candidate for bioactive metabolite production due to their resemblance to the animal 
system. Recently, molecular screening methods claimed there are as many as 5.1 
million species of fungi, of which only approximately 100,000 have been reported 
in the literature (Kirk et al. 2008; Yadav 2020). Among these fungi, 14,000 species 
are mushrooms, 5000 are macro fungi, and more than 1800 fungi have been identi-
fied as possessing pharmacological, therapeutic, and medicinal features (Kirk 
et al. 2008).

Higher Basidiomycetes represent a taxonomically, ecologically, and physiologi-
cally extremely diverse group of eukaryotic organisms. Recently, extensive research 
on these fungi has markedly increased mainly due to their potential use in a variety 
of biotechnological applications, particularly for the production of food, enzymes, 
dietary supplements, and pharmaceutical compounds (Cohen et al. 2002; Wasser 
2002). Many pharmaceutical substances with unique properties were extracted from 
mushrooms. The cholesterol-lowering, antidiabetic, and immune-modulating com-
pounds are ready for industrial trials and further commercialization, while others 
are in various stages of development. Some of these substances are not strictly phar-
maceutical products (medicines) but rather they represent a novel class of dietary 
supplements or nutraceuticals. The most important new pharmaceutical products 
from medicinal mushrooms include polysaccharides, antioxidants, and lectins 
(Guillot and Konska 1997; Wasser 2002; Ng 2004). In the last few years, there has 
been significant interest in the use of mushrooms and/or mushroom extracts as 
dietary supplements based on theories that they enhance immune function and pro-
mote health. Endobiotic (endophytic) fungi are micro fungi that host plant tissue 
intercellular and/or intracellular without any apparent pathological symptoms 
(Wilson 1995; Das and Varma 2009). To be able to sustain steady symbiosis, endo-
phytes develop chemical substances that enhance the development of plants and 
benefit them to acclimatize better to the harsh environment (Gouda et al. 2016). As 
a treasure mine of bioactive metabolites, endophytic fungi are considered a sustain-
able source of various natural products, namely, quinones, saponins, alkaloids, 

Fig. 2.5 Natural antioxidant versus synthetic antioxidant (Abo Nahas 2019)
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steroids, phenolic acids, terpenoids, and tannins that exhibit antimicrobial and anti-
cancer properties (Verma et al. 2009). In the last decade, a “bioprospecting” term 
was applied to refer to an old practice for searching useful bioactive compounds and 
other potentially valuable biochemical products from nature (Abdel-Azeem and 
Salem 2012).

Filamentous fungi create a wide extent of low molecular mass natural products 
(NPs) often related to unique bioactive properties. Prominent among these fungal 
secondary metabolites (SMs) and Primary metabolites (PMs) are compounds ben-
eficial to human like antibiotics, antioxidants, fragrances or pharmaceuticals, pig-
ments (Demain 2014). Fungal (SMs) are principally categorized as polyketides, 
terpenoids, alkaloids, or small non-ribosomal peptides (Keller et al. 2005). Later 
advances in large-scale DNA sequencing from a wide range of filamentous fungi 
have led to the discovery that fungal genomes possessing a broad genetic potential 
to produce (SMs). A remarkably large number of enzymes that produce (SMs) as 
non-ribosomal peptide synthases (NRPSs), and terpene synthases (TSs) has been 
described often as part of biosynthetic gene clusters predicted to be responsible for 
the synthesis of one or more NPs (Keller et al. 2017).

2.5.1  Fungal Communication as an Inducer of Silent 
Secondary Metabolite

Fungi and their SMs are known as one of the potential resources for novel drugs. 
Fungi form diverse multispecies communities within the natural habitat. They are 
subjected to intra- and interspecies interactions, which may result in beneficial or 
even harmful outputs for the species included. The real triggers leading to the acti-
vation of natural product biosynthesis in these communities are as diverse as the 
products themselves. They range from environmental signals, such as pH, carbon, 
and nitrogen sources, to organisms living in the same habitat (Yu and Keller 2005).

2.5.2  Wild Mushroom as Treasure of Natural Antioxidant

Ferreira et al. (2009) has proposed that the sensitivity of species to free radicals has 
contributed to the creation of endogenous defense mechanisms to eradicate them. 
These defenses were the response of transformation to the inevitable ramification of 
ROS production under aerobic conditions. Natural products with antioxidant activ-
ity can be beneficial to the endogenous defense system. In this context, the antioxi-
dants present in the diet assume significant importance as a potential preventive 
agent to mitigate oxidative damage. In particular, the antioxidant properties of wild 
mushrooms have been studied widely and many antioxidant compounds isolated 
from these sources have been established so far in mushrooms.
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In addition to the mechanism of action involved in their antioxidant properties, 
wild mushrooms can be used directly in diet to improve health, reaping the benefits 
of the additive and synergistic effects of both bioactive compounds. Mushrooms 
have become desirable as functional foods and as a source of physiologically advan-
tageous medicines (Chang 1996). Such benefits of using mushrooms over plants as 
bioactive compound sources are that sometimes the fruiting body can be generated 
in far less time, the mycelium can also be produced swiftly in liquid culture, and the 
culture medium can be modified to generate optimum active product amounts as 
well. Many wild mushroom species had antioxidant activity, primarily associated 
with their phenolic content (Soares et al. 2009). Mushroom antioxidants are pre-
dominantly phenolic compounds (phenolic acids and flavonoids) accompanied by 
tocopherols, ascorbic acid, and carotenoids. These molecules were quantified 
mainly from India, Korea, Finland, Poland, Portugal, Taiwan, and Turkey in tens of 
different species (Table 2.1) These values are valuable in the literature but differ-
ently expressed in basis (fresh weight and dry weight extract). India’s Helvella 
crispa reported the highest content of phenolic compounds produced per g of extract 
(34.65 mg/g), while Korea’s Sparassis crispa reported the lowest dry-weight value 
(0.76  mg/g). The richest species in tocopherols were Auricularia fuscosuccinea 
(white) from Taiwan (32.46 mg/g extract), Agaricus silvaticus (3.23 × 10−3 mg/g 
dry weight), and Ramaria botrytis (2.50 × 10−4 mg/g fresh weight) from Portugal. 
The highest concentrations of ascorbic acid were found in Auricularia fuscosuc-
cinea from Taiwan (11.24 mg/g extract), Suillus collinitus from Portugal (3.79 mg/g 
dry weight), and Agaricus bisporus from Poland (0.22 mg/g fresh weight). Lactarius 
deliciosus from Portugal presented the highest contents in β-carotene (0.09 mg/g of 
extract). The literature includes a few studies concerning the study of the phenolic 
components of wild mushrooms. High-performance liquid chromatography cou-
pled with photodiode array detector (HPLC-DAD) (Puttaraju et al. 2006; Ribeiro 
et al. 2006, 2007; Kim et al. 2008; Valentão et al. 2005; Barros et al. 2008), or an 
ultraviolet detector (Jayakumar et al. 2009), or gas chromatography-mass spectrom-
etry selected ion monitoring (GC-MS SIM) (Mattila et al. 2001).

Tocopherol: Some reports have been published on the tocopherols content of 
mushrooms. All reported the same methodology including saponification in the 
extraction process and analysis by HPLC coupled to UV detector. Only Barros et al. 
(2008) described an extraction process without saponification, adding an antioxi-
dant to avoid tocopherols oxidation, using special precautions to protect the samples 
from light and heat. Ascorbic acid can also be extracted from many wild mushroom 
species using HPLC coupled to UV or fluorescence detector or by the spectropho-
tometer. Carotenoids are nature’s most extensive pigments and have also received 
substantial attention because of both their provitamin and antioxidant roles. 
Particularly, β-carotene was found in several mushroom species. Carotenoids are 
synthesized by plants and microorganisms but not animals. Fruits and vegetables 
constitute the major sources of carotenoids in the human diet. Close to 90% of the 
carotenoids in the diet and human body are represented by β-carotene, α-carotene, 
lycopene, lutein, and β-cryptoxanthin (Ferreira et al. 2009).
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Table 2.1 Antioxidants quantified from wild mushrooms

Mushroom species
Phenolic 
compounds Tocopherols

Ascorbic 
acid β-Carotene Country

Agaricus arvensis 0.17a 1.22 × 10−3a 0.02c 8.52 × 10−3c Portugal
Agaricus bisporus 
(white)

4.32 × 10−3a – 0.17a – Finland

Agaricus bisporus 
(brown)

4.69 × 10−3a – 0.21a – Finland

Agaricus bisporus 0.54a – – – Korea
Agaricus bisporus – – 0.22b – Poland
Agaricus bisporus 0.03a 2.41 × 10−3a 0.03c 1.95 × 10−3c Portugal
Agaricus bisporus – 9.20c – 0.04c Turkey
Agaricus blazei 0.70a – – – Korea
Agaricus blazei – 5.44c – – Taiwan
Agaricus romagnesii 0.08a 1.29 × 10−3a 0.04c 1.32 × 10−3c Portugal
Agaricus silvaticus – 3.23 × 10−3a 0.04c 5.42 × 10−3c Portugal
Agaricus silvicola 0.35a 1.17 × 10−3a 0.04c 3.02 × 10−3c Portugal
Agrocybe cylindracea – 5.27c – – Taiwan
Amanita caesarea – – 2.07a – Portugal
Amanita rubescens 0.49a – 0.03a – Portugal
Auricularia mesenterica – 9.45c 1.63c – Taiwan
Auricularia 
fuscosuccinea (brown)

– 12.69c 11.24c – Taiwan

Auricularia 
fuscosuccinea (white)

– 32.46c 7.99c – Taiwan

Auricularia polytricha 3.17c – – – India
Auricularia polytricha – 23.61c 3.28c – Taiwan
Boletus badius – 8.80c – – Turkey
Boletus edulis 10.19c – – – India
Boletus edulis – 3.30 × 10−4a – 2.73 × 10−3c Portugal
Boletus edulis – 6.18c – – Taiwan
Calocybe gambosa – 4.00 × 10−4a 0.40c 6.41 × 10−3c Portugal
Calvatia gigantea – – 0.15a – India
Cantharelus cibarius 2.00c 3.00 × 10−5a 0.42a – India
Cantharelus cibarius 7.80 × 10−3 to 

2.54 × 10−2a

1.50 × 10−4a 0.48c 0.01c Portugal

Cantherallus clavatus 13.22c – – – India
Clavulina cinerea – – 0.42a – India
Craterellus 
cornucopioides

– 1.87 × 10−3a 0.87c 0.01c Portugal

Fistulina hepatica 0.37–0.55a – 2.80a – Portugal
Flammulina velutipes 0.17a – – – Korea
Ganoderma lucidum 0.16a – – – Korea
Ganoderma lucidum – 1.19c – – Taiwan
Ganoderma tsugae – 1.07c – – Taiwan

(continued)
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2.5.3  Ganoderma lucidum A Treasure Trove of Antioxidant

Ganoderma lucidum (aphyllophoromycetideae from the family Polyporaceae) is a 
mushroom that has been utilized in customary Chinese medication for a long time. 
Likewise, G. lucidum has been accounted for as a significant wellspring of bioactive 
compounds, for example, polysaccharides, triterpenoids, and proteins, which are 
utilized to avert or treat different human diseases, for example, malignancy, immu-
nological issues, neurodegenerative infections, hepatitis, hypertension, ceaseless 
bronchitis, bronchial asthma, and so on.

Past investigations have detailed that G. lucidum performs antioxidant agent, 
hypoglycemic, antitumor, and immunomodulatory. Also, G. lucidum acts to lessen 
oxidative pressure and advance neuroprotective impacts, prompting neuronal sepa-
ration and securing against cerebral ischemic injury by hindering apoptosis. Also, 
G. lucidum extract lessens the statements of proinflammatory and cytotoxic ele-
ments from the initiated microglia and viably secures the dopaminergic neurons 
against incendiary and oxidative harm. Zhang et  al. (2006) recommended that 
G. lucidum jams the harmed spinal engine neuron articulation levels of the proteins 
that assume significant jobs in axonal regeneration. These outcomes infer that the 
polysaccharide disengaged from G. lucidum have neural protection and antioxidant 
properties (Lacin et al. 2019).

An assortment of polysaccharides and triterpenoids developed in many biologi-
cal activities, for example, G. lucidum. The cell dividers of G. lucidum spores con-
tain a high number of polysaccharides. An assortment of bioactive polysaccharides 
segregated from G. lucidum has been seen as β-1,3-glucans polysaccharide peptides 
like peptidoglycan, which interface with the immune system. A few water-soluble 
polysaccharides have been fractionated and cleaned from the aqueous extraction of 
G. lucidum. More than 140 triterpenoid mixes were found in G. lucidum, which can 
be separated into Ganoderma alcohols or Ganoderma acids. Some triterpene-rich 
extracts of G. lucidum contain high amounts of lucidenic acids, which can be puri-
fied from the extract, and exert immunostimulatory activities. Several nucleotides 
and nucleobases were qualitatively identified in the mushroom samples. Some 
investigations show that G. lucidum extract elevates the activity of super oxide dis-
mutase and catalase enzymes associated with wiping out harming responsive oxy-
gen reactive species. Zhu et al. (1999) studied the antioxidant activity of G. lucidum 

Table 2.1 (continued)

Mushroom species
Phenolic 
compounds Tocopherols

Ascorbic 
acid β-Carotene Country

Geastrum arenarius 4.80c – – – India
Gomphus floccosus – – 0.26a – India
Grifola frondosa – 0.05, 0.11c 0.05, 0.14c – Taiwan
Helvella crispa 34.65c – – – India
Hericium erinaceus – 0.06c – – Taiwan

Source: Ferreira et al. (2009)
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mix in vitro. Ganoderma crude extract was exposed to boiling water media, then the 
aqueous extract was separated. Polysaccharide and terpene fractions have been 
achieved. Both of the fractions were analyzed for their antioxidant activity.

It has been demonstrated that the terpene fraction showed the highest antioxidant 
activity. In that fraction, ganoderic acids A, B, C, and D, lucidenic acid B reported 
the highest antioxidant activity (Zhu et al. 1999).

Heleno et al. (2013) concluded that extracts obtained from G. lucidum grown on 
germinated brown rice (GLBR) show important antioxidant activity against several 
in vitro antioxidant systems. Consumption of GLBR extract could distinctly expand 
the activity of enzymes like superoxide dismutase, glutathioneperoxidase, and cata-
lase in the sera, liver, and brain of mice (Hasnat et al. 2013).

Ganoderma polysaccharides have been determining their activity as antioxidants 
by different strategies. Entire polysaccharides complex affirmed the competent radi-
cal scavenging capacities. Notwithstanding the extraordinary antioxidants capabil-
ity of homo-glucans and hetero-glucans from this G. lucidum and their mechanism 
of action have not yet been clarified. Molecular mass, chemical composition, type 
of glycosidic linkage, and conformation are the fundamental variables influencing 
the bioactivity of polysaccharides. Among them, the molecular weight was one of 
the most significant structural features of polysaccharides, as it is identified with the 
quantity of reductive hydroxyl group terminals (on a per unit mass basis) liable for 
accepting and wiping reactive oxygen species. Low molecular weight polysaccha-
rides subsequently have relatively higher antioxidant ability (Ganoderma lucidum 
polysaccharides1 GLPL1and Ganoderma lucidum polysaccharides2 GLPL2) 
(Wang et al. 2017).

The scavenging impact against superoxide radicals of low molecular weight chi-
tosan (9 kDa) was more powerful than high molecular weight chitosan (760 kDa) 
(Xing et  al. 2005). Structural analyzes of G. lucidum polysaccharides (GL-PSs) 
show that GL-PSs are heteropolymers, in which glucose is the utmost sugar compo-
nent, while mannose, galactose xylose, and fucose are present in lower amounts 
(Wachtel-Galor et  al. 2011). Polysaccharides isolated from the fruit bodies of 
G. linghzi indicated also potential antioxidant activity (Zhu et al. 2013). Additionally, 
Kao et al. (2013) record that β-1,3-glucan (a low-molecular weight glucan) isolated 
from G. lucidum was skillful to elevate (from 40% to 80%) the feasibility of a 
mouse leukemic monocyte macrophage cell line (RAW 264.7) with H2O2—hydro-
gen peroxide free radical induced oxidative stress, and decrease reactive oxygen 
species (ROS) formation. It also terminated the activities of neutral and acidic 
sphingomyelinases (SMases). Mannose-based homo-polysaccharide was able to 
increase the activity of antioxidant enzymes. Moreover, the antioxidant capability 
of high-purity polysaccharides, many researches focused on the high radical scav-
enging impact of polysaccharide conjugates such as polysaccharide-protein com-
plexes and polyphenolic-associated polysaccharides, polysaccharide chelating 
metal, metal ion-enriched polysaccharides, and polysaccharide mixtures (Wang 
et al. 2017).
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The protein or peptide moiety in polysaccharides and the scavenging effect on 
superoxide and hydroxyl radicals are elucidated by (Liu et al. 2007) Polysaccharide-
protein complexes extracted from G. lucidum with lower polysaccharide/protein 
ratios were more fruitful in the scavenging function. Further investigations indi-
cated that, besides the quantity of peptide or protein molecules, their composition 
has to be considerable Amino acids, such as tryptophan tyrosine, methionine, lysins, 
histidine, and tyrosine, are able to donate protons to electron-deficient radicals. The 
most common polysaccharide isolated from G. lucidum, GLP, consists of 14 amino 
acids. Several polysaccharides (d-rhamnose, d-fructose, d-galactose, d-mannose, 
d-xylose, and d-glucose) are present as sugars. The molecule has a great potentiality 
to increase antioxidants, serum insulin levels, and diminish lipid peroxidation. The 
survival rate of macrophages, and securing the mitochondria against injury by a 
membrane-permeant oxidant (t-BOOH), which has also demonstrated the high anti-
oxidant activity (Jiang et al. 2012).

Another approach to influencing the antioxidant activity of polysaccharides is a 
chemical modification by moderating the solubility of water-insoluble polysaccha-
rides. Chen et  al. (2005) reported that G. lucidum polysaccharides could highly 
improve antioxidant enzyme activities. Moreover, Liu et al. (2007) recorded that 
sulfation strongly improved the water solubility and bile acid-binding abilities of a 
water-insoluble polysaccharide from G. lucidum (GLP) (Fig. 2.6).

Fig. 2.6 Ganoderma lucidum pharmacological effects related to the specific group of biological 
compounds (Boh et al. 2007)
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2.5.4  Glutathione, Altruistic Metabolite in Filamentous Fungi 
and Yeast

Baker’s yeast Saccharomyces cerevisiae have represented as a biological model 
system that assisted the unraveling of the role of glutathione in cellular processes. 
Glutathione was first termed as “philothion” by Rey-Pahlade over 120 years ear-
lier, as a substance that appropriates to reduce elemental sulfur discharging hydro-
gen sulfide (Meister 1988). This “sulfur-loving” compound was isolated by the 
English biochemist Frederic Gowland Hopkins and renamed glutathione. 
Regarding chemistry, glutathione (GSH) was base as a thiol tripeptide with 
unusual γ-glutamyl linkage (γ-l-glutamyl-Lcysteinyl glycine). Research on the 
character and function of GSH in animals over the last 40 years have been active 
and enriched by Alton Meister and his colleagues (Meister and Anderson 1983) 
Most research concerned with animal GSH is multidisciplinary, comprising bio-
chemical, toxicological, physiological, and clinical aspects of its biological func-
tion. In comparison with the biology of GSH in microbial systems has received 
less publicity, even though it is generally accepted that GSH is physiologically 
relevant nonprotein thiol (NPT) present in most microorganisms. GSH can make 
up about 1% of the cellular dry weight in many types of human and animal cells 
so glutathione is way significant and abundant molecular (Penninckx and Elskens 
1993) researches typically concentrate on biochemical “in vivo” Studies, and the 
metabolism of GSH was investigated as a significant component in cellular pro-
cesses a (Fig. 2.7).

GSH is a significant multifaceted cellular metabolite in Fungi. Its clear coopera-
tion in the response of suffering cells subjected to stress places GSH in the category 
of altruistic compounds. The most particular physiological roles of GSH relate to 
the state of stress. For microorganisms, stress means the response to a chronic or 
sudden experience of different harmful circumstances like heat, cold, osmotic 
shock, starvation, alterations in the pH, water potential, or exposure to radiation. 
These situations, however, refer to cultures grown in laboratory media, which 
scarcely represent the most desirable ecological state or even may hide unexpected 
development of stress, for example, the presence of harmful metabolic by-products 
normally created by general carbon and/or nitrogen cellular metabolism. In this 
case, GSH plays a significant role. The role of GSH is not limited to excessively 
stressful conditions at all. A cell completely deprived of GSH is unable to function 
even under conditions free of stress. One of the main roles of GSH is related to the 
maintenance of cellular integrity, in particular to the membrane structures, as well 
as to cellular differentiation and development. To accomplish this essential role, the 
fungal cell does not need necessarily to use its full potential for the synthesis of 
GSH; often only a few amounts of the thiol are sufficient.

There are several important enzyme systems accompanied by GSH. However, 
the chemical reactivity of the tripeptide, which modulates its effect in the cellular 
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redox cycle, should not be ignored! Undoubtedly, this is one of the most significant 
aspects that demonstrate the usefulness of this compound. So, we must emphasize 
the deep influence exerted by investigators of mammalian physiology, on the devel-
opment of GSH research. Research on GSH in microorganisms, particularly in 
fungi, has exploded in the last 10 years. This can be attributed in part to the enthu-
siasm of investigators working in very different fields, for example, plant and ani-
mal physiology, to use microbial model organisms, particularly yeasts (Pocsi et al. 
2004). A brilliant study in 2009 investigated that Aspergillus nidulansis fungus spe-
cific gulthion transferase (Sato et al. 2009). Finally, in addition to glutathione, sev-
eral glutathione analogs and precursors are also commercially important, most of 
the analogs are produced by synthetic chemistry, but extraction of glutathione itself 
from potential and sustainable sources, like yeast and fungi needs to be investigated 
with greater intensity.
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2.5.5  Micro Fungi as Source of Antioxidants

2.5.5.1  Sanghuangporus sanghuang

Sanghuangporus sanghuang, as a new species has been discovered that only grows 
on living mulberry trees. Studies on Sanghuang showed that its main components 
are polysaccharides, flavonoids, and triterpenoids. Triterpenoids are a class of bio-
active substances in medicinal fungi, but their antitumor and antioxidant properties 
have been less studied than those of polysaccharides. They have many functions, 
such as inhibiting histamine release, lowering blood pressure, and protecting 
the liver.

The first use of the medicinal fungus Sanghuang can be traced back to 2000 years 
ago in China. According to The Theory of Medicinal, Sanghuangporus sanghuang 
tastes bitter and is used as a traditional Chinese medicine for the treatment of diar-
rhea, night sweats, metrorrhagia, drench, and stomach pain, prolapse of spilled 
blood, leucorrhea, and amenorrhoea. Shennong’s Herbal Classic of Materia Medica 
stated that long-term use of Sanghuangporus sanghuang can prolong life, detoxify, 
and improve digestion.

To maximize the yield of the antioxidants and active ingredients such as the trit-
erpenoids from authentic Sanghuangporus sanghuang. Cai et al. (2019) examined 
four parameters of the extraction process, including the extraction time, solid–liquid 
ratio, extraction temperature, and ethanol concentration to optimize the triterpenoid 
extraction processes of Sanghuangporus sanghuang mycelium. The results showed 
that the optimum conditions of ultrasonic extraction required an 80% ethanol con-
centration, a 1:20 solid–liquid ratio, a 20-min extraction time, and a 60 °C extrac-
tion temperature, to obtain a maximum triterpenoid extraction of 13.30  mg/g. 
Antioxidant capacity tests showed that the Sanghuangporus sanghuang triterpe-
noids had high clearance capabilities for hydroxyl free radicals, superoxide anions, 
2,2-diphenyl-1-picrylhydrazyl free radicals, and 2,2′-azinobis-(3-ethylbenzthiazo-
line-6-sulfonate) radicals, indicating that the Sanghuangporus sanghuang triterpe-
noids had high antioxidant activities.

In 1968, Ikekawa et al. (1968) found that the sarcoma cell line S-180 was inhib-
ited by 96.7% in mice when treated with a water extract of the Sanghuang fruiting 
body. The medicinal functions of Sanghuang have since been studied by many 
researchers, who have characterized its antitumor and antioxidant properties. 
Sanghuang is considered one of the most effective anticancer drugs found in higher 
fungi and has been extensively studied as a medicinal fungus.

2.5.5.2  Cerrena unicolor

Investigation and isolation of new natural bioactive substances are important for the 
food industry due to the growing importance of their antioxidative activity, which is 
crucial in food preservation processes. Unfortunately, the commonly used synthetic 
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substances such as hydroxyanisole (BHA) and hydroxytoluene (BHT) are likely to 
be toxic for living organisms. Interestingly, the physiological life cycle of the white 
rot Basidiomycota is associated with a relatively high concentration of ROS, which 
might initiate the secondary wood cell wall decay processes. Therefore, these organ-
isms also possess a very efficient antioxidative system consisting of enzymatic (per-
oxidases, laccase, catalase, and superoxide dismutase) and nonenzymatic elements 
(phenolic derivatives or polysaccharides). It is known that, besides the polysaccha-
rides, fungi can produce many secondary metabolites with antioxidative activities 
including a number of phenolic compounds (e.g., hispidin and its dimmers or fungal 
pigments usually isolated from fruiting bodies) (Jaszek et al. 2013).

Three bioactive fractions, extracellular laccase (ex-LAC), crude endopolysac-
charides (c-EPL), and a low molecular subfraction of secondary metabolites (ex-
LMS), were isolated from the idiophasic cultures of the white rot fungus Cerrena 
unicolor. The highest reducing capability was found for the ex-LMS 800 μg/mL. A 
very high prooxidative potential was observed for the ex-LAC probes. They showed 
antibacterial activity against Escherichia coli and Staphylococcus aureus (Jaszek 
et al. 2013).

2.5.5.3  Mucor circinelloides

Molecular screening methods claimed there are as many as 5.1 million species of 
fungi, of which only approximately 100,000 have been reported in the literature. 
Among these fungi, 14,000 species are mushrooms, 5000 are macro fungi, and 
more than 1800 fungi have been identified as possessing pharmacological, thera-
peutic, and medicinal features. The pathogenicity of Mucorales is largely believed 
to be due to endocellular excretions and the production of subtilisins, chitinases, 
proteinases, and antioxidant proteins (e.g., superoxide dismutase, catalase, and per-
oxidase). From an industrial point of view, the class Zygomycetes of Zygomycota 
is more important than its second class Trichomycetes because of its two widely 
used bioactive compound producing genera: Mucor and Rhizopus. Zygomycetes 
can produce a wide range of metabolites including enzymes, lipids, ethanol, organic 
acids, food colorants, amino acids, chitosan, chitin, and proteins.

Genus Rhizopus, specifically, has been majorly exploited to produce lactic acid, 
fumaric acid, amylases, pectinases, steroids, lipases, ureases, and tannases, whereas 
genus Mucor is considered a good source for cellulases, phytases, proteases, etha-
nol, lipids, and food colorants. Due to the large storage capability of these metabo-
lites in their mycelium/biomass, as well as their nutritional and pharmaceutical 
importance, there is an increasing interest in utilizing the biomass of zygomycetes 
as a source of microbial proteins, microbial lipids, microbial ethanol, microbial 
food colorants, and microbial bioactive components such as essential amino acids, 
antibiotics and chitosan in food, aquaculture feed, and pharmaceutical industries. 
Mucor and Rhizopus can be a great source of natural antioxidants and these natural 
antioxidants can be termed as “microbial antioxidants”.
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Mucor circinelloides strains belong to the family Mucoraceae, order Mucorales, 
subclass Incertaesedis, and class Zygomycetes. These strains are excellent produc-
ers of carotene, lycopene, lipids, and bioactive component, for example, Linolenic 
acid (GLA), and are also easy to handle and produce with the availability of molecu-
lar and transformation tools and genome sequence features. Phenolic compounds 
were detected, especially tannins and flavonoids. Total phenol content was attrib-
uted to overall antioxidant capacity. Submerged fermentation with nutritional stress 
conditions was found to be an excellent way of producing surplus amounts of natu-
ral antioxidants/secondary metabolites with their vast potential commercial applica-
tion in food and pharmaceutical industries from these fungi (Hameed et al. 2017).

2.6  Why Do Plants Synthesize Antioxidants?

Plants have been the vital sources of natural products since the starting of investiga-
tion, and it may too be expressed that they are the natural skilled workers of mole-
cules created in infinite orders. Since plants are seated organisms, they experience a 
number of changes to adjust stress conditions. These changes happen due to the 
formation of different significant compounds. These compounds are valuable 
resources of plants since they keep up their age and health. Endophytes and plants 
have a symbiotic relationship, where the endophytes obtain benefits in the form of 
nutrition, and in return, synthesize specific compounds that assist the plant in 
metabolism and protection from stressful conditions. These compounds produced 
by the endophytes present a hidden range of known and unknown medicinal signifi-
cance (Darwish et  al. 2020). Gave the concept of horizontal gene transfer that 
reveals that endophytes and the host plant collaborate to the production of bioactive 
molecules. Some endophytes have been predominating biosynthetic capabilities, 
owing to their likely gene recombination with the host while dwelling and reproduc-
ing inside the healthy plant tissues (Li et al. 2005). Taxol, jesterone, torreyanicacid, 
pestaloside, ambuic acid, pestalotiopsins, and 2-a-hydroxydimeniol are few exam-
ples of such compounds (Strobel and Daisy 2003). These bioactive molecules syn-
thesized by plants can be utilized for the treatment of human diseases. Apart from 
plants, endophytes, which are in a symbiotic relationship with the plants, are also 
considered to be a vital source of antioxidants (Huang et al. 2007).

2.6.1  Endophytic Fungi as a Natural Source of Antioxidants

As all higher plants are hosts to one or more endophytic microbe on this earth. 
Endophytic fungi are microbes that reside in living plant tissues without causing 
any immediate harm to their host. They are highly diverse microorganisms that are 
chemical synthesizers inside host plants. Most antioxidants known today are indus-
trially synthesized although being accounted for causing liver damage and 
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carcinogenesis. In contrast, natural-derived antioxidants, like those produced by 
endophytes, have not been found to be harmful. Endophytes have the ability to use 
several substrates, producing a wide array of secondary metabolites. These com-
prise a large but little explored proportion of fungal diversity. Paclitaxel, a potent 
anticancer agent isolated from endophytic fungi such as Taxomyces andreanae and 
Pestalotia spp., so, endophytes have been recognized as potential new sources of 
anticancer, antimicrobial, and antimalarial bioactive metabolites, attracting much 
more attention from researchers. These metabolites include steroids, xanthines, 
phenols, isocoumarins, quinones, and terpenoids (Caicedo et al. 2019). Fusaria both 
positively and negatively affect crop cultivation: the harmful effects of pathogens 
and toxin producers and the beneficial effects of the biological control agents, which 
can be used as microbial pesticides, are easily understood. In contrast, the effects 
and potential of endophytes on crop cultivation are poorly understood. Although 
most endophytes are thought to be nonpathogenic further analyzes of the ecological 
functions of Fusarium endophytes are needed to elucidate their roles in crop culti-
vation (Imazaki and Kadota 2015).

Several studies have shown that extracellular polysaccharides of endophytic 
fungi present antioxidant activity (Yadav et al. 2014; Caicedo et al. 2019). Caicedo 
et al. (2019) reported high antioxidant potential of Fusarium oxysporum endophytic 
fungus isolated from the leaves of Otoba gracilipes, a medicinal tree from a tropical 
rainforest in Colombia.

Chaetomium globosum CDW7, an endophyte from Ginkgo biloba, exhibited 
strong inhibitory antifungal activity against phytopathogens such as Fusarium gra-
minearum, Rhizoctonia solani, Magnaporthe grisea, Pythium ultimum, and 
Sclerotinia sclerotiorum both in vitro and in vivo. Extract from C. globosum CDW7, 
which had been deposited in the China General Microbiological Culture Collection 
Center (CGMCC) with an accession number 6658, has the strongest antioxidant 
activity among the studied endophytic fungi from G. biloba comparable to those of 
vitamin C and trolox, the well-known antioxidants. Chaetomium globosum and 
C. cochlioides are antagonistic to species of Fusarium and Helminthosporium. 
Flavipin is considered the major antioxidant component of CDW7’s metabolites; it 
reacts by donating its electrons to the free radicals, leading to SOD and GSH-Px 
activity improvement and suppression of MDA content. Chaetopyranin also showed 
antioxidant activity. The azaphilone compounds are produced by different 
Chaetomium species, which display various biological activities such as antioxi-
dant, nematicidal, antimicrobial, antifungal, anticancer, and inflammatory activities. 
Endophytic fungus Chaetomium globosum INFU/Hp/KF/34B isolated from 
Hypericum perforatum has been shown to produce hypericin and emodin of high 
medicinal value as antioxidants. C. cupreum can be a new source of natural antioxi-
dants useful for industrial applications (Darwish et al. 2020).

Yadav et al. (2014) reported the presence of alkaloids, phenols, flavonoids, sapo-
nins, and terpenes in 21 endophytic fungi isolated from Eugenia jambolana, which 
can be a potential source of novel natural antioxidant compounds. A significant 
positive correlation was found between antioxidant activity and TPC in fungal 
extracts. There are 36% of endophytic extracts having high phenolic content 
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exhibited potent antioxidant activity. Chaetomium sp., Aspergillus sp., Aspergillus 
peyronelii, and Aspergillus niger strains showed the highest antioxidant activity 
ranging from 50% to 80% having 58 to 60 mg/g GAE total phenolics. In their work, 
Darwish et al. (2020) collected all available data concerning antioxidants produced 
by endophytic Chaetomium. These are explained in the following paragraphs.

2.6.1.1  Flavipin

Flavipin is a well-known natural product that is isolated from endophytes belonging 
to Chaetomium sp. associated with leaves of Ginkgo biloba (Ye et al. 2013). Yan 
et al. (2018) succeeded in isolating bioactive metabolites with antifungal activities 
from this fungus; the metabolites are flavipin, chaetoglobosins A and D, chaetoglo-
bosins R (4) and T (5), new isocoumarin derivative prochaetoviridin A (1), new 
indole alkaloid, and chaetoindolin A (2) and chaetoviridin A (3). Flavipin is consid-
ered the major antioxidant component of CDW7’s metabolites; it reacts by donating 
its electrons to the free radicals, leading to SOD and GSH-Px activity improvement 
and suppression of MDA content. This metabolite possesses three phenolic hydroxyl 
and two aldehyde groups, which are characteristic functional groups with antioxi-
dant activity. When cultured under the optimal condition (25 °C, 100/250 mL flask, 
12 discs/flask, 150 rpm, pH 6.5) for 14 days, Chaetomium globosum CDW7 was a 
highly yielded bio-source of antioxidant Flavipin synthesizing a remarkable pro-
duction of 315.5 mg/L (Ye et al. 2013).

Another endophytic fungus from Ginkgo biloba, Chaetomium sp. NJZTP21 
(GenBank accession number: JN588553), isolated from the healthy leaf of the plant 
was able to produce Flavipin, which significantly inhibited the growth of several 
plant pathogenic fungi, especially Fusarium graminearum. But the extract from 
C. globosum CDW7, which had been deposited in the China General Microbiological 
Culture Collection Center (CGMCC) with an accession number 6658, has the stron-
gest antioxidant activity among the studied endophytic fungi from G. biloba com-
parable to those of vitamin C and trolox, the well-known antioxidants (Ye et  al. 
2013). Chaetomium globosum and C. cochlioides are antagonistic to species of 
Fusarium and Helminthosporium. They exhibited good control over many plant 
pathogens; seed coating treatments with viable spores of Chaetomium globosum 
were found to exert antagonistic effect controlled Fusarium roseum f. sp. cerealis 
“graminearum” in corn; reduced disease incidence of apple scab caused by Venturia 
inequalis; suppressed damping-off of sugar beet caused by Pythium ultimum; had an 
antagonistic effect against Macrophomina phaseolina, Pythium ultimum, Bipolaris 
sorokiniana, Rhizoctonia solani, and Alternaria brassicicola; and reduced the quan-
tity of sporulation of Botrytis cinerea on dead lily leaves exposed in the field (Biswas 
et al. 2012; Shternshis et al. 2005).
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2.6.1.2  Chaetopyranin

The basic structure of chaetopyranin (I) is chromenol (I) (chromene carrying one or 
more hydroxyl substituents). It is chemically known as 3,4-dihydro-2H-chromene 
substituted by a hydroxyl group at position 6, a 3-hydroxybut-1-en-1-yl at position 
2, a formyl group at position 5, and a prenyl group at position 7 (Wang et al. 2006). 
These two compounds have been isolated from an endophytic fungus Chaetomium 
globosum, associated with Polysiphonia urceolata, and are found to possess antioxi-
dant activity. The former compound also exhibits anticancer activity (Wang et al. 
2006). Chaetopyranin also showed antioxidant activity.

2.6.1.3  Azaphilone

The most remarkable and valuable properties of azaphilones include their natural 
origin, yellow-red spectra, thermostability (in comparison with other natural red 
pigments), and water solubility. The azaphilone compounds produced by different 
Chaetomium species display various biological activities such as antioxidant, nema-
ticidal, antimicrobial, antifungal, anticancer, and inflammatory activities (Borges 
et al. 2011).

2.6.1.4  Hypericin and Emodin

Endophytic fungus Chaetomium globosum INFU/Hp/KF/34B isolated from 
Hypericum perforatum has been shown to produce hypericin and emodin of high 
medicinal value as antioxidants. This endophytic fungus has significant scientific 
and industrial potential to meet the pharmaceutical demands in a cost-effective, eas-
ily accessible, and reproducible way (Kusari et al. 2008; Zhao et al. 2011).

2.6.1.5  Mollicellins

Mollicellins O (1) isolated from the endophytic fungus Chaetomium sp., Eef-10, 
which was isolated from Eucalyptus exserta by Ouyang et al. (2018), showed anti-
oxidant activity based on DPPH radical scavenging. For more details concerning 
antioxidants producing fungi in Egypt please check Abdel-Azeem et al. (2018) and 
Abo Nahas (2019).
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2.7  Fungal Antioxidants: Extraction, Estimation, 
and Biological Assay

The field of free radical chemistry is gaining more attention these days. Free radi-
cals are reactive oxygen and nitrogen species that are generated by various physio-
logical processes in the body. Uncontrolled generation of free radicals leads to 
attack on membrane lipids, proteins, enzymes, and DNA causing oxidative stress 
and ultimately cell death. These ROS are responsible for many degenerative human 
diseases like diabetes mellitus, cancer, neurodegenerative disorders, Alzheimer’s 
disease, Parkinson’s disease, atherosclerosis, aging, and inflammatory diseases 
(Yadav et al. 2014).

Carbohydrate antioxidants are expected to have better applicability as they are 
easily isolated, purified, water-soluble, and have fewer chances of toxicity towards 
the cell. Fungal EPSs have several applications in the food, feed, cosmetic, medi-
cine, and pharmaceutical industries. The activities of fungal carbohydrate com-
pounds are dependent on different content and arrangements during the 
polymerization of its building unit, monosaccharides.

Their composition varies from pure sugars to sugars combined with a second 
unit such as protein, phosphate, sulfate, or amine. Different types of sugar units 
were found in fungal EPSs such as glucose, mannose, galactose, xylose, fucose, and 
rhamnose. It was also noticed that EPSs composed of the same monosaccharide 
units that were synthesized by different fungi had different molecular weights. This 
is caused by differing chain lengths or branching patterns that give polysaccharides 
a great diversity of structure, property, and functions. For instance, the extracellular 
polysaccharide produced by the mangrove-associated fungus Fusarium oxysporum 
Dzf17 is defined as galactofuranose-containing mannoglucogalactan, consisted of 
galactose, glucose, and mannose in a molar ratio of 1.33:1.33:1.00, and its molecu-
lar weight was about 61.2 kDa (Abdel-Azeem et al. 2019).

Fortunately, not all fungal secondary metabolites are toxic to humankind such as; 
antibiotics, phytotoxins, enzymes, and antioxidants, which gave great importance to 
fungi in industrial applications (Darwish 2019). Novel fungi that have the capability 
to synthesize unique polysaccharides with antioxidant properties became the scien-
tists’ target.
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3.1  Introduction

Recently, several studies have led to the discovery of important plant secondary 
metabolites from endophytic fungi thus raising the prospect of using such organ-
isms as alternative sources of these metabolites (Rana et al. 2019a, 2020). In addi-
tion to being alternative sources for secondary metabolites known from plants, 
endophytes accumulate a wealth of other biologically active and structurally diverse 
natural products that are unprecedented in nature and are of importance for drug 
discovery or as lead compounds for agriculture (Tan and Zou 2001; Strobel and 
Daisy 2003; Zhang et al. 2006; Chandra 2012; Devi et al. 2020). It is hence now 
generally accepted that endophytes represent an important and largely untapped 
reservoir of unique chemical structures that have been modified through evolution 
and are believed to be involved in host plant protection and communication 
(Gunatilaka 2006).

As a result of these long-held associations, it is possible to imagine that some of 
these endophytic microbes may have devised genetic systems allowing for the trans-
fer of information between themselves and the higher plant and vice versa (Stierle 
et al. 1993a, b).

3.2  Biology, Ecology, and Distribution

Roughly, there are almost 300,000 plant species and each different plant is the host 
to one or more different endophytes, and many of them may inhabit certain hosts. It 
has been anticipated that there are as many as one million different endophytic fun-
gal taxa proving endophyte’s hyper-diversity (Selim et  al. 2012). Endophyte’s 
importance was established over an extended period of time as a potential source of 
pharmaceutical drugs as they were reported to produce secondary metabolites used 
as anticancer, antibacterial, antiviral, and so many more (Sudha et al. 2016; Kour 
et al. 2019; Yadav et al. 2019b). The diversity of the endophytic fungi inhabitant 
plants claims that plants with different atmospheres can inhabit different endophytic 
fungi producing either similar or different metabolites (Ka et al. 2012; Rana et al. 
2019b; Yadav et al. 2019a), for example, Taxol a highly functionalized anti-cancer 
diterpenoid can be produced by various endophytic fungi from different plants as 
Taxomyces andreanae isolated from Taxus brevifolia (Stierle et  al. 1993a, b), 
Pestalotiopsis microspore isolated from Taxus wallichiana (Strobel et  al. 1996), 
Pestalotiopsis microspore isolated from bald cypress in South Carolina (Li et al. 
1996), Fusarium solani isolated from Taxus chinensis and Aspergillus isolated from 
Ginkgo biloba (Li et al. 2005; Gu 2009).

Since each plant can give multiple different secondary metabolites isolated from 
various Endophytic fungi, several criteria must be considered in selecting and iso-
lating the plant and the endophytic fungi, respectively, to target specific endophytes 
(Strobel and Daisy 2003) as:
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 1. The place of origin of the plant acts as an important cornerstone in determining 
the type of the endophytic fungi, as Rhyncholacis penicillate which is an aquatic 
plant that lives in a harsh aquatic environment produces oocydin A isolated from 
Serratia marcescens endophytic fungi to help resists infection by common 
oomyceteous fungi (Strobel et al. 1999a).

 2. Plants that grow in only specific parts of the world or occupied a certain ancient 
landmass as Maytenus hookeri that only distributed in areas of Yunnan, China 
that produces Chaetomium globosum endophytic fungi isolating Chaetoglobosin 
B showing antituberculosis activity (Ding et al. 2006).

 3. Plants bordered by pathogen-infected plants, and displaying no symptoms are 
more likely to produce endophytic fungi possessing antimicrobial activity 
(Tuntiwachwuttikul et al. 2008).

 4. Younger plants are more appropriate for the isolation of endophytic fungi than 
older ones (Bacon and White 2018).

Schulz et al. (1999) has claimed that environmentally we can control the isolated 
endophytes from the plant, as they proved that when two plants from different 
regions one can produce a bioactive product and the other fails due to the evolution 
of the endophytic fungi from the harsh environment. For example, the herbicidal 
activity of the secondary metabolites of endophytic fungi of Phyllosticta capitalen-
sis differed with the different places of the plant host from which it was isolated. 
The environment also can make the secondary metabolite of the endophytic fungi 
be more aggressive and hostile to the host plant in response to some environmental 
signs (Hendry et al. 2002) it also can lead to alteration in the metabolite profile, 
number, and variety. This proves the importance of studying the effect of host plants 
on endophytic metabolites production and host-endophytes relationships.

3.3  Material and Methods of Preparation and Isolation

The isolation procedure is a critical important step in working with endophytic 
fungi (Abdel-Azeem 2012; Abdel-Azeem et al. 2012, 2016, 2019; Abo Nahas 2019; 
Attia et al. 2020; Balbool, and Abdel-Azeem 2020). It should be delicate enough to 
recover endophytic fungi and at the same time be able to eliminate epiphytes and 
other organisms (Mckinnon 2016). Therefore, the isolation procedure must be tai-
lored to the respective tissues and microorganisms. The isolation of the endophytic 
fungi and the extraction of the medicinal drugs undergo several steps. The most 
common first step used is surface sterilization (Gautam et  al. 2012; Paper 2002; 
Phongpaichit et al. 2006; Mckinnon 2016), this step is where the concerned part of 
the plant is sterilized using sterilization chemicals as distilled water (Nalini et al. 
2014), ethyl alcohol (Tolulope et al. 2015), sodium hypochlorite (Wiyakrutta et al. 
2004). The second step is the incubation of the concerned plan part in an appropriate 
medium to facilitate the fermentation of the endophytic fungi (Mckinnon 2016) the 
most commonly used medium is the PDA medium (Kjer et al. 2010; Raunsai et al. 
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2018). The third step is to identify the extracted endophytic fungi using different 
methods as morphological identification, microscopical identification, or DNA iso-
lation PCR amplification. The final step is to try to extract the drug from the endo-
phytic fungi using the appropriate medium and technique (Mckinnon 2016). Various 
isolation techniques we summarized in Table 3.1.

3.4  Chemistry of Endophytes

Novel natural secondary metabolites from endophytes play a very important role in 
various biological applications such as antimicrobial, anticancer, antioxidant, and 
antidiabetic. The same endophyte strain can produce different bioactive metabolites 
(Stierle et al. 1993a, b; Zhang et al. 2006). The chemistry and characters of some 
bacterial, actinomycetes, and fungal endophytes will be illustrated herein Table 3.2.

3.5  Endophytes Applications

Fungal endophytes are isolated from different medicinal and other plant species 
under different geographical and ecological conditions. They are the prospective 
source of various bioactive metabolites and novel compounds to be used in a wide 
fields variety as; medicine, agriculture, pharmaceutical, and industry (Kusari et al. 
2011; Gupta et  al. 2020; Rastegari et  al. 2020). The endophytic fungus is easily 
produced on large scale for modern medicine using culture systems and fermenters 
rather than plant harvesting and disturbance of environmental biodiversity, since 
about 40% of prescription drugs are based on them (Nisa et al. 2015; Rastegari et al. 
2020). Natural products and their derivatives contribute about 68% of antimicrobial 
compounds and 34% of anticancer therapy. Endophytes metabolites could be 
grouped according to their chemistry into; xanthones, isocoumarins, quinones alka-
loids, steroids, terpenoids, flavonoids, glycosides, phenyl propanoids, lignans, ali-
phatic metabolites, lactones, etc. (Zhang et al. 2006; Newman, and Cragg 2007).

3.5.1  Antimicrobial Compounds

Microorganisms are the source of antimicrobial metabolites which are natural 
organic substances with low molecular weight and active against other microorgan-
isms (Wani et al. 1971). The antimicrobial activity of the endophytic fungal crude 
extracts shown activity against bacteria, viruses, pathogenic fungi, cytotoxicity, and 
antimalarial activity (Liu et  al. 2001; Singh and Yadav 2020). Many metabolites 
from fungal endophytes have low toxicity and promising antimicrobial activity such 
as piperine, javanicin, artemisinin, asperfumin, asperfumoid, phomol, and 

M. A. Abdel-Azeem et al.
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Table 3.2 The chemistry and characters of some bacterial, actinomycetes, and fungal endophytes

Endophyte 
source Biomacromolecules Secondary metabolites References

Bacteria Polysaccharides
– Exopolysaccharides
– Lipopolycharrides

Phytohormones
– Ecomycins
– Adenine derivatives

Holland and 
Polacco (1992), 
Leigh and Coplin 
(1992), Ivanova 
et al. (2001)

Enzymes and proteins
– Chitinase
– Pectinase
– Pectinolytic enzymes

Salicylic acid Pleban et al. 
(1997), Quadt- 
Hallmann et al. 
(1997), Miller 
et al. (1998), van 
Loon et al. (1998)

Unusual amino acids
– Homoserine
– β-Hydroxyaspartic acid

Actinomycetes – 1-N-methylalbonoursin
– α-Amylase

– Munumbicins A, B, C 
and D
– Kakadumycin A
– Coronamycins (peptides)
– Sesquiterpenes
– Cyclopentenone

Stamford et al. 
(2001), Castillo 
et al. (2002), Guan 
et al. (2005), Lin 
et al. (2006)

Fungi Polysaccharides Alkaloids
– Amines and amides
– Indole derivatives
– Pyrrolizidines
– Quinazolines

Wilkinson et al. 
(2000), Tan and 
Zou (2001), Shen 
et al. (2006)

Enzymes and proteins Steroids
Ergosterol derivative

Lipase and glucoamylase Terpenoids
– Sesquiterpenes
– Diterpenes
– Cytochalasins
– Myrothecines 
(10,13-cyclotrichothecane 
derived macrolides)

Torres et al. 
(2003), Krohn 
et al. (2005)

Isocoumarin derivatives Kongsaeree et al. 
(2003)

Quinones
– Cyclohexanone
– Epoxides
– Jesterone
– Hydroxyjesterone
– Ambuic acid

Li and Strobel 
(2001), Ge et al. 
(2005)

Phenylpropanoids and 
lignans Guignardic acid

Drandarov et al. 
(2001)

Phenols and phenolic acids
– Pestacin
– Isopestacin 
(dihydroisobenzofuan)

Harper et al. 
(2003), Bashyal 
et al. (2005)

Aliphatic compounds
Chaetomellic acid A

Desai and Argade 
(1997)

(continued)
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hypericin. Fusarium sp. CR377, a pentaketide agent, collected in the Guanacaste 
Conservation Area of Costa Rica showed potent antifungal activity against Candida 
albicans (Brady and Clardy 2000). Guanacastepene Aditerpenoids, is another 
metabolite from Costa Rica isolated from CR115 fungi endophytes in Daphnopsis 
americana tree. These metabolites showed strong antibiotic activity against 
Staphylococcus aureus and Enterococcus faecium resistant strains (Brady et  al. 
2001). Rhizotonic acid an enzophenone, purified from Rhizoctonia sp., in Cynodon 
dactylon, was found to be active against the gastric ulcer and Helicobacter pylori 
strains (Ma et al. 2004).

Moreover, another antimicrobial metabolite altersetin related to equisetin, iso-
lated from two strains of Alternaria sp. P 0506 and P 0535 were endophytes in 
Vinca minor and Euonymus europaeus, respectively (Hellwig et al. 2002). Artemisia 
annua is a known plant for its production of artemisinin an antimalarial drug. Liu 
et  al. (2001) isolated 39 endophytes from A. annua whereas, showing the most 
effective in-vitro antifungal activity against Gaeumannomyces graminis var. tri-tici, 
R. cerealis, Helminthosporium sativum, Fusarium graminearum, Gerlachianivalis, 
and Phytophthora. Strobel et al. (2001) obtained Muscodoralbus a xylariaceaous 
(non-spore producing) endophytic fungus from Cinnamomum zeylanicum (cinna-
mon tree). The five classes of volatile compounds extracted from the fungus showed 
mild antifungal and antibacterial activity, but collectively they cause broad- spectrum 
effects against pathogenic microorganisms. The most biologically active compound 
was the ester and they state that “mycofumigation” are very beneficial and promis-
ing in human and agricultural applications.

The endophyte metabolite phomol from Phomopsis sp., active polyketide lac-
tone, was isolated from the medicinal plant Erythrina cristagalli and produced anti-
fungal and antibacterial activity (Weber et al. 2004). Liu et al. (2004) recognized for 
the first time Aspergillus fumigatus CY018 endophyte from the leaf of 

Table 3.2 (continued)

Endophyte 
source Biomacromolecules Secondary metabolites References

Lactones
– Phomol
– Microcarpalide
– Sequoiamonascins A–D
– Graphislactones A, G and 
H

Weber et al. 
(2004), Prasad 
et al. (2007)

Miscellaneous metabolites
– Sequoiatones C–F
– Asperfumoidand 
asperfumin
– Naphtho-c-pyrones
– Rubrofusarin B
– Fonsecinone A
– Asperprone B
– Aurasperone A

Chen et al. (2003), 
Liu et al. (2004), 
Campos et al. 
(2005)
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Cynodondactylon. Twelve metabolites were isolated and showed in-vitro antifungal 
activity against Candida albicans, Trichophyton rubrum, and Aspergillus niger. 
Two of them were new isolate asperfumoid and asperfumin with structures of spiro-
(3-hydroxyl-2,6-dimethoxyl-2,5-diene-4-cyclohexone-(1,30)-50-methoxyl- 70-
methyl-(10H,20H, 40H)-quinoline-2040-dione) and 
5-hydroxyl-2-(6-hydroxyl-2-methoxyl-4-methylbenzoyl)-3,6-dimethoxyl-benzoic 
methyl ester, respectively. Another was study done by Maria et al. (2005) isolated 
14 endophytic fungi from Acanthus ilicifolius and Acrostichum aureum, two man-
grove plants. Studied endophytes especially Aspergillus sp. and Pestalotiopsis sp. 
were inhibited by many bacteria including Bacillus subtilis, Enterococcus sp., 
Klebsiella pneumoniae, Pseudomonas aerugionsa, Salmonella typhi and 
Staphylococcus aureus, and fungi as Candida albicans and Trichophyton 
metagrophytes.

Sette et al. (2006) tested the antimicrobial activity of 37 endophytic filamentous 
fungi from coffee plants (Coffea arabica and Coffea robusta). Seventeen fungi 
inhibited the pathogenic human bacteria including Salmonella choleraesuis, 
Staphylococcus aureus, Pseudomonas aeruginosa, and four different Escherichia 
coli serotypes. Raviraja et al. (2006) checked the antibacterial and antifungal activ-
ity of 15 endophytes from 8 medicinal plant hosts from the Western Ghats of India. 
They found that the most promising antimicrobial activities were in Alternaria sp., 
Nigrospora oryzae, and Papulospora sp. against fungi and both gram-positive and 
gram-negative bacteria. In another study by Tejesvi et al. (2007) they checked the 
endophyte Pestalotiopsis strains from Azadirachta indica, Holarrhena antidysen-
terica, Terminalia arjuna, and T. chebula medicinal plants. The best antifungal 
activity was found in the Pestalotiopsis strains extracted from Terminalia arjuna 
against Alternaria carthami, Fusarium oxysporum, Fusarium verticilloides, 
Macrophomina phaseolina, Phoma sorghina, and Sclerotinia sclerotiorum.

Fungal endophytes isolated from Hypericum perforatum (St. John’s wort) pro-
ducing hypericin a naphthodianthrone derivative, showing strong antibacterial 
activity against Staphylococcus aureus, Klebsiella pneumoniae, Pseudomonas 
aeruginosa, Salmonella enterica, and Escherichia coli and antifungal activity 
against Aspergillus niger and Candida albicans (Kusari et al. 2008a, b). Zhang et al. 
(2008) characterize the secondary metabolite caphalosol from Cephalosporium 
acremonium IFB-E007 endophytes that reside in Trachelospermum jasminoides 
(Apocynaceae) the most potent antifungal activity of cephalosol was against 
Trichophyton rubrum and Candida albicans. A study on the coffee arabica 
L. screened the antimicrobial activity of 22 isolated endophytic fungi. The higher 
inhibition zone was found in the crude extract of Alternaria alternata against 
S. aureus (Fernandes et al. 2009). Javanicin as C15H14O6 naphthaquinone is a selec-
tive antibacterial against Pseudomonas sp. and the most biologically active com-
pound extracted from Chloridium sp. endophyte inhabitant in Azadirachta indica an 
Indian plant known as (neem or Indian Lilac) (Kharwar et al. 2009).

Another study found that from 16 endophytes extracted from the leaf of 
Eucalyptus citriodora Hook only Chaetomium and another 2 unidentified isolates 
showed strong antifungal activity against Curvularia lunata (Kharwar et al. 2010). 
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Mahapatra and Banerjee (2010) studied the antibacterial activity of Curvularia sp., 
Aspergillus sp., and another unidentified fungus isolated from Alstonia scholaris 
against four human pathogenic bacteria; Escherichia coli, Bacillus cereus, Vibrio 
cholerae, and Klebsiella pneumoniae. Jalgaonwala et  al. (2010) showed that the 
spectrum of activity of endophytes was differed according to the type of isolates and 
the population of endophytes was denser in the aerial parts of plants rather than the 
underground tissues. One hundred forty-two endophytic fungi were obtained from 
different Indian medicinal plants, 14 of them showed antibacterial and antifungal 
activity. The most powerful antibacterial activity was in endophytic fungi HFR4, 
HFR6 isolated from Curcuma longa L. rhizomes against pathogenic Bacillus subti-
lis, Staphylococcus aureus, and Protease vulgaris and AFR1, AFR4, AFR7 fungal 
endophytes from roots of Aloe vera L. against S. typhi. While KTP1 endophytes 
from roots of Morrayo konengi L. and TF5 from leaves of Osimum sanctum 
L. showed the best antifungal activity.

Another study by Zhang et al. (2012) evaluates the antimicrobial activity of 11 
isolated endophytes from Artemisia annua L. The strongest antibacterial activities 
against Escherichia coli, Staphylococcus aureus, and Trichophyton rubrum were 
showed in three strains of Aspergillus sp. SPS-02, SPS-04, and SPS-01. Endophytes 
from Aspergillus sp. SPS-02 and Cephalosporium sp. SPS-08 had the best activity 
against plant pathogen Magnaporthe grisea. While endophytes Mucor sp. SPS-11 
showed a pronounced effect against Rhizoctonia cerealis another plant pathogen.

The antimicrobial activity of Cochliobolus intermedius, Phomopsis sp., and two 
unidentified endophytes isolated from Sapinduss aponaria L., a Brazilian tree 
known as “sabãode-soldado,” was carried out by Garcia et al. (2012). They found 
that G2-20 a metabolite from C. intermedius showed the strongest activity against 
tested pathogenic bacteria Escherichia coli, Staphylococcus aureus, Salmonella 
typhi, Micrococcus luteus, and Enterococcus hirae. A work done by Gond et  al. 
(2012) on the Nyctanthes arbor-tristis leaf and stem tissues extracted nineteen fun-
gal endophytes. Maximum inhibition against Shigella sp. and Pseudomonas aerugi-
nosa was by Nigrospora oryzae showed. While, Chaetomium globosum and 
Colletotrichum dematium showed antibacterial activity against P. aeruginosa, shi-
gella sp., Salmonella enteritidis, and Salmonella paratyphi.

In a study carried by Shaaban et al. (2013) ten bioactive secondary metabolites 
were extracted and identified from Aspergillus fumigatus sp. isolate R7 resides in 
the leaves of sweet potato Ipomoea batatas. The crude extract of this endophyte 
exhibited potent antimicrobial activity against the microalgae Chlorella vulgaris, 
Chlorella sorokiniana, and Scenedesmus subspicatusand Gram-positive 
Streptomyces viridochromogenes (Tü 57) and Bacillus subtilis. The further antifun-
gal and antibacterial activity showed in compounds fumiquinazoline-F and 
fumiquinazoline-D against Mucor miehi, Candida albicans, and 
Staphylococcus aureus.

Supaphon et al. (2013) extracted 160 fungal endophytes from 3 southern Thailand 
seagrasses including Cymodocea serrulata, Halophila ovalis, and Thalassia hemp-
richii. Seven isolates including Trichoderma spp. (PSU-ES8 and PSU-ES38), 
Hypocreales sp. PSU-ES26, Penicillium sp. PSU-ES43, Fusarium sp. PSU-ES73, 
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Stephanonectria sp. PSU-ES172 and an unidentified endophyte PSU-ES190 showed 
pronounced antimicrobial activity against ten pathogenic microorganisms. Another 
endophytic fungi DZY16 belonging to Nigrospora and isolated from Eucommia 
ulmoides Oliv. tissues were studied by Ting et al. (2013) and showed a pronounced 
bioactive antimicrobial activity against Rhizoctonia solani and Gibberella zeae.

The endophytic fungus Nodulisporium sp. PT11 and Phoma sp. PT01 isolated 
from Mitragyna javanica were had strong antimicrobial and anticancer activity, 
respectively (Thirawatthana et al. 2013). Chithra et al. (2014) reported that the fun-
gal endophytes Colletotrichum gloeosporioides isolated from Piper nigrum had the 
ability to produce the bioactive alkaloid piperine. Piperine had broad bioactive 
properties such as bronchodilatation, antimicrobial, anti-inflammatory, and decreas-
ing the toxicity of aflatoxins (Gagini et al. 2010). Musavi and Balakrishnan (2014) 
isolated the Fusarium oxysporum NFX06 endophyte from the leaf of Nothapodytes 
foetida in Karnataka and reported the antimicrobial activity of these fungal isolates 
against Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and 
Candida albicans.

Akpotu et  al. (2017) extracted five fungal endophytes CR-LC, CR-MR1B, 
CR-MR1, CR-MRB2, and CR-MR3 associated with Catharanthus roseus leaves. 
This study suggested that the antimicrobial activity of these isolates against Bacillus 
subtilis, Staphylococcus aureus, Escherichia coli, Salmonella typhi, Aspergillus 
fumigatus, and Candida albicans because of the presence of bioactive metabolites 
including acropyrone, nigricinol, questinol, citreoisocoumarin, citreoisocoumari-
nol, hydroxyemodin, methyl 2-(4-hydroxyphenyl) acetate, and cladosporin. Jin 
et al. (2017) were observed a remarkable broad-spectrum antibacterial and antifun-
gal activity of the saponins producing endophytes Fusarium sp. PN8 and Aspergillus 
sp. PN17 from the Chinese herb Panax notoginseng. Three fungal endophytes were 
extracted from the leaves of Olea europaea L. and tested for their antimicrobial 
potential by Malhadas et  al. (2017). They found that Penicillium canescens and 
Penicillium commune were effective in inhibition of Bacillus cereus, Bacillus subti-
lis and Staphyloccocus aureus, Escherichia coli, Pseudomonas aeruginosa, 
Candida albicans, Candida glabrata, and Candida parapsilosis when compared 
with standard control while Alternaria alternata showed maximum activity 
against yeasts.

Arora and Kaur (2019) studied the antimicrobial activity of Aspergillus fumiga-
tus (DSE 17) from Moringa oleifera against Staphylococcus aureus, Staphylococcus 
epidermidis, Klebsiella pneumoniae, Salmonella typhimurium, Candida albican, 
and clinical isolate of methicillin-resistant Staphylococcus aureus. They found that 
A. fumigatus produced promising non-cytotoxic broad-spectrum antimicrobial 
metabolites. A recent study on 20 Thai orchid samples reported that CK F05-5 
endophytes (identified as Fusarium oxysporum KU527806) from Dendrobium lind-
leyi exhibited the best antioxidant and antifungal activity against Fusarium sp., 
Colletotrichum sp., and Curvularia sp. (Bungtongdee et al. 2019). New upcoming 
field on medical research and pharmaceutical applications used the myco- 
nanotechnology. A work done by Hulikere and Joshi (2019) synthesized silver 
nanoparticles of the Cladosporium cladosporioides endophytes extracted from the 
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brown algae Sargassum wightii. These particles were found to be effective against 
human pathogenic microorganism’s including Escherichia coli, Staphylococcus 
aureus, Bacillus subtilis, Staphylococcus epidermis, and Candida albicans. Another 
study by (Ganesan et al. 2020) reported that the synthesized ZnO nanoparticles of 
Periconium sp. exhibited a pronounced activity against Gram-positive bacteria more 
than Gram-negative ones.

Many studies evaluated the antimicrobial activity of different metabolites such as 
polyoxygenated decalin and dehydroxychlorofusareilin Bfrom Aspergillus sp. 
(Debbab et al. 2010), pestalone from Pestalotia sp. and Penicillium glabrum (Bugni 
and Ireland 2004; Zhang et  al. 2009b) these endophytes were isolated from the 
brown algae Sargassum horneri, Rosenvingea sp., and Sargassum thunbergii, 
respectively. Other bioactive antimicrobial isolates from endophytes that inhabited 
on the surface of marine algae including 2-deoxy-sohirnone C (Jiang et al. 2018), 
20- acetoxy-7-chlorocitreorosein (He et  al. 2017), Penicilactone (Debbab et  al. 
2010), and naphthaquinonejavanicin (Radić and Štrukelj 2012) were extracted from 
fungal endophytes Penicillium sp. GD6, Penicillium citrinum HL-5126, Penicillium 
sp., and Chloridium sp., respectively.

The experimental results showed that CK F05-5 isolated from flowers of 
Dendrobium lindleyi (which was identified as Fusarium oxysporum) exhibited the 
strongest antipathogenic fungal activity against fungal pathogens. This present 
study reported the colonization of endophytic fungi isolated from 20 orchid samples 
collected in northern Thailand from 12 genera of orchids. From the experimental 
results, the extracted chemical components of the endophytes CK F05-5 (identified 
as Fusarium oxysporum KU527806) may be responsible for antifungal, antioxidant, 
and antimutagenic activities.

3.5.2  Antiviral Compounds

Disease caused by pathogenic viral infections afflicted the whole human race with 
high mortality rates (Williams et al. 2013) and remained as one of the prime causes 
of human death worldwide. Human immunodeficiency virus (HIV), influenza, and 
hepatitis C virus (HCV) are the three most perilous viral diseases which cause maxi-
mum human death. Dengue virus (DENV) is an important mosquito-borne patho-
gen for causing dengue fever (DF) and dengue hemorrhagic fever (DHF). DF is 
relatively mild, but DHF leads to the life-threatening dengue shock syndrome 
(Simmons et al. 2012; Yadav 2020).

In this study, we examined the anti-DENV activity of secondary metabolites 
produced by a fungal strain, Penicillium sp. FKI-7127. We isolated and identified 
brefeldin A (BFA) as a novel antiviral agent against DENVs. Inhibition of BFA on 
Japanese encephalitis virus (JEV) and Zika virus (ZIKV) was also demonstrated 
(Raekiansyah et al. 2017). The antiviral drugs inhibit the virus infection either by 
specifically targeting the viral proteins or the host cellular factors that the viruses 
exploit for their reproduction (Clercq 2002). For the past 25  years, bioactive 
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compounds from many traditional medicinal plants have been screened for their 
antiviral activity by various research groups in Asia, Far East, Europe, and America 
(Jassim and Naji 2003). Many endophytes were reported as potent viral inhibitors. 
Recently, it was reported that an endophytic Streptomyces sp. strain isolated from 
the mangrove plant Bruguiera gymnorrhiza, produced xiamycin, which exhibits 
selective anti-HIV activity (Ding et  al. 2010). Additionally, the endophytic 
Emericella sp. (HK-ZJ) isolated from another mangrove plant Aegiceras cornicula-
tum, produces several bioactive isoindolone compounds, for which two of them 
showed moderate activity against influenza A virus (H1N1) (Zhang et al. 2011).

However, also already relatively well-known fungi should not be overlooked. 
Less intensively investigated fungi for their bioactivities include tree-pathogens that 
also seem a promising source of antiviral agents. A previous study has detected a 
number of plant pathogenic fungi with various ecological roles (white-rot fungi, 
soft-rot fungi, blue-stain fungi, and insect-symbionts) having antiviral activities 
(Mlinaric et al. 2005). Fifteen extracts inhibited viral reproduction (positive signs), 
and the remaining tested extracts were inactive. On the other hand, the coherence 
and reproduction of the VSV virus were inhibited by 16 endophytic extracts. The 
endophytic fungus, Pleosporatarda, associated with medicinal plant Ephedra 
aphylla, and sterile mycelia (w9) from host plant Ephedra alata, were the most 
potent candidates against HSV-2, with inhibitory activity of 40.7% for both. On the 
other hand, different endophytic metabolites interrupted the attack of VSV to Vero 
cells, for example, Acremonium strictum from Launeaspinos, Penicillium sp. from 
Phlomisaurea, and Mucor fuscus from Stachys aegyptiaca. The most active strain to 
stop the reproduction of the VSV was Aspergillus sp. from Galiumsinaicum (Selim 
et al. 2018).

Some studies have identified substances that inhibit viruses (Bunyapaiboonsri 
et al. 2010; Phongpaichit et al. 2007), specifically the cytonic acids A and B isolated 
from endophytic fungi were found to inhibit the human cytomegalovirus protease 
enzyme (Guo et al. 2000). However, the effect of compounds from endophytic fungi 
on antiviral activity, especially anti-HIV, has been largely unexplored (Liu et  al. 
2009a, b; Yu et al. 2008). Isoindolone derivatives distribute broadly in natural prod-
ucts of microbial origin. This family of secondary metabolites displays large diver-
sity in structure and biological activity. Some of them are phytotoxins such as 
zinnimidine and porritoxin (Horiuchi and Yamada 2003; Suemitsu et  al. 1995; 
Stierle et  al. 1993a, b) whereas others, for instance, stachybotrins and staplabin 
(Minagawa et al. 2002; Shinohara et al. 1996) are lead compounds with antiviral 
and plasminogen activation activities.

3.5.3  Antiparasitic Compounds

Fungi can produce a wide range of secondary metabolites (Costa et al. 2016) such 
as peptides, alkaloids, terpenes, polyketides, quinones, sterols, and coumarins 
(Abdel-Azeem et al. 2021). These metabolites can be used to treat a diversity of 
diseases (Keller et  al. 2005) including neglected tropical diseases caused by 
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protozoa parasites. The potential for obtaining new antiparasite drugs from macro-
fungi has been underestimated.

Widely studied medicinal basidiomycetes like Ganoderma lucidum are used to 
treat several health conditions. However, its antiplasmodial activity against P. falci-
parum has been largely overlooked (Adams et  al. 2010). In the same context, 
Autraeus hygrometricus is an Indian mushroom used to treat leishmaniosis, and 
although popular in traditional communities of India, it is not known in the rest of 
the world (Lai et al. 2012; Mallick et al. 2015). Pycnoporus sanguineus, a pantropi-
cal white-rot fungus, also showed powerful leishmanicidal activity. Correa et  al. 
(2006) reported the possible action of ergosterol endoperoxide, which could involve 
reactions that cause the disruption of the Leishmania panamensis membrane. 
Trametes versicolor (Polyporaceae) is another basidiomycete that has antileishman-
ial activity against promastigotes and intracellular amastigotes of Leishmania ama-
zonensis (Leliebre-Lara et al. 2016). Sesquiterpenes are widely produced by plants 
and fungi and are very effective against parasitemia, presenting fast action (Kayser 
et al. 2003).

Artemisin, a sesquiterpene endoperoxide lactone, is widely used to treat several 
parasitic diseases. It is a natural compound found in the leaves of Artemisia annua, 
and studies have verified its effectiveness in vitro and in vivo against the parasites 
Leishmania major, L. donovani, L. infantum, T. cruzi, Trypanosoma brucei, T. gon-
dii, Neospora caninum, Eimeria tenella, and Acanthamoeba castellanii (Loo et al. 
2017). Several sesquiterpenic molecules produced by fungi show effects against 
these species and other parasites. Sesquiterpenic lactones produced by 
Acanthospermum hispidum showed in vivo and in vitro antiparasitic effects against 
P. falciparum, Leishmania mexicanum, and T. brucei (Ganfon et al. 2012).

Antiparasitic diterpenes produced by plants have been extensively studied and 
reported in the literature. Fungi also produce diterpenes. However, no research on 
the application of diterpenes produced by fungi as antiparasitic agents could be 
found. The fungus Gibberella fujikuroi cultivated in a mineral medium produces the 
diterpene kaurenoic acid (Jennings et al. 1993).

In an extract of the marine fungus Chromocleista sp., the diterpene agathic acid 
has been identified (Park et al. 2006). Kaurenoic acid and agathic acid show anti-
parasitic activity against T. cruzi (Izumi et al. 2012) when extracted from the leaves 
of Copaifera oleoresins.

An extract of Pestalotiopsis adusta, an endophytic fungus, provided the diter-
pene uncinatone. Tests performed with material from the plant Clerodendrum eri-
ophyllum containing uncinatone presented antiparasitic activity against L. donovani 
and P. falciparum (Xu et  al. 2016). Triterpenoids are very common antiparasitic 
agents. Nyongbela et al. (2013) isolated the triterpenoid ester saponin from the plant 
Pittosporum mannii, which presented antiparasitic activity against P. falciparum 
and L. donovani. These molecules are also found in Cornus florida, which is used 
popularly to treat malaria. However, in one study, the terpenes extracted from the 
bark presented a more potent action against Leishmania tarentolae. The most active 
molecules were the triterpenes ursolic acid, 3β-O-acetyl betulinic acid, 
3- epideoxyflindissol, and 3β-O-trans-coumaroyl betulinic acid (Graziose 
et al. 2012).
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3.5.4  Antitubercular Compounds

World Health Organization (2020) reported that in 2018 about 1.5 million people 
died from tuberculosis and there were 78% had Multidrug-resistant TB (MDR-TB). 
The finding and development of new antitubercular agents are very important 
because of spreading the resistant strains of Mycobacterium tuberculosis. Endophytic 
fungi Phomopsis sp. from Garcinia sp. producing antimycobacterial isolates such 
as Phomoxanthone A and B, Phomoenamide and Phomonitroester (Isaka et  al. 
2001; Rukachaisirikul et al. 2008). Other antitubercular secondary metabolites from 
fungal endophytes including Tenuazonic acid (C10H15NO3) was isolated from 
Alternaria alternata endophyte that inhabited in Indigoferaennea phylla 
L. (Sonaimuthu et  al. 2011) and benzopyranonesdiaportheone A and B from 
Diaporthe sp. isolated from Pandanus amaryllifolius leaves (Bungihan et al. 2011).

Shah et  al. (2016) studied the antibacterial and antimycobacterial activity of 
endophytes from Indian Glycyrrhiza glabra L. They resulted that Fusarium solani 
strain (KT16646) and Colletotrichum gleosporoides strain (KT166445) were exhib-
ited the highest activity against Mycobacterium tuberculosis. Wijeratne et al. (2013) 
reported a weak antimycobacterial activity of Phomapyrrolidones B and C alkaloids 
isolated from Phoma sp. NRRL 46751. Two secondary metabolites Heraclemycin C 
(Liu et  al. 2014) and Murayaquinone (Bunbamrung et  al. 2020) showed strong 
activity against Mycobacterium bovis bacillus Calmette–Guèrin (BCG). They were 
extracted from Streptomyces sp. strain Y3111 and Streptomyces sp. TBRC7642, 
respectively. Another study isolated Aspergillus fumigatus MF029 from marine 
sponge sample resulted that the quinonoidsemodin (Dey et al. 2014) and trypacidin 
had a very strong and effective antitubercular activity (Song et al. 2019).

3.5.5  Anticancer

The first isolated compound as a potent anticancer was taxol C47H51NO14, a diterpe-
nic polyoxygenated pseudoalkaloid (also known as paclitaxel), from the endophytic 
fungus Taxomyces andreanae (Stierle et al. 1993a). In addition, Seimatoantlerium 
tepuiense, Seimatoantlerium nepalense was isolated from Maguireothamnus spe-
ciosus (Strobel et al. 1999b), and Tubercularia sp. strain TF5 (Wang et al. 2000), 
other fungal endophytes reported to produce paclitaxel. Paclitaxel was approved as 
an anticancer for the treatment of breast and ovarian cancer by the Food and Drug 
Administration (FDA) (Cremasco et al. 2009). Yousefzadi et al. (2010) reported that 
Phyton Biotech and Cytoclonal Pharmaceutics companies produced taxol on the 
industrial level.

Chaetomellic acids A and B and TAN-1813 were isolated from Chaetomella 
acutisea endophytes in Robinia pseudoacacia and Phoma sp. FL-41510 strain, 
respectively, were found to be specific inhibitors of Ras-farnesyl-protein transferase 
(Lingham et al. 1993; Ishii et al. 2000). Similarly, preussomerin N1, palmarumycin 
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CP4a, and palmarumycin CP5 isolated from Coniothyrium sp. endophytes were 
reported the same mechanism of activity (Tan and Zou 2001). Another potent cyto-
toxic agent was torreyanic acid C38H44O12 a quinone dimer, from Pestalotiopsis 
microsporum endophytes inhabited in Torreya taxifolia. The main mechanism of 
cytotoxicity of torreyanic acid is apoptosis especially in protein kinase C agonists 
sensitive cell lines (Lee et al. 1996). Vinca alkaloids, Vinblastine, and vincristine 
C46H56N4O10, are well-known natural alkaloids from Catharanthus roseus or Vinca 
rosea for treatment of lymphoma and in acute lymphoblastic leukemia, respectively 
(Barnett et al. 1978). Recent studies reported the isolation of vinca alkaloids from 
fungal endophytes in C. roseus such as Alternaria sp., Talaromycesradicus, and 
Fusarium oxysporum (Xianzhi et al. 2004; Kumar et al. 2013; Palem et al. 2015).

Moreover, microcarpalidean alkyl-substituted nonenolide, purified from uniden-
tified fungus endophytes in Ficus microcarpa bark, showed weak cytotoxicity and a 
microfilament disrupting agent (Ratnayake et al. 2001). Cytochalasin compounds 
were exhibited antitumor and cytotoxic activity. These compounds isolated from 
fungal endophytes Rhinocladiella sp. from Tripterygium wilfordii (Wagenaar et al. 
2000) and Chaetomium globosum IFB-E019 inhabiting Imperata cylindrica (Ding 
et al. 2006). Camptothecin, C20H16N2O4 pentacyclic quinoline alkaloid, isolated for 
the first time by (Wall et  al. 1966) from Camptotheca acuminata Decaisne 
(Nyssaceae) Chinese plant and then by (Puri et  al. 2005) from endophyte 
Entrophospora infrequens inhabiting Nothapodytes foetida. Camptothecin showed 
potent in-vitro and in-vivo broad-spectrum anticancer activity by interfering with 
eukaryotic DNA. FDA approved the use of two Camptothecin derivatives Irinotecan 
and Topotecan, against colorectal and ovarian cancers (Shaanker et  al. 2008). 
Camptothecin analogs 9-methoxycamptothecin and 10-hydroxycamptothecin, from 
the endophytic Fusarium solani in Camptotheca acuminata was isolated by (Kusari 
et al. 2009b).

Ergoflavin C30H26O14 dimeric xanthene, and secalonic acid D (C32H30O14) a 
mycotoxin, are two potent cytotoxic compounds by cell apoptosis and belonging to 
the ergochrome class. Ergoflavin and secalonic acid D were extracted from 
Ascomycetes PM0651480 isolated from Mimosops elengi (Sapotaceae) (Deshmukh 
et al. 2009) and mangrove endophytic fungus No. ZSU44, respectively (Zhang et al. 
2009a). Another important effective natural product against leukemias, lung, and 
testicular cancer is podophyllotoxin C22H22O8 aryl tetralin lignans, and its synthetic 
derivatives etoposide C29H32O13 and teniposide C32H32O13S and etopophos phos-
phate C29H33O16P (Kour et al. 2008; Majumder and Jha 2009). Podophyllotoxin has 
been reported to be isolated from fungal endophytes such as Phialocephala fortinii 
from Podophyllum peltatum (Eyberger et  al. 2006), Trametes hirsute from 
Podophyllum hexandrum (Puri et  al. 2006), Fusarium oxysporum isolated from 
Juniperus recurva (Kour et al. 2008), Aspergillus fumigatus from Juniperus com-
munis (Kusari et  al. 2009a) and Fusarium solani isolated from the roots of 
Podophyllum hexandrum (Nadeem et al. 2012).

The present study was aimed at evaluating the anticancer activity of the crystal-
lized compound alternariol methyl ether (AME) against hepatocellular carcinoma 
(HCC) both in vitro and in vivo from an endophytic fungus residing in the medicinal 
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plant Vitex negundo. Palanichamy et  al. (2019) evaluate the in-vitro and in-vivo 
anticancer activity of alternariol methyl ether compound isolated from Alternaria 
alternata endophytes inhabiting in Vitex negundo showing promising anti- 
hepatocellular carcinoma.

One more study by (Yuniati et  al. 2019) isolate N-(3′-chloro-5′-oxobutyl)-1- 
methyl- 5-phenyl-1H-pyrrole3-carboxamide from Aspergillus sp. endophytic fungi 
in Phyllanthus niruri and discovered its anticancer activity against the T47D cell 
line. The use of nanotechnology with endophytic fungi showed potent cytotoxic 
activity against various types of cancer cell lines and is considered safer and less 
toxic chemotherapeutic agents. Silver nanoparticles were synthesized from endo-
phytic fungus Botryosphaeria rhodina isolated from Catharanthus roseus (Akther 
et al. 2019). Another study synthesized the gold nanoparticles using an endophytic 
Fusarium solani ATLOY-8 isolated from the plant Chonemorpha fragrans (Clarance 
et al. 2020). Few studies were demonstrated the anticancer effect of fungal endo-
phytes from marine plants such as mangrove plants and algae. Kasanosins A and B 
(azaphilones), Alterporriol (bianthraquinone derivative) were isolated from 
Talaromyces sp. and Alternaria sp. ZJ9-6B endophytes in seaweed in Kasai Rinkai 
Park, Tokyo, Japan, and Aegiceras corniculatum, respectively, these compounds 
were shown promising anticancer activity (Kimura et al. 2008; Huang et al. 2012a).

Lee et  al. (2010) found that sterigmatocystin, averantin, methylaverantin, and 
nidurufin exhibited anticancer activity and purified from Aspergillus versicolor 
inhabited in marine sponge Petrosia sp. Another study was isolated seven new cyto-
chalasan derivatives (cytoglobosins A–G) from Chaetomium globosum QEN-14 
fungal endophytes in the marine green alga Ulva pertusa (Ulvaceae) and found that 
cytoglobosins C and D were potent anticancer agents (Cui et al. 2010).

3.5.6  Antioxidant

Antioxidants or free-radical scavengers are natural or artificial substances that pro-
tect and slow the damage on cells caused by free radical molecules. Fungal endo-
phyte metabolites are a novel, safe, and natural source of antioxidant compounds 
possess as anti-inflammatory, antitumor, anticancer, and against degenerative dis-
eases (Harper et al. 2003; Kawanishi et al. 2005; Huang et al. 2007).

Pestacin 1,3-dihydroisobenzofuran, and Isopestacin C15H12O5 isobenzofuranone, 
are two potent antioxidant substances (Strobel et al. 2002). Pestacin was isolated 
from an endophytic fungus Pestalotiopsis microspore in Terminalia morobensis 
(Harper et al. 2003) while, Isopestacinand its derivative 4,6-dihydroxy-5-methoxy-
7-methylphthalide were obtained from Cephalosporium sp. AL031 isolated from 
Sinarundinaria nitida (Huang et al. 2012b). Graphislactone A is another antioxidant 
compound, it was isolated from fungal endophyte Cephalosporium sp. IFB-E001 in 
Trachelospermum jasminoides (Song et al. 2005). Strong antioxidant activity was 
found in various endophytes due to the presence of flavonoids and phenolic acids. 
Xylaria sp. YX-28 endophytes from Ginkgo biloba (Liu et al. 2007), Chaetomium 
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sp. from Nerium oleander (Huang et  al. 2007), and two endophytic fungi 
Chaetomium globosum T24 and Creosphaeria sp. T38 isolated from Scapania ver-
rucose (Zeng et al. 2011). In addition, Cui et al. (2015) investigated for the first time 
the antioxidant activity of different fungal endophytes Fusarium, Alternaria, 
Phoma, and Penicillium isolated from three Rhodiola species.

Cajaninstilbene acid C12H22O4, 3-hydroxy-4-prenyl-5-methoxystilbene-2- 
carboxylic acid, isolated from Fusarium an endophyte of Pigeon pea and Cajanus 
cajan was found to exhibit a potent natural antioxidant activity (Zhao et al. 2012a, b).

Caicedo et al. (2019) reported a high antioxidant activity of the crude extract of 
Fusarium oxysporum endophytes in Otoba gracilipes a medicinal tree from a tropi-
cal rainforest in Colombia. Whereas, Cladosporium uredinicola endophytes were 
isolated from Calophyllum tomentosum (Calophyllacace) plant grows in Sri Lanka 
and India. These endophyte extracts containing alkaloids, phenols, flavonoids, and 
coumarins and showed in-vitro antioxidant, antidiabetic, and anti-HIV-1 activity 
(Govindappa et al. 2019). In this study, we isolated an endophytic fungus from the 
leaves of Otoba gracilipes, a medicinal tree from a tropical rainforest in Colombia. 
Following isolation and cultivation, we evaluated its extracellular crude extract for 
antioxidant activity. In their work Darwish et al. (2020) collected all available data 
concerning antioxidants produced by endophytic Chaetomium they were:

3.5.6.1  Flavipin

Flavipin is a well-known natural product that is isolated from endophytes belonging 
to Chaetomium sp. associated with leaves of Ginkgo biloba (Ye et al. 2013). Yan 
et al. (2018) succeeded in isolating bioactive metabolites with antifungal activities 
from this fungus; the metabolites are flavipin, chaetoglobosins A and D, chaetoglo-
bosins R (4) and T (5), new isocoumarin derivative prochaetoviridin A (1), a new 
indole alkaloid, and chaetoindolin A (2) and chaetoviridin A (3). Flavipin is consid-
ered the major antioxidant component of CDW7’s metabolites; it reacts by donating 
its electrons to the free radicals, leading to SOD and GSH-Px activity improvement 
and suppression of MDA content. This metabolite possesses three phenolic hydroxyl 
and two aldehyde groups, which are characteristic functional groups with antioxi-
dant activity. When cultured under the optimal condition (25 °C, 100/250 mL flask, 
12 discs/flask, 150 rpm, pH 6.5) for 14 days, Chaetomium globosum CDW7 was a 
highly yielded bio-sourced of antioxidant flavipin synthesizing a remarkable pro-
duction of 315.5 mg/L (Ye et al. 2013). Another endophytic fungus from Ginkgo 
biloba, Chaetomium sp. NJZTP21 (GenBank accession number: JN588553), iso-
lated from the healthy leaf of the plant was able to produce flavipin, which signifi-
cantly inhibited the growth of several plant pathogenic fungi, especially Fusarium 
graminearum. But the extract from C. globosum CDW7, which had been deposited 
in the China General Microbiological Culture Collection Center (CGMCC) with an 
accession number 6658, has the strongest antioxidant activity among the studied 
endophytic fungi from G. biloba comparable to those of vitamin C and trolox, the 
well-known antioxidants (Ye et al. 2013).
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Chaetomium globosum and C. cochlioides are antagonistic to species of Fusarium 
and Helminthosporium. They exhibited good control over many plant pathogens; 
seed coating treatments with viable spores of Chaetomium globosum were found to 
exert antagonistic effect controlled Fusarium roseum f. sp. cerealis “graminearum” 
in corn; reduced disease incidence of apple scab caused by Venturia inequalis; sup-
pressed damping-off of sugar beet caused by Pythium ultimum; had an antagonistic 
effect against Macrophomina phaseolina, Pythium ultimum, Bipolaris sorokiniana, 
Rhizoctonia solani, and Alternaria brassicicola; and reduced the quantity of sporu-
lation of Botrytis cinerea on dead lily leaves exposed in the field (Biswas et al. 2012; 
Shternshis et al. 2005).

3.5.6.2  Chaetopyranin

The basic structure of chaetopyranin (I) is chromenol (I) (chromene carrying one or 
more hydroxyl substituents). It is chemically known as 3,4-dihydro-2H-chromene 
substituted by a hydroxyl group at position 6, a 3-hydroxybut-1-en-1-yl at position 
2, a formyl group at position 5, and a prenyl group at position 7 (Wang et al. 2006). 
These two compounds have been isolated from an endophytic fungus Chaetomium 
globosum, associated with Polysiphonia urceolata, and are found to possess antioxi-
dant activity. The former compound also exhibits anticancer activity (Wang et al. 
2006). Chaetopyranin also showed antioxidant activity.

3.5.6.3  Azaphilone

The most remarkable and valuable properties of azaphilones include their natural 
origin, yellow-red spectra, thermostability (in comparison with other natural red 
pigments), and water solubility. The azaphilone compounds produced by different 
Chaetomium species display various biological activities such as antioxidant, nema-
ticidal, antimicrobial, antifungal, anticancer, and inflammatory activities (Borges 
et al. 2011).

3.5.6.4  Hypericin and Emodin

Endophytic fungus Chaetomium globosum INFU/Hp/KF/34B isolated from 
Hypericum perforatum has been shown to produce hypericin and emodin of high 
medicinal value as antioxidants. This endophytic fungus has significant scientific 
and industrial potential to meet the pharmaceutical demands in a cost-effective, eas-
ily accessible, and reproducible way (Kusari et al. 2008a, b; Zhao et al. 2011).
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3.5.6.5  Mollicellins

Mollicellins O (1) isolated from the endophytic fungus Chaetomium sp., Eef-10, 
which was isolated from Eucalyptus exserta by Ouyang et al. (2018), showed anti-
oxidant activity based on DPPH radical scavenging. For more details concerning 
antioxidants producing fungi in Egypt please check Abo Nahas (2019).

3.5.7  Immunomodulatory Agents

Subglutinols A and B, noncytotoxic diterpene pyrones, purified from Fusarium sub-
glutinans endophyte of Triptergium wilfordii and exhibited as immunosuppressive 
agent (Lee et al. 1995).

3.5.8  Insecticidal Agents

Cryptocin is a tetramic acid, showing potent activity against various plant patho-
genic fungi and worst plant pests Pyricularia oryzae and Cryptocin have been iso-
lated from the endophytic fungus Cryptosporiopsis quercina inhabited in 
Tripterigeum wilfordii (Li et al. 2000).

3.5.9  Antidiabetic Agents

Diabetes mellitus, a group of metabolic disorders, around two-third of the popula-
tion in developing countries suffered from it is one of the major causes of death 
among all health issues. Antidiabetic drugs regulate diabetes by controlling the 
amylase enzymes and other enzymes, the same mechanism of endophytic fungi. 
Fungal metabolite L-783,281, non-peptidal quinine, isolated from Pseudomassaria 
sp. endophyted in African rainforest near Kinshasa in the Democratic Republic of 
the Congo. It is administrated orally as it was not destroyed by digestive enzymes 
but it mimics the insulin in its activity (Zhang et al. 1999). Three plants Mangifera 
indica, Azadirachta indica, and Syzygium cumini (jambolana) were screened for 
their production of antidiabetic endophytic fungi. Aqueous extract of endophytic 
fungi isolated from jambolana showed a remarkable natural antidiabetic activity 
(Khan et al. 2019). Neglecting A novel polyketide-derived metabolite, purified from 
Pestalotiopsis neglecta endophytes in Kandelia candel, were found their inhibitory 
activity to protein tyrosine phosphatases (PTPs) and had an important role in the 
negative regulation of insulin signaling (Gao et al. 2019). Xanthone α-glucosidase 
inhibitors are an antihyperglycemic compound isolated from an endophytic 
Penicillium canescens, recovered from fruits of Juniperus polycarpos (Malik 
et al. 2020).
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3.5.10  Other Applications

Abdel-Azeem et al. (2016) studied ten medicinal plant species in Wadi Tala, Saint 
Katherine Protectorate, and arid Sinai, Egypt, and reported the anti-inflammatory, 
and anti-rheumatoid arthritis, in an AIA rat model, of the methanol extract of 
Chaetomium globosum (KC811080) endophytes in maidenhair fern. Sartorypyrone 
Ea meroditerpene agent is a secondary metabolite from Neosartorya fischeri JS0553 
endophytes in Glehnia littoralis and is used in stroke healing and as a neuroprotec-
tive agent (Bang et al. 2019). Rustamova et al. (2020) reported that Aspergillus sp. 
XJA6 endophytes in Vernonia anthelmintica showed pronounced activity in mela-
nin synthesis and against cervical and colon human cancer cell lines.

3.6  Conclusion

Natural products and their derivatives contribute about 60% of the FDA-approved 
drugs to be used as antimicrobial and anticancer agents. Endophytes and their sec-
ondary metabolites are considered as an important bioactive natural source in phar-
maceutical applications and the production of new therapeutic compounds. 
Compounds produced from endophytes are mimicking the chemistry of their hosts 
with a high level of structural diversity as a result of gene recombination. The sus-
tainability of metabolites from endophytes and their use on a large commercial and 
industrial-scale as they are easily produced from these fungi. High specificity, low 
toxicity, best effect, sustainability, all these criteria making endophytes are promis-
ing sources of therapeutic agents of various life-threatening diseases in the future. 
New hosts of fungal endophytes as marine plants and algae could consider new 
sources of different bioactive compounds. More genetic engineering, clinical and 
experimental studies on endophyte metabolites should be done to obtain new prod-
ucts and identify their mechanism of action.
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4.1  Introduction

Tannin acyl hydrolase, commonly known as tannase, is a hydrolase enzyme that is 
induced in the presence of tannic acid (Belmares et al. 2004). It catalyzes the hydro-
lysis of ester and depside bonds in hydrolyzable tannins such as tannic acid and 
gallic acid esters releasing glucose and gallic acid (Sharma et al. 2000). This enzyme 
was accidentally discovered by Tieghem (1867) in an experiment of formation of 
gallic acid into an aqueous solution of tannins, where two fungal species grew later, 
identified as Penicillium glaucum and Aspergillus niger (Lekha and Lonsane 1997).

Tannase enzyme is known to display two different activities. The first one is an 
esterase activity; by which it can hydrolyze ester bonds of gallic acid esters with 
glucose (galloyl-glucose) or alcohols (e.g., methyl gallate). The second activity is 
called depsidase activity; by which it can hydrolyze depside bonds of digallic acid 
(Saxena and Saxena 2004). Tannase catalyzes the hydrolysis reaction of the ester 
bonds present in the gallotannins, complex tannins, and gallic acid esters (Vivas 
et al. 2004). Tannase can be obtained from plants, animals, and microbial sources. 
Microorganisms are considered the most important and commercial sources of tan-
nase, that is because the produced tannases are more stable than similar ones 
obtained from the other sources. Moreover, microorganisms can produce tannase in 
high quantities. Microbial tannase is favored also because the microbes can be sub-
jected to genetic manipulation more readily than plants and animals, resulting in an 
increase in tannase production (Aguilar and Gutierrez-Sanchez 2001; Purohit et al. 
2006). As a result, enzymes of microbial origin are having important applications in 
many areas of bio-based industries (Barthomeuf et al. 1994). In microbial sources, 
the Aspergillus and Penicillium genus, and lactic acid bacteria mostly produce tan-
nase (Zakipour-Molkabadi et al. 2013; Abdel-Azeem et al. 2021).

Tannase is an industrially important enzyme and has several applications in vari-
ous industries such as foods, animal feeds, cosmetic, pharmaceutical, chemical, and 
leather industries (Aguilar et al. 2007; Jun et al. 2007; Kour et al. 2019). The major 
commercial applications of the tannases are elaboration of instantaneous tea or 
acorn liquor, hydrolyze tea cream in the processing of tea in the production of gallic 
acid (Lekha and Lonsane 1997), manufacturing of wine, beer, coffee, and fruit 
juices (Aguilar et al. 2001); cleaning up the leather industry effluents containing the 
pollutant tannin; and in the reduction of antinutritional effects of tannins in animal 
feed (Mukherjee and Banerjee 2006). Gallic acid (3,4,5-trihydroxybenzoic acid) 
and related compounds possess many potential therapeutic properties. The major 
application of gallic acid is the synthesis of a broad-spectrum antibacterial agent. It 
has always been a molecule of industrial importance because of its applications in 
different sectors from healthcare and food to dyes, inks, paints, and photography 
(Mukherjee and Banerjee 2003; Yadav et al. 2019). The present review shows rele-
vant points related to the fungal tannase. The substrates for tannase production, the 
tannase producing fungi, production of tannase by fermentation using different 
methods, like submerged fermentation (SmF), solid-state fermentation (SSF) and 
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modified solid-state fermentation (MSSF), and ways to produce it, with the goal to 
contribute to the knowledge for potential applications of fungal tannase in food and 
other industrial products.

4.2  Tannins: Natural Substrate

Tannins are naturally occurring polyphenolic compounds with varying molecular 
weights that occur naturally in the plant kingdom (Aguilar et al. 2007). After lignin, 
tannins are the second most abundant group of plant phenolics (Aguilar et al. 2001). 
These phenolic compounds of high molecular weight are usually present in plants 
with molar masses extending from 500 to over 3000 Da and up to 20,000 Da (Rana 
et al. 2004). In the plant kingdom, these tannins are found in leaves, bark, and wood. 
Tannins are considered to be the plants’ secondary metabolic products because they 
play no direct role in plant metabolism. Tannins are polymeric phenolic compounds 
with numerous hydroxyl groups and quite diverse in chemical structure (Hagerman 
1992). It detected more than 8000 different tannins (Aguilar et al. 2007). They can 
be found in many different plants and plant residues such as Anacardium occiden-
tale (cashew), Vitis vinifera (grape), Malpighia glabra (Barbados cherry), and 
Hancornia speciosa (mangaba fruit). One of the best sources of tannins is Acacia 
species, which belong to the family of Leguminosae in the plant kingdom. Such 
residues, rich in tannins, can be excellent substrates for the production of tannase 
(De Lima et al. 2014). Hydrolysis of some of the tannins yields the simple, seven- 
carbon gallic acid and others give ellagic acid or other phenolic acids (Okuda and 
Ito 2011).

On the basis of their structural characteristics, it is, therefore, possible to divide 
the tannins into four major groups: gallotannins, ellagitannins, complex tannins, 
and condensed tannins (Khanbabaee and van Ree 2001). The term “hydrolyzable 
tannins” includes both the gallotannins and the ellagitannins. Hydrolyzable tannins 
(HT) are involved in a monosaccharide core, usually, glucose, esterified with gallic 
acid, developing the gallotannins, or with hexahydrodiphenoic acid, the precursor 
of ellagic acid, and gallic acid, developing the ellagitannins (Serrano et al. 2009). 
Hydrolyzable tannins can be hydrolyzed into smaller compounds, for example, gal-
lic and ellagic acid (Bele et al. 2010). Gallotannins are the simplest hydrolyzable 
tannins, containing polyphenolic and a polyol residue. The plants Rhus semialata 
(Chinese galls), Quercus infectoria (Turkish galls), Caesalpinia spinosa (Tara 
pods), Aver ginnala (Korean maple, Acer tannin leaves), Rhus coriaria (Sumac 
leaves), Hammelis virginiana (Hamammelis—hazelnuts) were documented to be 
rich in gallotannins (Bhat et al. 1998). Gallotannins yield gallic acid and glucose or 
quinic acid on hydrolysis (Khanbabaee and Van Ree 2001).

Ellagitannins yield ellagic acid, gallic acid, and glucose on hydrolysis. Plants 
such as Caesalpinia coriaria (Divi-Divi), Caesalpinia brevifolia (Algarobillatannin) 
Terminalia chebula (myrobalan seeds), Castanea sativa (Chestnut), Eucalyptous 
sieberiana, Schinopsis sp., Quercus velonia, Q. aegilops (Valonea tannin), Quercus 
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coccifera (Garouille) were reported to contain ellagitannins in their bark, nuts or 
leaves (Bhat et al. 1998; Mukherjee and Banerjee 2003). Complex tannins are tan-
nins in which a catechin unit is bound glycosidically to a gallotannin or an ellagitan-
nin unit forms acyl bond with pro anthocyanadines such as catechin, for example, 
tea polyphenols (Khanbabaee and Van Ree 2001). Condensed tannins are referred to 
proanthocyanidins. These are generally found in plants that possess a woody growth 
and also in plant gums and exudates (Haslam 1996). Common plants containing 
condensed tannins are Acacia sp. (Wattle tannins), Schinopsis spp. and Loxopterygium 
sp. (Querbacho wood), Pinus sp. (Pine bark), Quercus sp. (Oakwood), and 
Aucoumea kleneana (Gaboon wood) (Bhat et al. 1998). Condensed proanthocyani-
dins degrade in strong acid to give corresponding anthocyanidin (Falcão and 
Araújo 2018).

4.3  Different Source of Tannase

Tannase is known to be a ubiquitous enzyme of the microbial world (Murugan et al. 
2007). Microorganisms such as bacteria, fungi, and yeasts are known as prominent 
producers, also, a few animals and plants have been found as a source of tannase. 
The enzymes are present in tannin-rich vegetables, fruits, leaves, and bark, and also 
a few of them are present in fruits of Terminalia chebula, pods of Caesalpinia cori-
aria, and bark of Cassia fistula (Madhavakrishna et  al. 1960). Although novel 
researches showed that the colonizing microorganisms of these animals are the 
actual producers, not the animals (Belur and Mugeraya 2011).

4.3.1  Plant Source

Tannase is present in tannin-plants such as Turkish gall (Quercus infectoria), sumac 
(Rhus coriaria), tara (Caesalpinia spinosa), chestnut (Castanea sativa, Bhat et al. 
1998), gum arabic tree (Acacia nilotica, Lal et al. 2012), red gram (Cajanus cajan, 
Kuppusamy et  al. 2015) and waste testa (Anacardium occidentales, Lenin et  al. 
2015), English oak (Quercus robur), Pendunculate oak (Quercus rubra), Karee tree 
(Rhus typhina) leaves. Plants having condensed tannins are babul (Acacia arabica), 
konnam (Cassia fistula), avaram (Cassia auriculata), and others. Plants synthesize 
gallic acid, hexahydroxyphenic acid, and chebulinic acid in addition to the amount 
of sugar. These acids possibly undergo esterification with glucose molecules during 
the ripening process with the aid of tannase ultimately resulting in the synthesis of 
tannins.
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4.3.2  Animal Source

Microorganisms that live in the gastrointestinal of the cow, goats, sheep, and other 
animals are known as effective tannase producers such as many species of bacteria 
isolated from fecal samples of native sheep and goats, which can hydrolyze acorn 
tannin in the rumen and reduce negative effects of tannin on animals (Mosleh et al. 
2014). Examples of Tannase-producing bacteria are Streptococcus pneumonia and 
Streptococcus.

4.3.3  Bacterial and Fungal Sources

Microorganisms are producing tannase enzymes in large quantities than other 
organisms. They are the main source of commercial enzyme production. The micro-
bial enzymes present several advantages over other sources since the microbial 
enzymes are more stable in comparison to similar enzymes from other sources (Jana 
et al. 2014). Microorganisms can ease of genetic manipulation of microbial enzymes 
thus; they are easy to manipulate genetically, which increases and improves the 
enzymatic activity (Aguilar and Gutierrez-Sanchez 2001; Purohit et al. 2006). The 
suitable tannase-producing microorganisms reported are fungi and few bacteria and 
yeast. Fungal tannase has high activity titer in the degradation of hydrolyzable tan-
nins. However, yeast tannases relatively disintegrate tannic acid easily and flaunt a 
relatively lesser affinity on the other hand in the degradation of natural tannins 
(Kumar et al. 2019).

4.3.3.1  Yeast Tannase

There are few reports about yeast used as tannase production. Among yeast Candida 
species (Aoki et al. 1976) Mycotorula japonica (Belmares et al. 2004) Pichia sp. 
(Deschamps et al. 1983) Debaryomyoes hansenii (Deschamps et al. 1983).

4.3.3.2  Bacteria Tannase

Lewis and Starkey (1969) reported first bacterium capable of hydrolyzing gallotan-
nins as a sole energy source was Achomobacter sp., also, Bacillus and Lactobacillus 
genus represents a group of tannase producing bacteria (Mondal et al. 2001; Sabu 
et al. 2006; Nishitani et al. 2004). Lactic acid bacteria have an important role in tan-
nin food degradation. Few other bacterial tannase producers comprise Klebsiella 
(Deschamps et al. 1983), Lonepinella (Goel et al. 2007), Citrobacter (Kumar et al. 
1999), Corynebacterium, Pantonea (Pepi et al. 2010), Serratia (Belur et al. 2010), 
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Pseudomonas (Selwal et al. 2010), Selenomonas (Skene and Brooker 1995), and 
Streptococcus (Jiménez et al. 2014) as shown in Table 4.1.

4.3.3.3  Fungal Tannase

Tannase is now known to be an ever-present enzyme of the microbial world and has 
widespread occurrence in various fungi. Most of the reported tannase-producing 
organisms are fungi (Bhat et al. 1998) and only a few are bacteria (Mondal and Pati 
2000; Mondal et al. 2001). Fungi have the ability to degrade tannins as a sole carbon 
source (Aguilar and Gutierrez-Sanchez 2001) as shown in Table  4.2. The genus 
Aspergillus is considered as the best producer, followed by Penicillium, both stand-
ing out as great decomposers of tannins (Sabu et al. 2005). The main genera of fungi 
known as producers of tannase are Aspergillus, Penicillium, Fusarium, and 
Trichoderma (De Sena et al. 2014; Rastegari et al. 2020). Other fungi, including 
Chaetomium, Rhizoctonia, and Cylindrocarpon are capable of degrading tannery 
waste constituents (Cruz-Hernandez et al. 2005). The common genus used for tan-
nase production either for research purposes or industrial production was Aspergillus 
and the common Aspergillus species used for tannase production was Aspergillus 
niger (Manjit et al. 2008). The tannase from Aspergillus has been used widely for 
the production of gallic acid from tannins (Purohit et al. 2006).

4.3.4  Rich Tannin Plants

Different studies have indicated the presence of hydrolyzable tannins in diverse 
plant species, especially in their leaves, fruits, bark, and branches. Endophytic 
microorganisms are fungi and bacteria living inside the aerial parts of the plants 
without, causing any seeming damage to the host (Abo Nouh 2019). According to 
Reges de Sena et al. (2014) isolated endophytic fungi isolated from Jamun (Syzygium 

Table 4.1 Bacterial tannases sources

Lactobacillus plantarum CECT 748 T Rodríguez et al. (2008)
Lactobacillus plantarum ATCC 1491 T (recombinant) Iwamoto et al. (2008)
Lactobacillus plantarum (recombinant) Curiel et al. (2009)
Enterobacter sp. Sharma and John (2011)
Bacillus licheniformis KBR 6 Mondal and Pati (2000)
Bacillus cereus KBR9 Mondal et al. (2001)
Bacillus sphaericus Raghuwanshi et al. (2011)
Enterobacter cloacae Beniwal et al. (2013)
Staphylococcus lugdunensis MTCC 3614 
(recombinant)

Chaitanyakumar and Anbalagan 
(2016)

Enterococcus faecalis Goel et al. (2011)
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Table 4.2 Filamentous fungi capable of producing tannases and/or of using tannins as sole 
carbon source

Ascochyta boltshauseri Lekha and Lonsane (1997)
Ascochyta pisi Lekha and Lonsane (1997)
Ascochyta viciae Lekha and Lonsane (1997)
Aspergillus aculeatus Banerjee et al. (2001)
Aspergillus acidus Prigione et al. (2018)
Aspergillus aureus Bajpai and Patil (1997)
Aspergillus avenaceus De Lima et al. (2014)
Aspergillus awamori Bradoo et al. (1996)
Aspergillus caespitosum Batra and Saxena (2005)
Aspergillus carbonarius De Lima et al. (2014)
Aspergillus carneus Aguilar et al. (2007)
Aspergillus clavatus De Lima et al. (2014)
Aspergillus costaricaensis Prigione et al. (2018)
Aspergillus fischeri Bajpai and Patil (1997)
Aspergillus flavus Aguilar et al. (2007)
Aspergillus flavipes Aguilar et al. (2007)
Aspergillus foetidus Banerjee et al. (2005)
Aspergillus fumigatus Batra and Saxena (2005)
Aspergillus gallonyces Belmares et al. (2004)
Aspergillus granulosus De Lima et al. (2014)
Aspergillus japonicus Bradoo et al. (1997)
Aspergillus niger Rana and Bhat (2005)
Aspergillus ochraceus De Lima et al. (2014)
Aspergillus oryzae Bradoo et al. (1996)
Aspergillus parasiticus De Lima et al. (2014)
Aspergillus ruber Kumar et al. (2007)
Aspergillus rugulosus Bradoo et al. (1996)
Aspergillus tamarii Costa et al. (2008)
Aspergillus terreus Bajpai and Patil (1997)
Aspergillus tubingensis Prigione et al. (2018)
Aspergillus ustus De Lima et al. (2014)
Aspergillus vadensis Prigione et al. (2018)
Aspergillus versicolor Batra and Saxena (2005)
Aspergillus viridinutans De Lima et al. (2014)
Chaetomium globosum Lekha and Lonsane (1997)
Cryphonectria parasitica Farias et al. (1994)
Cunninghamella sp. Bradoo et al. (1996)
Emericella nidulans Prigione et al. (2018)
Fusarium oxysporium Bradoo et al. (1996)
Fusarium solani Bradoo et al. (1996)
Lentinus edodes Vattem and Shetty (2003)
Lenzites elegans Ordonez et al. (2011)

(continued)
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cumini (L.) Skeels) leaves, and identified as Pestalotiopsis guepinii can produce 
tannase enzymes. Mahapatra and Banerjee (2009) reported endophytic fungi hyalo-
pus sp. isolated from medicinal plant Ocimum sanctum presented the high produc-
tion of tannase enzyme. According to a study by Cavalcanti et al. (2017), endophytic 

Table 4.2 (continued)

Neurospora crassa Bradoo et al. (1996)
Paecilomyces variotii Mahendran et al. (2005)
Penicillium acrellanum Bradoo et al. (1996)
Penicillium aurantiogriseum De Lima et al. (2014)
Penicillium canescens De Lima et al. (2014)
Penicillium carylophilum Bradoo et al. (1996)
Penicillium citrinum Bradoo et al. (1996)
Penicillium charlessi Batra and Saxena (2005)
Penicillium chrysogenum Bradoo et al. (1996)
Penicillium crustosum Batra and Saxena (2005)
Penicillium commune De Lima et al. (2014)
Penicillium corylophilum De Lima et al. (2014)
Penicillium digitatum Bradoo et al. (1996)
Penicillium fellutanum De Lima et al. (2014)
Penicillium frequentanse De Lima et al. (2014)
Penicillium glabrum Van de Lagemaat and Pyle (2005)
Penicillium glaucum Lekha and Lonsane (1997)
Penicillium islandicum Aguilar et al. (2007)
Penicillium lanosum De Lima et al. (2014)
Penicillium lapidosum De Lima et al. (2014)
Penicillium lividum De Lima et al. (2014)
Penicillium montanense De Lima et al. (2014)
Penicillium notatum Aguilar et al. (2007)
Penicillium purpurogenum De Lima et al. (2014)
Penicillium restrictum Batra and Saxena (2005)
Penicillium simplicissimum De Lima et al. (2014)
Penicillium spinulosum De Lima et al. (2014)
Penicillium variable Batra and Saxena (2005)
Penicillium verruculosum De Lima et al. (2014)
Penicillium zacinthae De Lima et al. (2014)
Rhizopus oligosporus Vattem and Shetty (2002)
Rhizopus oryzae Purohit et al. (2006)
Syncephalastrum racemosum Bradoo et al. (1996)
Talaromyces subinflatus Prigione et al. (2018)
Trichoderma hamatum Bradoo et al. (1996)
Trichoderma harzianum Bradoo et al. (1996)
Trichoderma viride Bradoo et al. (1996)
Trichothecium roseum Lekha and Lonsane (1997)
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fungi from species A. niger and A. fumigatus isolated from barks of angico 
(Anadenanthera colubrina) and cajueiro (Anacardium occidentale) presented high 
production of tannase enzyme (Rana et al. 2020).

Cruz-Hernandez et al. (2005) isolated and characterized 11 fungal strains from 
species of (Penicillium commune, Aspergillus niger, Aspergillus rugulosa, 
Aspergillus terricola, Aspergillus ornatus, and Aspergillus fumigatus) isolated from 
soil and tannin-rich plants (damaged tissue from Quercus spp., Carya illinoensis, 
Larrea tridentata and Pinus sembroides) of the Mexican semidesert. These xero-
philic fungi were able to produce tannase and degrade high tannin amounts in low 
humidity conditions. Zakipour-Molkabadi et  al. (2013) reported strains of 
Penicillium sp. EZ-ZH190 from moldy tea leave samples can produce tannase 
enzymes.

4.3.5  Soil

Kasieczka-Burnecka et al. (2007) isolated an Antarctic filamentous fungus from the 
soil of King George Island (South Shetlands). This strain (identified as Verticillium 
sp.) produced two psychrophilic tannases with an optimal temperature of 20 and 
25 °C, respectively. Marco et al. (2009) demonstrated that a novel extracellular tan-
nase from the xerophilic fungus A. niger GHI was produced under solid-state condi-
tions. Nalan and Merih (2009) isolates were selected for gallic acid production by 
tannase species were isolated from forest soil. Species producing tannase enzyme, 
for example, A. niger, P. canescens, P. frequentans, P. spinulosum, P. purpuroge-
num, and P. zacinthae. Rhizopus oryzae was isolated from soil samples of Indian 
Institute of Technology campus to show ability for tannase production (Abou-Bakr 
et al. 2013; Yadav 2021). Liu et al. (2016) reported amount of 35 strains of fungi 
species isolated from the soil of Caatinga were used for qualitative selection of 
strains with potential for production of tannase, the promising potential fungi 
Aspergillus spp. UCP1284 is able to produce tannase using cashew bagasse as a 
substrate. In another study by Ire and Nwanguma (2020) 15 different soil samples 
were collected within Lagos (Oshodi), Nigeria for the potential of tannase produc-
tion by Lasiodiplodia plurivora ACN-10 in SmF and SSF using Terminalia cattapa 
(almond leaves) and Magnifera indica (mango leaves) as substrates.

4.3.6  Mangroves and Caves

The mangrove ecosystem is very particular in that it harbors several tannins-rich 
plant species, such as Rhizophora apiculata, and R. mucronata (Georgei and Ong 
2013). Penicillium digitatum FETLDS1, isolated from the dumping area of tannin- 
rich barks of Rhizophora apiculata in mangrove areas in Perak, Malaysia can pro-
duce extracellular tannase (Sandai et al. 2012). Georgei and Ong (2013) reported 
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Aspergillus niger FBT1, a local extracellular strain for tannase production, was iso-
lated from soil collected from Mangrove Forest. Neethu and Pradeep (2018) reported 
A. niger, A. japonicus, and A. aculeatus species isolated from the soil and effluent 
samples were collected from different mangrove areas that have the ability to pro-
duce tannase enzymes.

Caves are an underexplored ecosystem that may reveal microorganisms of indus-
trial and biotechnological application (Barton 2006). A study by De Melo et  al. 
(2013) reported isolates belonging to seven different genera: Aspergillus, Penicillium, 
Fusarium, Rhizopus, Epicoccum, Trichoderma, and Cladosporium. Isolated from 
the soil of caves, they have the ability for tannase production. The most tannase- 
producing species are Aspergillus japonicus, A. niger, A. tamarii, A. foetidus, 
A. tubingensis, A. ochraceus, Penicillium funiculosum, P. oxalicum, P. corylophi-
lum, and P. citrinum.

4.3.7  Marine Habitat

The deep-sea includes the deep-sea hypersaline anoxic basins (DHABs), which are 
depressions of the seafloor found at more than 2 km below sea level. Aspergillus 
awamori, A. candidus, A. fumigatus (Panno et  al. 2013), Penicillium notatum 
(Gayen and Ghosh 2013), and several strains from Posidonia oceanica isolated 
from (DHABs). Aspergillus awamori BTMFW032, isolated from seawater, pro-
duced acidophilic tannase as an extracellular enzyme (Beena 2010; Verma et  al. 
2017). In a study by Panno et al. (2011), 88 fungal species are isolated from sea-
grass Posidonia oceanica, species identified by morphological and molecular meth-
ods, and the most important genera were Penicillium, Cladosporium, and 
Acremonium. Farag et al. (2018) reported Aspergillus nomius GWA5 was isolated 
from marine sediment to produce an active tannase for degradation of tannin.

4.3.8  Tannery or Industrial Effluents

Tannery effluent samples were used for isolating tannase-producing fungi and a 
promising fungus isolated from a tannery soil sample was identified as Aspergillus 
niger (Murugan et al. 2007). Manjit et al. (2008) reported a tannase yielding fungal 
culture identified as A. fumigatus MA, which was isolated from the effluent col-
lected from a local small-scale tannery. The fungal culture produced high yields of 
extracellular tannase under SSF using different agroforest residues. A. tamari 
1M138810 (B) a tannic acid degrading funguses was isolated from soil inundated 
by the effluent of a tannery at Oji River local (Enemuor and Odibo 2009). Hamada 
et al. (2013) reported tannase production from Aspergillus niger isolated from a tan-
nery soil sample, with a maximum hydrolytic clear zone (53 mm ± 0). Brahmbhatt 
et  al. (2014) reported tannase producing fungi belonging to genera Aspergillus, 
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Mucor, Penicillium, and Rhizopus species from various tea waste dump sites, agro- 
residue waste sites, and tannery effluents. These soil samples and tannery effluents 
are rich in tannins and their derivatives (Girdhari and Peshwe 2015). Twenty-nine 
fungal isolates were screened on the basis of their tannase-producing efficiency 
under stationary conditions isolated from soil samples of various tea waste dump-
sites, agro-residue waste sites, and sites near local tannery industries.

The fungal isolates Aspergillus fumigatus, Aspergillus carbonarius, Penicillium 
lividum, and Penicillium citrinum exhibit maximum tannase activity. Shajitha and 
Nisha (2018) isolated a number of mycobiota like Aspergillus niger, A. flavus, 
A. fumigatus, Rhizopus spp., Rhizopus stolonifer, Geotrichum spp., Penicillium sp., 
Trichoderma viride, from tea industry waste disposal area soil for tannase produc-
tion, only four fungal strains Trichoderma viride, Aspergillus flavus, Rhizopus spp., 
and Aspergillus niger showed the maximum hydrolyzing zone. A significantly high-
est hydrolyzing zone was shown by Trichoderma viride followed by Aspergillus 
flavus. Farhaan and Patil (2019) reported Aspergillus spp. and Aspergillus flavus 
respectively as tannase producers isolated from soil samples of nearby local tannery 
industries. A study by Al-Mraai et al. (2019) reported fungi of genus Aspergillus are 
active producers of extracellular tannase, Aspergillus niger isolated from soil and 
tea waste-producing tannase enzyme.

4.4  Production of Tannase by Fermentation

Several fermentation systems have been developed for the production of tannase 
from fungi using various production media. These systems can be divided into liq-
uid surface fermentation (LSF), submerged fermentation (SmF), solid-state fermen-
tation (SSF), and modified solid-state fermentation (MSSF). Belmares et al. (2004) 
mentioned in a comprehensive review that tannase production has been carried out 
mainly under submerged (SmF) and solid-state fermentation (SSF) techniques, 
depending on the strain and culture conditions. Several studies have reported inter-
esting advantages of tannase produced by SSF over that produced by SmF. All of 
these studies showed that the first advantage of SSF technique is the higher enzyme 
titers than in SmF, when comparing the production of the same strain and fermenta-
tion broth (Aguilar et al. 2002). Microorganisms can be utilized using SSF for con-
version of plant materials and agro-industrial wastes that contain tannin-rich 
substrates while using SSF to produce economic products such as tannase and gallic 
acid production, while overcoming their accumulation problems in the environment 
(Paranthaman et al. 2009). Filamentous fungi are suitable for the SSF process com-
pared to other fermentation processes (Aguilar et al. 2002). The fungal species of 
Aspergillus and Penicillium are the most active microorganisms known, capable of 
producing tannase through submerged and solid-state fermentation (Abdel-Nabey 
et al. 2011).

The conditions for obtaining the maximal production of the enzyme depend on 
two factors: the system utilized and the source of the enzyme (Rodriguez-Duran 
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et al. 2011). Medium optimization by single dimensional search is laborious and 
time-consuming, especially for a large number of variables and it does not ensure 
desirable conditions. Plackett-Burman design is widely used in screening experi-
ments as the number of experiments run required is very few, leading to saving of 
time, chemicals, and manpower (Jamal et  al. 2009). The powdered plant tannin 
substrates (leaves, fruits, pods, bark) were usually extracted either with water or 
with an organic solvent like acetone (Huang et al. 2005). Tannins were documented 
to be serving as dual purposes as a solid support in SSF and also as a carbon source 
such as Larrea tridentates, Syzygium cumini, Ziziphus mauritiana (Kumar et  al. 
2007). Among the various species, A. niger, A. flavus, and A. oryzae were found to 
be the best tannase producers using tannic acid as a sole source of carbon (Hassan 
et al. 2018).

4.5  Tannase Applications

Tannase has received a great deal of attention from the discovery, and it is used in a 
wide range of applications in many industries including in detannification of food 
(Boadi and Neufeld 2001), preparation of food preservatives, and pharmaceuticals 
(Belmares et al. 2004). Actually, the main applications of tannase are elaboration of 
instantaneous tea (Lekha and Lonsane 1997), acorn, and gallic acid production, 
which is used for the synthesis of trimethoprim (Yu et al. 2004). Also, tannase is 
used as clarifying agent in fruit juice (Shrivastava and Kar 2009) beer, wines (Bajpai 
and Patil 2008), and manufacture of coffee flavored (Anwar and Imartika 2007) 
beverages (Aguilar et  al. 2001; Belmares et  al. 2004), treatment of green tea to 
inhibit the carcinogenic and mutagenic effects of N-nitrosamines, stabilization of 
malt polyphenols (Lekha and Lonsane 1997), improved color stability, and addi-
tional organoleptic properties. In animal feeding, tannase is used to reduce the 
antinutritional effects of tannins and improve animal digestibility.

4.5.1  Food Industries

4.5.1.1  Instantaneous Tea Elaboration

After water, tea is the second most highly consumed beverage worldwide (Venditti 
et al. 2010). It is an infusion obtained from leaves of Camellia sinensis and is con-
sumed by two-thirds of the world’s population (Łuczaj and Skrzydlewska 2005). 
Tea drinking is associated with the reduction of serum cholesterol, prevention of 
low-density lipoprotein oxidation, and decreased risk of cardiovascular disease and 
cancer (Karak and Bhagat 2010). During the production of tea beverages, hot and 
clear tea infusions tend to form turbid precipitates after cooling. These precipitates, 
called tea creams, are formed by a complex mixture of polyphenols. Tea cream 
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formation is a quality problem and may have antinutritional effects (Lu et al. 2009). 
Tannase can hydrolyze the ester bonds of catechins to release free Gallic acid and 
water-soluble compounds with lower molecular weight, reducing turbidity, and 
increasing solubility of tea beverage in cold water at 4  °C (Aguilar-Zárate et  al. 
2014). Precipitates are formed by the interaction of phenolic compounds and caf-
feine called “tea cream.” Tea cream formation is a feature that was effected on the 
storage quality of these products (Li et al. 2017). Thus, tannase has been widely 
used to hydrolyze tea cream in the processing of tea (Su et al. 2009).

Enzymatic treatment of tea beverages leads to a better color appearance, less 
cream formation, better taste, mouth feel, and overall acceptance (Lu et al. 2009). 
Also, the hydrolysis of the main tea phenols epigallocatechin gallate and epicate-
chin gallate to epigallocatechin and epicatechin, respectively, increases the antioxi-
dant activity of tea beverage (Lu and Chen 2008). Tannase was documented to be 
used in deesterification of tea polyphenols in non-converted green tea leaves, which 
enhances the natural levels of gallic acid and epigallochatechin and favors the for-
mation of epitheaflavic acids, which were responsible for bright reddish color and 
good cold-water solubility (Aguilar and Gutierrez-Sanchez 2001). 
N-nitrosodimethylamine (NDMA) inhibition by tannase-treated green tea is 
reported, owing to its antioxidant potential (Lu and Chen 2007). Tea infusions con-
tain four types of catechins such as epicatechin, epigallocatechin, epicatechin gal-
late, and epigallocatechin gallate (Chen et al. 2014). The taste of tea gets increased 
with increasing concentration of catechin and the taste palatability gets reduced 
(Zhang et  al. 2016). Tea catechins have another disadvantage in that it has poor 
bioavailability (Fan et al. 2016). Safety evaluation of tannase enzyme that was from 
A. oryzae was conducted and found to be safe for its usage in tea preparation (Kumar 
et al. 2019).

4.5.1.2  Beverage Clarification

New fruit juices (pomegranate, cranberry, raspberry, etc.) have recently been 
acclaimed for their health benefits, in particular, for their antioxidant properties. 
However, the presence of high tannin content in those fruits is responsible for haze 
and sediment formation, as well as for color, bitterness, and astringency of the juice 
upon storage (Aguilar et al. 2007). Tannase is utilized to reduce and remove the 
undesirable bitterness present in fruits juices by enzymatic treatment possessing the 
advantage of lowering the haze and increasing the quality of the beverages (Rout 
and Banerjee 2006). When the concentration of tannins in fruits increase, such as in 
blueberry, pomegranate, and raspberry, leads to the formation of sediment, color, 
and bitter taste during the storage of the beverages. In these cases, an enzymatic 
treatment with tannase is recommended (Aguilar et al. 2007). Rout and Banerjee 
(2006) documented a reduction of 25% of tannin content in pomegranate juice by 
using a treatment with tannase, while by using tannase and gelatin the tannin con-
tent diminishes by 49%. Hydrolysis by immobilized tannase removed up to 73.6% 
of the tannin present in Indian gooseberry (Phyllanthus emblica) juice. This 
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enzymatic treatment reduced the content of tannin but increased the gallic acid con-
centration with a minimum reduction in vitamin C (only 2%) (Srivastava and Kar 
2009, 2010).

Tannase is used as a clarifying agent in refreshing drinks with coffee flavor, and, 
recently, a process for the enhancement of the antioxidant properties of coffee by 
tannase and other enzymes has been patented (Bel-Rhlid et al. 2009). Tannase has 
also been utilized in grape musts and barley worts as a prefermentative treatment, 
coupled with conventional fining for stabilizing wine and beer (Cantarelli et  al. 
1989). Tannase is employed for the elaboration of acorn wine. Its use in this process 
favors the production of a better beverage with an alcoholic content of 10%, reduc-
ing sugars content of 7%, and a pH of 4.0. In this process, tannase produced by an 
Aspergillus strain helps in improving the flavor of the beverage (Aguilar and 
Gutierrez-Sanchez 2001). Tannase is used to prevent discoloration and haze devel-
opment during beer storage. It was also used to make acorn wine from Korean 
acorns (Quercus spp.) and to treat grape must and juice along with lactase to remove 
phenolic substances for stabilizing and increasing the quality of the wine (Lekha 
and Lonsane 1997).

4.5.1.3  Nutritional Improvement of Legume Flours

Legumes are of major nutritional importance, especially in developing countries. 
Seed legumes have high protein contents, and this protein is of good biological 
value. However, they also have several anti-nutritional factors, affecting the digest-
ibility of nutrients. Different thermal and biological processes have been used to 
reduce the anti-nutritional factors content, increasing their nutritional value. The 
flours obtained from the processed legumes can be used as ingredients in food prep-
arations. Several studies mention the uses of tannase alone or in combination with 
other enzymes for the degradation of some antinutritional factors (tannins) present 
in legume flours. Duenas et al. (2007) studied the effect of the addition of tannase 
and other enzymes to a lentil (Lens culinaris) flour. They found the production of 
several phenolic compounds after the treatment with tannase, the decrease of other 
phenolics such as catechin, epicatechin, and catechin 3-O-glucose, and significant 
increment in the antioxidant activity. On the other hand, the application of tannase 
on pea (Pisum sativum) led to a decrease in all the phenolic compounds studied and 
a reduction in the antioxidant capacity (Duenas et  al. 2009). But, in a different 
experiment, the hydrolysis of pea flour by tannase led to a significant improvement 
in the daily weight gain of rats (Urbano et al. 2007).
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4.5.2  Animal Feeds Industries

It is well known that high levels of dietary tannins have negative effects on animal 
nutrition. Tannins form a strong complex with enzymes, minerals, and other nutri-
ents. They are also responsible for a bitter taste, which considerably reduces the 
feed intake (Belmares et al. 2004). The presence of tannins in tannin-rich plants and 
agro-industrial waste, which are used as animal feed, make them unusable. Tannins 
are known as anti-nutritional factors because of their interaction with macromole-
cules such as proteins makes them indigestible (Frutos et al. 2004). Anti-nutritional 
effect of tannin could be reduced by a treatment with tannase or tannase-producing 
microorganisms. For example, there are some cultivars of sorghum with high con-
tent of tannins. Tannin content could be decreased by enzymatic treatment, and this 
material could be used as a complement in animal diet (Aguilar and Gutierrez- 
Sanchez 2001). Nuero and Reyes (2002) reported the production of an enzymatic 
extract containing tannase from mycelial wastes of penicillin manufacture. This 
preparation was applied to several flours used as animal feed (barley, bran, maize, 
oat, rye, soya, and wheat flour). The enzymatic extract from mycelia waste released 
similar amounts of reducing sugars from all flours when compared with a commer-
cial enzymatic additive used in animal feeding. Tannase is applied for the treatment 
of tannin-rich plants in the production of animal feed. If they are first treated with 
tannase, tannin content is decreased and this can then be used as a complement in 
animal diet. Tannase utilization can be carried out in two ways: direct contact of 
enzymatic extracts with the material to hydrolyze the polyphenols and avoid their 
unpleasant polymerization, or growing tannase-producing fungal strains on tannin- 
rich materials, which are degraded to simpler compounds (De Sena et al. 2014).

4.5.3  Gallic Acid Production

Gallic acid (3,4,5-trihydroxybenzoic acid) is a phenolic compound and the mono-
meric unit of the gallotannins and complex tannins. Gallic acid and related com-
pounds possess many potential therapeutic properties including anticancer and 
antimicrobial properties (Ow and Stupans 2003). One of the most important appli-
cations of tannase is gallic acid production from hydrolyzable tannins (Kar et al. 
2002). Gallic acid is commercially important for its applications in several indus-
tries for the synthesis of a variety of chemicals used in the food and pharmaceutical 
industries. Gallic acid is utilized as a precursor for the synthesis of trimethoprim 
(2,4, diamino 3,4,5 trimethoxy benzyl pyrimidine) is an antibacterial drug (Sittig 
1988). A broad-spectrum antioxidant and antibacterial agent, which is bacterio-
static, since it inhibits folic acid metabolism in pathogenic bacteria (Mukherjee and 
Banerjee 2003).

In combination with sulfonamide, trimethoprim exerts antibacterial effect at low 
concentrations against Streptococci and Staphylococci bacteria, Shigella sp., 
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Corynebacterium diphtheriae, E. coli, Vibrio cholerae, Bacillus pertussis, and 
Clostridium welchii. Choi et al. (2010) reported the potential of gallic acid as an 
antiviral agent. They have also cytotoxicity against cancer cells (Beniwal et  al. 
2013). Curiel et al. (2010) reported a process for the enzymatic production of gallic 
acid. They immobilized a recombinant tannase from L. plantarum expressed then 
utilized the immobilized enzyme for the hydrolysis of commercial tannic acid. At 
least 95% of tannic acid was transformed into gallic acid, obtaining an almost pure 
compound.

Tannase is an enzyme characterized for catalyzing the hydrolysis of gallic acid 
esters. Weetall (1985) reported the enzymatic synthesis of a variety of gallic acid 
esters. He applied an immobilized tannase from Aspergillus niger to a solution of 
gallic acid in different alcohols (C1–C12) and diols (C3–C6). In the chemical indus-
try, gallic acid is used for forming pyrogallol, and gallate esters find their applica-
tions in food industries, cosmetic industries, and so on. Pyrogallol has also been 
used as a photographic film developer (Banerjee et  al. 2007; Yu and Li 2008; 
Beniwal et al. 2013). It is also used in the leather industry, in manufacturing gallic 
acid esters, such as propyl gallate, a potent antioxidant utilized as an antioxidant in 
fats and oils, in the manufacture of pyrogallol, and as a photosensitive resin in semi-
conductor production (Sariozlu and Kivanc 2009).

4.5.4  Bioremediation of Tannin-Contaminated Wastewaters

Tannins occur commonly in the effluents derived from several agro-industries. The 
treatment of this kind of wastewaters is usually difficult because tannins are highly 
soluble and inhibit the growth of many microorganisms (He et al. 2007). Industrial 
tannins when used in the tanning industry can represent a serious environmental 
problem on a global level, although vegetable tanning agents are natural materials, 
they are poorly biodegradable and act as growth inhibitors toward many microor-
ganisms, ultimately affecting the receiving ecosystem (Prigione et al. 2018). The 
tannase enzyme has potential uses in the treatment of tannin-containing effluents 
and pre-treatment of tannin-containing animal feed (Belur and Mugeraya 2011). 
Fungal strains capable of performing the biotransformation of polyphenolic sub-
stances contained in tannins could have a certain environmental impact as bioreme-
diation agents. Moreover, biotransformed tannins could have several applications in 
agriculture, in the animal feed and wine industries, and the tanning process, for 
example, improving tanning yields or leather quality (Prigione et al. 2018).

Several authors have reported the biodegradation of tannin-containing wastewa-
ters using model systems. Kachouri et  al. (2005) studied the biodegradation and 
decolorization of olive-mill wastewater by Aspergillus flavus. The fungi removed 
58% of color and 46% of the chemical demand of oxygen of the wastewater after six 
days of cultivation. More recently, Murugan and Al-Sohaibani (2010) reported the 
use of immobilized tannase from Aspergillus candidus for the removal of tannin and 
the associated color from tannery effluent. Enzymatic treatment removed about 
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42% of the tannin content and 20% of the color of tannery wastewater. These find-
ings suggest that tannase or tannase-producing microorganisms could be utilized for 
pretreatment of tannin-rich wastewaters.

4.6  Conclusion

Tannin acyl hydrolase (tannase) is one of the important hydrolytic microbial 
enzymes. Fungi are the most producing tannase in other microorganisms with spe-
cial to genus Aspergillus, which is considered as the best producer of tannase. 
Microbial tannase is more stable than others sources of tannase and can be geneti-
cally modified so that the enzyme is considered industrially important and has sev-
eral applications in various industries such as foods, animal feeds, cosmetics, 
pharmaceutical, chemical, industries, and so on. The most important application of 
the tannase enzyme is producing gallic acid and also degradation of industrial tan-
nins because it causes a serious problem in the environment.
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5.1  Introduction

Fungal diversity present on earth ranges from the conservative 1.5 million species 
to the newer estimates of 5.1 million based on high-throughput sequencing meth-
ods, and researchers estimate there are at least 1 million endophytic fungal species 
(Strobel and Daisy 2003). The unique ecological niche of endophytic fungi, that is, 
residing or living within healthy plant tissue without apparent disease symptoms 
increasing interest in it (Rakshith et  al. 2013). Studies have shown that nearly 
300,000 plant species exist on the earth, and each individual plant is the host to one 
or more endophytes (Huang et al. 2007). Endophytic fungi are predominantly asco-
mycetes that appear to be ubiquitous in nature as they have been recovered from 
plants adapted to a wide range of ecosystems that include hot deserts, Arctic tundra, 
mangroves, temperate and tropical forests, grasslands and savannahs, and croplands 
(Lugtenberg et  al. 2016). Since the discovery of penicillin from the fungus 
Penicillium notatum it makes more interest in the discovery and application of 
microbial metabolites from fungi with activity against both plant and human patho-
gens (Strobel and Daisy 2003), and since the discovery of Taxol from endophytic 
fungi Taxomyces adreanae there are increasing in searching for endophytic fungi 
associated with promising bioactive molecules and their derivatives (Nicoletti and 
Fiorentino 2015).

Natural products from microbial origin have been a most significant source of 
novel lead molecules and recently several endophytes have been shown to possess 
the potentials to synthesize novel bioactive compounds (Akpotu et al. 2017). Due to 
the extraordinary biodiversity of fungal endophytes, they provide a large opportu-
nity to discover novel natural products that have been optimized by coevolution 
with higher plants (Aly et al. 2011). There are a large number of bioactive com-
pounds that have been isolated from endophytic fungi and these bioactive natural 
products have demonstrated a broad range of biological activities. Endophytic fungi 
derived natural products showed several interesting biological activities, for exam-
ple, antioxidant, anticancer, immune modulatory, antiparasitic, antimicrobial, and 
insecticidal activities (Kaul et al. 2012). About 80% of endophytic fungi produce 
bioactive compounds with antimicrobial and herbicidal properties (Schulz 
et al. 2002).

The recent development of screening technologies has revealed the great poten-
tial of fungal endophytes for producing novel biologically active compounds with 
promising medicinal or agricultural applications (Hussain et al. 2014). Fungi are the 
most major source of new, useful metabolites. The largest part of these metabolites 
are produced by species of Acremonium sp., Aspergillus sp., Fusarium sp., and 
Penicillium sp. (Rodrígues et al. 2000); Chaetomium sp. (Selim et al. 2016) approxi-
mately 8,500 bioactive metabolites of fungal origin have been described to possess 
biological activities (Arora and Ramawat 2017). So over the last few years, there 
has been increasing interest in the investigation of fungal endophytes producing 
biologically active products (Rodrígues et  al. 2000); especially antimicrobial 
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substances (Schulz et  al. 2002; Arivudainambi et  al. 2011; Rakshith et  al. 2013; 
Hussain et al. 2014; Lugtenberg et al. 2016; Akpotu et al. 2017).

5.2  Fungi Producing Bioactive Metabolites

Antimicrobial metabolites produced by endophytes are low molecular weight not 
essential for growth and are produced at low concentrations against pathogenic 
invasion (Kumar and Mongolla 2018). Thus, endophytes are a promising resource 
of antimicrobial compounds to counteract the serious threat from human drug- 
resistant and plant pathogens (Tan and Zou 2001). The bioactive natural products 
with antimicrobial activity provided by endophytic fungi originate from different 
biosynthetic pathways and belong to diverse structural groups: Alkaloids, 
Flavonoids, Quinone, Phenols Steroids, Terpenoids (Guo et al. 2000a); Coumarins, 
Glycosides, peptide (Selim et al. 2016); and Volatile organic compounds (Arora and 
Ramawat 2017).

5.2.1  Alkaloids

Alkaloids are quite common secondary metabolites in endophytes, and some of 
them show antimicrobial activities (Yu et al. 2010). Since a long time, the plants 
were the sole source of alkaloids in this section and some alkaloids were isolated 
from endophytic fungi (Selim et al. 2016). Azaphilone dimer alkaloids were first 
isolated from the fungus Chaetomium globosum (Ming et  al. 2008). Also, endo-
phytic fungus C. fusiforme was isolated from liverwort Scapania verrucosa Heeg 
producing Novel azaphilone alkaloid dimers namely chaetofusins A and B that have 
antifungal activities (Peng et  al. 2012). Another three related new chlorinated 
azaphilone alkaloids were reported from the culture broth of C. globosum named 
chaetomugilides A–C (Li et al. 2013). Chaetoglobosins A and C were produced by 
an endophytic C. globosum originating from the leaves of Ginkgo biloba (Yu et al. 
2010). Fungal endophyte Fusarium sp. Produce Fusapyridons A and B alkaloids 
and Fusapyridons A displayed antibacterial activity (Tsuchinari et al. 2007). Two 
new alkaloids, Mycoleptodiscins A and B were identified from endophytic fungus 
Mycoleptodiscus sp. isolated from Desmotes incomparabilis (Selim et  al. 2016). 
Penicillium sp. an endophytic fungus isolated from the stem of Quercus variabilis 
(Fagaceae) producing Penicidones A–C alkaloids (Ge et al. 2008). A new pyrroli-
zidine alkaloid, namely Penibruguieramine A, produced by endophytic fungus 
Penicillium sp. GD6 isolated from Chinese mangrove Bruguiera gymnorrhiza 
(Zhou et al. 2014).

Peramine, a pyrrolopyrazine alkaloid, is produced by Neotyphodium coenophi-
alum, N. lolli, Epichloë festucae, and E. typhina in culture as well as in planta when 
associated with stem, and leaves of tall fescue, ryegrass, and other grasses (Dew 
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et al. 1990). The culture of Neotyphodium secretes indole alkaloids such as agro-
clavine, chanoclavine, and elymoclavine (Powell and Petroski 1992). Rhinocladiella 
sp., a fungal endophyte of perennial vine Tripterygium wilfordii, produces cytocha-
lasin E (Wagenaar et al. 2000). A novel metabolite phomopsichalasin is produced 
by an endophyte Phomopsis sp., recovered from twigs of Salix gracilistyla var. 
melanostachys, this metabolite possesses antimicrobial activity against various bac-
terial and fungal species and human pathogenic yeast (Horn et al. 1996). Phomopsis 
sp., isolated from the bark of the living Cavendishia pubescens tree produce indole 
derivatives such as tremorgenic aspalitrems A and C (Anamika et  al. 2018). 
Endophytic fungi Aureobasidium pullulans, Acremonium coenophialum, 
Colletotrichum sp. and Epicoccum purpurascens present in Artemisiaannua pro-
duce indole-3-acetic acid. And also Hypoxylon serpens strains, isolated from 
tobacco, produce indole-3-acetonitrile (Anamika et al. 2018).

5.2.2  Coumarins

Coumarins are bicyclic aromatic compounds that contain 2H-chromen-2-one or any 
of its derivatives while isocoumarins are isomers of coumarins in which the orienta-
tion of the lactone is reversed to be 1H-isochromen-1-one. Dihydroisocoumarin is a 
reduced form of isocoumarin where the double bond between carbon atoms no. 3 
and 4 is saturated (Selim et al. 2016). The ethyl acetate extract of an endophytic 
fungus Periconia atropurpurea collected from Xylopia aromatica named as 
6,8-Dimethoxy-3-(2′-oxo-propyl)-coumarin (Teles et al. 2006). A novel coumarin 
series, pestalasins A–E was produced by the endophytic fungus Pestalotiopsis sp., 
associated with the leaves of the Chinese mangrove Rhizophora mucronata (Xu 
et al. 2009). another new coumarin, 4,6-dihydroxy-7-formyl-3 methylcoumarin was 
isolated from the endophyte Pestalotiopsis versicolor (Yang et al. 2015). Xylaria sp. 
YX-28 fungal endophytic isolated from Ginkgo biloba produced 7-amino-4- 
methylcoumarin that showed antimicrobial activity against various pathogens (Liu 
et al. 2008).

A number of isocoumarins and isocoumarin derivatives had been isolated from 
endophytic fungi Penicillium sp., associated with mangrove plants known as 
(3R,4S)-6,8-dihydroxy-3,4,7-trimethylisocoumarin (Han et al. 2009). Several iso-
coumarin derivatives produced by endophyte-colonized plants exhibit biocontrol 
potential. Pezicula sp. produces mellein that is strongly algicidal, fungicidal and 
herbicidal (Schulz et al. 1995).

The dihydroisocoumarin (3R,4R)-3,4-dihydro-4,6-dihydroxy-3-methyl-1- -
oxo-1H-isochromene-5-carboxylic acid was isolated from Xylaria sp., a fungus 
associated with Piper aduncum (Piperaceae) that have antifungal activities in vitro 
(Oliveira et al. 2011). Tenuissimasatin is a new dihydroisocoumarin produced by 
the endophytic fungus Alternaria tenuissima isolated from the bark of Erythrophleum 
fordii Oliver (Fang et al. 2012).
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5.2.3  Glycosides

Various types of glycosides have been identified from different genera of endo-
phytic fungi. A macrolacton glycoside was produced by the endophytic Lecythophora 
sp. derived from the Indonesian plant Alyxia reinwardtii. It was designated 
23-methyl-3-(1-O-mannosyl)-oxacyclotetracosan-1-one and it exhibited antifungal 
activities (Sugijanto et al. 2011). Endophytic fungi Eurotium rubrum isolated from 
the stems of marine mangrove plant Hibiscus tiliaceus produce a novel anthraqui-
none glycoside designated 3-O-(α Dribofuranosyl)-questinol (Li et  al. 2009). 
Another endophytic Eurotium cristatum isolated from the marine algae Sargassum 
thunbergii produce a new anthraquinone glycoside, 3-O-(α-Dribofuranosyl) questi-
nol (Du et al. 2014). As an emphasis on the importance of marine mangrove plants, 
one Penicillium sp. was isolated from the plant Avicennia marina that produced a 
novel aurone glycoside. Its structure is identified as (Z)-7,4′-dimethoxy-6- 
hydroxyaurone-4-O-β-glucopyranoside (Song et al. 2015). The endophytic fungus 
Phomopsis sp. (ZH76) isolated from the stem of the mangrove tree Excoecaria 
agallocha found in Sea cost at south chine produced a xanthone O-glycoside for the 
first time namely 3-O-(6-O-α-Larabinopyranosyl)-β-d-glucopyranosyl-1,4- 
dimethoxyxanthone (Huang et al. 2013).

5.2.4  Flavonoids

Flavonoids constitute the largest group of polyphenols and are considered to be 
responsible for the color and taste of many fruits and vegetables. Recently, many 
reviews concerning the antifungal, antibacterial, or antiviral activities of flavo-
noids have been published (Zheng et  al. 2012). An endophytic fungus strain 
PM0651480 isolated from leaves of Mimusops elengi (Sapotaceae family) pro-
duced ergoflavin (Deshmukh et al. 2009). Blue grass (Poa ampla) infected with 
an endophyte produces tricin a flavone compound (Ju et  al. 1998). 
5-Hydroxy-3,7,40-trimethoxyflavone produced by Biscogniauxia formosana iso-
lated from Cinnamomum sp./bark (Cheng et  al. 2012). Endophytic Eurotium 
amstelodami isolated from Ipomea pes-carprae L. produced tetrahydroauroglau-
cin and flavoglaucin which showed antimicrobial activity (Chaipackdee et  al. 
2013). Kaemferol, a Flavonol compound produced by Fusarium chlamydospo-
rum isolated by Tylophora indica (Chaturvedi et al. 2014). Endophytic Fusarium 
sp. strain ZZF41, isolated from mangrove tree Kandelia candel, produced 
5-O-methyl-2′-methoxy-3′-methylalpinumisoflavone (Kumar and 
Mongolla 2018).
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5.2.5  Quinones

Altersolanol A, a highly hydroxylated quinone, exhibiting antibacterial properties is 
secreted by Alternaria spp. and Phoma sp. when in association with plants (Yang 
et al. 1994). Tansuwan et al. (2007) identified two novel benzoquinone metabolites: 
2-chloro-5-methoxy-3-methylcyclohexa-2,5-diene-1,4-dione and xylariaquinone 
A, from endophytic Xylaria sp. PBR-30 isolated from Thai medicinal plants. An 
isolate of an endophytic fungus from the marine brown algae defined as Aspergillus 
niger EN-13 produced a novel antifungal naphthoquinoneimine derivative named 
5,7-dihydroxy-2-(1-(4-methoxy-6-oxo-6H-pyran-2-yl)-2-phenylethylamino) (1,4) 
naphthoquinone (Zhang et  al. 2007). Cao and Clardy (2011) reported that endo-
phytic fungus Delitzchia winteri, isolated in Costa Rica, afforded two new naphtho-
quinones, delitzchianones A and B. The endophytic fungus Penicillium restrictum 
was isolated from the stems of a milk thistle plant, produces distinct red-colored 
guttates, identified as new polyhydroxyanthraquinones (Figueroa et al. 2014). The 
bioactive compounds naphtha-quinones, anhydro-fusarubin, and methyl ether of 
fusarubin from Cladosporium sp. Isolated from Rauwolfia serpentina (L.) Benth. 
showed higher antimicrobial activity (Khan et al. 2016).

5.2.6  Peptides

Many peptides produced by endophytes displayed significant antimicrobial activi-
ties (Yu et al. 2010). Leucinostatin A, an oligopeptide with phytotoxic and antifun-
gal properties, originally produced by Acremonium sp., a fungal endophyte of Taxus 
baccata (Strobel et al. 1997), and also detected from Penicillium lilacinum (Anamika 
et al. 2018). Xylaria sp. as a seed-endophyte of an angiosperm tree found in the 
South China Sea produced a new cyclic peptide with an allenic ether linkage of an 
N-(p-hydroxycinnamoyl) amide (Lin et al. 2001). Epichlicin, a new cyclic peptide, 
was produced by the endophytic fungus Epichloe typhina isolated from Phleum 
pratense L. (Seto et al. 2007). Two new cyclic peptides were identified from the 
broth of mangrove endophytic fungus isolated from the leaves of Kandelia candel 
growing in Hong Kong (Huang et al. 2007). Cycloaspeptide A is a cyclic peptide 
isolated from the extracts of the fermentation broth of Penicillium janczewskii iso-
lated from the phloem of the Chileangymnosperm Prumnopitys andina (Schmeda- 
Hirschmann et al. 2008). Cyclopeptides echinocandins A, B, D and H are produced 
by Aspergillus rugulosus, A. nidulans var. echinulatus, Cryptosporiopsis sp. and 
Pezicula sp. endophytic on Pinus sylvestris and Fagus sylvatica (Anamika 
et al. 2018).
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5.2.7  Phenols

Phenol and phenolic acids have often been isolated from some endophytes cultures 
originating from a variety of host plants. Two new antibiotics, pestalachloride A and 
B have been isolated from endophytic Pestalotiopsis adusta, which displayed sig-
nificant antifungal activity against some plant pathogens (Li et al. 2008). Phoma sp. 
produces a phenolic compound named 2-hydroxy-6-methylbenzoic acid, a com-
pound with antibacterial activity (Yang et al. 1994). Pezicula sp. strain 553, a tree 
endophyte, produces a phenolic compound named 2-methoxy-4-hydroxy-6- -
methoxymethyl benzaldehyde, which exhibited antifungal properties against phyto-
pathogens (Schulz et  al. 1995). Tyrosol, p-hydroxyphenylacetic acid, 
p-hydroxybenzoic acid and cis and trans-p-coumaric acids are antifungal phenolic 
acids isolated from stromata of E. typhina, an endophyte of Pezicula pratense 
(Anamika et al. 2018). Colletotric acid, an antimicrobial tridepside, is secreted by 
Colletotrichum gloeosporioides, a fungal endophyte of Artemisia mongolica (Zou 
et  al. 2000). Cytonaema sp., an endophyte recovered from Quercus sp., secretes 
cytonic acids A and B (Guo et al. 2000b).

5.2.8  Steroids

Aspergillus sp. is extensively found to be associated with marine algae. In addition, 
many steroids have been isolated from different Aspergillus sp., 7-Nor-ergosterolide 
was characterized from Aspergillus ochraceus EN-31 an endophytic fungus isolated 
from the marine brown alga Sargassum kjellmanianum (Selim et al. 2016). Another 
steroid, Aspory-ergosterol was identified from the broth extract of marine red algae 
Heterosiphonia japonica derived Aspergillus oryzae. (Qiao et al. 2010). Aspergillus 
flavus isolated from marine red alga Corallina officinalis produced a new steroid, 
namely 3β,4α-dihydroxy-26-methoxyergosta-7,24-dien-6-one (Qiao et  al. 2011). 
Fungus Colletotrichum sp., an endophyte of A. annua, secretes steroids such as 
ergosterol, which were antagonistic to crop pathogens (Lu et  al. 2000). Culture 
broth of Phomopsis sp. isolated from Aconitum carmichaeli contained two novel 
steroids, namely (14β,22E)-9,14-dihydroxyergosta-4,7,22-triene-3,6-dione and 
(5α, 6β, 15β, 22E)-6-ethoxy-5,15-dihydroxyergosta-7,22-dien-3-one, they have 
antifungal activity (Wu et al. 2013).

Penicillium sp. as endophytic fungi found communalistic with higher plants and 
marine algae are considered an interesting source of new natural compounds and 
metabolites belonging to different chemical classes among which steroids are of 
great importance (Selim et al. 2016). Penicisteroids A and B are two novel highly 
oxygenated steroids contain tetrahydroxy and C-16-acetoxy groups. They were iso-
lated from the Penicillium chrysogenum isolated from red algae (Gao et al. 2011). 
Also, Penicillium chrysogenum found associated with the traditional Chinese herb 
Huperzia serrata produce three new steroids namely norcyclocitrinol A, 
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erythro-11α-hydroxyneocyclocitrinol, and pseudocyclocitrinol A (Ying et al. 2014). 
Globosterol is a polyhydroxylated C29 steroid. It was firstly reported from 
Chaetomium globosum isolated from Ginkgo biloba along with already identified 
ergosterol derivative (Qin et  al. 2009a). Three novel steroids designated as 
ergosta-5,7,22-trienol, 5α,8α-epidioxyergosta-6,22-dien-3β-ol, and ergosta-7,22- 
dien- 3β,5α,6β-triol were produced by Pichia guilliermondii isolated from medici-
nal plant (Selim et al. 2016).

5.2.9  Terpenoids

Terpenoids are a large group of organic natural products formed by the assembly of 
a number of C5 isoprene units. Sesquiterpenes, diterpenoids, and triterpenoids are 
the major terpenoids isolated from endophytes. Arisugacins I and J are two novel 
compounds belonging to the subgroup meroterpenoids that were isolated for the 
first time from Penicillium sp. SXH-65 (Sun et al. 2014). Another four meroterpe-
noids compounds were produced by Guignardia mangiferae isolated from the 
medicinal plant Smilax glabra, namely guignardones P-S (Sun et  al. 2015). An 
endophytic fungus identified as Aspergillus sp. YXf3 isolated from Ginkgo biloba 
produced a C18 norditerpenoid, aspergiloid I. (Selim et al. 2016). Ulocladium sp. 
isolated from the lichen Everniastrum sp. from china produced three novel mixed 
terpenoids, tricycloalternarenes F–H (Wang et al. 2013).

Two new benzofuran-carrying normonoterpene derivatives have been character-
ized from fungus, endophytic on Gaultheria procumbens (Findlay et  al. 1997). 
Pestalotiopsis spp., endophytic fungi associated with Taxus brevifolia, produce 
monoterpenes and C-methylated acetogenins (Pulici et  al. 1997). Monoterpene 
preaustinoids A1, A2, and B1 produced by Penicillium sp., endophytic to Melia 
azedarach, showed moderate bacteriostatic activity (Geris dos Santos and 
Rodrigues-Fo 2002).

Diterpene subglutinol A and B have been produced by Fusarium subglutinans 
endophytic isolated from Tripterygium wilfordii (Lee et al. 1995). An unidentified 
fungus isolated from Daphnopsis americana growing in Guanacaste, Costa Rica, 
produced guanacastepene, a novel diterpenoid that is antibacterial against 
methicillin- resistant Staphylococcus aureus and vancomycin-resistant Enterococcus 
faecium (Singh et al. 2000). Guanancastepene A, guanacastepene, periconicin A, 
and perieoniein B were four novel diterpenoid antibiotics isolated from endophytes 
(Kim et al. 2004).

Sesquiterpenoids were repeatedly reported from endophytes associated with 
plants from different habitats and proved to be antimicrobial compounds. 
Brasilamides are tricyclic sesquiterpenes produced by endophytic fungus 
Paraconiothyrium brasiliense isolated from the branches of Acer truncatum (Liu 
et al. 2010). Five cadinane sesquiterpenes derivatives were isolated from Phomopis 
cassiae, an endophytic fungus isolated from Cassia spectabilis, they have 
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antifungal activity (Yu et al. 2010). An endophytic fungus Phleum pratense isolated 
from Epichloë typhina is reported to produce sesquiterpenes, chokols A–G, which 
are toxic to Cladosporium phlei, a leaf spot disease pathogen (Kumar and Kaushik 
2012). Epichloë typhina, endophytic isolated from Phleum pratense, produce ses-
quiterpenes chokols A–G, fungi toxic to Cladosporium phlei, a leaf spot disease 
pathogen (Anamika et al. 2018).

5.2.10  Volatile Organic

Fungal volatile organic compounds (VOCs) are derived from both primary and sec-
ondary metabolic pathways (Korpi et al. 2009). These are placed in different classes 
and occur as a mixture of aldehydes, alcohols, cyclohexanes, simple hydrocarbons, 
heterocycles, indole and their derivatives, ketones, phenols, thioalcohols, thioesters, 
and benzene derivatives (Ortíz-Castro et al. 2009). Generally, fungi emit a mixture 
of VOCs. The qualitative and quantitative composition of VOCs is dependent on 
fungal species and environmental conditions provided for its growth, approximately 
250 volatile organic compounds have been identified from fungi (Effmert et  al. 
2012). VOCs produced by a majority of fungal groups are antibiotics, endophytic 
fungi belonging to Ascomycota lineages, and Xylariaceae family are capable of 
producing VOCs and a few basidiomycetous members also produce VOCs. (Lee 
et al. 2009).

A number of Muscodor species associated with different plant species produce 
various VOCs like azulene, aromadendrene, β-caryophyllene, 2-methylfuran, naph-
thalene, tetrahydrofuran, α-phellandrene, β-phellandrene and 2-pentylfuran when 
growing on plant hosts such as Actinidia chinensis, Ananas ananassoides, Ginkgo 
biloba and Myristica fragrans (Yuan et al. 2012). Truffles produce more than 200 
VOCs during different growth stages, that is, presymbiotic, symbiotic (mycelial as 
well as mycorrhizal) and reproductive stage (Splivallo et al. 2011). A volatile com-
pound, 2-octenal, has been identified in culture filtrates of Tuber magnatum, T. mela-
nosporum, and T. borchii. Other compounds like 2-methylbutanal, dimethyl 
sulphide, DMDS and 3-methylbutanal have been found in most truffles, whereas 
2-methyl,4,5-dihydrothiophene has been found only from fruiting bodies of T. bor-
chii (Anamika et al. 2018) In addition, fungus Ceratocystis fimbriata isolated from 
building materials, diseased plants and wood also secretes volatile organic com-
pounds (Hung et al. 2013).

Phaeosphaeria nodorum, a leaf endophytic fungus of plum (Prunus domestica), 
produces several volatiles identified as 2-propyl-1-ol, acetic acid, ethyl acetate, 
3-methylbutan-1-ol, and 2-propenenitrile. These volatiles were antagonistic against 
Monilinia fructicola and inhibited the growth of fungus (Pimenta et al. 2012). The 
major volatile compounds from Ampelomyces sp. and Cladosporium sp. are m- 
cresol and methyl benzoate, respectively (Naznin et al. 2014). Fungi belonging to 
genera Epichloë, Puccinia and Uromyces (rust fungi), Tuber spp. (truffles), and 
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Trichoderma sp. that are soil saprophyte and mushroom sporocarps secrete volatile 
compounds (Anamika et al. 2018).

5.3  Discovering Plants with Microbial Bioactive Metabolites

It is important to understand the methods and rationale used to provide the best 
opportunities to isolate novel endophytic microorganisms (Strobel et al. 2004), dis-
covering plants that harbor microbes capable of producing novel bioactive metabo-
lites are the first step (Zhou et al. 2010). The search for novel secondary metabolites 
should primarily center on organisms that inhabit unique biotopes. Successful col-
lection of plants harboring endophytes, which produce novel and unique natural 
bioactive requires the identification of plants (Fig. 5.1) (Lugtenberg et al. 2016); (1) 
from unique environmental settings and growing in special habitats, especially 
those with unusual biology, and possessing novel strategies for survival, Azadirachta 
indica, commonly known as the Indian neem or Indian lilac, or ‘dogonyaro’ in 
Nigeria.

Neem is a member of the mahogany family, Meliaceae (Atawodi and Atawodi 
2009); (2) that have an ethnobotanical history (used by indigenous peoples) and that 
are related to the specific uses or applications of interest, for example, Camptotheca 
acuminata plant (Nyssaceae) is a tree, originally found in the mainland of China. 
The stem wood and the bark are known to contain several alkaloids (Kusari and 
Spiteller 2012); (3) that are endemic, that have unusual longevity or that have occu-
pied a certain ancient landmass, for example, Hypericum perforatum is a very 
important medicinal plant occupying a significant place in ancient history. From the 
time of ancient Greece up till now, extracts of H. perforatum are effective in treating 

Fig. 5.1 Plants that harbor microbes capable of producing novel bioactive metabolites
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mild or moderately severe depression (Cervo et al. 2002). (4) That grow in areas of 
great biodiversity also have the prospect of housing endophytes with great biodiver-
sity, for example, tropical rainforest such as Amazonian rain forest possessing the 
greatest biodiversity on the earth led to the discovery of a wide range of secondary 
metabolites produced by endophytic fungi (Strobel and Strobel 2007) (Fig. 5.1).

There are several alternative strategies that have been adapted to isolate the bio-
active compounds from the natural sources, the isolation of endophytic fungal 
strains from the plants and their parts (leaves, bark, roots, fruits, flowers, stems, etc.) 
is the source for the isolation of endophytes (Abo Nouh 2019). The plant samples 
must be collected in sterilized polyethene bags always and processed within a 
proper time after sampling (Torres et  al. 2011). Generally, fresh and clean plant 
materials should be used for the isolation of endophytes to decrease the chances of 
contagion. The plant parts must wash in running tap water to eliminate the dirt and 
debris (Radu and Kqueen 2003). After proper washing, explants will be further 
processed via surface disinfection under aseptic conditions. Surface disinfection is 
an essential method by which the exterior surface of the explants is disinfected to 
ensure that all isolated fungi are endophytic (Jain and Pundir 2017). General route 
for isolation and purification of bioactive metabolites from endophytic fungi is sum-
marized in Fig. 5.2.

Fig. 5.2 General strategies for isolation and purification of bioactive metabolites from endo-
phytic fungi
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5.4  Fungal Metabolites as Antimicrobial

A large number of bioactive compounds have been known to be produced by fungal 
endophytes, including alkaloids, benzopyranones, depsipeptides, chinones, cyto-
chalasines, enniatines, furandiones, isocumarines, flavonoids, peptides, perylene 
derivatives, phenols, polyketones, quinols, steroids, terpenoids, tetralones, and xan-
thones (Elfita et al. 2011; Tenguria et al. 2011). These potential secondary metabolic 
products act as antimicrobial, antiparasitics, anticancer, neuroprotective, and anti-
oxidant, immunosuppressive (Samuel et al. 2011). Fungal endophyte is known to 
inhibit fungal growth, bacterial growth and produce effective cytotoxic metabolites 
(Wang et al. 2007). Tropical plants are usually inhabited by the endophytic fungi 
belonging to the genus Xylaria having a broad-spectrum antimicrobial activity (Liu 
et al. 2008). Pestacin and isopestacin are two compounds obtained from Pestalotiopsis 
microspore isolated from Terminalia morobensis, which also displayed potent anti-
microbial activity (Strobel and Daisy 2003).

Compounds such ashypericin and emodin produced by endophytes isolated from 
Indian medicinal plants have been shown to be having activity against bacterial 
pathogens, Klebsiella pneumoniae ssp. ozaenae, Staphylococcus aureus ssp. aureus, 
Pseudomonas aeruginosa, and Escherichia coli, and fungal pathogens such as 
Candida albicans and Aspergillus niger (Kusari et al. 2008). The bioactive com-
pound isolated from the endophytic fungus Xylaria sp. isolated from Ginkgo biloba 
L. was named as 7-amino-4-methylcoumarin have been used as broad-spectrum 
inhibitory activity against several fungal and bacterial food-borne and food spoilage 
microorganisms and was suggested to be used as a natural preservative in food 
(Pimentel et al. 2011). Fusarium sp. isolated from the Dendrobium species showed 
antagonistic activity against bacterial as well as fungal pathogens. Phoma sp. iso-
lated from Dendrobium devonianum and D. thyrsiflorum showed strong inhibitory 
activity against different human pathogens namely Escherichia coli, Bacillus subti-
lis, Staphylococcus aureus, Candida albicans, Cryptococcus neoformans, and 
Aspergillus fumigatus (Xing et al. 2011).

A naphthodianthrone derived compound, and Emodin (C15H10O5) thought to 
be the main precursor for the synthesis of hypericin, in an endophytic fungus iso-
lated from a medicinal plant, have antimicrobial activity against a number of bacte-
ria and fungi, like Staphylococcus sp., Klebsiella pneumoniae, Pseudomonas 
aeruginosa, Salmonella enteric, E. coli and fungal organisms Aspergillus niger and 
C. albicans (Kusari et  al. 2012). Fifty-three fungal endophytes isolated from 
Dendrobium devonianum and D. thyrsiflorum in which the potential fungal strain 
Fusarium tricinctum, and Phoma displayed strong inhibitory activity against patho-
gens, including Aspergillus fumigates, Bacillus subtilis, Candida albicans, 
Cryptococcus neoformans, Escherichia coli, and Staphylococcus aureus. Epicoccum 
nigrum exhibited strong antibacterial activity against three pathogens, S. aureus, 
E. coli, and B. subtilis (Xing et al. 2011). Su et al. (2014) reported 193 endophytic 
microbes from Chinese medicinal plants Camptotheca cuminata Decne, Gastrodia 
elata Blume, and Pinellia ternata. Fungal isolates have been found to belong to 
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Ascomycota, Basidiomycota, and Mucoromycotina. Using submerged culture, fun-
gal strains have been screened for the production of bioactive compounds and have 
been found to produce camptothecin, 10-hydroxycamptothecin, gastrodin, and 
ephedrine hydrochloride as bioactive compounds.

5.4.1  Fungal Metabolites as Antibacterial

Penicillin was the first and most important discovery which provides to have an 
effective action against gram-positive bacteria. The crude extract of Aspergillus 
ochraceus and Penicillium citrinum showed wide spectral antibacterial properties, 
inhibiting developing germs, especially Pseudomonas aeruginosa (Demain and 
Sanchez 2009). Phomopsis spp. endophytes from different host plants produce sev-
eral chemically diverse bioactive compounds. Phomopsis longicolla, associated 
with mint plant Dicerandra frutescens, produce dicerandrol A, B, and C with anti-
microbial activity exhibiting zones of inhibition of 11, 9.5, and 8.0  mm against 
B. subtilis and 10.8, 9.5, and 7.0 mm against S. aureus. Also, Phomopsis longicolla 
strain C81, associated with a seaweed Bostrychia radicans, produced dicerandrol C 
active against S. aureus and Staphylococcus saprophyticus (Wagenaar and Clardy 
2001). Fungal endophytes have been isolated from leaves and branches of five dif-
ferent species of Garcinia plants.

The fungal endophyte Phomopsis sp. and Botryosphaeria sp. showed antibacte-
rial activity against Staphylococcus aureus (Phongpaichit et al. 2006). The known 
compounds 6-O-methylalaternin and altersolanol A are nature products producing 
by endophytic fungi Ampelomyces sp. that have been isolated from the medicinal 
plant Urospermum picroides (Asteraceae) displayed as antimicrobial activity 
against the gram-positive pathogens, Staphylococcus aureus, S. epidermidis and 
Enterococcus faecalis (Aly et  al. 2008). Three steroids, namely 5a,8a- 
epidioxyergosta- 6, ergosta-5,7,22-trienol,22-dien-3b-ol, ergosta-7,22- 
dien- 3b,5a,6b-triol, and one triterpenoid helvolic acid, were separated from Pichia 
guilliermondii an endophytic fungal strain from Paris polyphylla var. Yunnanensis 
showing the strongest antibacterial activity against many bacteria (Jianglin et  al. 
2010). Isofusidienol A–D were four bioactive compounds that have been isolated 
from the endophytic fungus Chalara sp. that have been obtained from Artemisia 
vulgaris (Asteraceae) exhibited antibacterial activity against B. subtilis (Lösgen 
et al. 2008; Aly et al. 2010).

The fungal endophyte Ampelomyces sp. isolated from Urospermum picroides 
produces an array of bioactive compounds that exhibit significant antimicrobial 
activity against bacterial pathogens such as Staphylococcus aureus, S. epidermidis, 
and Enterococcus faecalis (Aly et  al. 2008). Pestalotiopsis sp., an endophyte of 
Rhizophora mucronata, produced pestalotiopen A exhibiting activity against 
Enterococcus faecalis (Hemberger et al. 2013). A novel phenolic compound was 
isolated from Pestalotiopsis mangiferae associated with Mangifera indica exhibits 
activity against Bacillus subtilis and K. pneumoniae (MICs 0.039μg/ml), E. coli and 
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Micrococcus luteus (MICs 1.25μg/ml), and P. aeruginosa (MIC 5.0μg/ml) (Subban 
et al. 2013). Two compounds named xanalteric acids I and II metabolites producing 
from the fungus Alternaria sp. (Pleosporaceae) that isolated from leaves of the 
Chinese Mangrove plant Sonneratia alba (Sonneratiaceae) (Kjer et al. 2009). The 
endophytic fungus Cryptosporiosis sp. isolated from Clidemia hirta produces an 
array of bioactive metabolites and exhibits antimicrobial properties against Bacillus 
cereus, S. aureus, Escherichia coli, and Pseudomonas fluorescens (Zilla et al. 2013).

Species belonging to the genera Phyllosticta, Nodulisporium, and Xylaria iso-
lated from Dipterocarpus trees are found to have antimicrobial activity against 
microbial pathogens Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus 
subtilis, and Escherichia coli (Sutjaritvorakul et al. 2011). Trichophaea abundans, 
Diaporthe phaseolorum, and Fusarium redolens endophytes from the hosts’ Pinus 
sp., Picrorhiza sp., and Artemisia sp., respectively, inhibited growth of pathogenic 
bacterium S. aureus. Similarly, extracts of Chaetomium globosum from Artemisia 
sp. and Phomopsis sp. from Nothapodytes sp. have been found to be effective 
against E. coli and S. aureus with IC50 value of 50μg/ml (Qadri et al. 2013).

The endophytic fungus Fusarium oxysporum NFX06 isolated from the leaf of 
Nothapodytes foetida of Agumbe forest, Karnataka, showed good activity against 
all the four test pathogenic strains, viz. Staphylococcus aureus (ATCC 25923), 
Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 27853) (Musavi 
and Balakrishnan 2014). Two endophytes, Penicillium chrysogenum Pc_25 and 
Alternaria alternata Aa_27, isolated from the medicinal plant of Asclepias sinaica 
produce extracellular enzymes such as cellulase, gelatinase, and xylanase and 
exhibited significant antimicrobial potential against S. aureus, B. subtilis, E. coli, 
P. aeruginosa, Salmonella typhimurium, and C. albicans (Fouda et al. 2015).

A tetramic acid derivative, Equisetin from endophytic Fusarium sp., showed 
excellent antimicrobial activity against B. subtilis, Staphylococcus aureus and 
MRSA at 8 and 16μg/mL minimum inhibitory concentrations, respectively 
(Ratnaweera et al. 2015). The bioactive compound furano-polyene 3-epi-aureonitol 
isolated from Chaetomium sp. that is obtained from the leaves of Sapium ellipticum 
exhibited antibacterial activity (Akone et  al. 2016). The bioactive compounds 
naphtha- quinones, anhydro-fusarubin, and methyl ether of fusarubin from 
Cladosporium sp. linked with Rauwolfia serpentina showed higher antimicrobial 
activity against S. aureus, E. coli, P. aeruginosa, and Bacillus megaterium (Khan 
et  al. 2016). Antimicrobial activity varied from species to species in endophytic 
fungi isolated from the same sources such as Penicillium commune, P. canescens, 
and Alternaria alternata associated with Olea europaea L. tree exhibited antimicro-
bial activity against gram-positive/negative bacteria (Malhadas et al. 2017). Pinheiro 
et  al. (2017) isolated the polyketide monocerin from the endophytic fungus 
Exserohilum rostratum found in a typical Amazonian plant, Bauhinia guianensis.

The potential of the bioactive polyketide monocerin was investigated against 
E. coli (ATCC 25922), P. aeruginosa (ATCC 27853), S. aureus (ATCC 25923), 
B. subtilis (ATCC 6633) and S. typhimurium (ATCC14028). Intracellular and extra-
cellular extracts of the fungal endophyte Aspergillus flavus exhibited a broad 
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spectrum of antibacterial activity against human pathogenic bacteria (Lactococcus 
lactis NCTC 497, Bacillus subtilis 168, Staphylococcus aureus SG511, 
Staphylococcus carnosus TM300, Bacillus pseudomycoides DSM 12442, and 
Escherichia coli BL21 (DE3)) (Wulandari and Suryantini 2018). The fungal endo-
phyte Ampelomyces sp. isolated from Urospermum picroides produces an array of 
bioactive compounds that showed antimicrobial activity against bacterial pathogens 
such as S. aureus, S. epidermidis, and Enterococcus faecalis (Paramanantham 
et al. 2019).

5.4.2  Fungal Metabolites as Antifungal

Fungal endophytes are one of the best resources for new bioactive metabolites as 
antifungal which plays an important role against pathogenic fungi (Pongcharoen 
et al. 2008). Two antifungal compounds named fusapyrone and deoxyfusapyrone 
are isolated from endophytic fungi Fusarium semitectum against many pathogenic 
or mycotoxogenic fungi, for example, Alternaria alternata, Aspergillus flavus, 
Cladosporum cucumerinum, Phoma tracheiphila, and Penicilllium verrucosum 
(Altomare et al. 2000). Amphotericin B, nystatin, and natamycin are the main poly-
enes, which are extensively used for the cure of diseases like coccidiodal meningi-
tis, cutaneous dermatophytes, and histoplasmosis and in the treatment of mycotic 
disease (Gupte et  al. 2002; Gohel et  al. 2006). Isobenzofuranone as Isopestacin, 
obtained from the fungal endophyte Pestalotiopsis microspore possesses antifungal 
and antioxidant activity (Strobel et al. 2002).

Wiyakrutta et al. (2004) reported that many isolates isolated from 81 Thai medic-
inal plant species inhibited Mycobacterium tuberculosis when tested using micro-
plate Alamar blue assay. Aspergillus fumigatus CY018, a leaf endophytic fungus of 
Cynodon dactylon, produce several metabolites such as asperfumin, fumigaclavine 
C, asperfumoid, fumitremorgin C, helvolic acid, and physcion, which have antifun-
gal activity against Candida albicans (Liu et al. 2004). Strains of Pestalotiopsis and 
Bartalinia robillardoides isolated from the medicinal plant Terminalia arjuna 
exhibited antifungal activity. The ethyl acetate extracts of Pestalotiopsis showed 
greater antifungal activity than those isolated from other medicinal plants against 
six test organisms, namely, Alternaria carthami, Fusarium oxysporum, F. verticil-
loides, Macrophomina phaseolina, Phoma sorghina, and Sclerotinia sclerotiorum 
(Gangadevi and Muthumary 2008).

Cycloepoxytriol B and cycloepoxylactone are metabolites extract from fungal 
endophyte Phomopsis sp. that have been isolated from leaves of Laurus azorica 
(Lauraceae) showed antifungal activities against Microbotryum violaceum (Hussain 
et al. 2009). The new nitronaphthalenes and ergosterol, usually present in fungal 
cultures, were isolated from another Coniothyrium species, an endophyte in the 
shrub Sideritis chamaedryfolia, from an arid habitat. Compounds showed very good 
antifungal activity against M. violaceum (Krohn et al. 2008). Derivatives of naph-
thalenes were isolated as dimers of 8-methoxy-naphthol from the endophytic 
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fungus Nodulisporium sp. from Juniperus cedre from Gomera. The new dimers 
showed antifungal activity against M. violaceum (Dai et  al. 2009). A number of 
epoxidone derivatives were found in the culture extract of an endophytic Phoma sp., 
isolated from the plant Salsola oppositifolia. One new derivative was named epoxy-
dine B has antifungal against M. violaceum (Qin et al. 2009b).

Four new pyrenocines, phomopsinones were isolated from an endophytic strain 
of Phomopsis sp., which had colonized the halotolerant plant, Santolina chamaecy-
parissus, from Sardinia Compounds have antifungal activity toward Botrytis cine-
rea, Pyricularia oryzae, and Septoria tritici (Hussain et  al. 2011), Phytophthora 
infestans, M. violaceum (Hussain et al. 2012). The endophytic fungus Lewia infec-
toria producing Pyrrocidine C, a novel bioactive compound exhibited potential anti-
fungal activity against Candida albicans (Casella et al. 2013). The genus Xylaria is 
an important endophytic fungus inhabiting diverse medicinal plants and produces a 
wide range of bioactive compounds, for example, multiplolides, glucoside deriva-
tives, xylarosides A, xylarosides B, and sordaricin isolated from Xylaria sp. exhib-
ited biocidal activity against Candida albicans (Pongcharoen et  al. 2008; 
Paramanantham et al. 2019).

Pyrrocidine C, a novel bioactive compound isolated from Lewia infectoria SNB- 
GTC2402, exhibited potential antifungal activity against C. albicans (ATCC10213) 
(Casella et al. 2013). The presence of bioactive compounds such as viridicatol, tenu-
azonic acid, alternariol, and alternariol monomethyl ether in Eleusine coracana 
showed antimicrobial activity against Fusarium graminearum (Mousa et al. 2015). 
Recently, Phaeoacremonium sp. isolated from the leaves of Senna spectabilis pro-
duced a wide range of lactone derivatives such as isoaigialones A, B, and C andai-
gialone. These lactone derivatives showed potent antifungal activity against 
Cladosporium cladosporioides and C. sphaerospermum (Silva et  al. 2017). 
Chaetomugilin A and D have been isolated from an endophytic fungus Chaetomium 
globosum, which obtain from Ginkgo biloba with antifungal activities. Cytosporone 
B and C were isolated from a mangrove endophytic fungus Phomopsis sp. They 
inhibited two fungi C. albicans and F. oxysporum (Pimentel et al. 2011). Two new 
antifungal and cytotoxic components from the secondary metabolites isolated from 
Dendrobium officinale have antifungal activity against Cryptococcus neoformans, 
Candida albicans, Aspergillus fumigatus and Trichophyton rubrum (Sandhu 
et al. 2017).

5.4.3  Fungal Metabolites as Antimycobacterial

Fusarium sp. BCC 14842, isolated from bamboo leaves in Thailand, was found to 
produce javanicin, javanicin (181), 3-O-methylfusarubin, and 5-hydroxy-3- 
methoxydihydrofusarubin A, which showed antimycobacterial activity 
(Kornsakulkarn et al. 2011). A Phomopsis sp. from leaves of Tectona grandis L., in 
Northern Thailand, produce compounds phomoxanthones A and B that showed sig-
nificant “in vitro” antitubercular activities when compared to the existing drugs 
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such as isoniazid and kanamycin sulfate (Isaka et al. 2001). 3-Nitropropionic acid 
compound was obtained from a species of Phomopsis belonging to six Thai medici-
nal plants. This compound is known to modulate the virulence and fatty acid catabo-
lism of Mycobacterium and exhibited effective inhibition against Mycobacterium 
tuberculosis with MIC of 3.3μM (Chomcheon et  al. 2005). Compounds such as 
4-methoxycinnamaldehyde, biscogniazaphilones A and B, 5- hydroxy- 3,7,4- trimeth
oxyflavone, N-trans-feruloyl-3-O-methyldopamine, 4-methoxy-trans-cinnamic 
acid, and methyl 3,4-methylene dioxycinnamate isolated from Biscogniauxia for-
mosana, residing inside Cinnamomum sp., have been shown to be having antimyco-
bacterial activities against M. tuberculosis strain H37Rv in vitro (Cheng et al. 2012). 
Coniothyrium cereale, an endophytic fungus, from marine green alga Enteromorpha 
sp., was found to produce trypethelone, which is effective against Mycobacterium 
phlei (Elsebai et al. 2011). Chaetomium globosum strain IFB-E036, isolated from 
Cynodon dactylon, secrete chaetoglobosins A and B, having activity against 
Micrococcus luteus and Mycobacterium smegmatis (Ge et al. 2011).

Attia et al. (2020) studied the production of antimicrobial, extracellular enzymes 
and antioxidants by endophytic teleomorphic Ascomycota associated with medici-
nal plants. A total of 11 teleomorphic species were isolated from four medicinal 
plant species in Saint Katherine Protectorate in Egypt. Chaetomium grande and 
Sordaria fimicola were the most frequently isolated species and represented by 12 
(Chg1–Chg12) and 7 (Sf1–Sf7) isolates respectively. The minimum inhibitory con-
centration (MIC) of all the isolates was determined against nine reference strains of 
bacteria and fungi. Effectiveness of 100–300μg/mL DEMSO then in H2O of the 
ethyl acetate fractions of the most effective two isolates Chg5 and Sf3 on the tested 
reference strains revealed different inhibitory effects.

Saturated disc of Streptomycin and Rifampin (0.165 mg/mL) was used for bac-
teria and amphotericin B and fluconazole were used for yeasts and fungi as a posi-
tive control. Enzymatically, Chg5 isolates are considered a resource of amylase, 
cellulase, protease, lipase, and chitinase. However, Sf3 isolates are considered a 
resource of amylase, laccase, and chitinase out of six screened enzymes. Total phe-
nolics (TP), total flavonoids (TF), and antioxidant activity of the Sf3 and Chg5 
extracts were measured. The TP values were expressed as milligram gallic acid 
equivalents per gram of dry extract of Sf3 and Chg5, which equal to 53.9 ± 0.35 and 
97.9 ± 0.48 respectively. TF present in both Sf3 and Chg5 isolates extracts with 
values equal to 2.44 ± 0.01 and 7 ± 0.05 respectively expressed as routine equiva-
lents. In vitro, the antioxidant activity of the extracts was investigated using DPPH 
radical-scavenging assay, and equal to 0.06% and 0.39% respectively in the extract 
of both taxa.
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5.4.4  Fungal Metabolites as Antiviral

Recently, secondary metabolites of endophytic fungi utilized for inhibition of 
viruses.The antiviral compound wickerol A isolated from Trichoderma atroviride 
FKI-3737 fungi showed an effective antiviral action against H1N1 flu virus  (A/
PR/8/34 and A/WSN/33 strains) (Obuchi et  al. 1990). The antiviral compound 
wickerol B diterpene compounds with a novel fused 6-5-6-6 ring skeleton that has 
been isolated from Endophytic fungus T. atroviride FKI-3849 founded as an effec-
tive antiviral action against the H1N1 flu virus and provides a possibility of being 
lead compounds to make the development of novel anti-influenza, antiviral drugs 
with novel structure (Fukami et al. 2000). The extracts of endophytic fungi from 
local medicinal plants have shown antiviral activity against herpes simplex virus 
type I (Wiyakrutta et  al. 2004). Cytonic acids A and B have been isolated from 
endophytic fungus Cytonaema sp. obtained from Quercus sp. (Guo et  al. 2008; 
Jalgaonwala et al. 2011); these compounds are used to be an inhibitor of human 
cytomegalovirus protease (Sandhu et  al. 2017). Emerimidine, emeriphenolicins, 
aspernidine, austin, austinol, dehydroaustin, and acetoxydehydroaustin have been 
isolated from endophytic fungus Emericella sp. obtained from Aegiceras cornicula-
tum these compounds used against Influenza A (H1N1) (Zhang et al. 2011).

The endophytic fungal Pestalotiopsis theae that were obtained from an unidenti-
fied tree from Jianfeng Mountain and Chinese have the ability to produce an antivi-
ral compound called Pestalotheol C against anti-HIV properties (Li et  al. 2008). 
Altertoxin I, II, III and V compounds have been isolated from Alternaria tenuissima 
endophytic fungus obtained from Quercus emoryi used as antiviral compounds 
against HIV-1 virus (Bashyal et al. 2014; Chetia et al. 2019). The endophytic fungus 
Pleospora tarda obtained from Ephedra aphylla and host plant Ephedra alata were 
the most potent candidates against the HSV-2 virus (Selim et al. 2018). Some com-
pounds reported as antiviral activity, isolated from Fusarium sp., for example, Cyclo 
(l-Pro-l-Val) and griseoxanthone C have good potency against HCV NS3/4A pro-
tease while, ω-hydroxyemodin and cyclo (l-Tyr-l-Pro) were potent HCVPR inhibi-
tors (Hawas et al. 2016; Toghueo 2020).

5.5  Conclusions

The fungal endophytes are a rich source of novel secondary metabolites. In recent 
years, there are great achievements in the production of metabolically active com-
pounds from endophytic fungi. These organisms have tremendous sources of meta-
bolically active compounds that may be used in pharmaceutical, medical, agriculture, 
and industries. Endophytic fungus offers a broad variety of secondary metabolites 
with their unique structures like flavonoids, terpenoids, alkaloids, phenolic acid, 
and so on. Such bioactive metabolites have antimicrobial activity, for example, anti-
fungal, antibacterial, antiviral. Research on endophytic fungi facilitates the 
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discovery of bioactive natural compounds and provides better knowledge about sec-
ondary metabolites producing microorganisms.
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6.1  Introduction

Laccase is one of the exceptional enzymes that has been reported since the end of 
the nineteenth century. It was first revealed in the exudates of Rhus vernicifera, the 
Japanese lacquer tree (Yoshida 1883; Kour et al. 2019b). The enzyme laccase has 
drawn much attention for its outstanding features. Laccases are found in some 
higher plants and also in certain bacteria (Claus 2003). However, ligninolytic 
basidiomycetes were the sources of the studied laccases (Abdel-Azeem et  al. 
2021). Laccases are blue multicopper enzymes (EC 1.10.3.2, benzenediol:oxygen 
oxidoreductase) that belong to a family of multicopper enzymes, which include 
ascorbic oxidase and ceruloplasmin (Wong 2009). They catalyze the elimination of 
a single electron from phenolic hydroxylic groups as syringaldehyde or vanillyl 
glycol with the consequent reduction of molecular oxygen to water and the forma-
tion of phenoxy radicals. These radicals undergo further chemical reactions that 
eventually lead to oxidized quinones and coupled oligomeric products. The study 
of metal ion contents of the laccase from Trametes hirsuta the presence of copper 
and manganese at a 3:1 ratio was shown (Giardina et al. 2010).

However, many “nonblue” fungal laccases have also been identified, namely, 
POXAW1w (a white laccase from Pleurotus ostreatus), which contains only one 
copper atom instead of the standard four, along with two zinc atoms and one iron 
atom in each protein molecule. Other so-called white laccases have been purified 
from Trametes hirsuta, Pycnoporus sanguineus, and Phlebia radiata (Kubicek et al. 
2011). Laccases have many roles in fungi, involving the synthesis of melanin and 
other pigments and the formation of morphogenesis reproduction such as conidia 
and fruiting bodies (Baldrian 2006; Giardina et al. 2010). Nevertheless, their role in 
the decomposition of lignin, although demonstrated in vitro, is doubtful because 
laccases are present in almost all fungi, even those unable to degrade lignin (namely, 
several ascomycetes; Baldrian 2006). On the other hand, some white-rot fungi (e.g., 
Pycnoporus cinnabarinus) only produce laccases (Eggert et al. 1996a).
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Fungal laccases are generalists’ biocatalysts with prospective applications that 
range from bioremediation to novel green processes. Fueled by molecular oxygen, 
these enzymes can act on dozens of molecules of different chemical nature, and 
with the aid of redox mediators, their range of oxidizable substrates is further 
pushed toward xenobiotic compounds (industrial dyes, pesticides, and PAHs), bio-
polymers (starch, lignin, and cellulose), and other complex molecules (Kumar et al. 
2021; Kour et al. 2021). Recently, extraordinary attempts have been made to engi-
neer fungal laccases by directed evolution and semi-rational approaches to enhance 
their functional expression or stability (Maté et al. 2011). Due to strong catalytic 
capacities, there has been directed evolution of fungal laccases. The interest initially 
stemmed from the greater redox potential of the enzyme, which enables the oxida-
tion of a broader variety of substrates.

In addition, there are many white-rot fungi (involved in lignin combustion) lac-
cases (Yadav et al. 2019a, b). Because of the higher redox potential, fungal laccases 
are used in many biotechnological applications, especially in the degradation of 
lignin and elimination of potentially toxic phenols arising during lignin degrada-
tion. One of the most significant enzymes in the bio palpation process in paper and 
pulp industry is laccases. It also has the potentiality to depolymerize lignin and 
delineate wood pulps, kraft pulp, and chlorine-free fibers (Abdel-Azeem and Salem 
2012). Laccase enzymes also have a significant role in physiological processes 
related to pathogenesis (Edens et  al. 1999) and cell detoxification (Bollag et  al. 
1988). Laccases from fungi have been used in the food and beverage industry 
enhancement or modification (Ghindilis 2000; Rodríguez Couto and Toca Herrera 
2006; Minussi et al. 2002, 2007a; Selinheimo et al. 2006).

6.2  Laccases: A Never-Ending Story

Laccases are common enzymes in nature and are commonly present in plants, fungi, 
and some bacteria and insects (Minussi et al. 2007b; Kour et al. 2019a). These bio-
catalyst’s physiological functions, which may be secreted or intracellular, differ in 
the various organisms, but they all catalyze processes of polymerization or depoly-
merization (Riva 2006). The enzyme was characterized as a metal-containing oxi-
dase (Bertrand 1985). Moreover, it becomes one of the earliest enzymes ever 
identified. Laccases have subsequently been discovered from numerous other plants 
(Ranocha et al. 1999), but it is still difficult to detect and purify plant laccases since 
crude plant extracts contain a large number of oxidative enzymes with diverse sub-
strate specificities (Ranocha et al. 1999), which is possibly the reason why detailed 
knowledge on the biochemical properties of plant laccase is restricted. Rhus vernic-
ifera laccase, however, is an exception and has been extensively studied, especially 
with respect to its spectroscopic properties (Woolery et al. 1984).

R. vernicifera laccase was also commonly used in laccase general reaction mech-
anism investigations (Battistuzzi et al. 2003; Johnson et al. 2003). Plant laccases are 
present in the xylem, where monolignols are probably oxidized in the early stages 
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of lignification (Gavnholt and Larsen 2002) and also participate in the radical pro-
cesses of lignin polymer formation (Hoopes and Dean 2004). Furthermore, it has 
been shown that laccases are involved in the first steps of healing in wounded leaves 
(De Marco and Roubelakis-Angelakis 1997). However, the occurrence of laccases 
tends to be much more limited in higher plants than in fungi (Mayer and Staples 
2002; Moin and Omar 2013). The first bacterial laccase was identified in the plant 
root-associated “Azospirillum lipoferum” bacterium (Givaudan et al. 1993), where 
melanin formation was shown to be involved (Faure et al. 1994).

A typical laccase-containing six putative copper-binding sites have been discov-
ered from Marinomonas Mediterranean, but this enzyme has not been assigned a 
functional role (Sanchez-Amat et al. 2001). Bacillus subtilis makes a thermostable 
CotA laccase that participates in endospore coat pigment production (Martins et al. 
2002). Laccases have also been found from Streptomyces cyaneus (Arias et  al. 
2003) and Streptomyces lavendulae (Suzuki et al. 2003). However, there are some 
other records of laccase activity in bacteria as well; it does not appear likely that 
laccases are specific enzymes from certain prokaryotic groups (Claus 2003). 
Proteins like bacterial laccase are intracellular or periplasmic proteins (Baldrian 
2006). B. licheniformis is a novel, soil-isolated, melanogenic soil bacterium that 
protects strain against UV light and oxidants (Dalfard et al. 2006). It is included in 
phenolic acid dimerization (Koschorreck et al. 2008). The laccase-producing bacil-
lus endospores were isolated from soil and the enzyme involved in phenol degrada-
tion (Singh et al. 2011; Naclerio et al. 2010).

Fungal laccases are involved in the delignification of lignocellulosic material, 
protection against toxic compounds, the development of the fruiting body, sporula-
tion, fungal morphogenesis, (Dwivedi et  al. 2011), and the synthesis of virulent 
activity molecules (i.e. melanin) causing fungal diseases (Riva 2006). There are vast 
numbers of fungal laccase producers (Rodríguez Couto and Toca Herrera 2006; 
Shumakovich et  al. 2007) that belong to the basidiomycetes and ascomycetes. 
Laccase activity in the lower fungi that belong to the zygomycete (glomeromycete) 
and chytridiomycete has never been recorded.

6.3  Biodiversity of Laccase-Producing Fungi

Laccase (EC 1.10.3.2) is a benzenediol: oxygen oxidoreductase (a multicopper 
enzyme) that is capable of oxidizing phenolic compounds. It does not contain heme 
as the cofactor but copper as opposed to peroxidases; nor does it require H2O2 as the 
co-substrate but rather molecular oxygen (Baldrian 2006). So, it is one of the oldest 
enzymes ever reported. In several fungal species, laccase activity was demonstrated 
leading to the concept that laccase is produced mostly by the fungi. Nevertheless, 
this cannot be generalized, since there are other physiological classes of fungi that 
do not appear to produce laccase. The development of laccase has never been shown 
in lower fungi, that is, Zygomycetes and Chytridiomycetes (Couto and Toca-Herrera 
2007), except by a Mucor genus Zygomycete (Bonugli-santos et al. 2010).
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Many fungal species belonging to ascomycetes and basidiomycetes have shown 
laccase activity, and the enzyme has already been extracted from other species. 
Ascomycetes have many records for the production of laccase. Phytopathogenic 
ascomycetes such as Melanocarpus albomyces (D’Souza et  al. 1996), Cerrena 
unicolor (Lee et al. 2004), Magnaporthe grisea (Schlosser and Höfer 2002), and 
Trichoderma reesei (Levasseur et  al. 2010) are examples for the production and 
purification of laccases. In addition, laccase development of certain soil ascomycete 
species from the genera Aspergillus, Curvularia, and Penicillium (Scherer and 
Fischer 1998), as well as some freshwater ascomycetes (Junghanns et al. 2005), was 
also recorded in plant pathogenic species. Yeasts are a class of both ascomycetes 
and basidiomycetes that are physiologically different. Until now only the human 
yeast pathogen Cryptococcus (Filobasidiella) neoformans had purified laccase. This 
yeast develops true laccase that can oxidize phenols and aminophenols and are 
unable to oxidize tyrosine (De Jesus et al. 2008) The enzyme is strongly bound to 
the cell wall and leads to fungicide resistance (Ikeda et al. 2003). Numerous efforts 
were made to discover ligninocytic enzymes, including laccases from ectomycor-
rhizal (ECM) fungi (Cairney and Burke 1998; Burke and Cairney 2002). Many 
isolates of ECM species, such as Cortinarius, Amanita, Hebeloma, Lactarius, 
Paxillus, Piloderma, Russula, Tylospora, and Xerocomus, showed gene fragments 
closely similar to the laccase from wood-rotting fungi (Luis et al. 2004; Chen et al. 
2003a). A few fungal-forming ectomycorrhizae have been purified with Laccases: 
Cantharellus cibarius (Ng and Wang 2004), Lactarius piperatus (Iwasaki et  al. 
1967), Russula delica (Matsubara and Iwasaki 1972), Thelephora terestris 
(Kanunfre and Zancan 1998), or orchideoid mycorrhiza: Armil-lariamellea (Rehman 
and Thurston 1992a, b; Billal and Thurston 1996; Curir et al. 1997) as well as from 
the species of genera which contain both saprotrophic and mycorrhizal fungi, 
Marasmius, Agaricus, Volvariella, and Tricholoma.

To date, the function of some other ligninolytic enzyme, Mn-peroxidase, has 
only been confirmed in Tylospora fibrillosa, a species that also contains a putative 
laccase sequence (Chambers et al. 1999; Chen et al. 2003b), and probably lignin 
peroxidase, which has shown that rotting wood ascomycetes such as Botryosphaeria 
and Trichoderma also have some laccase activity. While Botryosphaeria produces a 
dimethoxyphenol-oxidizing enzyme that may be a true laccase (Vasconcelos et al. 
2000), only certain strains of Trichoderma exhibit low-level development of syrin-
galdazine are oxidizing enzymes (Assavanig et al. 1992).

Among physiological fungal classes, laccases are characteristic of wood-rotting 
basidiomycetes that cause white rot, and a similar group of litter-decomposing sap-
rotrophic fungi, the ones that cause lignin degradation. Nearly, all white-rot fungi 
species were reported to produce laccase in varying degrees, and the enzyme was 
extracted from several species (Hofrichter and Steinbüchel 2001). Brown-rot fungi, 
on the other hand, are usually not considered to have capabilities in the production 
of laccase. In Gloeophyllum trabeum, a DNA sequence with fairly high similarity to 
that of laccase was found that was capable of oxidizing ABTS (Kiiskinen et  al. 
2002). However, no laccase protein was extracted from brown-rot species, syrin-
galdazine oxidation was recently detected in Coniophora puteana brown-rot fungi 
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(“Purification and Characterization of a Laccase from Cerrena unicolor and Its 
Reactivity in Lignin Degradation,” 2002), and ABTS oxidation was recorded in 
Laetiporus sulphureus (Iyer and Chattoo 2003). Laccase being a lignin-degrading 
enzyme (LDE) must have a nonspecific kind of cleavage, since lignin itself is an 
amorphous polymer with no particular molecular structure. This laccase nonspeci-
ficity for the reduction substrate is their greatest selling point since this laccase 
activity can be applied to a number of substrates. Sometimes, the organism develops 
more than one laccase isozyme at any given time (Urzua et al. 1995). The types of 
isozymes produced often differ according to varying growth and/or nutritional con-
ditions (D’Souza-Ticlo et al. 2006a, b).

These classes of laccases enhance their activity under varying temperature, pH, 
and substrate type conditions. Laccase also frequently sports a high degree of gly-
cosylation which gives a degree of resistance to protease attacks (Yoshitake et al. 
1993) which the enzyme also finds in the wild. Nevertheless, the redox potential 
varying between different laccase isozymes is not as high as that of peroxidases, 
especially MnP. The presence of mediators increases laccases’ effective substrate 
range to include non-phenolics by reducing the effective capacity for redox. Unlike 
the other LDEs, however, laccase does not have the exclusive need for their pres-
ence, and the production of laccase should not be subject to strict limits on carbon 
or nitrogen (as is often seen in the idiophase). This is essential because one cannot 
always expect to encounter these strict conditions in nature. In the presence of many 
inducers, the most common of which is copper, laccase development can be greatly 
increased (Wesenberg et al. 2003).

Abdel-Azeem and Salem (2012) studied the biodiversity of laccase-producing 
fungi in Egypt. They screened different sources, for example, soil, wood, seaweeds, 
sponge, ascidia, drifted decaying wood, plants, and miscellaneous materials. They 
encountered as many as 60 species belonging to 33 genera. Zygomycota is repre-
sented by six species (10.16% of the total species number), teleomorphic Ascomycota 
(9 species, 15.25%), anamorphic Ascomycota (44 species, 74.57%), and 
Basidiomycota (1 species, 1.69%). Soil showed the highest Simpson’s species 
diversity index of 0.83, while contaminated wax samples and Adiantum capillus- 
veneris showed the lowest value (0). All isolated taxa were tested for laccase pro-
duction using a qualitative plate assay method by using guaiacol as a color indicator. 
Sixteen isolates showed positive reaction indicating a lignin-degrading potentiality 
and out of them, eight measured the highest zone diameter with a high oxidation 
scale. The most promising taxa were endophytic, namely, Chaetomium globosum, 
Phoma exigua, Thanatephorus cucumeris, and Sordaria fimicola; pH 7; incubation 
temperature 30 °C; and 1% maltose and 0.3% peptone supported the highest bio-
mass and laccase production for Chaetomium globosum.

In 2020, Attia et al. studied the production of antimicrobial, extracellular enzymes 
and antioxidants by endophytic teleomorphic Ascomycota associated with medici-
nal plants in Saint Katherine Protectorate in Egypt. They isolated 11 teleomorphic 
species from four medicinal plant species. Chaetomium grande and Sordaria fimi-
cola were the most frequently isolated species and represented by 12 (Chg1–Chg12) 
and 7 (Sf1–Sf7) isolates, respectively. Enzymatically, Chg5 isolate is considered a 
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resource of amylase, cellulase, protease, lipase, and chitinase. However, Sf3 isolates 
are considered as a resource of amylase, laccase, and chitinase out of six screened 
enzymes.

6.4  Laccases: A Structural–Chemical Clarification 
of Fungal Activity

Laccases (EC 1.10.3.2, p-diphenol: dioxygen oxidoreductase) are a group of multi- 
copper- containing enzymes that catalyze one-electron oxidation of phenolic com-
pounds with concomitant reduction of oxygen to water and whose active site is 
similar to that of ascorbatoxidase, cerulo-plasmin, and bilirubin oxidase. Fungi 
belonging to the basidiomycetes group which cause white rot in wood are the best- 
studied laccases to date (Baldrian 2006). Laccases are mainly extracellular glyco-
proteins (Heinzkill et  al. 1998) and are multinuclear enzymes (Gayazov and 
Rodakiewicz-Nowak 1996) with molecular weights ranging from 60 to 80 kDa and 
are multinuclear enzymes (Gayazov and Rodakiewicz-Nowak 1996). Atypical fun-
gal laccases have also been identified, however; for example, a Podospora anserine 
390 kDa laccase (Thurston 1994), while Botrytis cinerea laccase was previously 
reported as small as 38 and 36 kDa. All fungal laccases are glycoproteins (Mayer 
and Staples 2002). These biomolecules can exhibit different glycosylation levels, 
typically between 10% and 30% (Baldrian 2006). In secretion, proteolytic stability 
(Bertrand 2010), copper retention power, and thermal stability, glycosylation play 
an important role (Thurston 1994).

Generally, catalytic activity and stability may differ from one enzyme to another 
depending on the origin, pH, temperature, and culture medium used for its process-
ing. Laccases at acid pH (3–6) are stable (Nyanhongo et al. 2002), but usually pH 3 
is ideal for laccases action. Laccases can be active at a wide range of temperatures 
(20–55 °C) at an optimal temperature of 55 °C. Thermostable laccases (60–70 °C) 
were also purified and defined (Saraiva et al. 2012). The existence of isoforms was 
reported depending on the phase of the fungal growth, the existence of inducers, and 
the production process conditions. Laccases occur in different forms; they can be 
monomeric, homotetrameric, heterodimeric, and multimeric. Based on the organ-
ism, their molecular weight varies from 50 to 130 kDa (Jaiswal et al. 2015).

The mature protein is commonly a holoenzyme, which can be monomeric, 
dimeric, or tetrameric in its active form, with four copper atoms for each monomer 
(Imran et  al. 2012). There are currently more than 40 three-dimensional laccase 
structures accessible via GenBank and NCBI; the majorities are white-rot fungal 
laccase (Benson et  al. 2012). The laccase holoenzyme can exist as a monomer, 
dimer, or even as a tetramer. Each monomer contains four copper atoms that are 
divided into three redox sites and are known as copper type 1 (T1), type 2 (T2), and 
type 3 (T3). Type 1 and T2 contain one atom of copper each, while T3 contains two 
atoms of copper. The trinuclear cluster is formed together by the T2 and T3 copper 
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(Farver and Pecht 1984). The apoprotein consists of three domains with architecture 
similar to that of the ȕ-barrel type. T1 copper is found in the holoenzyme in domain 
3, while the trinuclear cluster is located between domains 1 and 3, with both domains 
having residues to coordinate the coppers. Figure 6.1 illustrates the structure of lac-
case (Piontek et al. 2002).

Type 1 copper is paramagnetic with an Electron Paramagnetic Resonance (EPR) 
signal that is well characterized. Intense electronic absorption induced by a covalent 
copper–cysteine bond gives rise to the blue color attributed to laccases, observed at 
610 nm (in the oxidized state). T1 copper is the site where substrate oxidation takes 
place, leading to its high redox potential of ~790 mV. Type 2 copper is also para-
magnetic with an EPR signal that is well characterized, that is, non-blue copper, 
though. This is positioned strategically close to the copper pair T3. Type 2 coordi-
nates copper with two histidines. Type 3 is a diamagnetic spin-coupled copper–cop-
per pair, forming a binuclear core with an oxidized state maximum absorbance of 
330  nm. The copper pair’s antiferromagnetic coupling is the reason behind the 
absence of an EPR signal (Claus 2004).

Strong anion binding can therefore activate an EPR signal (Gianfreda et  al. 
1999). A hydroxyl bridge holds the tight bonding between the two copper atoms. 
The copper center T3 is also a typical characteristic of another superfamily of pro-
teins including tyrosinases and hemocyanins. Copper type 3 is coordinated by 6 
histidines (all residues conserved). Throughout the trinuclear cluster, the reduction 
of molecular oxygen and the release of molecular oxygen occur. The total number 
of 11 preserved residues, 10 histidine and 1 cysteine, make a laccase of blue multi-
copper oxidase, along with the residues (AA’s) that coordinate the four copper 
atoms. T1 copper has trigonal coordination, with two histidines and cysteine as 
preserved equatorial ligands, and the normal variable is the axial ligand. This axial 

Fig. 6.1 Ribbon diagram of TvL. The arrangement of the domain structure is depicted in different 
colors (D1–D3). Copper ions are drawn as blue spheres. Carbohydrates and disulfide bonds are 
included as stick models. (Source: Piontek et al. 2002)
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ligand in fungal laccases is phenylalanine (F) or leucine (L) and methionine (M) in 
the bacterial (Cot A).

The essential residue is shown in bold reflecting part of the essential pentapep-
tide found by abox, present across kingdoms. The E° of a Trametes villosa laccase 
was substantially reduced by a mutation from phenylalanine to methionine (Kumar 
et  al. 2003). It has been widely argued that this axial ligand position affects the 
enzyme’s E° significantly, potentially providing the mechanism to control its activ-
ity (Claus 2004). The theory is confirmed by the Trametes versicolor laccase (TvL) 
crystal structure. The E° of laccase is a description of a variety of factors, one of 
which is the coplanar trigonal coordination of copper T1. The T1 copper is in a 
distorted tetrahedral (fourfold coordinated) structure in most of the blue copper pro-
teins, while the T1 copper core in laccase is trigonal coplanar-coordinated (three-
fold coordinated). The involvement of ligands brings about this coordination of 
copper. The ligands are supplied by a cysteine’s S-atom (sulfur), and two histidines’ 
N81 nitrogen. The T1 core has an additional axial ligand in the other blue proteins, 
which is contributed by the S-atom of a methionine, while in laccase methionine, as 
seen in TvL and Coprinus cinereus laccase (CcL), respectively, it is replaced by 
either F or L at this position. None of these amino acids is involved in the coordina-
tion, resulting in this additional ligand being absent. As a result of this structure, the 
copper ion lies almost within the plane created by the one S and two N (nitrogen) 
ligands, while in other copper proteins, the copper lies above the plane toward the 
additional S ligand due to the presence of an additional axial ligand. Thus, T1 cop-
per coordination in laccase is distinct from those found in blue copper proteins, such 
as ascorbate oxidase, plastocyanine, and azurine, which provide an additional 
axial ligand.

The lack of this axial ligand attributes a moderate elevation of the redox potential 
in the laccase, which is present in other blue copper proteins (Piontek et al. 2002). 
The E° varies within the laccases too; the presence of a longer Cu1-N82 (His458) 
bond distance has been shown to correspond with an increased E° of laccase 
(Piontek et al. 2002). It has been shown that the Trametes versicolor laccase (TvL) 
has a high E° while the CcL has low E°. A comparison of these two structures can 
account for the difference in the redox potential. A small a-helix (residues 455–461) 
carrying the T1 copper-ligating His458 in TvL shows a higher displacement from 
the Type I copper atom, when compared to its corresponding CcL position. An elon-
gated Cu–N bond influences the redox potential as the contribution of the free elec-
tron pair from the N to the copper decreased, making the copper more deficient in 
electron. That would lead to a destabilization of the higher oxidation states, that is, 
may raise the redox potential of the T1 copper. An H-bond formed between Glu460 
and Ser113 is the explanation for such a displacement of the small Į-helix carrying 
the T1 copper-ligating His458 in TvL. The Ser113 is located in the opposite domain, 
domain 1 (D-1), and is one of three residues responsible for this H-bond formation. 
This H-bond would possibly force the Į-helix into an inappropriate conformation of 
the main chain.

As a consequence of this attractive H-bond formation, the whole helix, contain-
ing the His458, is pulled toward D-1, thereby increasing the Cu-N gap, thus giving 
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rise to an elongated Cu-N bond (Fig. 6.2). In CcL, a methionine replaces Glu460, 
and a glycine replaces the position corresponding to Ser113. Consequently, an 
H-bond cannot be formed due to the lack of a suitable H-bond donor and acceptor 
(Piontek et al. 2002). Continue to say that the redox potential can be increased by 
more than 200 mV by reducing the contribution of electron density to the metal 
cation (Cu) by expanding the bond between the ligating amino acid and the metal. 
This movement may be induced by an effective hydrogen bond that results in the 
polypeptide segment being displaced, which carries the coordinating amino acid 
(Piontek et al. 2002).

Fig. 6.2 Schematic drawing illustrating (a) the distance between significant amino acids for redox 
potentials of laccases, and (b) the movement of a helical segment in the enzymes. (According to 
Piontek et al. 2002)
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6.5  Bioinformatic Analysis Revealed High Structural 
Diversity of Fungal Laccases

Ordinarily, laccases are monomeric extracellular glycoproteins with different 
molecular weights, extending between 50 and 140 kDa, with an incredible differ-
ence both in size (10–45% of the whole weight) and in glycosylation size (Claus 
2004). Most fungal laccases contain a total of 520–550 amino acids, not counting 
the signaling peptide arrangement (~20 buildups) (Thurston 1994). Figure 6.3 rep-
resents the ordinary collapsing in Basidiomycete’s laccase. The three cupredoxin- 
like domains, organized in a sequential manner (domains 1, 2, and 3 are depicted in 
green, yellow, and red, respectively). Each one of them has a β-barrel topology well 
known to all members of the MCOs (Medicaid managed care organizations) family 
(Giardina et al. 2010). Copper type 1 (Cu T1) is found in domain 3, whereas the 

Fig. 6.3 Laccase’s structure cupredoxin-like domains. The sequence shown corresponds to the 
2QT6 laccase structure in Lentinus tigrinus. Domain one is represented in green, yellow for 
domain two, and red for domain three. (The sequences used to generate the figure were retrieved 
from the Protein Data Bank (www.pdb.org) and Classification of Protein Structure Database CATH 
(www.cathdb.info))
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trinuclear center coordinates between spaces 1 and 3; both spaces give buildups for 
copper coordination. The structure is stabilized by two disulfide bonds; the primary 
bond found between domains one and three and the other one between domains one 
and two (Zhukova et al. 2010). Different alignment studies, more than 100 laccase 
sequences, have explained their tertiary structure. Their redox sites and copper 
coordination are exceedingly preserved (Kumar et al. 2003).

The eight ligands of His in the trinuclear cluster T2/T3 show an exceedingly 
conserved pattern with four His-X-His motifs. The X motif is a Cys that binds Cu 
T1, while the adjacent His bind each a Cu T3 site. At 35–75 amino acid distances, 
there is another His-X-His motif, and near to the amino terminal, there are two other 
motifs, separated by 35–60 amino acid residues (Solomon et  al. 2008). Twelve 
amino acids act as ligands for four Cu atoms and are found within four segments of 
separate sequences with a length of 8 and 24 residues (L1–L4). This feature recog-
nizes laccase from other blue multicopper oxidases. Moreover, laccases have an 
intraprotein homology between L1 and L3 as well as L2 and L4. This recommends 
that in laccase’s evolution, a duplication event happened. The impressive active 
location conservation of numerous copper oxidases recommends that the activity 
related to the three diverse Cu sites was a early evolutionary event (Zumárraga et al. 
2007). To illustrate the exceedingly preserved 3D structure, we conducted an align-
ment with out of 38 sequences of fungal laccase structures from Ascomycetes and 
Basidiomycetes (Table 6.1).

All sequences were obtained from Protein Data Bank (PDB) with already 
detailed crystallography structures. Alignment does not involve sequences with 
induced mutations and duplicate sequences and sequences with no available citation 
(Fig. 6.4). Since the first report conducted on laccase enzymes from fungal sources 
(Ducros et al. 1998), few crystallography laccases structures have been established. 
Up till now, 66 structures of laccases can be obtained from PDB. Thirty-eight are of 
fungal sources; 26 of them come from 12 taxa of Basidiomycetes, Coprinopsis cine-
rea, Coriolus zonatus, Cerrena maxima, Coriolopsis gallica, Lentinus tigrinus, 

Fig. 6.4 Laccase ClustalW2 alignment. All sequences had determined crystallography structures. 
Identical positions are marked with an asterisk and joining sites between ligands (amino acids) 
with copper atoms indicated in black. L1–L4 represents four conserved regions of fungal laccases. 
The dashes represent gaps in the alignment; the numbers refer to the amino acid sequence Larkin 
et al. (2007)
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Table 6.1 Laccase structures in Basidiomycetes and Ascomycetes fungi respectively

Fungi Organism Molecule PDB Resolution Length Chains Weight

Basidiomycetes Coprinopsis 
cinerea

Laccase 1A65 2.23 504 A 55,080.08
Laccase-1 1HFU 1.68 503 55,367.24

Trametes 
versicolor

Laccase 1KYA 2.40 499 A-B- 
C-D

221,719.74

Laccase-2 1GYC 1.90 A 55,989.82
Rigidoporus 
lignosus

Laccase 1V10 1.70 521 55,858.68

Cerrena 
maxima

2H5U 1.90 499 55,670.18

Coriolus 
zonatus

2HZH 2.60 54,122.88

Trametes trogii 2HRH 496 54,247.49
2HRG 1.58 55,104.45

Lentinus 
tigrinus

2QT6 1.50 498 A-B 112,749.96

Trametes 
hirsuta

3FPX 1.80 499 A 56,465.33

Cerrena 
maxima

3DIV 1.76 56,220.02

Trametes sp. 
AH28-2

Laccase 
B

3KW7 3.44 502 A-B 110,887.03

Trametes 
hirsuta

Laccase 3PXL 1.20 499 A 56,354.35

Coriolopsis 
gallica

4A2H 2.30 496 54,464.58
4A2E 1.80 53,906.09
4A2D 2.30 54,383.02

Pycnoporus 
cinnabarinus

2XYB 1.75 497 57,999.61

Trametes 
hirsuta

3V9C 2.00 499 56,402.35

Steccherinum 
ochraceum

3T6W 2.15 495 A-B-C 163,303.82
3T6V 2.00 163,207.82
3T6X 2.15 163,303.82
3T6Z 162,875.51
3T71 163,207.82

Coriolopsis 
gallica

Laccase 4A2G 1.80 496 A 53779.00
4A2F 1.90

(continued)
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Rigidoporus lignosus, Steccherinum ochraceum, P. cinnabarinus, T. hirsuta, 
Trametes sp., T. versicolor and Trametes trogii; and the remaining 12 structures 
come from 3 taxa of Ascomycetes, Botrytis aclada, Melanocarpus albomyces, and 
Thielavia arenaria. Many crystallography resolutions extending from 1.20 to 
3.34 Å have been utilized to describe laccase 3D structures (Andberg et al. 2009; 
Bertrand et al. 2002; De la Mora et al. 2012; Ducros et al. 1998; Kallio et al. 2009, 
2011a, b; Polyakov et al. 2009; Zhukova et al. 2010). Many contrasts have been 
noted as a consequence of the natural differences in molecules, protein extraction 
conditions, crystallography procedures resolution, or depending on X-rays doses. 
For illustration, 12 different crystallographic structures of laccases have been 
obtained from Ascomycetes. Two correspond to laccase from B. aclada, nine to 
laccase- 1 from M. albomyces, and only one corresponds to a laccase from T. are-
naria (Kallio et al. 2011a). They achieved structure 3PPS with a 2.5 Å resolution. 
This structure, 3PPS Asn, is the amino acid residue created for catalytic proton 
transfer in contrast to Gln in laccase-1 from M. albomyces. Additionally, the loops 
in the region of copper type 1 site shape the pocket where the substrate binds (Kallio 
et al. 2011a).

Ferraroni et al. (2007) acquired structure 2QT6 from a laccase enzyme in L. tig-
rinus solved at 1.5 Å of resolution. This structure revealed an asymmetric unit (qua-
ternary St.) consisting of two molecules of laccase A and B. De la Mora et al. (2012) 
recorded five various structures for the same laccase from C. gallica: 4A2D, solved 
at 2.0 Å resolution; 4A2E, solved at 1.8 Å resolution; 4A2G, solved at 1.8 Å resolu-
tion, 4A2F, solved at 1.9 Å resolution; and 4A2H, solved at 2.3 Å resolution. Their 
differences depend on the truth they were extracted at various pH (4.5, 5.5, and 7.0, 
respectively) during the fugal isolation process. Structural alters were caused by 

Table 6.1 (continued)

Fungi Organism Molecule PDB Resolution Length Chains Weight

Ascomycetes Melanocarpus 
albomyces

Laccase-1 1GW0 2.40 559 A-B 132,161.81
2IH9 2.00 129,934.94
2IH8 130,864.68
2Q9O 1.30 131,889.56
3DKH 2.40 130,716.04
3FU9 2.00 128,050.20
3FU8 1.80 130,976.90
3FU7 1.67 131,164.01
3QPK 1.90 129,328.47

Thielavia 
arenaria

Laccase 3PPS 2.50 604 A-B- 
C-D

276,674.96

Botrytis aclada 3SQR 1.67 580 A 66,902.22
3V9E 1.70 66,429.93

These structures were recorded in Protein Data Bank (PDB) gotten by Crystallography and X-ray 
diffraction, resolution units are Å, weights are in Da and lengths are in amino acid (AA). Proteins 
with two or more chains are homooligomeric Fungi Organism Molecule PDB Resolution Length 
Chains Structure weight (Rivera-Hoyos et al. 2013)
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crystallography resolution variations and radiolysis and radiation-induced reduc-
tion. On the other side, the crystal structure of a blue laccase from S. ochraceum has 
been solved at 2.0 Å resolution, using classic data collection from a single crystal 
(3T6V). The main structural features are characteristic of this class of enzymes; 
moreover, distances within the trinuclear copper cluster are indicative of a reduction 
of the metal centers generated by free electrons produced during X-ray data collec-
tion. Besides, for this study, the authors obtained four additional structures with 
various X-ray dosages (3T6W, 3T6X, 3T6Z, and 3T71; all of them solved at 2.15 Å 
resolution).

Results obtained at progressively increased X-ray doses are aligned with reduc-
tion of copper centers which permits the binding of the oxygen; the dioxygen is 
reduced to peroxide, and as a result, an extra reduction is detected resulting in its 
splitting in two oxide/hydroxide ions (Ferraroni et al. 2012). Structural data obtained 
from crystallography are important for understanding the protein’s properties, espe-
cially the catalytic site. To date, the number of laccase structures created by crystal-
lography represents only a small fraction when compared to the broad variety of 
laccase isoforms recorded. The deficiency of data can be explained by complica-
tions, mainly related to isoform separation during laccase’s crystallization process 
(Piontek et al. 2002). These difficulties result in data from structural identification 
that might not be consistent with facts. While it is important to high emphasize the 
efforts seeking to understand laccase’s structures, despite the fact that the rest of the 
molecule is different among various laccases, a high degree of conservation is evi-
dent in domains related to copper resulting in what some authors have named “sig-
nature sequence” (Alcalde 2007) and have characterized laccases in a unique way.

6.6  Electron Transfer and Reaction Mechanism of Laccases

Laccase catalysis occurs with the reduction of one oxygen molecule to water fol-
lowed by one-electron oxidation of a wide variety of aromatic compounds, includ-
ing methoxy-substituted monophenols, polyphenols (Bourbonnais and Paice 1990), 
and aromatic amines (Bourbonnais et al. 1995). This oxidation results in the forma-
tion of free radicals based on oxygen which can be converted into quinone in a 
second catalyzed enzyme reaction (Gianfreda et al. 1999). Figure 6.5 illustrates the 
mechanism of laccase catalysis, modified from Baldrian (2006). The catalysis of 
laccase is viewed as consisting of three major steps (Gianfreda et al. 1999).

6.6.1  Mononuclear Copper Center Reduction

The reducing substrate (commonly phenolic compounds) loses an electron to lac-
case (Gianfreda et al. 1999). This electron reduces the T1 copper (at the mononu-
clear copper center) located just below the binding site of the substrate (Piontek 

6 Fungal Laccases to Where and Where?



220

et al. 2002). The oxidized substrate has become a radical that can either donate the 
second electron to the T1 copper and become a quinone or participate directly in any 
nonenzymatic reactions that result in either polymerization or depolymerization. By 
passing the electron to the trinuclear copper cluster, the reduced T1 copper oxidizes 
itself. Thus, there are four such monoelectronic T1 copper reductions that occur 
sequentially (Gianfreda et al. 1999).

6.6.2  Internal Electron Transfer from the Mononuclear 
Copper to the Trinuclear Copper Center

A concept based on experimental evidence that the O2 molecule first binds to the T2 
and any of the T3 copper atoms has been suggested. This then undergoes asymmet-
ric activation that results in the formation of four O-H bonds during the generation 
of two water molecules. The oxygen-binding pocket, in addition to molecular oxy-
gen, appears to limit the entry to oxidizing agents that may account for the exclusiv-
ity of laccase for the substrate oxidation. that is molecular oxygen (Gianfreda et al. 
1999), as contrasted to its low affinity for the substrate reduction.

Fig. 6.5 Mechanism of laccase catalysis. (Modified from Baldrian 2006)
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6.6.3  Reduction of Molecular Oxygen at the Trinuclear 
Copper Center

The reduction occurs with the concomitant release of water at the trinuclear cluster 
(Claus 2004). Because of the direction that the nonenzymatic reactions take, this 
fundamental catalyzed laccase reaction has two very divergent fates (Mayer and 
Staples 2002). They could also result in polymerization by the cross-linking of 
monomers or depolymerization of existing polymers (Claus 2004). The destiny of 
the reaction depends on the type of laccase that catalyzes the reaction as well as the 
reaction’s direct microenvironment. Ascomycete laccases like the Melanocarpus 
albomyces laccase (MaL) have different structures than basidiomycete laccases 
such as TvL. The oxygen attaches here with a novel geometry; the cosubstrate oxy-
gen enters the trinuclear cluster via a tunnel that is completely open in basidiomy-
cete laccase while in MaL, the C-terminus forms a mobile plug that can obstruct 
this entry.

So, it may be captured by this plug after the oxygen has entered, resulting in 
stabilized binding of dioxygen. This C-terminal blockage of ascomycete laccase 
significantly decreases the rate of the free inflow of O2 and the release of water 
molecules, thus providing the oxidized free radicals in the surrounding atmosphere 
a chance to polymerize, while in the case of basidiomycete laccase, the rapid 
exchange of O2 and water does not enable free radicals to build up in the microen-
vironment thus avoiding polymerization. This blockage of the C-terminal is proba-
bly characteristic of ascomycete laccase and may clarify why ascomycete laccase is 
usually involved in polymerization reactions, whereas basidiomycete laccase is 
involved in depolymerization reactions (Hakulinen et al. 2002). Therefore, laccase 
catalyzes two opposite reaction types—depolymerization and polymerization reac-
tions using one single action mechanism, free radical formation. Both laccase sys-
tems are a by-product of such two opposing reactions.

6.7  Laccase Cultivation

Fungi, especially filamentous fungi, are used for the large-scale production of lac-
case enzymes in different cultivation techniques. Laccase enzyme can be produced 
by fungal species under both solid-state and submerged fermentation using natural 
and synthetic media for enhancing the production yield (Sharma and Kuhad 2008). 
Laccase enzyme produced by both solid-state and submerged fermentation is higher 
in the case of rice bran than other substrates. The rice bran inductive capability is 
based on phenolic compounds such as vanillic acid and ferulic acid which induces 
laccase production (Munoz et  al. 1997). Many agricultural wastes such as grape 
stalks, grape seeds, barley bran (Lorenzo et al. 2002), cotton stalk, molasses waste 
water (Kahraman and Gurdal 2002) bran, and wheat (Souza et al. 2002) are also 
used as a substrate for laccase production.
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6.7.1  Qualitative Assays and Quantitative Determinations 
of Laccases

Recent studies have reported that ligninolytic enzymes can be produced using plant 
raw materials as substrates. Production of ligninolytic enzymes, particularly the 
production of Laccases, should be enhanced for optimum utilization. Optimization 
of laccase production includes searching for new microbial strains and modifying 
the physicochemical needs of the potential microbial strains like WRF (white Rot 
Fungi). For instance, WRF which were isolated and identified from Dagaga-Gambo 
natural and plantation forests were qualitatively assayed for laccase productions and 
then laccases of the potential WRF were characterized and their productions were 
optimized.

6.7.2  Qualitative Assays of WRF for Laccase 
Production Potential

WRF were qualitatively screened utilizing the lignin-modifying fungal enzymes 
basal medium (LBM) supplemented with tannic acid (Pointing 1999). The lignino-
lytic activity was examined for 10 days, and the appearance of brown oxidation 
zone below and around cultures was recorded. The culture diameter and col-
ored zone

 
E1 =

Diameter of hydrolysis zone

Diameter of colony  

6.7.2.1  Quantitative Estimation of Fungal Laccases

6.7.2.1.1 Inoculum Preparation

Inocula of the chosen ligninolytic fungi were prepared using a standard medium of 
Altaf et al. (2010). Four disks (Ø 0.5 mm) of each isolate were inoculated and grown 
in 100 mL of the standard media in 250 mL flask at 150 rpm and room temperature. 
After 6 days of incubation, the mycelial pellets were harvested, homogenized, and 
utilized as inocula for submerged and solid-state fermentations in the quantification 
of Laccases.
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6.7.2.1.2 Submerged Fermentation

SmF included the growing of microorganisms in high oxygen concentrated liquid 
nutrient medium. But viscosity of broth is a major problem associated with the fun-
gal submerged fermentations. So different strategies have been involved to recover 
this problem. Bioreactor operates in a continuous manner for obtaining high effi-
ciency. Species of Trametes versicolor is employed which decolorizes the synthetic 
dye, and for this purpose, pulsed system has been developed (Blanquez et al. 2007). 
Broth viscosity, oxygen, and mass transfer problems are solved by cell immobiliza-
tion. A study by Luke and Burton (2001) reported that continuous laccase produc-
tion takes place without enzyme deactivation for a period of 4 months due to the 
immobilization of Neurospora crassa on the membrane. For bioremediation of pen-
tachlorophenol (PCP) and 2,4-dichlorophenol (2,4 DCP), nylon mesh is used for 
comparing the free cell culture of T. versicolor with immobilized cultures. At the 
same time, Schliephake et al. (2000) produced laccase by Pycnoporus cinnabarinus 
immobilized on cubes of nylon sponge in a 10-L packed bed bioreactor operated in 
a batch mode. Also, Park et al. (2006) found that immobilization of the white-rot 
fungus Funaliatrogii in Na-alginate beads allowed the efficient decoloration of dye 
Acid Black 52. Another factor affecting laccase production is agitation.

This study investigated that in fixed bed bioreactors, stainless steel showed the 
highest laccase activity among different synthetic materials that were used as carri-
ers for the immobilization of Trametes hirsute (Sedarati et  al. 2003). Also, Hess 
et al. (2002) found that laccase production by Trametes multicolor decreased con-
siderably when the fungus was grown in stirred tank reactor, presumably because of 
damage to mycelia. A study by Mohorcic et al. (2004) found that it was possible to 
cultivate the white-rot fungus Bjerkandera adusta in a stirred tank reactor after its 
immobilization on a plastic net although very low activities were attained. Tavares 
et al. (2006) observed that agitation did not play an important role in laccase pro-
duction by T. versicolor. Fed-batch mode of operation is shown to be an effective 
way of producing laccase. Also, Galhaup et al. (2002) found that operating in fed 
batch increased the laccase production of T. pubescens by twofold and obtained a 
higher laccase activity. The laccase enzyme was extracted from Pleurotus ostreatus 
PVCRSP-7 species through submerged fermentation method by using statistically 
optimized media components, which had shown higher laccase production as well 
as higher enzyme activity up to 2.5-fold compared to the normal production method 
(Chiranjeevi et al. 2014).

6.7.2.1.3 Solid-State Fermentation

SSF is defined as a fermentation process occurring in the absence or slight absence 
of free liquid, employing an inert substrate (synthetic materials) or a natural sub-
strate (organic materials) as solid support (Pandey et al. 1999). SSF is shown to be 
suitable for the production of enzymes by filamentous fungi because they mimic the 
conditions under which the fungi grow naturally (Kumar and Mishra 2011), so SSF 
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is considered one of the best methods for the culture of filamentous fungi and the 
production of ligninolytic enzymes because they are grown under conditions that 
emulate their natural habitat and as a result can produce certain enzymes at high 
levels, higher than in submerged fermentation conditions (Kumar and Mishra 2011).

The lignin, cellulose, and hemicelluloses are rich in sugar and promote fungal 
growth in the fermentor and make the process more economical (Couto and Toca- 
Herrera 2007). Gomez et al. (2005) report the use of lignocellulosic wastes as sub-
strate, resulting in a 25-fold increase in the production of laccase using the fungus 
Coriolopsis rigida using SSF. Also, Moldes et al. (2003) used grape seeds as a lig-
nocellulosic source to increase the activity of T. hirsute tenfold. The major draw-
back is the bioreactor design in which heat and mass transfer are limited. The major 
disadvantage with SSF is the lack of any established bioreactor designs. So different 
bioreactor configurations have been studied for laccase production such as immer-
sion configuration. Couto et al. (2003) tested three bioreactor configurations immer-
sion, expanded bed and tray for laccase production by T. versicolor using, and inert 
(nylon) and noninert support (barley bran). They found that the tray configuration 
led to the best laccase production. Couto et al. (2006) make comparison between 
tray and immersion configurations for the production of laccase by T. hirsuta using 
grape seeds as substrate, resulting in tray configuration gave the best results. Also, a 
study by Rosales et al. (2007) reports tray configuration produced higher laccase 
activity in T. hirsuta cultures raised on orange peels.

6.7.3  Optimization of Fungal Laccases Production

Laccases were generally produced during the secondary metabolism of different 
fungi growing on a natural substrate or in submerged culture. Various cultivation 
parameters such as carbon source (sugars or lignocellulosic residues), nitrogen 
source, pH, temperature, Aromatic Compounds, microelements, and biological 
interaction influence laccase production (Missall et al. 2005; Lorenzo et al. 2006). 
Gayazov and Rodakiewicz-Nowak (1996) reported faster laccase production under 
semi-continuous production with high aeration and culture mixing compared to 
static conditions. It was found that the production of high titers of laccase was not 
dependent on high biomass yields. Subsequent sections delineate the role of differ-
ent process parameters in laccase production.

6.7.3.1  Influence of Carbon on Laccase Production

Breakdown of carbon sources liberates energy that is utilized by all organisms for 
growth and development. Glucose is the most readily available carbon source used 
by white-rot fungi (Levin et al. 2002). The use of excessive concentrations of glu-
cose as a carbon source in the cultivation of laccase-producing fungal strains has an 
inhibitory effect on laccase production. An excess of sucrose or glucose reduces the 
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production of laccase, as these components allow constitutive production of the 
enzyme. A simple but effective way to overcome this problem is the use of cellulose 
as a carbon source during cultivation (Eggert et al. 1996b). Glucose at (5 g/L) in the 
liquid medium supported laccase production by Trametes gallica (Buswell et  al. 
1995). Collins and Dobson (1995) reported that glucose at (10 g/L) enhanced the 
growth and laccase production by Coriolus versicolor. In Ganoderma lucidum, glu-
cose at (20 g/L) increased the mycelial growth but at (10 g/L) favored for expression 
of the enzyme (Perumal 1997). In Trametes versicolor, the amount of glucose at 
higher concentration (20  g/L) is favored for laccase production (Minussi et  al. 
2007b). The maximum titers of extracellular laccase in cultures of Lentinula edodes 
and Grifola frondosa were grown in a liquid medium with (10  g/L) glucose 
(Cavallazzi et al. 2005). Maximum laccase production was obtained using response 
surface methodology with glucose (15.21 g/L) as the carbon source for Pleurotus 
florida NCIM 1243 (Palvannan and Sathishkumar 2010).

Among several carbon sources tested, the malt extract was found to be the best 
carbon source in the medium for pronounced laccase production by Phlebia 
floridensis, P. brevispora, P. radiata, and P. fascicularia (Da Cunha et al. 2003). A 
study by D’Souza-Ticlo et al. (2006a, b) screened different carbon sources for maxi-
mum laccase production by Botryosphaeria sp. They have screened glucose, fruc-
tose, galactose, galacturonic acid, xylose, lactose, sucrose, mannitol, pectin, and 
inulin and found increased laccase production with most carbon sources studied 
except inulin and galacturonic acid.

6.7.3.2  Influence of Nitrogen Sources on Laccase Production

Laccases of white-rot fungi are mainly activated during the secondary metabolic 
phase of the fungus and are often triggered by nitrogen depletion (Leatham and 
Kent Kirk 1983). Fungal laccases are often triggered by nitrogen depletion, but it 
was also found that in some strains, nitrogen concentration had no effect on the 
enzyme activity (Leatham and Kent Kirk 1983). In a study by Buswell et al. (1995) 
it was found that laccases were produced at high nitrogen concentrations although 
it is generally accepted that a high carbon to nitrogen ratio is required for laccase 
production. Laccase was also produced earlier when the fungus was cultivated in 
nitrogen-rich media rather than the nitrogen-limited media (Heinzkill et al. 1998). 
A study by Chen et al. (2003b) reported a rise in nitrogen concentration from (0.25 
to 2.0  g/L) enhanced laccase synthesis yield. Higher nitrogen levels are often 
required to enhance laccase production (Baldrian and Gabriel 2002) but with certain 
fungi, nitrogen-limited culture conditions simulate the formation of the laccase 
enzyme (Lo et  al. 2002). The optimum nitrogen concentration for obtaining the 
highest laccase activity from Pycnoporus sanguineus (820 mU/mL) is provided by 
a sucrose-asparagine medium containing five times as much asparagine as Kirk’s 
medium (Sharma and Arora 2010).

The peptone considered as greatest nitrogen source improved laccase production 
(1.8-fold increase) (Strong 2011). Revankar and Lele (2006) obtained the highest 
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laccase activities by Trametes versicolor MTCC 138 by using a complex nitrogen 
source (yeast extract). Leatham and Kent Kirk (1983) screened different nitrogen 
sources, namely, KNO3, glutamic acid, beef extract, glycine, and corn steep liquor, 
which resulted in glutamic acid with low concentration yielding higher amounts of 
laccase.

6.7.3.3  Influence of pH on Laccase Production

The pH of the culture medium is critical and plays a significant role in the growth 
and laccase production of the organism. The information about the influence of pH 
on laccase production is little available, but when fungi are grown in a medium with 
pH 5.0, laccase will be produced in excess (Thurston 1994). Most reports indicated 
initial pH levels set between pH 4 and 6 prior to inoculation, but the levels were not 
controlled during most cultivations (Thurston 1994). The optimum pH of laccase 
production, as reported in many fungi, falls between 5 and 6 (Papinutti et al. 2003). 
In white-rot basidiomycetes Fomessclero dermeus show maximum titers of laccase 
and biomass were observed in the medium adjusted to pH 6, the optimal range for 
the laccase isoforms secreted by Trametes pubescens fungal strain has been reported 
between pH 3 and 4.5 (Strong 2011). Laccases from fungi have been found in wide 
applications ranging from the pharmaceutical sector to the pulp and paper industry.

6.7.3.4  Influence of Temperature on Laccase Production

The temperature always plays a vital role in the growth and laccase production of 
the organism. It has been found that the optimal temperature for fruiting body for-
mation and laccase production is 25 °C in the presence of light but 30 °C for laccase 
production when the cultures are incubated in the dark (Thurston 1994). In general, 
the fungi have been cultivated at temperatures between 25 and 30 °C for obtaining 
optimal laccase production (Pointing et  al. 2000). But in other reports, laccase- 
producing fungi cultivated at temperatures higher than 30 °C, the activity of laccase 
was reduced (Zadrazil et al. 1999). The wood-decaying basidiomycete Steccherinum 
ochraceum isolate 1833 was reported to produce three highly thermostable laccase 
isoforms with maximum activities in the region 75–80 °C (Hilden et al. 2009). So, 
the optimum production of laccase can differ greatly from one strain to another 
under different temperatures.

6.7.3.5  Influence of Metal Ions on Laccase Production

The induction of laccase by metal ions can be explained in terms of defense from 
toxic stress, as the laccase enzyme is involved in the synthesis of pigments to pre-
vent metal uptake (Lorenzo et al. 2006). The effect of copper on laccase synthesis 
was also effective for several other basidiomycetes and hence could be used as a 
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simple method to improve the production of the enzyme (Huber and Lerch 1987). 
Different isoforms exhibit different characteristics with respect to copper in 
P. ostreatus (Tinoco et al. 2001). The addition of copper sulfate (150 μM) to the 
medium culture resulted in an increase in the production up to 500-fold of certain 
laccase isoforms, as in the case of laccase isoform POXA1b, while isoforms were 
not affected, such as POXA1w (Palmieri et al. 2000). Copper has been reported to 
be a strong laccase inducer in several species, for example, Grifola frondosa, 
Lentinula edodes, Neurospora crassa, Shiraiabam busicola strain GZ11K2, 
Phanerochaete chrysosporium, Pleurotus sajorcaju, Panus osteratus, Pleurotus 
florida NCIM1243, Peniophora sp., Paecilomyces sp. WSHL07, Trametes versi-
color, Trametes trogii, and Volvariella volvacea (Viswanath et al. 2014). The metal 
concentration added to the culture medium affected the LacI/LacII ratio. The pres-
ence of Mn2+, Cd2+, or Zn2+ in the culture medium increased the LacI/LacII propor-
tion by nearly 100% in comparison to the control cultures. The highest LacI/LacII 
activity ratio approximately (0.51) was obtained from cultures with (5 mM) copper 
sulfate, attaining values 360% and 155% higher than those obtained from cultures 
with (2–3.5 mM) copper sulfate, respectively (Lorenzo et al. 2006).

Pleurotus ostreatus produces four different laccases in potato-dextrose medium 
supplemented with yeast extract and CuSO4 (Palmieri et al. 2000). Also, this study 
demonstrated that copper increases the transcription of the laccase genes poxc and 
poxa 1b of P. ostreatus (Faraco et al. 2003). In other studies, Klonowska et al. (2001) 
reported that Marasmius quercophilus produces only one laccase (LacI) in a liquid 
medium with malt extract. The medium supplemented with CuSO4 permits the 
induction of three other isoforms, increasing the total activity ten times. Additionally, 
cultures supplemented with CuSO4 and p-hydrobenzoic acid exhibited a 30-fold 
increase in total activity compared to basal production. Palmieri et al. (2000) found 
that the addition of (150 𝜇M) copper sulfate to the cultivation media can result in 
15-fold increase in laccase activity compared to a basal medium. Huber and Lerch 
(1987) reported that Trametes pubescens grown at (2.0 mM) CuSO4 exhibited high 
laccase activity (65 U/mL).

6.7.3.6  Influence of Biological Interaction on Laccase Production

Laccases are important to the virulence of many fungal pathogens or as a defense 
mechanism in ligninolytic fungi, so study the effects of changes in extracellular 
enzymatic activities during fungal co-cultures is important (Missall et  al. 2005). 
Laccase induction and production have been examined in many cultures of Lentinula 
edodes, Trametes versicolor, and Pleurotus ostreatus infected with Trichoderma sp. 
Savoie and Mata (1998) reported the induction of laccase from Lentinula edodes in 
liquid cultures challenged with Trichoderma sp. Hatvani et al. (2002) also studied 
the existence of laccase repression in Lentinula during coculture with different 
strains of Trichoderma and induction with their supernatants. A study by Baldrian 
(2006) reported an increase in production in solid-state laccase cultures by 18 
strains of ligninolytic fungi in response to a strain of Trichoderma harzianum. The 
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production and profile of laccase isoforms from Agaricus bisporus and Pleurotus 
ostreatus as a function of the type of infection with Trichoderma sp. was studied by 
Flores et al. (2009). In their studies, solid cultures were used to evaluate the effects 
of the interaction with extracellular metabolites. These results revealed an increase 
in the production of laccase in in vitro cultures (in a solid medium) of Agaricus 
bisporus and Pleurotus ostreatus infected with non-laccase producing strains of 
Trichoderma.

6.7.3.7  Influence of Aromatic Compounds on Laccase Production

Laccase production by ligninolytic fungi can be considerably stimulated by a wide 
variety of aromatic compounds related to lignin and its derivatives (Marqués de 
Souza et al. 2004). Aromatic compounds that are structurally related to lignin, such 
as xylidine, ferulic acid, and veratric acid, are routinely added to fungal cultures to 
increase laccase production (Arora and Rampal 2002). Lu et al. (1996) found that 
the addition of xylidine as an inducer had the most pronounced effect on laccase 
production. The addition of (10 𝜇M) xylidine after 24 h of cultivation gave the high-
est induction of laccase activity and increased laccase activity by ninefold. At higher 
concentrations, the xylidine had a reduced effect probably due to toxicity. Xylidine 
is known to increase laccase transcription in Trametes villosa, Trametes versicolor, 
and P. sajorcaju (Viswanath et  al. 2014). A dark precipitate was observed in 
xylidine- induced cultures of T. versicolor and has been suggested that it may repre-
sent a laccase polymerized form of aromatic compounds (Soden and Dobson 2001). 
Rodrıguez-Couto et al. (2002) reported the production of laccase in Trametes versi-
color in semi-solid-state fermentation and proved that the addition of xylidine 
caused laccase activity to reach approximately (1700 U/L). Xylidine is the most 
widely reported inducer of laccase production and enhanced laccase specific pro-
duction by fourfolds in Coriolopsis polyzona (Jaouani et al. 2006).

Earlier studies on white-rot fungi have shown that methylation of lignin-related 
aromatics inhibits fungal growth only at higher concentrations (5 and 10 mM) with 
stimulation occurring at (1 mM) concentration (Barbosa et al. 1996). The type and 
composition of the medium culture and the use of inducers play important roles in 
the productivity and profile of the laccases obtained, for example, in Trametes sp., 
the genes lcc1 and lcc2 were induced in cultures where veratrilic acid was added, 
while the gene lcc3 was not induced by this compound and was repressed by glu-
cose (Mansur et al. 1998). The use of ferulic acid and vanillin increased laccase 
production ten times in submerged cultures of Pleurotus pulmonaris (Marqués de 
Souza et  al. 2004). These authors demonstrated that while LacI and LacII were 
produced in non-induced cultures, the cultures supplied with vanillin and ferulic 
acid only produced lacII and lacIII. Veratryl (3,4-dimethoxybenzyl) alcohol is an 
aromatic compound known to play an important role in the synthesis and degrada-
tion of lignin. The addition of veratryl alcohol to the cultivation media of many 
white-rot fungi has resulted in an increase in laccase production (Lee et al. 1999). 
Some of these compounds affect the metabolism or growth rate, while others, such 
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as ethanol, indirectly trigger laccase production (Dhawan and Kuhad 2002). There 
are many reports describing the different effects of aromatic compounds on laccase 
activity. Also, the highest laccase activity was observed in Botryosphaeria rhodina 
when veratryl alcohol was added to the nutrient medium at the beginning of fermen-
tation (Cambria et al. 2011).

6.8  Purification and Biochemical Properties of Laccases

Production of extracellular laccase is a common feature of many fungi, particularly 
those associated with wood decay or the terminal stages of decomposition of leaf 
litter. Several purification steps are required to obtain a preparation free of both pig-
ment and other contaminant proteins. Multiple steps like ultrafiltration, precipita-
tion using ammonium sulfate or organic solvents, and ion exchange and size 
exclusion chromatography have been used for the purification of laccases from the 
culture filtrate. Typical fungal laccase is a protein of approximately (60–70 kDa) 
with an acidic isoelectric point around 4.0 (Baldrian 2006). Several laccase isoen-
zymes have been detected in many fungal species. More than one isoenzyme is 
produced in most white-rot fungi (Palmieri et al. 1997). This has been demonstrated 
by p-phenylenediamine staining the laccase activity in all tested wood rot fungi. All 
tested species exhibited the production of more than one isoenzyme typically with 
pI in the range of pH (3–5), for example, Coprinus plicatilis, Fomes fomentarius, 
Kuehneromyces mutabilis, Heterobasidio nannosum, Hypholoma fasciculare, 
Leptoporus litschaueri, Stereum hirsutum, Panus stipticus, Phellinus igniarius, 
Pleurotus corticatus, P. ostreatus, Polyporus brumalis, Trametes gibbosa, T. hir-
suta, and T. versicolor (Baldrian 2006).

Many researchers have found much more efficient methodologies such as protein 
precipitation by ammonium sulfate, anion exchange chromatography, desalt/buffer 
exchange of protein, and gel filtration chromatography. Single-step laccase purifica-
tion from Neurospora crassa takes place by using celite chromatography and 
54-fold purification was obtained with a specific activity of (333 U/mg) (Grotewold 
et al. 1998). Laccase from T. versicolor is purified by using ethanol precipitation, 
DEAE-Sepharose, Phenyl-Sepharose, and Sephadex G-100 chromatography which 
is a single monomeric laccase with a specific activity of (91,443 U/mg) (Hess et al. 
2002). Laccase from T. versicolor is purified with Ion Exchange chromatography 
followed by gel filtration with a specific activity of (101 U/mL) and 34.8-fold puri-
fication (Cordi et al. 2007). Laccase from Stereum ostrea is purified with ammo-
nium sulfate followed by Sephadex G-100 column chromatography with 70-fold 
purification (Viswanath et al. 2008).

Laccase from fruiting bodies is purified with ammonium sulfate precipitation 
with 40–70% saturation and DEAE cellulose chromatography then 1.34- and 3.07- 
fold purification is obtained, respectively (Khammuang and Sarnthima 2009). The 
catalytic action of an enzyme is quantitatively described by the Michaelis constant 
KM and the catalytic efficiency constant 𝑘cat. The KM values of laccases are 
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generally in the range of (2.5 μM) depending on the enzyme source and the reduc-
ing substrate. The comparison of KM values also shows that laccases from different 
source organisms have different substrate preferences (Yaver et al. 1999). On the 
other way, the 𝑘cat values for a single laccase do not generally differ more than two- 
to tenfold between different substrates, which reflects the fact that 𝑘cat describes the 
rate of the electron-transfer reactions taking place inside the enzyme after substrate 
binding (Xu 1997).

6.9  Lacasse and Chemical Mediators: Mimicking Nature

The high pertinence of laccases is attributed to their wide substrate specificity to the 
utilization of molecular oxygen as electron acceptor and the generation of water as 
the sole reaction by-product. Nevertheless, these green biocatalysts have a quite low 
redox potential (≤0.8  V) that restricts their oxidation of phenolic compounds 
(Rivera-Hoyos et al. 2013) although nonphenolic substrates cannot be oxidized by 
laccases instantly. At all intents and purposes, substrates I a is quite large to pene-
trate into the enzyme active site or characterized by high redox potential cannot be 
oxidized. However, laccases are considered to play a main role in the lignin degra-
dation process by white-rot fungi (Thurston 1994). Appropriate compounds, that 
called mediators, can act as electrons shuttles, empowering laccases to indirectly 
oxidize large molecules and even nonphenolic substrates (Bourbonnais et al. 1997). 
Once oxidized by the enzyme, mediators diffuse far away from the enzymatic 
pocket and can oxidize target compounds that in the rule are not substrates of lac-
case by different mechanisms from the enzymatic one. A potential redox mediator 
should be a small-sized compound able to produce stable radicals that do not inac-
tivate the enzyme, its oxidized radical form should have a half-life long enough to 
permit its diffusion toward the substrate, and its reactivity would permit recycling 
without degeneration. For example, lignin is a core component of the plant cell. It is 
a complex and amorphous aromatic polymer with 20–30% of the dry weight of 
wood (Ralph et al. 2007).

Monomers forming lignin are conyferil, p-coumaril, and sinapyl alcohols; they 
differ from one another by the methoxylation degree. These monomers produce 
phydroxyphenyl, guaiacyl, and syringyl phenylpropanoid units, which are able to 
generate electron delocalized radicals that couple at different sites (Ralph et  al. 
2007). Although laccases are part of the lignin synthesizing system in plant wood 
tissues, the function of laccases in white-rot fungi is to depolymerize and mineralize 
lignin. Laccase is a large molecule (Rodgers et al. 2010) that cannot deeply pene-
trate the wood as it has a low redox potential (≤0.8 V) in comparison to ligninolytic 
peroxidases (>1 V), laccase can only oxidize phenolic lignin fragments. Nevertheless, 
the number and form of substrates oxidized by laccase can be expanded by a process 
the participation of redox mediators. These mediators are low-molecular-weight 
compounds that can be readily oxidized by laccase, creating highly reactive and 
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unstable cationic radicals. However, at once, these cationic radicals could oxidize 
complex compounds (not involving phenolic substrates) before returning to their 
original state (Torres et al. 2003).

As mentioned before, this mechanism enables mediators to act as diffuse elec-
tron transporters, letting the indirect oxidation of polymeric substrates, such as lig-
nin, to penetrate even to less accessible areas of its structure. In addition, because of 
mediator use, laccases are capable of oxidizing compounds with a higher redox 
potential than their own; an instance of this is the oxidation mediated by polycyclic 
aromatic hydrocarbons or PAHs (Riva 2006). Since Bourbonnais has shown that 
mediator inclusion has increased the catalytic activity of laccase to nonphenolic 
substrates (Bourbonnais and Paice 1990), more than 100 various mediators have 
been characterized with ABTS (2,20-azino-bis (3-ethylbenzothiazoline-6-sulfonic 
acid)) and the more widely used HBT (1-hydroxybenzotriazole) (Rivera-Hoyos 
et al. 2013). This laccase-mediator system can be applied to pulp and paper bleach-
ing technology (Bourbonnais et al. 1997; Call and Mücke 1997) as well as bioreme-
diation of xenobiotic compounds such as PAHs (Alcalde et al. 2002; Bourbonnais 
et al. 1997; Call and Mücke 1997). Additionally, it has been established that the 
hybrid of two or more mediators (namely, ABTS and HBT) can evolve a synergistic 
effect on oxidative activity (Pickard et al. 1999). However, the increase in commer-
cial costs of chemical mediators, their high toxicity, and insufficiency studies on 
derivative impacts, in addition to inactivation caused by their cationic radical exer-
tion on laccases the implementation of laccase mediator system is still limited.

For these reasons, the employment of natural mediators may have environmental 
and economic advantages. Several compounds included in the natural degradation 
of lignin can act as mediators in an efficient manner. Such is the case for lignin 
degradation compounds derived from oxidized lignin units, or those secreted by 
white-rot fungi. Similarly, the natural mediators 4-hydroxybenzoic acid, 
4- hydroxybenzilic alcohol, veratrilic alcohol, syringaldehyde, vanillin, acetosyrin-
gone, and p-coumaric acid, between others, have been tested with various laccases 
with Close outcomes to those reached with artificial mediators. A clear instance is 
the recently PAHs described degradation of benzo[a]pyrene, pyrene, and anthracene 
using a laccase-mediator system from p-coumaric acid and P. cinnabarinus (Cañas 
and Camarero 2010) be assembled to acquire a quaternary structure. Data reached 
by some authors suggest that these enzymes may also act as monomers (Giardina 
et al. 2010).

A few laccases that display a homodimeric structure have been isolated. Such is 
the case for those obtained from Basidiomycetes T. villosa (Yaver et  al. 1996), 
Phellinus ribis (Min et  al. 2001), phytopathogenic Ascomycetes, R. solani 
(Wahleithner et  al. 1996), G. graminis (Edens et  al. 1999), and also for the 
Ascomycete Phoma sp. UHH 5-1-03. It is recognized that some of these enzymes 
show a pH-dependent dimerization as seen in Phoma sp. UHH 5-1-03, where the 
predominant dimeric state happened at a pH range of between 5.0 and 8.0 (Junghanns 
et al. 2009). Dimer formation is essential for the proper functioning of the enzyme 
as seen in homodimeric laccases with two subunit domains extracted from 
Pleurotuspulmonarius, P. eryngii (Wang and Ng 2006), and mycorrhizal fungus 
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Cantharellus cibarius (Ng and Wang 2004). As mentioned before, laccases contain 
four copper atoms detected at a wavelength peak close to 600 nm. Even enzymes 
capable of oxidizing polyphenols, methoxy-substituted phenols, aromatic diamines, 
and a broad variety of other compounds not containing tyrosine, “yellow” and 
“white,” laccases should be known (Fig. 6.6).

6.10  Laccases-Producing Fungi from Extreme Habitats

Fungi living in extreme habitats like low or high temperatures (psychrophiles and 
thermophiles), high salinity (halophiles), acidic or alkaline pH values (acidophiles 
and alkaliphiles, respectively), high pressures (barophiles), anoxygenic conditions 
(anaerobic fungi), etc. are known as extremophilic fungi (Yadav 2020; Yadav et al. 
2020a; Kumar et al. 2019) (Fig. 6.6b). Many reports are available on extracellular 
phenol oxidase by fungi from various habitats, but scarcely studies on laccase- 
producing fungi from extreme habitats such as marine, hot springs, and soda lakes 
are available (Prakash et al. 2019).

Fig. 6.6 Schematic representation of the reaction catalyzed by laccase; (a) direct oxidation: the 
substrate is oxidized to corresponding radical as a result of direct interaction and (b) in-direct 
oxidation: the substrate is oxidized in the presence of a mediator (Agrawal et al. 2018)
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6.10.1  Alkaline-Tolerant Laccases from Alkaliphilic Fungi

The hyperalkaline habitat has both industrial and ecological importance as in high 
alkaline conditions very few fungi can grow. It has been recorded that most of the 
metropolitan wastewater treatment plants and effluents from industries have high 
alkalinity and high concentration of metal particles. Consequently, fungi surviving 
in such conditions and with laccase-producing capacity can work as great bioinocu-
lant for bioaugmentation-based bioremediation.

Functional metagenomic studies of Soda Lake have revealed that many uncul-
tured fungi have laccases-like Cu-oxidase encoded with potential in degradation of 
phenolic compounds (Vavourakis et  al. 2016). Sharma et  al. (2016) isolated 104 
fungal strains from Lonar lake, a hyperalkaline environment, and 14 were positive 
for enzyme production in primary screening using 2,2′-azino-bis-(3- 
ethylbenzthiazoline- 6-sulfonic acid) (ABTS) as substrate. It included Cladosporium 
oxysporum, Fusarium equiseti, Curvularia lonarensis, Cladosporium funiculosum, 
Cladosporium halotolerans, Aspergillus niger, a probable novel Cladorrhinum 
species.

Among these fungi, Fusarium sp. MEF008, Curvularia lonarensis MEF018, 
Cladorrhinum sp. MEF109 and Cladosporium sp. MEF135C, and alkaliphilic fun-
gus with potential to be exploited industrially produced laccases at 40 °C, pH 12–14, 
and at a salinity of 3%. While working on Lonar Lake (Prakash et al. 2019), alkaline- 
tolerant and thermostable laccase are preferred by the industries, but due to restricted 
information, its application has not been feasible commercially. However, these limi-
tations can be overcome by the use of different immobilization techniques which can 
help to improve the stability of laccase (Agrawal et al. 2018). Alkaline- tolerant lac-
cases have their significance in a number of industrial applications, but their applica-
tion is not conceivable at a commercial scale as few laccases have been recognized 
till date, for example, in hair-coloring industries, alkaline-tolerant laccase is more 
favored. Within the work done by Saito et al. (2012), laccase was utilized for the 
improvement in hair coloring items that was most powerful at pH 9. Additionally, 
Singh et al. (2007) isolated fungal taxa which may tolerate pH range of 4–10 and was 
utilized for the degradation of indigo carmine dye. In any case, more investigation is 
required for the effective isolation and identification of chemicals that can tolerate 
different pH and have its application within the industrial division.

Laccases display extraordinary industrial potential, but due to restrictions such 
as less tolerance to high temperatures, less stability, expensive stimulators, and puri-
fication processes, their application is limited. The activated thermostable enzyme 
was reported by (Coll et  al. 1993) and from different studies carried out, it was 
found that packing of protein increases helical fold content, the density of H-bonds, 
salt bridges, proportions of amino acids, distribution of charged residues, and gly-
cosylation. These factors are responsible for improving the thermostability of the 
enzyme (Kumar and Nussinov 2001). However, intense study is needed which could 
help in the identification of thermostable laccase for its utilization in the indus-
trial sector.
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6.10.2  Laccase from Marine Fungi

The applications of laccases in the degradation of xenobiotics by aquatic, obligate 
marine (and marine-derived) fungi have been noted (Martin et al. 2009; Junghanns 
et al. 2009). These marine fungi produce unique secondary metabolites and enzymes 
not recorded from fungi dwelling in terrestrial habitats (Jensen and Fenical 2002). 
D’Souza-Ticlo et al. (2009a, b) recorded that a marine isolate of Cerrena unicolor 
MTCC 5159 produces halotolerant laccase and moreover degrades raw textile mill 
effluents (Verma et al. 2010). In general, marine fungi are capable of growing on 
decaying lignocelluloses substrates such as leaves, branches, and woods of man-
groves which include most of Ascomycetes species and with few exceptions of spe-
cies of Basidiomycetes (Hyde and Jones 1988). Marine fungi play a significant 
function in the degradation of mangrove leaves, wood pieces, and wooden debris on 
the shores, thus forming detritus. These fungi play a noteworthy role in the mineral-
ization in the tropical marine system. Nevertheless, the data related to marine lac-
case is still adequate and requires more work on the characterization of the sort of 
lignin-modifying enzymes present in marine ecosystems.

Raghukumar et al. (1994) recorded 17 fungi from marine environments, out of 
which 12 were laccase positive which involved Gliocladium sp., Zalerionvarium, 
Sordaria flmicola, Aigialus grandis, Halosarpheiarat nagiriensis, Gongronella sp., 
Verruculin aenalia, Cirrenalia pygmea, and Hypoxylo noceanicum. Jaouani et al. 
(2014) have discovered the fungal diversity of SebkhaEl Melah, a Saharan salt flat 
located in southern Tunisia and isolated 21 modestly halotolerant fungi. It involved 
15 species related to 6 genera of Ascomycota, such as Aspergillus sp., Cladosporium 
sp., Alternaria sp., Penicillium sp., Ulocladium sp., and Engyodontium sp. Three 
species out of 15 indicated laccase activities at 10% NaCl, such as, Cladosporium 
sphaerospermum, Cladosporium halotolerans, and Penicillium canescens. Laccase 
production at 10% salt by these strains is of biotechnological interest, especially in 
the bioremediation of organic pollutants in high salt contaminated environments.

6.10.3  Laccase from Thermophilic and Psychrophilic Fungi

We are aware that life can breathe in highly extreme habitats, and molecular studies 
related to their survival mechanisms in extreme conditions potting shed new insight 
about their survival mechanisms in extreme habitats (Yadav et al. 2018, 2020b). The 
stabilization of processes due to thermal stress is due to several reasons and involves 
DNA, Necrosomes, proteins, and enzymes (Poli et al. 2017). Thermophilic fungi 
had obtained colossal attention due to their capacity to produce enzymes appropri-
ate for industrial applications. Species related to genus Corynascus (Myceliopthora) 
have been of interest to mycologist because it produces thermostable enzymes. For 
illustration, Coryascus thermophilus (axionym: Thiel aviathermophile) produced 
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thermostable laccases with the high potentiality to express in different hosts (Berka 
et al. 1997; Bulter et al. 2003; Babot et al. 2011).

Laccases produced by C. thermophilus ATCC 42464 are totally characterized, 
patented genome sequences (Badhan et al. 2007; Beeson et al. 2011). Nevertheless, 
there is no other record of any thermophilic fungi which is so broadly studied for 
laccase production. It shows the shortage of thermophilic laccase-producing strains 
available so far. Many fungi are able to produce extremozymes at different tempera-
tures, pHs, and salt ranges. It is known that they play a significant function in bio-
degradation in low-temperature habitats. Dhakar and Pandey (2013) and Dhakar 
et  al. (2014) studied the production of laccases by thermotolerant Penicillium 
pinophilum (MCC 1049) and Trametes hirsuta (MTCC 11397) isolated from a gla-
cial site in Indian Himalayan Region (IHR). Such features make the strains effective 
for degradation in extreme conditions. However, as per the literature survey, excep-
tionally few studies have been done on psychrophilic fungal laccases.

6.11  Bioinformatics Approaches Applied on Fungal Laccases

Since the arrival of post-genomic era, bioinformatics has turned on a strong tool 
employed at different omic levels (e.g. genomics, transcriptomics, and proteomics). 
Thus, through its different computational applications, it has demonstrated a great 
usefulness in a wide range of research fields. Concretely, on fungal laccases, 
research has been widely reported for different purposes which are summa-
rized below.

Laccases are considered enzymes widely distributed in nature with special 
emphasis on bacteria and fungi with several biotechnological applications (e.g. bio-
remediation, textiles, pulp and paper, biofuel cells and biosensors, etc) (Janusz et al. 
2020; Mate and Alcalde 2017). The presence of a great laccase diversity on fungi 
(Arregui et al. 2019) has attracted the interest in looking for new laccases as well as 
in the characterization or classification. In this context, bioinformatics has been 
helpful to identify laccase sequences by using different approaches. A clear exam-
ple of (Copete et al. 2015) could identify partial sequences of four putative laccase 
genes (Lac1–Lac4) from Leptosphaerulina sp. using sequence alignments and phy-
logenetic analysis. The usage of these two basic bioinformatic approaches was cru-
cial to define Lac 2 as the only related with ferroxidases/laccases proteins whereas 
the other ones with ascomycete laccase-like proteins. Among them, Lac3 finally 
could be determined as sensu-stricto laccase as it was most closely related to asco-
mycete laccases genes that was supported by biochemical characterization. A simi-
lar strategy for acquiring the genetic sequence was performed by Fonseca et  al. 
(2018) to perform bioinformatic for phylogenetic analysis (T.N.T program).

On the other hand, genome mining emerges as an alternative by using bioinfor-
matic tools such as protein BLAST (https://blast.ncbi.nlm.nih.gov). Therefore, 
using a reported laccase as a template, it can be detected new homologous sequences 
as was reported for Sordaria macrospora k-hell (Yang et  al. 2020). A laccase 
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detected shows 60% of homology with protein accession from Myceliophthora 
thermophila used as template. Then, the coding gene was retrieved from the data-
base to be recombinantly expressed and characterized. This approach has a scope 
limitation that is restricted for the organism which has been previously sequenced 
and registered on databases. This could be supported by Feng et al. (2015) whose 
work presents a phylogenetic analysis of laccases from 20 plant pathogen (bacterial, 
fungal, and oomycetes) genomes reported on available databases.

With the development of new generation sequencing technologies, whole 
genome and transcriptome analysis have been feasible. On one hand, genome analy-
sis has been mainly used for laccase gene prediction (Wang et al. 2015) and phylo-
genetic studies (Cázares-García et  al. 2013), whereas transcriptome analysis 
provided a window of new opportunities to identify the cDNA of new laccases 
(Daroch et al. 2014; Vats and Mishra 2018) and get further information of the physi-
ological mechanisms involved/related to laccase biosynthesis under determined 
conditions. Some examples of transcriptome analysis were performed to elucidate 
the effect of Cu2+ concentration on Ganoderma lucidum laccase transcription regu-
lation (Jain et al. 2020). Also, it was employed to determine the synergy of a co- 
culture Pleurotus eryngii with Rhodotorula mucilaginosa on laccase gene expression 
(Zhang et al. 2020).

Moreover, computational tools in association with experimental data (X-ray 
crystallography, NMR spectroscopy, and electron microscopy) have enabled a 
detailed determination of protein structural traits (De Salas et al. 2019). Currently, 
more than 180 laccases are reported on Protein Data Bank (PDB, http://www.rcsb.
org/) (Zerva et al. 2019) which includes several fungal laccase structures.

Although it can be considered only descriptive data, it was crucial for laccase 
protein development of novel improved enzymes with higher activity and/or stabil-
ity. Thus, three main approaches have been described for this purpose: Based on 
prior structure information reported which is harnessed for punctual mutations 
(rational approach), considering saturation mutagenesis on hot-spot residues 
detected by rational analysis of directed evolution (semi-rational approach) and 
directed evolution and hybrid approaches (Mate and Alcalde 2015). Some examples 
are described below for different applications of these strategies on fungal laccase 
research.

Regarding rational design, the knowledge gathered from protein structure has 
exerted a critical effect on the selection of target mutations. A clear example of this 
approach is presented by Madzak et al. (2006) and Galli et al. (2011) during the 
improvement of catalytic properties of a Trametes versicolor through the modifica-
tion of aminoacidic residues located in substrate interaction areas. Consequently, 
the results obtained elsewhere (Madzak et al. 2006) were used for basidiomycete 
PM1 laccase engineering to optimize the optimal pH activity for blood tolerant 
conditions (Mate et al. 2013).

Semi-rational approach was used also for basidiomycete PM1 laccase, saturation 
mutagenesis on the thermolabile structural region was accomplished with the aim of 
enhancing the thermostability of this high-redox potential laccase (Vicente et  al. 
2020). This strategy was also employed by Zumárraga et al. (2007) to improve the 
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performance of MtLT2 laccase from Myceliophthora thermophila on high concen-
trations of organic cosolvents.

Although directed evolution does not require a starting structural information to 
be implemented, the resulting laccases could be characterized by using computa-
tional modeling tools as it can be observed in several studies (Mateljak et al. 2019; 
Vicente et al. 2020). Structural characterization of new clones could be extended 
also for rational (Andberg et al. 2009) and semi-rational approaches (Zumárraga 
et al. 2007).

In general terms, bioinformatics could be considered a strong tool that is evolv-
ing continuously. For laccases studies, it has been demonstrated its usefulness for 
genomic, transcriptomic, and proteomic analysis. It should be expected in the next 
years an increase its usage for basic and applied research.

6.11.1  Laccase Potential Exploitation 
and Biotechnology Application

Many laccases are candidates for commercialization in several industrial fields. 
Biodegradable and energy-saving, laccase-based biocatalysts are appropriate for the 
advancement of highly efficient, economical, and eco-friendly industries. However, 
only a few of them are basically present in the market for textiles, food, and other 
industries. Since then laccases are produced by various microorganisms (Giardina 
and Sannia 2015), especially by bacteria and fungi. With various biological func-
tions such as degradation of complex polymers (lignin, humic acid), lignification, 
detoxification, pathogenicity, morphogenesis, sporulation, melanin polymerization, 
spore layer resistance (Strong and Claus 2011), biodegradation, and homeostasis of 
copper and iron (O’Malley et al. 1993). Thus, laccases (benzenodiol: oxygen oxido-
reductases, EC 1.10.3.2) are highly relevant enzymes due to their wide range of 
substrates (Giardina and Sannia 2015). Likewise, laccases are considered ecologi-
cal, because to carry out the catalysis, they only require molecular oxygen as a co- 
substrate (Mayolo-Deloisa et al. 2020), which is reduced to give rise to the formation 
of water as the only by-product (Hautphenne et al. 2016).

Market and Emerging Trends are apparent that fungal laccases have a promising 
future for industrial purposes, offering a green substitute to many current methods 
that are ecologically unfriendly and unspecific. Till the last decade, this potential 
was not exploited due to many issues: producing large expensive of the enzyme, 
specific activity and stability for a specific industrial process, and eventually, the 
eco-friendly and costs of mediators, if needed. Recent efforts to abundantly produce 
these enzymes in heterologous hosts offer a valuable alternative to elevate enzyme 
output in native hosts, whereas utilizing immobilization techniques can enhance 
enzyme recoverability together with activity and stability. Recently, these approaches 
resulted in the scaling-up processes from bench scale to pilot and industry levels. 
The first commercial items containing the laccase enzyme were launched in 1996 
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by Novozyme (Novo Nordisk, Denmark) (Table 6.2). Denilite ITM is the first indus-
trial laccase and the first bleaching enzyme acting with the help of a redox mediator. 
The product exhibited good implementation, but treating characteristics were not 
perfect. So, in 1999, Novozyme North America Inc. (USA) launched DeniLiteIITM 
(Table  6.2) based on a modern type of laccase with greater activity than that of 
DeniliteITM.  In 2001, the company Zytex Pvt. Ltd. (India) developed Zylite 
(Table 6.2), a formulation based on LMS able to degrading indigo dye in a very 
specific technique.

Today, the increasing requirement of specific and eco-friendly treatments for 
garment manufactures, together with the enhanced methods for natural and recom-
binant laccase production, have induced the creation of novel small companies that 
offer customized formulations of laccases to aim specific garment wet process con-
ditions. For instance, Chemicals Dyestuffs Ltd. (Hong Kong) launched a formulated 
laccase enzyme preparation named Bleach-cut 3S (Table 6.2): different doses and/
or treatment time, it is possible to get almost all shades, even the lightest ones. This 
preparation, containing laccase enzyme buffer system and redox mediator, is greatly 
efficient in the decolorization of indigo dyes. Bleach-cut 3S may also be utilized for 
clean-up of back staining and improvement of denim abrasion. Many other exam-
ples can surely be found within the textile sector. Most of the new companies are 
located in the Asian continent, where, although global crises, the textile industry is 
extending maybe also due to the less bureaucratic constraints for industrial produc-
tion and lower wages of laborers in this area. Alternately, a few food-grade laccases 
are accessible on the market: Flavoustar, Suberase, and Laccase M120 (Table 6.2) 
are produced by a huge company that can invest in good manufacturing processing 
and product safety, certifying the enzymatic treatment of beverages and food. Much 
integration of food-grade laccase formulations have begun to utilize in various 
bread preparations in North America and Northern Europe, although the products 
are not available on the global market.

Despite the large potential in delignification processing, fewer enzymatic formu-
lations are available for pulp and paper industries. This basically depends on two 
fundamental factors: the enzyme is costly and its stability which results in making 
it prohibitive at a cost-effective process and the destitute available data that can be 
advertised for a correct and genuine integration in an “ancient” and consolidated 
process flow, such as paper production. The remaining supply is related to enzymes 
appropriate for specific treatments that are not elucidated and require purified and 
well-characterized laccases for laboratory or pilot-scale testing. In this field, new 
companies, such as Metgen and BioPox, are really focused on offering not only a 
generic product for all customers but also to develop and produce laccases tailored 
to the industrial customer requirements. Through recombinant expression systems 
along with enzyme mutagenesis, specific parameters could be moved forward, such 
as substrate specificity, resistance to temperature, or other environmental factors. 
Nevertheless, the biodiversity of different environments as well as laboratory evolu-
tion may provide new laccases, more potential and specific, to be used in future 
applications (Piscitelli et al. 2016).
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Table 6.2 Commercially accessible laccases

Company Product Application

AB Enzymes Ecostone LCC10 Denim finishing
Advanced Enzyme Technologies 
Ltd. (India)

Flavourstar Brewing

Alfa Kimya Company (Turkey) Novalite IIS Denim finishing
Amano Enzyme USA Co. Ltd. LACCASE M120 Food additive
Americos Industries Inc. (India) Americos Laccase P Denim bleaching

Americos Laccase LTC Denim bleaching
Apollo Chemical Company 
(USA)

APCOZYME II-S Denim finishing and 
bleaching

BioPox (Italy) Poxa1b from P. ostreatus Not specified
PoxA3 from P. ostreatus Not specified
PoxC from P. ostreatus Not specified
Mix from P. ostreatus Not specified
Tailored laccase on demand Not specified

BioSapien (United Arab 
Emirates)

Recombinant Not specified laccase 
expressed in Aspergillus oryizae

Denim bleaching and 
finishing

Chemicals Dyestuffs Ltd. (Hong 
Kong)

Bleach-cut 3S Denim bleaching and 
finishing

CHEMOS GmbH (Germany) Laccase from Agaricus bisporus Not specified
CHT/BEZEMA (Italy) DENIMCOL LAC Denim bleaching
Colotex Biotechnology Co. Ltd. 
(Hong Kong)

Cololacc BB Denim bleaching and 
finishing

Condor Speciality Products 
(USA)

Hypozyme Denim deiking

ENZYMES NAVEEN (India) Not specified laccase Not specified
FENKIM KIMYA SANAYI VE 
TICARET LTD.STI. (Turkey)

Not specified laccase Denim bleaching

Genencor Inc. (USA) IndiStarTM Active Denim finishing
PrimagreenEcofade LT100 Denim bleaching and 

shading
HUT (Vietnam) Not specified laccase Not specified laccase
Jena Bioscience GmbH 
(Germany)

Laccase from T. versicolor Not specified

Julich Chiral Solutions GmbH, A 
Codexis Company (Germany)

Laccase 001 Not specified

Lignozym GmbH (Germany) Lignozym-process Pulp bleaching
Metgen (Finland) Tailored bacterial laccase Not specified
Nanjing Chemlin Chemical 
Industry Co., Ltd. (China)

Not specified laccase Not specified

Novozyme (Denmark/USA) DeniliteIITM Denim finishing
Novoprime base 268 Denim finishing
Novozym 51003 Pulp and paper 

delignification
Suberase Cork treatment

(continued)
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The functional versatility of laccases allows them to be applied in various fields, 
such as the paper industry (pulp and paper), bioremediation, the textile industry 
(textile finishing), pharmaceuticals, painting, and printing (Shanmugapriya et  al. 
2019), among other transformation reactions such as the oxidation of functional 
groups for heteromolecular coupling that allows the production of new antibiotic 
derivatives or intervene in the synthesis of complex natural products (Xenakis 
et al. 2016).

6.11.2  Fungal Laccases and Its Implication in Bioremediation

Laccases have the ability to transform different xenobiotics, including phenolic pes-
ticides, either by polymerization or oxidation reactions (Majeau et  al. 2010), in 
addition to substrate structure, temperature, and treatment pH as important factors 
in their activity (Zille et al. 2004; Omar 2008). This makes laccases an essential 
biotechnological tool in bioremediation processes.

The use of these enzymes in the discoloration and/or degradation of synthetic 
dyes present in industrial effluents has become an unconventional method for the 
treatment of these effluents, especially in industries involved in the dyeing of tex-
tiles, paper, leather, and plastics (Abo-Farah 2010). Trametes villosa, a fungus of the 
Polyporaceae family, generates laccases with activity on benzene sulfonic acid 

Table 6.2 (continued)

Company Product Application

Prochimica group (Italy) Easystone E.DUAL/E.TOP/E. TP5 Denim bleaching
Proenzimas Ltda. (Colombia) LacasaUltratex Indigo 

decolourization
Puridet Asia Ltd. (Hong Kong) Purizyme Denim bleaching
Season Chemicals Dyestuffs Ltd. 
(Hong Kong)

Bleach-cut 3S Denim bleaching

Sigma Aldrich (USA) Laccase from A. bisporus Not specified
Laccase from P. ostreatus Not specified
Laccase from Rhus vernificera Not specified
Laccase from T. versicolor Not specified

Sunson Industry Group Co., Ltd. 
(China)

Prozyme LAC Denim bleaching

Tri-Tex Co. Inc. (Canada) Trilite II Indigo decolorization
Trilite Plus Indigo decolorization

United States Biological (USA) Recombinant laccase from T. 
versicolor

Not specified

ZA Biotech (South Africa) Not specified laccase Not specified
Zytex Pvt. Ltd. (India) Zylite Denim bleaching

Source: Piscitelli et al. (2016)
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[3-(4 dimethyl amino-1 phenylazo)] (Zille et al. 2004), Cladosporium cladosporioi-
des laccases that degrade the blue azo dye 193 by up to 47% in 08 h (Vijaykumar 
et al. 2006). It should be mentioned that azo dyes are widely used worldwide, with 
a presence of approximately 50% in textile effluents (Zille et al. 2004). Laccases 
can be applied as free, immobilized enzymes and cells containing laccases (Mugdha 
and Usha 2012).

Laccases from Trametes versicolor, immobilized in microfiber supports by 
encapsulation, degrade synthetic dyes (Dai et al. 2010). On the other hand, laccases 
from this fungus are also effective by adsorption methods on ZnO/SiO2 nano- 
composite supports over Brilliant, Blue B, and Acid Blue 25 remazol (Li et  al. 
2015), while the free enzymes show activity in humic acids of previously treated 
industrial effluents from food plants (Zahmatkesh et  al. 2017) as well as phenol 
removal (Liu et al. 2012). Of equal importance are the laccases of Coriolopsis gal-
lica, with R action (Daâssi et  al. 2014), Cyathus on Remazol Brilliant, Blue R, 
Reactive Black 5 and Bismarck Brown bulleri which discolor the red azo dye Acid 
27 (Chhabra et al. 2015), Paraconiothyrium variabile whose laccases with stable 
temperature and pH allow it to discolor Acid Blue 25 and Acid Orange 7 (Mirzadeh 
et al. 2014). On the other hand, laccases of Bjerkandera adusta and Phanerochaete 
chrysosporium have demonstrated their capacity to degrade lignin present in syn-
thetic wastewater with a range of 97% and 74% of degradation, respectively, and 
industrial effluents of the paper pulp industry reached a 100% delignification capac-
ity within 8–10 days (Costa et al. 2017).

As for the Bioremediation of Polycyclic Aromatic Hydrocarbons (PAHs), it 
should be mentioned that they are aromatic hydrocarbons that possess two or more 
benzene rings fused in various structural configurations with a wide diversity of 
physical, chemical, and toxicological characteristics (Lawal 2017). These and their 
derivatives are highly toxic to humans and carcinogenic to living beings, in addition 
to remaining for long periods of time in soil, water, and air (Ihssen et al. 2015). 
Trametes sanguineus laccases, heterologically expressed in Trichoderma atroviride, 
effectively eliminated phenolic compounds present in wastewater and Biphenol A 
in culture media (Balcázar-López et al. 2016).

Also, Laccases with manganese peroxidase and lignin peroxidase are a sort of 
lignin-modifying enzyme (LME). Laccases are utilized as catalysts for the bioreme-
diation of industrial wastes with a broad substrate range. The simple requirements 
of laccase catalysis (presence of substrate and O2) as well as its clear stability and 
deficiency of inhibition (as has been observed with H2O2 for peroxidase) make this 
enzyme more appropriate and interesting for several applications. The applications 
of laccase enzyme in various fields are presented in (Table  6.3) (Senthivelan 
et al. 2016).
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Table 6.3 Biotechnological applications of fungal laccase

SN
Source of laccaze 
enzyme Applications References

1. Botrytis cinerea Processing aid for the food industry Li et al. (1999)
2. Pleurotus ostreatus Degradation of polycyclic aromatic hydrocarbons in 

the presence of a synthetic mediator
Pozdnyakova 
et al. (2006)

3. Aspergillus oryzae Biosensor and gold nanoparticle Brondani et al. 
(2013)

4. Pichia pastoris Engineered to improve the efficiency of particular 
bioremediation processes

Dhawan and 
Kuhad (2002)

5. Coriolopsis gallica Oxidized recalcitrant polycyclic heterocycles 
compounds carbozole, N-ethylcarbozole, fluorine, 
and dibenzothiophene present in coal tar and crude 
oilin presence of 1-hydroxybenzotriazole and 
2,20-azinobis (3-ethylbenzthiazoline)-6-sulfonic 
acid as free radical mediators

Dec and Bollag 
(2000)

6. Coriolus versicolor Increased brightness of hardwood kraft pulp Livernoche 
et al. (1983)

7. Pleurotus florida 
NCIM 1243

Preparation of Nanofiber Jang et al. 
(2002)

8. Trametes pubescens Bioremediation of a mixture of pentachlorophenol 
(PCP), 2-chlorophenol (2-CP), 2,4-dichlorophenol 
(2,4-DCP), and 2,4,6-trichlorophenol (2,4,6-TCP)

Medina et al. 
(2011)

9. Paraconiothyrium 
variabile

Biosynthesis of gold nanoparticles Faramarzi and 
Forootanfar 
(2011)

10. Coriolus versicolor Degradation of textile dyes Sanghi et al. 
(2009)

11. Phaenerochaaete 
chrysosporium

Dechlorination and decolorization of pulp and paper 
effluent

Eaton et al. 
(1980)

12. Coriolopsis gallica Beer factory wastewater treatment Madhavi and 
Lele (2009)

13. Trametes versicolor Development of microbial fuel cells (MFC) cathode Luo et al. 
(2010)

14. Pleurotus eryngii Lignin and organopollutant degradation, as well as 
to improve the bioremediation potential

15. Yeast Yarrowia 
lipolytica

Removal of Phenolic compounds Lee et al. 
(2012)

16. Phanerochaete 
chrysosporium

Decolorize commercially used reactive textile dyes; 
reactive orange 96, reactive violet 5, reactive black 
5, and reactive blue 38

Heinfling et al. 
(1997)

17. Fusarium 
incarnatum UC-14

Bioremediation of Bisphenol A Chhaya and 
Gupte (2013)

18. Trametes sp. Development of bioactive hydrogel dressing Rocasalbas 
et al. (2013)

19. Pycnoporus 
cinnabarinus

Decolorizing of pigment plant effluent Schliephake 
et al. (1993)

(continued)
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6.11.3  Fungal Laccases in the Pharmaceutical Industry

Laccases have been used within the pharmaceutical industry for the manufacture of 
various medicines and pharmaceutical products due to their high oxidation potential 
(Senthivelan et al. 2016). Actinocine is the main drug with anticancer capacity, pro-
duced with the help of laccases from 4-methyl-3-hydroxyanthranilic acid (Bourton 
2003; Arora and Sharma 2010b). Trials using 43-kDa molecular mass laccases from 
Tricholoma giganteum were shown to inhibit HIV from reverse transcriptase (Wang 
and Ng 2004). On the other hand, antibiotics are the most widely used drugs world-
wide; these components, not being degraded, remain in the environment (Larsson 
2014). Therefore, laccases of T. versicolor are used for studies of antibiotic degrada-
tion as well as with laccases of basidiomycetes Cerrena sp. HYB07, Echinodontium 
taxodii, Perenniporia strain TFRI707, and P. sanguineus, of ascomycetes Phoma sp. 
and Myceliophthora thermophila (recombinantly expressed in Aspergillus oryzae) 
(Yang et al. 2017). Recent cosmetic products for skin lightening have been created 
which are laccase-based hair colors that could be less irritant and more secure than 
current hair colors. Protein-engineered laccase may be utilized as deodorants, 
mouthwash, toothpaste, and diapers with decreased allergenicity (Pannu and 
Kapoor 2014).

Table 6.3 (continued)

SN
Source of laccaze 
enzyme Applications References

20. Schizophyllum 
commune

Decolorizing wastewater released from a bagasse- 
pulping plant

Belsare and 
Prasad (1988)

21. Myceliophthora 
thermophila

Dough conditioner Renzetti et al. 
(2010)

22. Trametes versicolor 
(ATCC 32745)

Biosensors Ardhaoui et al. 
(2013)

23. Aspergillus flavus Decolorization of Malachite green dye Ali et al. 
(2009)

24. Lentinula edodes Biodegradation of Polyaromatic hydrocarbon Wong et al. 
(2012)

25. Trametes versicolor Paper biosensor for the detection of phenolic 
compounds

Oktem et al. 
(2012)

26. Marasmius 
quercophilus

Biotransformation of alkylphenols Farnet et al. 
(2000)

27. Streptomyces 
cyaneus

Decolorize and detoxify azo dyes Moya et al. 
(2010)
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6.11.4  Fungal Laccases in the Food Industry

Laccases are also involved in the food industry because of the wide variety of phe-
nolic (Polak and Jarosz-Wilkolazka 2012) and nonphenolic substrates they can use. 
Their activity on nonphenolic compounds is possible due to the cooperation they 
establish with compounds called mediators (Chio et al. 2019). Important character-
istics for their introduction to the food industry. In beverage processing, laccases 
favor color stabilization and prevent darkening caused by the presence of polyphe-
nols (Brijwani et al. 2010). With respect to the stability of the characteristic taste of 
wines and symbols of quality, the use of laccases is an alternative that prevents the 
loss of taste and color (Osma et al. 2010), especially in those wines with long stor-
age periods (Minussi et al. 2007a). Therefore, laccases can be applied to must and 
fruit juices (Arora and Sharma 2010a), an example of which is Trametes versicolor 
laccases, which remove phenolic compounds efficiently (Minussi et  al. 2002). 
While it is true that among the laccase-producing fungi are ascomycete, basidiomy-
cetes, and deuteromycetes, white-rot basidiomycetes are the most efficient lignin 
degraders and laccase producers reported (Arora and Sharma 2010a; Yang 
et al. 2017).

The cultivation of comestible fungi with the capacity to produce laccases is an 
advantage for the recovery of laccases from the residual compost and whose action 
has been studied in different investigations: Agaricus bisporus secretes large quanti-
ties of laccases (Mayolo-Deloisa et  al. 2009) when grown on compost based on 
horse manure and/or added straw accompanied by nitrogen sources such as ammo-
nium nitrate, poultry manure, gypsum and urea (Kertesz and Thai 2018). The same 
applies to Pleurotus ostreatus, whose residual compost is used in the production of 
bioethanol, since due to the action of the laccases produced by this fungus; the 
residual compost is rich in glucose and xylose (Grimm and Wösten 2018).

6.11.5  Fungal Laccases in the Paper Industry

Paper industries discharge effluents with high lignin contents from paper pulp due 
to conventional bleaching techniques that seek to eliminate it. As part of the chemi-
cal bleaching process, chlorine is used which, when it binds to the lignin, forms 
organochlorine compounds (chlorolignins, chlorophenols, chloroacols, and chlora-
liphates) that generate highly toxic and dangerous effluents. The application of lac-
cases not only improves the bleaching of the pulp but also optimizes the bleaching 
and capacity of the recycled paper by eliminating the lignin components (Nyman 
and Hakala 2011; Xu et al. 2009). The alternative method, mediated by laccases, is 
a safe and less polluting process than chlorine-based chemical treatment (Gianfreda 
et al. 1999). Trametes versicolor laccases discolor the effluents of these factories to 
a light-yellow color and thus reduce the toxic compounds present (Karimi et  al. 
2010), and in turn, their use on the paper pulp demethylyzes and delignifies the pulp 
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efficiently (Bourbonnais et al. 1992). In turn, the mechanism mediated by laccases 
conditions this molecule to better penetrate between the fibers (Calafell et al. 2007).

6.11.6  Laccases and Biosensor Development

The immobilization of laccases is aimed at multiple biotechnological applications, 
by trapping, adsorption, covalent bonding, self-immobilization techniques, or by 
combinations of all the above, whose enzymatic activity will depend on various 
conditions, from the type of enzyme to the stabilization parameters (Yang et  al. 
2017). This immobilization would lead to improved catalytic activity (Kumar et al. 
2014) as well as being able to be reused, storage tolerance, and high temperatures 
(Fernández-Fernández et al. 2013). At the beginning, the response of laccase to dif-
ferent bonding surfaces was studied. T. versicolor laccases were successfully 
bonded to porous glass beads, with a high capacity to degrade phenolic compounds 
even after several incubations (Leonowicz et al. 1988).

The same happened with Rhizoctonia praticola, immobilized by covalent cou-
pling to celite (Shuttleworth and Bollag 1986). Enzymes immobilized to the surface 
of electrodes by various methods allow the development of enzymatic biosensors 
(enzyme electrodes). Investigations in biosensors with the use of laccases have been 
reported, raw enzymatic extract of Pleurotus ostreatus as a source of laccases was 
immobilized in carbon paste obtained a 95% confidence in the detection of cate-
cholamines in pharmaceutical formulations (Leite et  al. 2003), the same support 
was used for the immobilization of laccases produced by Aspergillus oryzae for the 
determination of l-cysteine in pharmaceutical formulations (Santhiago and Vieira 
2007). On the other hand, fungal laccases immobilized in electrodes by different 
techniques of physical adsorption, glutaraldehyde, carbodiimide, and carbodiimide/
glutaraldehyde, this last technique presented the highest response, with an optimal 
glutaraldehyde percentage of 10% (m/v) (Freire et  al. 2001), laccases from 
Rigidoporus lignosus were used to manufacture a flow biosensor based on a mono-
molecular layer of the enzyme on gold support to detect phenols (Vianello et al. 
2004) (Fig. 6.7).

6.11.7  Laccases in Organic Synthesis

Due to the wide range of substrates that laccases have, they emerge as an alternative 
for organic synthesis as they have the ability to convert these substrates into free 
radicals by polymerization or hydration (non-enzymatic reactions) (Kunamneni 
et al. 2008). This would reduce the high production costs, numerous intermediate 
reactions, and generation of toxic compounds (Yaropolov et al. 1994). Likewise, 
Trametes versicolor laccases are applied to the synthesis of aromatic aldehydes 
(Fritz-Langhals and Kunath 1998), substituted imidazoles and dimerization 
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products (Schäfer et  al. 2001), and synthesis of 3,4-dihydro-7,8-dihydroxy- 2H-
dibenzofuran-1-ones, as well as Agaricus bisporus (Hajdok et al. 2007). Coriolus 
hirsutus laccases has the ability to synthesize an indamine dye (Baker et al. 1996). 
On the other hand, laccases from Curvularia senegalensis have been reported to 
have the capacity to degrade polyurethane (Pointing 2001).
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7.1  Introduction

Cellulose is the most abundant and renewable component of plant biomass 
(Srivastava and Jaiswal 2016; Srivastava et al. 2015a, b, c; Tomme et al. 1995). It is 
the key product of photosynthesis, and the most abundant renewable bioresource 
(Zhang and Lynd 2004). Cellulose commonly exists in pure form, or otherwise in 
association with hemicellulose and lignin, and is found in plants as microfibrils 
(2–20  nm diameter and 100–40,000  nm long). Structurally, they form a strong 
framework in the plant cell wall (Zhang and Lynd 2004). Approximately 100 billion 
dry tons/year of cellulosic biomass is produced in the biosphere (Wang et al. 2016). 
Considered as a low-cost energy source based on energy content (Lynd et al. 2008; 
Zhang 2009), cellulose can bring benefits to local economies, the environment, and 
national energy securities (Zhang 2008).

Cellulose is a linear polysaccharide of glucose monomeric units bonded by 
β-1,4-glycosidic linkages. These monomeric units, consisting predominantly of 
small chain/s of cellobiose and glucose molecules (Taherzadeh and Karimi 2007), 
are released from the insoluble cellulose polymer through enzymatic hydrolysis by 
cellulases. Cellulases are a combination of enzymes, namely, endoglucanases, cel-
lobiohydrolases, and β-glucosidases (Thota et al. 2017), which are distinctly folded 
with variable structural and functional modules (Henrissat et al. 1998; Taherzadeh 
and Karimi 2007). The catalytic modules of cellulases have been classified into 
numerous families based on their amino acid sequences and crystal structures 
(Henrissat 1991).

Cellulases are produced by fungi, bacteria, protozoans, plants, and some animal 
species such as termites and crayfish, whose cellulases differ substantially from the 
former organisms (Watanabe and Tokuda 2001). Among the organisms producing 
cellulases, fungi are studied extensively because their elongated hyphae can addi-
tionally inflict mechanical pressure on the cellulose structures aiding results of cel-
lulase activities. Concurrently, fungal strains also have the capability to produce 
higher quantities of cellulases when compared to bacteria, plants, and animals 
(Amouri and Gargouri 2006; Chang et al. 2016; Gaur and Tiwari 2015; Have et al. 
2002; Lange et al. 2019).

Fungal cellulases have significant applications in industries that deal with tex-
tiles, paper and pulp (Esteghlalian et al. 2001), food (Fernandes 2010), detergents, 
wine and brewery (Kuhad et  al. 2011), amino acids synthesis (Ahmed and Bibi 
2018), and animal feed and agriculture (Abdel-Azeem et al. 2021; Sharada et al. 
2014; Yadav et al. 2019a, b). Furthermore, research of cellulases has grown rapidly 
in recent years due to the huge production of glucose that can occur at large scale by 
cellulase, which can be fermented to ethanol that has a variety of global applica-
tions, especially as biofuel (Agarwal et al. 2018; Brar et al. 2019; Johnson 2016; Li 
et al. 2020; Lynd et al. 2017). This chapter discusses microbial cellulases and related 
enzymes, their classifications and their action mechanisms, the fungal cellulases 
with their relevant aspects of the potential utilization, and their applications in 
diverse fields and industries.
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7.2  Lignocelluloses

Lignocelluloses are the key structural polysaccharides of plant biomass, constitut-
ing cellulose, hemicellulose, and lignin, and are commonly spread across vascular 
plants (Marriott et al. 2016; Zhang et al. 2012; Zoghlami and Paes 2019). Cellulose 
(≈50%) and hemicellulose (≈30%) are polysaccharides of simple sugar units linked 
by linear β-1,4 linkages along with lignin that account for the remaining 20% of the 
lignocellulose. Additionally, hemicellulose may contain polymers of sugars such as 
pentoses (arabinose and xylose) and hexoses (glucose, galactose, mannose), making 
it a branched-chain polymer (Howard et al. 2003; Scheller and Ulvskov 2010). The 
natural variability in the hemicellulose content depends on the kind of plant source. 
For example, the softwoods (gymnosperms) such as spruce and pine plants have 
hemicellulosic regions that contain mostly structural and storage polysaccharides 
such as mannan (Girio et al. 2010). On the other hand, hardwoods (angiosperms) 
such as oak plants are mainly composed of xylans that increase. Lignin is a complex 
three-dimensional network of aryl or aromatic alcohol groups constituting of three 
phenyl propane units, such as coumaryl, coniferyl, and sinapyl alcohol, that are 
linked by numerous C–O and C–C bonds (Boerjan et al. 2003). The cell wall recal-
citrance to enzymatic digestion (Faik 2013). Studies have shown that softwoods 
have a higher proportion of conferyl alcohol (90%) (Novaes et al. 2010) in compari-
son to hardwood where conferyl and sinapyl alcohols occur at equal proportions 
(Santos et al. 2012).

Hemicellulose and lignin form the amorphous network where the crystalline cel-
lulose structures are attached (Rubin 2008; Sajith et al. 2016). The cellulosic micro-
fibrils are stabilized through various intra- and intermolecular hydrogen bonds and 
Van der Walls interactions. Hemicellulose polymers surround these microfibrils. 
The matrices of cellulose–hemicellulose are protected from microorganisms by a 
covering of amorphous insoluble polymers lignin on the internal cellulosic struc-
tures (Sajith et al. 2016).

Intriguingly, some agricultural residues contain nonedible lignocelluloses such 
as forestry waste and agriculture crop residues (Mishra and Mohanty 2018). These 
can be used as renewable sources for the production of several value-added prod-
ucts, such as biofuel, that could be a replacement for fossil fuel (Wi et al. 2015). 
Furthermore, chemical pretreatment processes of lignocelluloses had various set-
backs such as the release of by-products that discontinue sugar fermentation (Den 
et  al. 2018; Singhvi and Gokhale 2019). To circumvent this problem, the use of 
lignocellulolytic enzymes as biocatalysts has proven to be significant in improving 
the quality of the pretreatment process of lignocellulose (Brijwani and Vadlani 
2011; Lynd et al. 2008; Oberoi et al. 2014).
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7.3  Microbial Lignocellulolytic Enzymes

A large amount of lignocellulosic material, such as herbaceous crops (alfalfa, switch 
grass) agricultural residues (corn stover, corn fiber, sugarcane bagasse), forestry 
residues (chips, sander dust, bark, sawdust, planer shavings), waste paper, and other 
wastes (municipal and industrial) (Acharya and Chaudhary 2012), is produced 
annually on the earth surface. Rapid microbial degradation prevents bulk accumula-
tion of those wastes (Irbe et al. 2014). These microbes successfully convert synthe-
sized organic debris into humus to provide carbon and energy for their survival as 
well as to recycle carbon to the ecosystem (He et al. 2009). Although a large number 
of microbes are reported to possess degradation capabilities, only a few have been 
proven to own a set of enzyme transcriptional systems for lignocellulolytic enzymes 
essential for the breakdown of lignocelluloses into simpler molecules (Adrio and 
Demain 2014; Ravindran et al. 2018; Ravindran and Jaiswal 2016).

There is an increasing demand for additional, active, and specific lignocellulo-
lytic enzymes for an ultimate way to manage lignocellulosic biomass and for effi-
cient industrial production of value-added products. Biotechnology and 
bioprocessing tools industrially aid the successful exploration of lignocelluloses for 
the production and exploitation of lignocellulolytic enzymes (Yadav et al. 2020). 
For instance, previous studies have shown the use of fungi for the large-scale pro-
duction of lignocellulolytic enzymes in industries for other applications, as fungi 
can adhere and grown to solid substrates with little moisture content (Kour et al. 
2019c; Sette et al. 2008; Toushik et al. 2017). Notably, filamentous fungi are more 
prolific in extracellular lignocellulolytic enzyme production in comparison to bac-
teria and yeast (Cunha et al. 2018; Soliman et al. 2012). Furthermore, these enzymes 
have been utilized in managing lignocellulose-containing environmental pollutants, 
such as textile and pulp effluents, organochloride agrochemicals, and crude oil resi-
dues (Couto and Toca-Herrera 2007; Kiiskinen et al. 2004; Mehandia et al. 2020; 
Santhanam et al. 2011; Sitarz et al. 2016).

7.3.1  Classification of Microbial Lignocellulolytic Enzymes

Numerous microbes thrive on the lignocelluloses materials; however, a few could 
produce an array of enzymes to degrade them into simpler molecules. Conventionally, 
the enzymatic degradation of lignocelluloses is carried out by a collection of com-
plex enzymes called hemicellulases, cellulases, and ligninases (Fig. 7.1).
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7.3.1.1  Hemicellulases

Hemicellulases are glycoside hydrolases that hydrolyze glycosidic bonds and ester 
linkages of acetate or ferulic acid side groups of hemicellulose substrates (Weiss 
et al. 2013; Zoghlami and Paes 2019). They have been primarily classified as arabi-
nase (EC 3.2.1.99), arabinofuranosidases (EC 3.2.1.55), β-mannanases (EC 
3.2.1.78), xylanases (EC 3.2.1.8), and β-xylosidases (EC 3.2.1.37) (Fig.  7.1). 
Mannanase and arabinose or arabinofuranosidases are essential for the complete 
degradation of hemicellulose (Sajith et al. 2016; Zoghlami and Paes 2019). Xylanase 
hydrolyzes xylan to oligomers that are further degraded by β-xylosidases to xylose 
(Sajith et al. 2016). For example, β-mannanase has been used in the poultry feed 
industry to digest antinutritional factors of soybeans and other leguminous seeds 
that are essential for the growth, digestion, health, and metabolism of nutrients in 
poultry birds (Saeed et al. 2019). Likewise, l-arabinose isomerases allow for the 
manufacture of d-tagatose from dairy products that has an antiglycemiant effect and 
possess potential in both pharmaceutical and agro-food industries (Boudebbouze 
et  al. 2011). Another hemicellulases enzyme xylanase has been widely used for 
liquefying the mucilaginous hemicellulose matrix in the preparation of commercial 
coffee (Pedersen et al. 2009).

7.3.1.2  Ligninases

Ligninases or lignin-modifying enzymes (LMEs) are generated by fungi or bacteria 
that break down lignin into low-molecular-weight (MW) compounds to be absorbed 
by other microorganisms (Wong 2009). Ligninases are categorized into various 
types: (a) Lignin peroxidase, LiP (EC 1.11.1.14); (b) manganese peroxidases, MnP 
(EC 1.11.1.13); (c) versatile peroxidase, VP (EC 1.11.1.16); and (d) laccases (EC 
1.10.3.2), glyoxal oxidase (EC 1.2.3.5), aryl alcohol oxidase (EC 1.1.3.7), pyranose 
2-oxidase (EC 1.1.3.4), cellobiose/quinone oxidoreductase (EC 1.1.5.1), and 

Fig. 7.1 Classification of lignocellulolytic enzymes involved in lignocellulose degradation
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cellobiose dehydrogenase (EC 1.1.99.18) (Arora and Sharma 2010; Baldrian 2006; 
Kirk and Farrell 1987; Martinez et al. 2005) (Fig. 7.1).

Lignin peroxidase is the most crucial enzyme for lignin degradation. It is a hemi- 
protein (1,2-bis(3,4-dimethoxyphenyl) propane-1,3-diol: hydrogen-peroxide oxido-
reductase) that catalyzes the H2O2-dependent oxidative depolymerization of lignin 
(Hammel et al. 1993; Vares et al. 1995). It was been first isolated from a white-rot 
fungus called Phanerochaete chrysosporium (de Paula et al. 2018; Edwards et al. 
1993) and subsequently from other fungi, such as white-rot Polyporales species 
(Ayuso-Fernandez et  al. 2019), Trametes hirsuta (Vasina et  al. 2017), and 
Schizophyllum commune IBL-06 (Asgher et al. 2012).

Manganese peroxidase (MnP) catalyzes the Mn-dependent reaction 2Mn(II) + 2
H+ + H2O2 = 2Mn(III) + 2H2O. MnP occurs extracellularly and was first purified 
from P. chrysosporium by growing the fungus in a culture medium supplemented by 
Mn (II) (Bonnarme and Jeffries 1990). Studies in a solid-state fermentation process 
of rice straw with P. chrysosporium have shown the underlying mechanism involved 
in manganese amendment in the media that eventually controls the mnp1 and mnp2 
gene transcription levels (Huang et al. 2017). Additionally, certain other stimulating 
factors such as Mn(II), glycolate, malonate, glucuronate, and 2-hydroxybutyrate, 
are identified that enhance the production of MnP by P. chrysosporium (Fujihara 
et al. 2008) and Clitopiluss cyphoides (Rao et al. 2019).

The molecular structure of the versatile peroxidase (VP) is comparable to lignin 
peroxidase and manganese peroxidase and has been isolated from fungi such as 
Bjerkandera species (Moreira et al. 2005) and Pleurotus eryngii (Chen et al. 2010; 
Palma et  al. 2016). However, this VP group of enzymes is not only specific for 
Mn(II) as in the case of MnP but also oxidizes other aromatic substrates such as 
phenolic and non-phenolic compounds in the absence of manganese (Ruiz-Duenas 
et al. 2007; Wang et al. 2016).

Laccases are one of the earliest enzymes that belong to the multi-copper enzyme 
family and have been secreted from various bacteria, fungi, insects, and plants 
(Forootanfar and Faramarzi 2015). These enzymes catalyze the reaction of 4Benze
nediol + O2 ↔ 4Benzosemiquinone + 2H2O that involves the degradation of lignin 
via oxidation of phenolic compounds to yield phenoxy radicals and quinines 
(Brijwani and Vadlani 2011). Laccase activities have been identified in bacteria 
such as Leptothrix discophora, Pseudomonas maltophilia, Pseudomonas syringae, 
Streptomyces species (Chandra and Chowdhary 2015), Azospirillum lipoferum 
(Givaudan et  al. 1993), Geobacterial, Staphylococcus, Lysinibacillus, 
Aquisalibacillus, Proteobacterium, and Alteromonas species (Guan et  al. 2018). 
Fungi such as Aspergillus nidulans, Phanerochaete chrysosporium, Lentinula 
edodes, Phellinus ribis, and Pleurotus pulmonarius produce laccase that has exten-
sive biotechnological applications, such as laccase-based bio-transfer, bio- oxidation, 
biosensor, and enzymatic synthesis of organic compounds (Arora and Sharma 
2010). The plant laccases function in wound response and, along with peroxidases, 
catalyze the biosynthesis of lignin (Berthet et al. 2012; Tobimatsu and Schuetz 2019).

Glyoxal oxidases (GLOX) are copper-containing enzymes that exhibit similarity 
in active site structure and chemistry with galactose oxidases and are responsible for 
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the generation of H2O2 from plant biomass (Daou and Faulds 2017). GLOX was first 
identified in the fungus Phanerochaete chrysosporium and later isolated from 
Utilago maydis, the smut fungus where it was reported to cause filamentous growth 
and pathogenicity (Daou and Faulds 2017). Similar functionalities of H2O2 genera-
tion have been observed with aryl-alcohol oxidase (AAO) that was reported to be 
associated with lignolytic activities of white-rot fungus. AAO was first detected in 
Polystictus versicolor (current name Trametes versicolor) (Farmer et al. 1960) and 
later in a Pleurotus sp. (Muheim et al. 1990).

Pyranose 2-oxidase (P2O), the flavoenzyme, was first isolated from Trametes 
multicolor and found to be involved in catalyzing the oxidation of d-glucose and 
other aldopyranose sugars at the C2 position by supplying electron to the O2 that 
results in 2-ketosugars and H2O2 (Prongjit et al. 2013). Cellobiose oxidoreductase 
(CBOR) and cellobiose dehydrogenase (CDH) are involved in lignocellulose degra-
dation (Mason et al. 2002) and reduction of lytic polysaccharide monooxygenase 
(LPMO) by extracellular electron transfer, respectively (Scheiblbrandner and 
Ludwig 2020), and were detected in the white-rot fungus P. chrysosporium (Mason 
et al. 2002; Scheiblbrandner and Ludwig 2020).

7.3.1.3  Cellulases and Classification

Cellulases are glycosyl hydrolases produced by fungi and bacteria (Jayasekara and 
Ratnayake 2019; Juturu and Wu 2014; Yadav 2019) and are responsible for hydro-
lyzing the β-1,4-glycosidic bonds of intact cellulose and other related cello- 
oligosaccharide derivatives (Bajaj and Mahajan 2019; Barati and Amiri 2015; 
Kuhad et al. 2011; Mojsov 2016). Cellulases are classified based on their hydrolytic 
specificities toward the β-1,4 glycosidic linkages between two or more carbohy-
drates or one carbohydrate and a non-carbohydrate moiety (Lynd et  al. 2002a; 
Mojsov 2016). There are three subcomponents, namely, exo-1,4-β-d-glucanase 
(exoglucanase, EC 3.2.1.91), endo-1,4-β-d glucanase (endoglucanases, EC 3.2.1.4), 
and β-d-glucosidases (β-d-glucoside glucanhydrolase, EC 3.2.1.21).

The enzymatic hydrolysis mechanism of cellulases involves the synergistic 
action of these three subcomponent key enzymes (Mojsov 2016; Soni et al. 2018; 
Yoon et al. 2014; Zhang and Lynd 2004). Exoglucanases attack the crystalline ter-
mini of cellulosic substrates to produce cellobiose. The endoglucanases hydrolyze 
the glycosidic bonds within the amorphous inner regions of the fibrils unsystemati-
cally, while the β-glucosidases complete the conversion process by hydrolyzing cel-
lobiose and other cellodextrins to monomeric glucose units.

7.3.1.3.1 Endoglucanases (EG)

Endoglucanases (EG) are monomeric enzymes and the first cellulases to act in the 
hydrolysis of cellulose by hydrolyzing the internal β-1,4 glycosidic bonds at ran-
dom in the low crystalline regions of the cellulose fibers (Fig. 7.2). These enzymes 
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thus generate oligosaccharides of different lengths by inserting a water molecule 
into the β-1,4 junctions, generating reducing and non-reducing ends in the polymer 
chains that are susceptible to the subsequent action of exoglucanase (Gupta and 
Verma 2015). They may belong to various families of glycosyl hydrolases, described 
in the CAZy (www.CAZy.org) database of active carbohydrate enzymes, and their 
molecular weight varies from 22 to 45 kDa (Lombard et al. 2014).

Several studies have described fungi to possess multiple endoglucanases in their 
cellulase enzyme complexes. For example, the aerobic fungus Trichoderma reesei 
has been reported to produce five endoglucanases (EGI, EGII, EGIII, EGIV, and 
EGV) (Miettinen-Oinonen and Suominen 2002). Fungal endoglucanases commonly 
hold low or no glycosylation and have an open cleft that allows them to bind to the 
substrate (Baldrian and Valaskova 2008). It has been reported that endoglucanases 

Fig. 7.2 Schematic representation of the synergistic hydrolytic action of cellulases on cellulose 
polymers
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act at an optimal pH between 4 and 5 and temperature between 50 and 70  °C 
(Yennamalli et al. 2013).

7.3.1.3.2 Exoglucanases or Cellobiohydrolases (CBH)

Exoglucanases, also called Cellobiohydrolases (CBH), catalyze the successive 
hydrolysis of the cellulobiose residues produced by endoglucanase by progressively 
excising the β-1,4 glycosidic bonds from the reducing and non-reducing ends of 
cellulose (Fig. 7.2). CBHs have been shown to create a substrate-binding tunnel that 
surrounds cellulose. Cellobiose is released as the main product of the cellulose 
polymer, although larger oligomers are also released (Quiroz-Castañeda and Folch- 
Mallol 2013).

Biochemically, these enzymes are monomeric with molecular weight varying 
between 50 and 65 kDa. However, there are exemptions for some fungi such as the 
exoglucanase of Sclerotium rolfsii being 41.5 kDa (Sadana and Patil 1988). These 
enzymes exhibit low levels of glycosylation, up to 12%, and are functional at an 
optimal pH between 4 and 5, and a temperature range of 37–60  °C (Quiroz- 
Castañeda and Folch-Mallol 2013).

7.3.1.3.3 β-Glucosidase

β-Glucosidases (BGL) is the third and last major component of the cellulase com-
plex system that degrades cellulose. They hydrolyze β-1,4-glycosidic bonds from 
soluble cellodextrins (cellulobiose) to fermentable monosaccharides. At the same 
time, they remove intermediates that act as inhibitors for EG and CBH. β-Glucosidases 
are competitively inhibited by their final product, glucose, by a feedback inhibition 
mechanism (Zhang and Lynd 2004) (Fig. 7.2).

BGL fungal enzymes have been well documented (Larue et  al. 2016; Tiwari 
et al. 2013). Studies have shown that BGL’s have been isolated from different fungal 
species, such as T. reesei and various white- and brown-rot fungi (Dashtban et al. 
2009). β-Glucosidases belong to two families of glycosyl hydrolases (Glycosyl 
Hydrolase 1 and Glycosyl Hydrolase 3) and exhibit the most significant variability 
among cellulolytic enzymes (Henrissat 1991). For example, β-glucosidases from 
Pleurotus ostreatus have a monomeric structure and a molecular mass of about 
35 kDa (Morais et al. 2002). However, in Sporobolomyces singularis, the BGL is 
dimeric (Ishikawa et al. 2005), and even in Pisolithus tinctorius, it is trimeric with 
a molecular mass of 450 kDa (Cao and Crawford 1993).

The β-glucosidases can occur intracellularly, where they are associated with the 
cell wall, as well as extracellularly. They lack cellulose-binding domains (CBD) and 
consist of a single catalytic module (Cao and Crawford 1993). Most of the 
β-glucosidases are glycosylated, being able to reach a degree of glycosylation of up 
to 90%, as is the case with β-glucosidase from Trametes versicolor (Du et al. 2015). 
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The optimum temperature and pH vary between 45–75 °C and 3.5–5.5, respectively 
(Dashtban et al. 2009).

7.4  Microbial Cellulases

Microbial cellulases are inducible enzymes and are predominantly synthesized by 
diverse bacterial and fungal species during their growth on cellulosic material (Kour 
et al. 2019a; Lee and Koo 2001). These cellulases have become important biocata-
lysts due to their complex nature and widely used industrial applications (Henrissat 
et al. 1998). The bacterial and fungal cellulases include microbes of both aerobic 
and anaerobic nature.

Among bacterial species, there are distinct differences between the aerobic and 
the anaerobic adopted cellulolytic strategies. Anaerobic bacterial species possess 
complex cellulase systems, called cellulosomes, that are localized on the cell- 
glycocalyx matrix (Demain et al. 2005; Lynd et al. 2002b; Rainey et al. 1994). For 
example, the thermophilic anaerobic bacterium Clostridium thermocellum pos-
sesses the well-defined polycellulosome organelles that contain nonenzymatic cata-
lytic scaffolding proteins to which a number of enzymatic or catalytic subunits are 
attached (Bayer et al. 1998; Fontes and Gilbert 2010; Schwarz 2001). These anaero-
bic species cannot secrete measurable amounts of extracellular cellulase and, there-
fore, cannot effectively penetrate the cellulosic material.

In contrast, aerobic bacteria, fungi, and Actinomycetes produce secretary cellu-
lases that hydrolyze the β-1,4-glycosidic linkages of cellulose. For example in the 
case of bacteria, species of Cellulomonas are coryneform bacteria and have 
cellulosome- like protuberant structures on their cell surfaces (Lynd et al. 2002a). 
These bacteria produce six endoglucanases and one exoglucanase (Cex) enzyme 
(Chaudhary et al. 1997). Thermobifida fusca is a thermophilic filamentous bacte-
rium that degrades cellulosic material in soil and can produce six cellulase enzymes 
with three endoglucanases (E1, E2, E5), two exoglucanases (E3 and E6), and an 
uncommon cellulase with endoglucanase and exoglucanase activities (E4) (Lynd 
et al. 2002a).

Recurrent research on aerobic cellulolytic fungi has been prevalent (Kuhad et al. 
2011; Sajith et al. 2016). Notably, Trichoderma, Penicillium, and Aspergillus spe-
cies have been reported with the ability to produce high levels of extracellular cel-
lulases (Barros et  al. 2010). These fungal cellulases have significant roles by 
hydrolyzing diverse biomasses such as sugarcane bagasse, rice hulls, forest resi-
dues, corn stover, corn fiber, municipal solid waste, paper mill sludge, and industrial 
waste (Acharya and Chaudhary 2012). Therefore, these enzymes dominate indus-
trial applications.

The Trichoderma reesei cellulase system has been studied well (Bischof et al. 
2016; Druzhinina and Kubicek 2017). Two exoglucanases (CBHI and CBHII), five 
endoglucanases (EGI, EGII, EGIII, EGIV, and EGV), and two β-glucosidases 
(BGLI and BGLII) were characterized from T. reesei (de Paula et al. 2018; Zhang 
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et al. 2012). However, two Penicillium strains, Penicillium sp. GZ-2 and Penicillium 
sp. TG2, have been reported to be more efficient in cellulolytic enzyme production 
and enzymatic hydrolysis in comparison to T. reesei RUT-C30 during growth on 
agricultural residues (Liao et al. 2015). Studies have also identified and character-
ized an Aspergillus sp. that produces cellulolytic enzymes at a larger scale on ligno-
cellulosic biomass (Kuhad et al. 2011). The protocol for a mixed substrate solid 
fermentation has been optimized for the production of cellulases and xylanases by 
Aspergillus fumigatus ABK9 (Das et al. 2013; Mehboob et al. 2014; Rana et al. 2014).

The cellulolytic activities of actinomycetes species are largely involved biomass 
modifications. Species of Streptomyces, Micromonospora, Intrasporangium, 
Saccharopolyspora, Rhodococcus, Saccharomonospora, Nocardia, Cellulomonas, 
Microbispora, and Thermobifida have been reported to possess cellulase activities 
(Dahm et  al. 1987; Kathiresan et  al. 2011; Sheng et  al. 2015). Among them 
Thermobifida fusca (earlier an anaerobic bacterium), Cellulomonas firmi, and 
Microbispora biospora have been studied the most (Lynd et  al. 2002b; Wilson 
1992). T. fusca is a thermophile, and its genome encodes for 36 glycoside hydro-
lases distributed in 22 glycoside hydrolases families. The cellulase system in 
T. fusca comprises four extracellular endocellulases and two exocellulases and an 
intracellular β-glucosidase (Saini et al. 2015).

Intriguingly, although both C. firmi and M. biospora are facultative anaerobes, 
they also possess extracellular cellulases (Christopherson et al. 2013). The cellulase 
enzyme systems in C. firmi encompass three endocellulases (CenA, CenB, and 
CenD), two exocellulases (CenB and CenD), and a processive endocellulase (CenC) 
(Christopherson et al. 2013; Wilson 2004) while M. biospora synthesizes six dis-
tinct cellulases exhibiting exo-exo and endo-exo synergism (Wilson 1992).

7.5  Fungal Cellulases Structure and Production

Fungal cellulases are structurally less complicated in comparison to other cellulases 
of other organisms, in particular to those of the anaerobic bacteria (Sajith et  al. 
2016). These cellulases contain two separate domains, namely, the cellulose- binding 
module (CBM) and a catalytic domain (CD). The CD has a short polylinker region 
to its N-terminal to join the cellulose-binding module (CBM). The CBM contains 
35 amino acid residues, while the polylinker region has numerous serine and threo-
nine residues.

The major differentiating characteristics between cellulosomes and free cellulase 
are that cellulosomes cohesion has scaffolding and docker in containing enzymes. 
For fungi, cellulose-binding domains (CBMs) are replaced by dockerin in cellulo-
somal complexes in free cellulase and one scaffolding-born CBM directs the com-
plete cellulosome complex to cellulosic biomass (Kuhad et al. 2011; Pandey 2003). 
In contrast, the fungal cellulase adheres to the lignocellulose biomass in the initial 
steps, followed by degradation of the biomass into components that are further 
absorbed by the fungi for nutrition (Gerwick and Fenner 2013).
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The degradation of cellulose via fungal cellulase has been well studied. Several 
cellulose-degrading fungi such as Aspergillus niger, Cladosporium cladosporioi-
des, C. sphaerospermum, Penicillium chrysogenum, Scopulariopsis brevicaulis, 
Stachybotrys chartarum, Verticillium cyclosporum, T. reesei, and Chaetomium 
hamadae have been identified for cellulase production based on their habitat 
(El-Morsy 2000; Luo et  al. 2005; Maria et  al. 2005). Among them, species of 
Aspergillus and T. reesei are prominent cellulase producers that possess a complete 
cellulase system (Kathiresan and Manivannan 2006; Maria et al. 2005; Rasmussen 
et al. 2010).

Aerobic fungal cellulases are available extracellularly, are adaptive in nature, and 
usually secreted in large quantities during growth. They are, therefore, preferred 
over cellulases of the anaerobic bacteria and fungi for the production of single prod-
ucts such as glucose, cellobiose, and cello-oligosaccharides (Jayasekara and 
Ratnayake 2019). Conversely, cellulases in anaerobic bacteria and fungi are orga-
nized into tight multi-enzyme complexes, often membrane-bound as cellosomes, 
and it is difficult to recover individual active enzyme species (Jayasekara and 
Ratnayake 2019; Mathew et al. 2008).

Fungal cellulase production can be carried out primarily by two methods: (1) 
solid-state fermentation (SSF) and (2) submerged fermentation (SmF) (Bansal et al. 
2012; Cherian et al. 2016; Pandey 2003; Singhania et al. 2009; Subramaniyam and 
Vimala 2012; Xia and Cen 1999). In the case of SSF, solid substrates are used for 
the production of cellulases, for instance, agricultural waste such as rice straw, 
wheat bran, and sugarcane bagasse. The fermentation process can be carried out in 
the absence or nearly absence of free water using these solid substrates. The SmF 
method involves fermentation in the presence of water and uses primarily free mol-
ecules soluble in water as liquid substrates, such as molasses in broth (Subramaniyam 
and Vimala 2012).

The main advantages of the SSF technique are easy, cost-effectiveness, and recy-
cling of cheap waste material. The SmF offers easy purification and product recov-
ery (Couto and Sanroman 2006; Pandey 2003). Furthermore, SSF is mainly 
favorable for microorganisms that require less moisture content, while SmF is more 
suited to bacteria for cellulase production due to high water activity (Babu and 
Satyanarayana 1996).

SSF has been used for fermentation in Asian and Western countries since ancient 
times (Ryu and Mandels 1980; Swain and Ray 2007; Zhuang et al. 2007). SSF has 
gained importance in Western countries after the production of penicillin via the 
SmF technique in the 1940s. In the last two decades, SSF has been extensively used 
because of biotechnological advantages such as high fermentation ability, more 
stable end products, subordinate catabolic repression, as well as its use of cost- 
effective technology (Dhillon et  al. 2013; Kasana et  al. 2008; Liang et  al. 2010; 
Sukumaran et al. 2009). Additionally, cellulase production via SSF is preferred over 
that with SmF because it yields two to three times higher enzyme production, has a 
high protein rate, and direct accessibility of dried fermentable solids as a source of 
enzyme that eliminates the costs involved in downstream processing (El-Bakry 
et al. 2015; Hendriks and Zeeman 2009; Sadhu and Maiti 2013).
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The production of enzymes is dependent on various factors (Abusham et  al. 
2009). These include the substrate chosen, strain used cultivation strategy, medium 
supplementation, and cultivation parameters. A pretreatment step of the cellulosic 
material, to remove the lignin and to make the cellulosic component more accessi-
ble to the fungus, can also influence the final production of cellulase. Such modifi-
cations for the improvement in the cellulase production on sugarcane bagasse have 
been earlier (Jabasingh and Nachiyar 2011).

7.6  Industrial Applications

Six classes of lignocellulolytic enzymes have been nominated by the International 
Union of Biochemists in 1979 based on their functions and the overall reactions 
they catalyze. These classes include (a) Oxido-reductases, (b) Transferases, (c) 
Hydrolases, (d) Lyases, (e) Isomerases, and (f) Ligases. In industry, about 85% of 
the enzymes are hydrolases, with the remaining 15% divided among oxidoreduc-
tases and isomerases. Lignocellulolytic enzymes are widely used in industry includ-
ing food, detergents analytical applications, medical sciences, production of 
chemicals, and waste treatment industries (Kuhad et al. 2011; Sharada et al. 2014).

Cellulases, as part of hydrolases, are progressively used for a large variety of 
industrial purposes, such as in the textile, pulp, paper, and food industries as well as 
an additive in detergents and improving the digestibility of animal feeds (Bhardwaj 
et al. 2020; Gübitz et al. 1996; Ishikawa et al. 2005). The world industrial enzyme 
market presently accounts for cellulase as a significant share. Growing concerns 
about the depletion of crude oil and the emissions of greenhouse gases have subse-
quently encouraged the production of bioethanol from lignocellulose, especially 
through enzymatic hydrolysis of lignocellulose materials-sugar platforms (Bayer 
et al. 1998; Himmel et al. 1999; Zaldivar et al. 2001). However, costs of cellulases 
for hydrolyzing pretreated lignocellulosic materials still need to be reduced, and 
their catalytic efficiency should be further increased to make the process more eco-
nomically reasonable (Sheehan and Himmel 1999). The industrial production of 
cellulases from fungi is currently dominated by Trichoderma spp. and Aspergillus 
spp. (Pandey et al. 2015).

7.6.1  Wine and Brewery Industry

Cellulolytic enzymes such as hemicellulases, pectinases, and glucanases have been 
extensively used in the fermentation of alcoholic beverages, mainly to promote the 
quality and stability of wine and beer (Nuutila et al. 1999; Oksanen et al. 1985). 
These enzymes eventually reduce the viscosity of the must, clarify and improve the 
filtration process, as well as optimize color extraction and skin maceration (Bamforth 
2009; Chakraborty et al. 2016; Kuhad et al. 2011; Sampathkumar et al. 2019). The 
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aromatic characteristics of the wine are chiefly attributed to β-glucosidases that act 
efficiently on glycosidic substrates, generate volatile compounds, and grant aro-
matic complexity (Nuutila et al. 1999; Oksanen et al. 1985). Currently, there are 
commercial preparations available in industries that aim to improve maceration and 
color extraction and facilitate clarification and filtration (Jayasekara and Ratnayake 
2019). Cellulases are also used in beer production processes by improving the filtra-
tion process and preventing the formation of gels (Chakraborty et al. 2016).

7.6.2  Bioethanol Industry

Cellulose is a sustainable source of fermentable sugars that can be used for the gen-
eration of bioethanol (Sukumaran et al. 2009). Agricultural residues, such as rice, 
corn, and sugarcane bagasse, have been used as raw materials for the production of 
bioethanol, using cellulases produced by Aspergillus, Trichoderma, and Penicillium 
species (Binod et al. 2010; Jin et al. 2020; Swain et al. 2019; Talebnia et al. 2010; 
Xue et al. 2018). Bioethanol production involves four steps: (1) pretreatment of the 
lignocellulosic substrate (mechanical, chemical or enzymatic); (2) release of fer-
mentable sugars from plant polysaccharides with cellulases (saccharification); (3) 
microbial fermentation; and (4) distillation (Chakraborty et  al. 2012; Kaur et  al. 
2020; Kour et al. 2019b).

Mesophilic fungal enzymes functioning at the temperature range of 20–45 °C are 
usually used for the saccharification step. However, enzymes from psychrophilic 
fungi that are efficient at low temperatures (−20 to +10 °C) (Barroca et al. 2017) can 
also be used. Likewise, a thermostable and ethanol-resistant endoglucanase isolated 
from Aspergillus niger makes it an excellent candidate to be used simultaneously in 
saccharification and fermentation (Xue et al. 2018) (Table 7.1).

7.6.3  Food Processing Industry

Lignocellulolytic enzymes have been employed in the food industry to extract and 
clarify olive oil, fruit and vegetable juices, and fruit nectars (Galante et al. 1998; 
Pajunen 1986). Lignocellulolytic enzymes are important as part of macerating 
enzyme complexes (cellulases, xylanases, and pectinases). These macerating 
enzymes are also used to improve cloud stability and texture and to decrease the 
viscosity of the nectars and purees from tropical fruits such as mango, peach, 
papaya, plum, apricot, and pear. These complexes also improve the texture, flavor, 
and aromatic properties of fruits and vegetables, for instance, to reduce excessive 
bitterness of citrus fruits by infusing the nectar with enzymes such as pectinases and 
β-glucosidases. Due to their significant role in food biotechnology industries, the 
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demand for macerating enzymes will possibly increase for juice extractions for a 
wider range of fruits and vegetables (Raveendran et al. 2018; Sharada et al. 2014).

The extraction of olive oils is important for the international food market because 
of the huge health benefits of olive oil. However, extraction from the ripened fruits 
at high temperatures always results in oil with rancidity, high acidity, and poor 
aroma (Galante et al. 1998). The use of commercially available enzymes such as 
Olivex (a cocktail of cellulase, hemicellulases, and pectinase from Aspergillus acu-
leatus) and macerating food enzymes significantly increase the extraction process 
and antioxidants levels in extra virgin olive oil and reduce rancidity (Kuhad et al. 
2011; Sharada et  al. 2014). Under cold processing conditions, these enzymes 
increase extraction; improve centrifugal fractionation of the oily must; and decrease 

Table 7.1 Industrial applications where cellulolytic activities of fungi are exploited

Industrial applications
Cellulolytic 
activities Associated fungi References

Wine and beer 
production

EGa, CBHb, 
β-glucanases

A. niger, Penicillium 
emersonii, Trichoderma 
reesei

Nuutila et al. (1999), 
Oksanen et al. (1985)

Bioethanol production 
and Fruit liquefaction 
in juice production

EGa A. niger, Penicillium, 
Trichoderma

Bhardwaj et al. (2020), 
Jin et al. (2020), Thomas 
et al. (2016)

Pulp and paper 
industry

EGa Aspergillus aculeatus, 
Sporotrichum 
cellulophilum, S. rolfsii, T. 
reesei

Araujo and Ward (1991), 
Christgau et al. (1994), 
Gübitz et al. (1996), 
Stalbrand et al. (1995)

Textile and laundry 
industry

EGa, CBHb, 
BGLc

H. insolens, T. reesei Arja (2007), Cavaco- 
Paulo and Gübitz (2003)

Detergent industry Cellulasesd H. insolens Grethe et al. (1999)
Animal feed industry Xylanase Trichoderma sp. Li et al. (2010)
Agricultural industry β-Glucanases, 

CBHb

Chaetomium sp., 
Geocladium sp., 
Penicillium sp., 
Trichoderma sp.

Harman et al. (1991), 
Kuhad et al. (2011)

Olive oil extraction Cellulasesd A. aculeatus Petrakis (2006)
Carotenoid extraction Cellulasesd A. niger, A. terreus Cinar (2005)
Flavour improvement 
and dinking of 
wastepaper

BGLc P. ostreatus, P. tinctoriu, 
S. singularis, T. versicolor

Cao and Crawford 
(1993), Ishikawa et al. 
(2005), Morais et al. 
(2002)

Wastewater 
management

Cellulasesd A. niger, Penicillium 
decumbens, T. reesei

Khan et al. (2019), 
Wilson (2011)

Biofuels production EGa, CBHb, 
BGLc

A. terreus, Chrysosporium, 
F. proliferatum, T. reesei, 
T. harzianum, T. viride

Gusakov (2011)

aEndoglucanases
bCellobiohydrolases
cβ-Glucosidases
dAuthors did not specify type of cellulases
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olive paste viscosity during olive oil production and malaxation (Chiacchierini et al. 
2007; Ranalli et al. 2003). The presence of the collateral activities of cellulases and 
hemicellulases ensure a quick and intense disintegration of the cell walls and mem-
branes of the olive fruits, thereby favoring the passage of polyphenols and aromatic 
precursors into the final product (Kuhad et al. 2011; Ranalli et al. 2003; Sharada 
et al. 2014).

7.6.4  Pulp and Paper Industry

Cellulases in the pulp and paper manufacturing industry in combination with xyla-
nases are used for biodeinking, generate an appearance of cleanliness, and shine in 
paper waste (Bajaj and Mahajan 2019; Jayasekara and Ratnayake 2019). A cocktail 
of enzymes of xylanases and cellulases from Thermomyces lanuginosus and 
Aspergillus sp., respectively, has been used to treat bleached kraft pine cellulosic 
pulp that has significantly improved susceptibility to refining, increased water reten-
tion value, and fines content (Przybysz Buzala et al. 2016). Another study (Kumar 
et al. 2018) has shown the production of a low-molecular-weight cellulase-xylanase 
complex (14 kDa) using the bacterium Escherichia coli SD5, demonstrating that the 
coexistence of these enzymes is advantageous in paper pulp modification and deink-
ing applications. Furthermore, a study (Wang et al. 2017) has also shown the over-
expression of a gene encoding for alkali-tolerant endoglucanase in Bacillus subtilis 
Y106 that could be used to improve the resistance properties against microbes of 
softwood pulp, hardwood, and non-wood materials.

7.6.5  Textile and Laundry Industry

Cellulases have been widely used for manufacturing in the textile and laundry 
industries. They have been primarily used for bio-polishing and softening of cellu-
losic fibers (Shin et al. 2016; Uddin 2015; Yu et al. 2015) besides improving the 
softness, color, shine, and appearance of textiles (Araujo et al. 2008; Arja 2007; de 
Souza et al. 2013; Juturu and Wu 2013; Shankar et al. 2017; Sharma 2015; Sreenath 
et al. 1996). Likewise, alkaline cellulases are also used, favoring the complete elimi-
nation of stains on the fabric and giving shine and softness to the clothes (Juturu and 
Wu 2014). The treatment of garments, using enzymes such as bio-polishing and 
bio-stonation of jeans, involves degradation of the fiber end of the fabric, the release 
of the dye from the textile, and facilitating the mechanical washing process (Cavaco- 
Paulo et al. 1998). The main advantage of cellulases is that they are easy to apply on 
the material and are biodegradable and thus do not pollute the environment 
(Jayasekara and Ratnayake 2019). Commercial cellulase used in the textile industry 
comes mainly from fungi such as T. reesei and Humicola insolens (Arja 2007; 
Cavaco-Paulo and Gübitz 2003).

S. Ghosh et al.



279

7.6.6  Detergent Industry

Cellulases in combination with proteases and lipases in detergents are used in origi-
nation in industries (Singh et al. 2007). Cellulase preparations are capable of alter-
ing cellulose fibrils to improve brightness, color, feel, and dirt removal from 
cotton-blend garments (Niyonzima 2019; Sukumaran et al. 2005). Cellulases have 
also been added to detergents for the breakdown of hydrogen bonds under harsh 
environmental conditions such as alkaline or thermophile conditions (Menendez 
et al. 2015; Pajunen 1986). For instance, alkaline cellulases are used as a detergent 
additive to selectively attach to the cellulose within the interior of fibers so that soil 
can be removed from the internal fibril spaces in the presence of more conventional 
detergent ingredients. Currently, liquid laundry detergents contain anionic or non- 
anionic surfactants, citric acid, or a water-soluble salt (Karmakar and Ray 2011; 
Sharada et al. 2014).

7.6.7  Animal Feed Industry

Cellulases and hemicellulases applied in the animal feed industry have received 
considerable attention because of their potential to improve feed value and thus the 
performance and health of animals (Dhiman et al. 2002). The use of enzymes in 
animal nutrition became more important after the prohibition of using nutritive ion-
ophore antibiotics, which were previously used in the European Union countries 
(Ali et al. 1995). Agricultural silage and grain feed pretreated by cellulases or xyla-
nases can improve nutritional value by eliminating antinutritional factors with 
hydrolysis, degrading certain feed constituents to improve nutritional values, and 
providing supplementary digestive enzymes for plant-eating animals such as prote-
ases, amylases, and glucanases (Ali et  al. 1995; Godfrey and West 1996; Kuhad 
et al. 2011).

For instance, dietary fiber consists of many plant components such as inulin, 
chitins, waxes, dextrins, lignin, pectins, oligosaccharides, β-glucan, and nonstarch 
polysaccharides such as cellulose and arabinoxylans that act as antinutritional fac-
tors for animals such as swine (Ali et al. 1995). Cellulolytic actions hydrolyze these 
antinutritional factors that are mainly cellulose into easily absorbable and digestible 
components, such as simple sugars of cellulobiose and glucose monomeric units, 
thus improving animal health and performance (Kuhad et al. 2011). Moreover, cel-
lulases and hemicellulases can cause partial hydrolysis of plant cell walls during 
silage and fodder preservation. Additionally, both these enzymes are further respon-
sible for partial hydrolysis of lignocellulosic materials, dehulling of cereal grains, 
hydrolysis of β-glucans, and better emulsification and flexibility of feed materials, 
which results in the improvement in the nutritional quality of animal feed (Cowan 
1996; Ibrahim et al. 2011; Mosier et al. 2005).
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Animal feedstock production processes generally include heat treatments that 
inactivate potential viral and microbial contaminants (Kuhad et al. 2011). Applied, 
thermophilic cellulase during feedstock production to reduce pathogens by hydro-
lyzing their cell walls, while at the same time enhancing the digestibility and nutri-
tion of the feed, thus providing a combination of heat treatment and feed 
transformation in a single step (Kuhad et  al. 2011; Sharada et  al. 2014). During 
caecal fermentation processes, cellulases have an additional positive effect by 
increasing the production of propionic acid, which acts as a bacteriostatic and thus 
can decrease the colonization of pathogenic bacteria (Kuhad et al. 2011; Pazarlioglu 
et al. 2005).

7.6.8  Agricultural Crop Industry

Numerous studies have been conducted to prove the uses of cellulases in combina-
tion with hemicellulases and pectinases for potential applications in agriculture and 
such resulted in enhancing the growth of crops and flowering, improved soil quality, 
and the controlling of plant diseases (Bhat 2000; Kuhad et al. 2011; Sharada et al. 
2014). Cellulases and related enzymes from certain fungi are capable of degrading 
the cell wall of plant pathogens, thus controlling the plant disease (Kuhad et  al. 
2011; Singh and Yadav 2020). Various cellulolytic fungi, including species of 
Trichoderma, Geocladium, Chaetomium, and Penicillium, are known to play sig-
nificant roles in agriculture by promoting rapid plant growth and flowering, seed 
germination, improved root system development, and thus increased crop yields 
(Bailey and Lumsden 1998; Harman and Björkman 1998; Harman and Kubicek 
1998; Sharma et al. 2019; Yadav et al. 2018). Plant performance could be improved 
either by diffusing growth-promoting factors to the plant tissues by fungi or by 
controlling the plant disease and pathogens on plants (Bailey and Lumsden 1998; 
Harman and Björkman 1998; Kuhad et  al. 2011). For soil quality improvement, 
incorporation of straw and subsequent microbial decomposition to soils has been 
adopted as an important strategy to improve soil quality and reduce dependence on 
chemical fertilizers (Escobar and Hue 2008; Tejada et al. 2008).

7.6.9  Carotenoid Extraction

Carotenoids have attracted much interest since they were first isolated from carrots. 
These are the main group of coloring agents in nature being responsible for many 
plant colors from red to yellow. The total production of carotenoids in nature has 
been estimated to be about 100 million tons/year (Bauernfeind 1981). There is a 
continuously growing market for carotenoids as food colorants and also due to their 
other desirable properties, such as their natural origin, null toxicity, high versatility, 
and providing both lipo- and hydro-soluble colorants. Additionally, it exhibits 
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provitamin A activity, lipid oxidation, and anti-carcinogenic properties that are cru-
cial biological functions of these pigments (Cinar 2005).

Carotenoids can be released from the cell wall into the chloroplasts and in cell 
fluids of orange peels, sweet potatoes, and carrots by the combined action of cellu-
lolytic and pectinolytic enzymes. Cellulases randomly split cellulose chains into 
glucose, whereas commercial pectinase preparations, mainly from Aspergillus 
niger, have pectinesterase (PE), polygalacturonase (PG), and pectin lyase (PL) 
activities (Dekker 1994a, b; Ory and Angelo 1977). These pigments remain in their 
natural state, bound with proteins that prevent the pigment from oxidation and 
ensures color stability (Dekker 1994a, b). Studies have shown that carotenoid 
extraction by solvents dissociates the pigments from the proteins and causes water 
insolubility and ease of oxidation (Bassi et al. 1993; Cinar 2005; Dekker 1994a, b; 
Nagodawithana and Reed 2013).

7.6.10  Wastewater and Waste Fill Management

Industries require large quantities of water. For instance, in the paper industry, it 
causes production and release of industrial wastewaters that contain a large amount 
of organic chemical contamination (Biological Oxygen Demand 5 and Chemical 
Oxygen Demand), hazardous substances such as sulfites, phenols and tannins, and 
lignin that significantly contaminate the environment (Hubbe et al. 2016; Kour et al. 
2021; Kumar et al. 2021). Adequate measures are essential to purify the released 
water before it reaches the environment (Stanisavljevic et al. 2018).

Conversely, wastewater is also a very good source of carbon, nitrogen, phospho-
rus, and other nutrients. Several studies (Alma et al. 2003; Jamal et al. 2005) showed 
that sludge from domestic wastewater consists of 32% carbon, 3.8% nitrogen, 1.6% 
phosphorus, 0.05% magnesium, 0.15% potassium, and sufficient trace elements. 
These can be utilized for many microbial processes that could add value by produc-
ing certain valuable metabolic products such as ammonia (ammonification), nitrate 
(nitrification), nitrite (denitrification), and that can also be used as raw materials to 
produce various products such as organic acids, bio-solids, and bio-pesticides by 
liquid state bioconversion as an additional industrial process.

In waste landfills, the bio-decomposition (bioconversion) of organic matter prin-
cipally occurs to methane and carbon dioxide by “anaerobic” digestion from 
microbes by using cellulases, which is a natural process in solid waste landfills 
(Gupta et  al. 2011a, b; Karmakar and Ray 2011; Kuhad et  al. 1997). In natural 
anaerobic digestion, some members of the microbial consortia collectively produce 
fermentable sugars from polysaccharides, with cellulases, while others specialize in 
converting these sugars to methane and carbon dioxide. Such mixed fermentations 
are extremely difficult to establish and maintain a large scale. Extra-cellular hydro-
lytic enzymes such as cellulase and lipases have been shown to be effective in the 
post hydrolysis of anaerobic digester effluent solids (Sharada et al. 2014).
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7.7  Bioprospecting of Cellulases: An Essence 
of the Modern Time

Continuously growing industrial need for cellulases leads to an increasing demand 
to identify and isolate novel cellulases. The production and utilization of such cel-
lulases are still continuously evaluated, aided with culture-dependent studies 
(Hussain et al. 2017; Liang et al. 2014; Yang et al. 2014). For example, six cellulase- 
producing fungi were isolated in Trichoderma and Aspergillus from decaying 
banana pseudostem and Strelitzia alba (Legodi et  al. 2019). However, these 
approaches are restricted to cultivable microbial species (Ghosh 2015).

There has been incredible growth and development in the use of metagenomic, 
meta transcriptomic, and high-throughput sequencing approaches to tap into the 
holistic microbial diversity present within a given ecosystem in order to have a 
comprehensive and compelling view (Ghosh 2015; Handelsman 2004). 
Metagenomics deals with the direct extraction and amplification of the total amount 
of DNA in the environment, while meta transcriptomics is the isolation of their 
expressed version in the form of mRNA. Both the techniques are devoid of any prior 
cultivation for the microbial isolates (Ghosh 2015).

This technique has resulted in the isolation of novel cellulases from different 
matrices and ecosystems (Cui et al. 2019; Speda et al. 2017; Takasaki et al. 2013; 
Yang et  al. 2016). For instance, a metagenomic sequence-based analysis of an 
anaerobically produced beer lees microbial consortium revealed three novel endo- 
β- 1,4-glucanases genes that could be cloned and expressed in E. coli colonies (Yang 
et al. 2016). Another study (Nacke et al. 2012), has constructed a large insert grass-
land soil metagenomic library and detect/isolate a novel cellulase gene (cel01) and 
two xylanases genes (xyn01 and xyn02) based on function-based screening. 
However, constructing metagenomic libraries and subsequently, implementing 
next-generation sequencing techniques are not always feasible and affordable for 
most of the laboratories that have laboratory infrastructure constraints and strict 
budget restrictions (Martin et al. 2018; Wooley and Ye 2010).

Directed evolution involves manipulations of genes coding for certain enzymes 
as a step forward that came up in addition to bioprospecting. The approach involves 
random mutagenesis or DNA shuffling, followed by the selection for enhancements 
in desired traits, such as selected enzymes, thermostability, pH tolerance, and cer-
tain catalytic activities (Stephens et al. 2009; Wang and Xia 2008). This technique 
has led to the discovery of a number of enzymes, including cellulases and xylanases 
(Lin et al. 2011; Stephens et al. 2007, 2009). Methods accelerate and simplify the 
selection procedures (Liu et al. 2009) include structure-guided recombination pro-
cess (SCHEMA) (Meyer et al. 2006), gene fusions (Hong et al. 2006), and protein 
module shuffling (Kittur et  al. 2003). Although infrastructure-dependent, those 
techniques aid in increasing the thermostability and hydrolytic behavior of existing 
enzymes by incorporating beneficial mutations.
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7.8  Conclusions

It was estimated that the world sale of industrial enzymes has already reached a 
market value of 10 billion US$ in 2019 and is expected to reach 14.7 billion US$ by 
2025 of which the global cellulase (CAS 9012-54-8) market is valued at 1677.7 mil-
lion US$ in 2020 and predicted to reach 2450.7 million US$ by the end of 2026. 
Microbial lignocellulolytic are preferred for their vast industrial applicability and 
relatively low cost of production. In fact, the trend for the search of potential cellu-
lase enzymes is increasing and continuing worldwide in the interest of successful 
bioconversion of lignocellulosic biomass, especially for their use in waste manage-
ment, food processing, pharmaceuticals, pulp and paper, and other industries. More 
and more research studies are improving scientific knowledge along with the suc-
cess of meeting the growing demands of industry for cellulases and related enzymes 
to produce eco-friendly textiles, detergents, bio-pulping, and bio-alcohols.

A number of fungi produce cellulase and are considered with the most potential 
for use over other known microorganisms because they are more efficient in cellu-
lolytic activities in comparison to the others. However, there still remain knowledge 
gaps about the different types of fungal cellulases that exist and their precise func-
tionalities. Furthermore, efforts should be continued to develop more suitable, 
affordable, and optimized combinations processes and to isolate and improve the 
quality of the existing enzymes.
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8.1  Introduction

Secondary metabolites are loosely defined as organic compounds that are not 
directly involved in primary metabolic processes such as cell growth, cell division, 
cell respiration, or photosynthesis. Furthermore, secondary metabolites are derived 
from a few common biosynthetic pathways which branch off the primary metabolic 
pathways and are often produced as families of related compounds, often specific 
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for a group of organisms (Dewick 2009; Hartmann 2007; Hanson 2003; Devi et al. 
2020). Fungi are a rich source of secondary metabolites and have been of interest to 
humans for thousands of years.

Secondary metabolites are biosynthesized of building blocks that are put together 
in various metabolic pathways. The pathways are usually named after enzymes or 
intermediates involved and are commonly used to classify secondary metabolites. 
The diversity and complexity of the structures that these relatively few building 
blocks can provide are fascinating (Dewick 2009). Generally, fungal secondary 
metabolites are classified into terpenoids, polyketides, alkaloids, carbohydrates, 
fatty acids, and peptides and proteins. Terpenoids are found essentially in all forms 
of life and they form a large group of secondary metabolites with more than 40,000 
structures (Bohlmann and Keeling 2008).

They are built up from five-carbon segments, so-called isoprene units, which can 
combine to form different classes of terpenoids: hemi- (C5), mono- (C10), sesqui- 
(C15), di- (C20), sester- (C25), tri- (C30), and tetraterpenes (C40). The actual fun-
damental building block to all terpenes and terpenoids is isopentenyl diphosphate 
(IPP) and its isomer dimethylallyl diphosphate (DMAPP). In fungi, IPP and DMAPP 
are biosynthesized via the mevalonic acid (MVA) pathway. Regarding polyketides, 
they are produced via the acetate pathway. They represent a large family of second-
ary metabolites found in bacteria, fungi, and plants (Rastegari et al. 2019a). They 
are particularly important for fungi because of being the most abundant fungal sec-
ondary metabolites; also many of them have important biological activities. For 
example, the cholesterol-lowering compound lovastatin, produced by the fungi 
Monascus rubber and Aspergillus terreus which was the first statin to be marketed 
(Dewick 2009; Keller et al. 2005; Rastegari et al. 2019b).

Alkaloids are cyclic organic compounds that contain one or more nitrogen atoms 
and are often basic. They have usually pronounced effects on the nervous system of 
humans and other animals. Alkaloids are commonly produced from amino acids 
such as ornithine, lysine, tryptophan, and tyrosine but other building blocks, for 
example, terpenes or acetate pathway derived moieties, are also often incorporated 
into structures of alkaloids. Ergolines are a group of alkaloids containing the indole 
ring system and have been found in several fungal genera, for example, Claviceps. 
These fungi are responsible for a fungal disease called ergot that affects cultivated 
grass such as wheat and rye and can be poisonous for humans and animals upon 
feeding. The fourth group is carbohydrates; their biosynthesis and degradation are 
essential for all organisms and are typical components of the primary metabolism. 
However, some of these carbohydrates, for example, glucose, are attached to sec-
ondary metabolites in glycosides. The noncarbohydrate moiety of such a compound 
is known as the aglycone and may originate from one or more biosynthetic path-
ways, for example, the shikimic acid pathway and the acetate pathway. Fusicoccin 
A, a fungal secondary metabolite from Fusicoccum amygdali, is an example of a 
glucopyranoside of a diterpene that has been shown to have growth-inhibiting 
effects on the deadly brain tumor; glioblastoma multiforme (Bury et al. 2013).

Concerning fatty acids, it was reported that they are biosynthesized via the ace-
tate pathway in a similar way to that of the polyketides, although different enzymes 
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are working. Fatty acids may also, as carbohydrates, be attached to other metabo-
lites. Finally, peptides and proteins consist of amino acids that are linked to form 
chains with different lengths; the length determines whether the product will be 
referred to as a peptide (up to 40–50 amino acids) or protein (generally more than 
40–50 amino acids). Peptides and proteins, as a group, are difficult to classify as 
primary or secondary metabolites since many of them are large in size and found in 
materials that are widely distributed, and occur in many different organisms while 
others are small and restricted in occurrence. Peptides and proteins are produced by 
either ribosomal (produced on the ribosome) or non-ribosomal biosynthesis. Non- 
ribosomal peptides are synthesized by non-ribosomal peptide synthases (NRPSs) 
and are, in contrast to ribosomal synthesis, not dependent on mRNA (Dewick 2009; 
Keller et al. 2005).

Fungal secondary metabolites were shown to have multifaceted activities; on the 
one hand, some researchers found that some fungal metabolites are excellent anti-
microbial candidates (Palanichamy et al. 2018; Orfali and Perveen 2019a, b), others 
proved their cytotoxic and antioxidant activities (Kiran and Mohan 2018; Abdel- 
Wareth et al. 2019a, b; Abdel-Azeem et al. 2021). On the other hand, some fungal 
metabolites like pigments have many industrial applications in textiles (Chadni 
et al. 2017; Morales-Oyervides et al. 2017), food (Caro et al. 2017; Kim and Ku 
2018), and cosmetics (Rao et al. 2017; Sajid and Akber 2018), while some fungi and 
their metabolites have already been formulated and commercialized as biopesti-
cides (Francardi et al. 2016). Industrial and pharmaceutical applications of fungal 
secondary metabolites, besides the potential biological control agents produced by 
fungi, will be discussed in this chapter.

8.2  Industrial Applications

8.2.1  Pigment Production

Since their discovery in the nineteenth century, pigments, especially synthetic ones, 
have occupied the entire market due to their wide range of applications in different 
industries. Different characteristics such as low production costs, ease of produc-
tion, and superior coloring properties have largely contributed to the establishment 
of synthetic pigments in the market. However, the use of synthetic colors has been 
found to be detrimental to human health and the environment because of their dis-
advantages, such as poor degradation, longer persistence, the potential to cause can-
cers/allergies, and so on (Downham and Collins 2000; Osman et al. 2004; Babitha 
2009; Samanta and Agarwal 2009; Ratna 2012). This has increased the demand for 
natural, organic, and eco-friendly pigments in the current era.

Synthetic pigments are used as colorants, color intensifiers, additives, antioxi-
dants, and so on, in many aspects including the textile, pharmaceutical, cosmetic, 
painting, food, and beverage industries (Rao et al. 2017; Akilandeswari and Pradeep 
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2016; Yadav et al. 2019). In recent years, fungi have emerged among the prominent, 
eco-friendly sources of natural pigments. Fungi have immense advantages over 
plants as pigment producers; such as season-independent pigment production, easy 
and fast growth in a cheap culture medium, production of pigments with different 
color shades, and of more stable, soluble pigments, and easy processing (Joshi et al. 
2003; Manikprabhu and Lingappa 2013).

Fungi belonging to the Monascaceae, Trichocomaceae, Nectriaceae, 
Hypocreaceae, Pleosporaceae, Cordycipitaceae, Xylariaceae, Chaetomiaceae, 
Sordariaceae, Chlorociboriaceae, Hyaloscyphaceae, Hymenochaetaceae, 
Polyporaceae, Ophiostomataceae, Tremellaceae, Herpotrichiellaceae, and 
Tuberaceae families have been described as potent pigment producers (Akilandeswari 
and Pradeep 2016; Dufossé 2006; Ramesh et al. 2019; Caro et al. 2017; Gmoser 
et al. 2017; Blanchette et al. 1992; Butler and Day 1998; Sakaki et al. 2002; Carvalho 
et al. 2003; Feng et al. 2012; Robinson et al. 2012; Tudor 2013; Tudor et al. 2013; 
Robinson et al. 2014; Hinsch et al. 2015; Tam et al. 2015; Hernandez et al. 2016; 
Robinson et al. 2016; Souza et al. 2016; Palomino et al. 2017; Avalos et al. 2017; 
Pombeiro-Sponchiado et al. 2017; Vega Gutierrez and Robinson 2017). These fungi 
are known to synthesize a variety of pigments as secondary metabolites. They are 
prolific producers of pigments belonging to several chemical classes, such as carot-
enoids, melanins, azaphilones, flavins, phenazines, quinones, monascin, violacein, 
indigo, and so on (Kirti et al. 2014; Caro et al. 2017; Gmoser et al. 2017; Mortensen 
2006; Nagia and El-Mohamedy 2007; Mapari et al. 2010; Dufossé et al. 2014). The 
use of Monascus pigments for the production of red mold rice (ang-kak) is the old-
est recorded use of fungal pigments by humans. Certain species of Monascus, viz., 
Monascus ruber, and Monascus purpureus, have been reported to be good potential 
producers of pigments worldwide. Many other fungal genera were recorded as pig-
ment producers such as Fusarium spp. (Mapari et  al. 2009; Zheng et  al. 2017), 
Trichoderma spp. (Caro et al. 2017; Heo et al. 2018), Hypoxylon spp. (Caro et al. 
2017), Alternaria spp. (Devi et  al. 2014; Caro et  al. 2017), Penicillium spp. 
(Chintapenta et al. 2014; Pandey et al. 2018), Aspergillus spp.  (Mapari et al. 2009; 
Caro et al. 2017). and Talaromyces spp. (Frisvad et al. 2013; Caro et al. 2017).

8.2.1.1  Applications and Biological Activities of Fungal Pigments

Many fungal pigments have been reported to have a variety of biological applica-
tions because of their different properties such as antimicrobial, antioxidant, and 
anticancer activities, in addition to coloring properties (Rao et al. 2017; Ramesh 
et al. 2019; Caro et al. 2017; Sen et al. 2019), however, the degree of purity of pig-
ments investigated in the various studies is not always known.
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8.2.1.1.1 Food Colorants

The majority of work done on fungal pigments is related to their use as food colo-
rants. The possibility of the use of fungal pigments in different industries, particu-
larly in the food industry as food colorants or additives have been revealed long ago 
by many researchers (Fabre et  al. 1993; Fink-Gremmels and Leistner 1989; 
Chattopadhyay et al. 2008; Caro et al. 2017; Mortensen 2006; Mapari et al. 2006, 
2010; Sen et al. 2019; Dufossé et al. 2005; Simpson et al. 2012). Some of the fungal 
pigments that have already entered the market as food colorants are Monascus pig-
ments, arpink red from Penicillium oxalicum, riboflavin from Ashbya gossypii, and 
β-carotene from Blakeslea trispora (Dufossé 2006; Caro et  al. 2017; Kim and 
Ku 2018).

8.2.1.1.2 Cosmetic Industry

As the demand for natural products is increasing in the market, cosmetic industries 
are also in search of new types of natural pigments to replace synthetic ones. So, the 
use of fungal pigments is also rapidly expanding in cosmetics because of their 
advantages. Fungal pigments, especially melanin, carotenoids, and lycopene have 
been reported for their application in cosmetics, sunscreens, sun lotions, sunblocks, 
face creams, and anti-aging facials (Rao et al. 2017; Hill 1992; Sajid and Akber 
2018). Excitingly, some of the fungal pigments (Monascus pigments and Monascus- 
like pigments) have already entered the market for their application in cosmetics 
such as lipsticks, skin conditioning, and skin care products, and so on (Caro 
et al. 2017).

8.2.1.1.3 Textile Industry

The textile industry is the largest industry after agriculture in terms of economic 
contribution and employment generation. It mainly depends on synthetic dyes for 
dyeing different types of fabrics (cotton, silk, and wool). Currently, natural pig-
ments from fungi, with their many advantages over hazardous synthetic pigments, 
such as being eco-friendly, nontoxic, easily degradable, besides having high color-
fastness and high staining capability, have proven their suitability to replace syn-
thetic dyes. Many investigations have shown that organic pigments produced by 
fungi have extensive applications in the textile industry (Rao et al. 2017; Samanta 
and Agarwal 2009; Akilandeswari and Pradeep 2016; Kumar et al. 2015; Caro et al. 
2017; Sajid and Akber 2018).

The literature reveals that only a handful of studies have investigated the applica-
tion of fungal pigments in the textile industry, especially for dyeing different types 
of fabrics, such as cotton, silk, and wool. The dyeing potential of pigments of differ-
ent species of fungal genera (Monascus, Fusarium, Aspergillus, Penicillium, 
Talaromyces, Trichoderma, Alternaria, Curvularia, Chlorociboria, Scytalidium, 
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Cordyceps, Acrostalagmus, Bisporomyces, Cunninghamella, Thermomyces, and 
Phymatotrichum) for different types of fabrics such as wool, cotton yarn, silk, poly-
ester, and nylon have been reported (Hinsch et al. 2015; Palomino et al. 2017; Nagia 
and El-Mohamedy 2007; Chadni et al. 2017; Morales-Oyervides et al. 2017; Gupta 
et al. 2013; Poorniammal et al. 2013; Devi and Karuppan 2015; Velmurugan et al. 
2010; Mabrouk et al. 2011; Sharma et al. 2012; Aishwarya 2014). Some studies 
investigated the dyeing potential of pigments from wood attacking fungi such as red 
pigment from Scytalidium cuboideum, a yellow pigment from Scytalidium ganoder-
mophthorum, and green pigment from Chlorociboria aeruginascens.

This has shown the possible use of these pigments for dyeing bleached cotton, 
spun polyacrylic, spun polyamide (nylon 6.6), worsted wool, spun polyester (Dacron 
54), and garment fabrics due to their high stability and good colorfastness to wash-
ing (Hinsch et al. 2015; Weber et al. 2014). Palomino et al. (2017) found that natural 
oils cannot be used in combination with these fungal pigments, as these fungal pig-
ments are unstable in natural oils. All in all, most studies have shown that fungal 
pigments have good color stability and colorfastness properties. Moreover, these 
fungal pigments do not have any adverse effects on fabrics and are non-toxic to 
human skin. Therefore, the potential of application of fungal pigments has the 
opportunity to increase in the textile and clothing industry.

8.2.1.1.4 Dyeing Woods or as Color Modifiers

Pigments produced by wood-decaying fungi such as Trichoderma versicolor, 
Xylaria polymorpha, Inonotus hispidus, Scytalidium cuboideum, Bjerkandera 
adusta, Chlorociboria aeruginascens, and Arthrographis cuboidea have been used 
for dyeing different types of wood samples to increase their commercial importance 
(Robinson 2012, 2014; Robinson et al. 2012). Researchers have successfully used 
the red, green, and yellow pigments obtained from Scytalidium cuboideum, 
Scytalidium ganodermophthorum, and Chlorociboria aeruginascens, respectively, 
to attenuate the presence of blue stain on wood samples of Pinus spp. (Hernandez 
et al. 2016).

8.2.1.1.5 Optoelectronics

Recent studies of the optoelectronic properties of xylindein pigment extracted from 
Chlorociboria aeruginascens have demonstrated that this pigment has high photo-
stability and electron mobility in amorphous films, which suggests its possible use 
for the development of sustainable organic semiconductor materials (Giesbers et al. 
2018, 2019).
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8.2.1.1.6 Antimicrobial Pigments

Numerous microbial pigments have been reported to possess many health benefits 
over synthetic pigments (Akilandeswari and Pradeep 2016; Nagpal et  al. 2011). 
Several studies have proven that the pigments or pigment extracts of certain species 
of fungal genera (Monascus, Fusarium, Talaromyces, Trichoderma, Penicillium, 
and Aspergillus) and yeast Rhodotorula glutinis possess antimicrobial activity 
against different pathogenic bacteria as well as yeast and fungi.

All these studies suggest the potential use of bioactive pigments as food preser-
vatives or as antibacterial ingredients in the food and pharmaceutical industries 
(Sarkar et al. 2017; Frandsen et al. 2016; Sibero et al. 2016; Wang et al. 2018; Patil 
et  al. 2015; Seyedin et  al. 2015; Kim and Ku 2018; Martinkova et  al. 1995; 
Vendruscolo et al. 2014; Manon Mani et al. 2015; Saravanan and Radhakrishnan 
2016; Yolmeh et al. 2016). Also, it was reported that pigments of Alternaria alter-
nata and Thermomyces spp. had antimicrobial potential against specific pathogenic 
bacteria of different types of fabrics. The promising results of the studies on fungal 
pigments suggest their possible use in producing specific products for medical 
applications, such as bandages, suture threads, face masks, and so on (Poorniammal 
et al. 2013; Devi and Karuppan 2015; Prathiban et al. 2016).

8.2.1.1.7 Antioxidant Pigments

It has been reported that microbial pigments such as carotenoids, violacein, and 
naphthoquinones have antioxidant potential. Many studies have mentioned the anti-
oxidant potential of pigments from certain fungi such as Penicillium (P. miczynskii, 
P. purpureogenum, and P. purpuroscens), Fusarium sp., Thermomyces sp., 
Chaetomium sp., Sanghuangporus baumii, Stemphylium lycopersici, and 
Trichoderma afroharzianum (Rao et  al. 2017; Mata-Gómez et  al. 2014; Ramesh 
et al. 2019; Sen et al. 2019; Tuli et al. 2015; Vendruscolo et al. 2016). Many research-
ers have demonstrated their possible application in the healthcare industry (Heo 
et  al. 2018; Dhale and Vijay-Raj 2009; Manon Mani et  al. 2015; Li et  al. 2017; 
Poorniammal et al. 2019a).

8.2.1.1.8 Cytotoxic Pigments

The cytotoxic activity of pigments of certain fungal isolates (Fusarium oxysporum, 
Talaromyces verruculosus, and Chaetomium spp.) has been assessed by many 
researchers using different methods such as sour orange seeds toxicity assay or 
yeast toxicity test (YTT) using Saccharomyces cerevisiae, brine shrimp lethality 
bioassay, or cell counting kit-8 (CCK-8) assay. These studies found that these pig-
ments could be applied in different industries, especially in health and pharmaceuti-
cal ones (Nagia and El-Mohamedy 2007; Wang et  al. 2018; Chadni et  al. 2017; 
Malik et  al. 2016). Recently, Poorniammal et  al. (2019b) evaluated the dermal 
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toxicity of pigments of Thermomyces spp. and Penicillium purpurogenum in Wistar 
rats and reported the nontoxic nature of such pigments suggesting their potential 
application in cosmetics and dyeing.

8.2.1.1.9 Anticancer Pigments

Several studies have shown that fungal pigments can be considered as potential 
anticancer drugs. It was found that pigments of Monascus species (M. purpureus 
and M. pilosus) such as monascin, ankaflavin, monaphilone A–B, monasphilone 
A–B, monapilol A–D, and monapurone A–C have been proven to possess antican-
cer potential against different types of cancers; such as mouse skin carcinoma, 
human laryngeal carcinoma, human colon adenocarcinoma, human hepatocellular 
carcinoma, and pulmonary adenocarcinoma (Fig. 8.1) (Feng et al. 2012; Hsu et al. 
2010; Li et al. 2010; Hsu et al. 2011; Akihisa et al. 2005; Su et al. 2005).

Moreover, pigments from other fungi such as norsolorinic acid from Aspergillus 
nidulans, shiraiarin from Shiraia bambusicola, alterporriol K, alterporriol L, and 
alterporriol M from Alternaria spp., benzoquinone from Fusarium spp., and an 
uncharacterized red pigment from Fusarium chlamydosporum have also been 
reported to have anticancer or antiproliferative activity mainly against human breast 
cancer cell lines (MCF-7, MDA-MB-435, and MCF-7 b), whereas hypocrellin D 
from Skeletocutis bambusicola showed anticancer activity against other cancer cell 
lines such as hepatocellular carcinoma cell line (Bel-7721) and lung adenocarci-
noma cell lines (A-549 and Anip-973) (Soumya et al. 2018; Zheng et al. 2017; Fang 
et al. 2006; Cai et al. 2008; Wang et al. 2008).

8.2.2  Organic Acids Production

Organic acids are produced abundantly in several genera of fungi (Magnuson and 
Lasure 2004; Kour et al. 2020). The reason for the production of organic acids by 
fungi is related to the local ecological niche as a competitive advantage over other 
microbes, especially low-pH-susceptible fungal strains. It has also been proposed 
that acidity increase in surrounding soil helps ectomycorrhizal fungi to solubilize 
soil minerals for better uptake by the host plants (Dutton and Evans 1996; Jones 
1998; Plassard and Fransson 2009; Liaud et al. 2014). In the context of commercial-
ization, the production of organic acids using fungi has evolved to be an efficient 
way to mass-produce organic acids for industries.
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8.2.2.1  Citric Acid

Citric acid is the most important organic acid that could be harvested commercially 
via fungal biotechnology, and it carries the largest market demand compared to 
other organic acids (Lopez-Garcia 2002). One of the best known fungal producers 
of citric acid is Aspergillus niger, so that many biotechnology plants have 

Fig. 8.1 Pigments from different taxonomic groups of fungi having promising anticancer or anti-
tumor potential. (Re-drawn from Feng et al. (2012), Hsu et al. (2010), Li et al. (2010), Hsu et al. 
(2011), Soumya et al. (2018), Zheng et al. (2017), Fang et al. (2006), Cai et al. (2008), Wang et al. 
(2008), Akihisa et al. (2005), Su et al. (2005))

8 Fungal Secondary Metabolites: Current Research, Commercial Aspects…



308

considered specific A. niger strains as standard bioprocessing agents for efficient 
citric acid production (Magnuson and Lasure 2004). The large market demand for 
citric acid can be attributed to its significance in food and beverage mass production 
due to its low toxicity and palatable taste. More than 70% of citric acid from global 
industrial output is used in food industries as acidifiers as well as food preservatives 
with the remaining 20–30% going into pharmaceutical pipelines (Max et al. 2010).

8.2.2.2  Succinic Acid

Succinic acid has been regarded as one of the top chemical building blocks that can 
be produced from sugars via biological processes (Werpy and Petersen 2004). 
Succinic acid is used as a precursor to produce chemicals ranging from plastic mate-
rials such as polybutylene succinate (PBS) to commodity chemicals such as 
1,4-butanediol (1,4-BD) (Jansen and van Gulik 2014). Several fungi used in the 
industry as succinic acid producers include Fusarium spp., Aspergillus spp., 
Saccharomyces cerevisiae, Candida krusei, and Penicillium simplicissimum. 
Companies that employ fungal biotechnology to produce succinic acid are DSM/
Roquette © (Joint Venture Reverdia), in which they developed a high succinic acid- 
producing Saccharomyces cerevisiae strain. In addition, in Bioamber/Mitsui © 
company, they used high succinic acid-producing strains of Candida krusei (Jansen 
and van Gulik 2014). Succinic acid is an intermediate in the tricarboxylic acid cycle 
(TCA) as well as in the glyoxylate cycle (Kornberg and Krebs 1957) making it fea-
sible to be obtained from microorganisms (Beauprez et al. 2010). Furthermore, cer-
tain fungi such as Penicillium simplicissimum have been observed to overproduce 
succinic acid under certain anaerobic conditions (Beauprez et al. 2010).

8.2.2.3  Polyunsaturated Fatty Acids (PUFAs)

They are essential to humans; PUFAs such as docosahexaenoic acid (DHA) are 
needed for brain development and maintenance especially in infants, DHA also cov-
ers 60% of total fatty acids in the retina (Warude et al. 2006). Due to the increasing 
demands of PUFAs, various approaches have been applied for large quantity pro-
duction including biotechnology. PUFA synthesis pathway in fungi involves two 
types of enzymes; desaturases and elongases (Warude et  al. 2006). In fungi, 
Mortierella spp. have been found to produce PUFAs such as arachidonic acid and 
eicosapentaenoic acid (Lee et al. 2016). The arachidonic acid biosynthesis pathway 
in Mortierella alpine has been described, where two associated desaturase genes 
have been identified. Moreover, the mutant strain with a low activity of n3- 
desaturation produces a higher level of arachidonic acid (ARA) and a lower level of 
eicosapentaenoic acid (EPA) (Sakuradani et al. 2004). Arachidonic acid is a polyun-
saturated omega-6 fatty acid, which is as equally important as DHA for brain devel-
opment in infants (Bazinet and Laye 2014).
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8.2.3  Other Useful Metabolites and Bioactive Molecules

The beneficial metabolites mentioned above are just the tip of the iceberg. Several 
other bioactive molecules that hold industrial significance and deserve to be briefly 
reviewed include carotenoids, terpenoides, and riboflavin.

8.2.3.1  Carotenoids

They are a class of natural lipid-soluble pigments that occur pervasively in photo-
synthetic systems, which include plant kingdom, algae, and photosynthetic microbes 
and fungi (Johnson and Schroeder 1995; Mata-Gómez et  al. 2014). They act as 
vitamin A precursors (provitamin), as well as potent antioxidants. Some carot-
enoids, for instance, beta-carotene, are molecular precursors to vitamin A (Mata- 
Gómez et al. 2014; Britton et al. 1995) which renders them important for human 
health, and thus an industrially valuable nutritional product. One important carot-
enoid that is being optimized for production by fungal producers is lycopene, a 
carotenoid molecule that is well-known for its antioxidant activity, found generally 
in tomatoes. Yet tomatoes are an undesirable and inefficient source for industrial 
lycopene production due to their dependence on fruiting seasons and their low yield, 
so lycopene fungal producers, specifically of the genera Phycomyces and Blakeslea, 
are attractive fungal alternatives (Feofilova et al. 2006).

8.2.3.2  Terpenoids

It is known that some terpenoids made by fungi are mycotoxins, such as botrydial 
(from Botrytis cinerea), but some act as hormones, for example, gibberellic acid 
(GA3) (Avalos and Limón 2015). This phytohormone is one of the most industrially 
significant fungal terpenoids, as it acts as a plant growth hormone. It was first iso-
lated from Gibberella fujikuroi (Kurosawa 1926). The biotechnologists became 
interested in the industrialization of GA3 from Fusarium moniliforme on a high- 
output solid-state fermentation (SSF) platform, due to its agro-industrial cost- 
effectiveness and better yield as compared to culturing on the submerged 
fermentation platform, besides the fact that the fungus generally produces a higher 
amount of GA3 as compared to plants (Silva et al. 2013). So, GA3 as a fungal ter-
penoid has become a commercially lucrative and economically demanding product 
in agricultural trade, specifically fruit harvest (Rodrigues et al. 2012).
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8.2.3.3  Riboflavin

Another group of natural fungal metabolites that should not be ignored is the diverse 
heterogeneous group of compounds called vitamins, which remain one of the most 
important micronutrients in the human diet. Yet, most vitamins such as vitamin A 
(carotenoids), vitamin B1 (thiamine), and vitamin B3 (niacin) are still produced 
chemically as opposed to via biotechnology (Gavrilescu and Chisti 2005). However, 
several other vitamins, notably vitamin C, vitamin B2 (riboflavin), and vitamin B12 
(cobalamin) have been tried to be produced through biotechnology and showed 
promising preliminary results (Zu Berstenhorst et al. 2009; Xia et al. 2015).

Riboflavin production is an interesting biosynthetic pathway that is currently 
being studied within several natural fungal overproducers, which include Ashbya 
gossypii and Candida famata. Riboflavin or vitamin B2 is needed as a micronutrient 
in human daily consumption due to its importance in skin and muscle maintenance, 
immune system boost, in addition to cell growth and division (Zu Berstenhorst et al. 
2009). Leading companies using fungi to produce riboflavin are BASF ©, using 
Ashbya gossypii (Xia et al. 2015) and ADM Co., using Candida famata, although 
ADM Co. has terminated its use of Candida famata around 2006 due to low stabil-
ity of the mutant strain (Dmytruk and Sibirny 2012).

Before 1996, riboflavin was conventionally synthesized using d-ribose reacting 
with 3,4-xylidine in methanol. It produced a lot of waste and the production was 
only 60% of maximum yield (Fischer and Bacher 2008; Stahmann et al. 2000). By 
using Ashbya gossypii to produce riboflavin on large scale, the eight steps applied 
in the conventional chemical synthetic process have been reduced to only one fer-
mentation step. This contributed to more than 40% cost reduction. The observation 
on key environmental impact carried out by both BASF and Oeko Institutes showed 
that CO2 emission has been lessened by 30%, besides a 60% reduction on consum-
able resources such as organic solvents, leading to a great reduction (95%) of wastes 
in vitamin B2 production (Sijbesma and Schepens 2003). Moreover, the market 
shares of riboflavin production through biotechnology had risen from 5% in 1990 to 
75% in 2002 (Zu Berstenhorst et al. 2009).

8.2.4  Biosurfactants

Surfactants are among the most versatile materials in the chemical and process 
industry. Its amphiphilic nature, containing both hydrophilic and lipophilic func-
tional groups in one molecule, plays an important role in numerous chemical appli-
cations (dispersion systems, as emulsions and colloids, personal hygiene products, 
detergents, fabric softeners, and food processing materials) (Raza et al. 2014; Banat 
et al. 2010). Researchers have demonstrated the advantages of biosurfactants (sur-
factants of biological origin) when compared with chemically produced surfactants. 
These advantages include lower toxicity, higher biodegradability, and possible bio-
logical activities (Banat et al. 2010; Pacwa-Płociniczak et al. 2011).
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Biosurfactants properties are similar to those of synthetic surfactants; they have 
industrial applications in relation to detergency, emulsification, lubrication, and 
solubilization (Banat et al. 2010; Pacwa-Płociniczak et al. 2011; Das et al. 2008; 
Nitschke and Pastore 2002), and other interesting applications in catalysis, biosens-
ing, and electronics using microstructures (Rehman et al. 2010).

Biosurfactants are mainly produced by bacteria and yeast, but, in recent years, 
studies have highlighted their production by filamentous fungi as well (Castiglioni 
et al. 2009; Velioglu and Urek 2015). The production of biosurfactants by microor-
ganisms is influenced by several factors, including the nature of the carbon source 
and the concentrations of nutrients such as nitrogen, phosphorus, magnesium, iron, 
sulfur, and manganese, as well as the pH, temperature, agitation, and available oxy-
gen (Banat et al. 2010; Fontes et al. 2008; Pirôllo 2006). These factors can make the 
production of biosurfactants more expensive than that of synthetic ones (Thavasi 
et al. 2007). So, several studies have been performed to make the price of the bio-
process more competitive (Pattanathu et al. 2008).

Although the field of production of biosurfactants by bacterial species is well 
explored, relatively fewer fungi are known to produce biosurfactants such as 
Candida bombicola (Pirôllo 2006; Thavasi et al. 2007; Pattanathu et al. 2008; Lacaz 
et al. 2001; Castiglioni et al. 2009; Velioglu and Urek 2015), Candida lipolytica 
(Barnett and Hunter 1998; Accorsini et al. 2012), Candida ishiwadae (Bodour and 
Miller-Maier 1998), Candida batistae (Cameron et  al. 1988), Ustilago maydis 
(Luna-Velasco et  al. 2007), and Trichosporon ashii (Camargo-de-Morais et  al. 
2003). Many of these are known to produce biosurfactants on low-cost raw materials.

The major type of biosurfactants produced by these strains is sophorolipids (gly-
colipids). Among soil-inhabiting fungi, the genera that showed a strong ability to 
emulsify toluene were Penicillium, Trichoderma, and Fusarium. The potential of 
Penicillium sp. to produce biosurfactants has already been demonstrated (Luna- 
Velasco et al. 2007; Camargo-de-Morais et al. 2003), but few studies have described 
the biosurfactant potentials of Trichoderma and Fusarium (Askolin et al. 2001). In 
addition, Lima et al. (2016) demonstrated that among eight analyzed fungi, only 
Phoma sp. (S31) was efficient as a biosurfactant producer. Moreover, Sena et al. 
(2018) reported that amongst 100 fungal cultures obtained from soil samples of the 
Amazon Forest, 61 strains produced biosurfactants, with Penicillium 8CC2 strain 
showing the highest emulsification index.

8.2.4.1  Applications of Biosurfactants

Biosurfactants have numerous applications in the bioremediation processes, food 
industries, cosmetic industries, and biomedical fields. The reported applications of 
the fungal biosurfactants are as follows:
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8.2.4.1.1 Microbial Enhanced Oil Recovery and Cleaning of Oil Tanks

The sophorolipids from Candida lipolytica and Candida bombicola are very prom-
ising in the cleaning of oil tanks, decontamination of polluted areas, microbial 
enhanced oil recovery, industrial cleaning, low-end consumer products, and house-
hold applications (Rufino et  al. 2007; Felse et  al. 2007). Biosurfactants from 
Torulopsis bombicola and Aspergillus ustus MSF3 were used for the release of bitu-
men from the contaminated soil, and for the degradation of hydrocarbons (Cooper 
and Paddock 1984; Kiran et al. 2009). Mannosylerythritol lipids from Candida ant-
arctica have potential applications in the removal and biodegradation of hydrocar-
bons in oil-contaminated soil (Kitamoto et al. 2001; Chaplin 1986).

8.2.4.1.2 Food and Oil Industry

Biosurfactants are able to stabilize various types of emulsions, so they are valuable 
in the food industry. Biosurfactants from Candida lipolytica and Saccharomyces 
cerevisiae are good candidates for food and oil industries applications (Sarubbo 
et al. 2007). For example, the bioemulsifier liposan from Candida lipolytica was 
able to stabilize the emulsions of vegetative oils and water. It was also able to stabi-
lize the cottonseed oil, corn oil, soybean oil, and peanut oil emulsions (Cirigliano 
and Carman 1985; Cooper and Paddock 1983; Konishi et al. 2007; Adamczak and 
Bednarski 2000).

8.2.4.1.3 Biomedical Field

Biosurfactants are extensively useful in the biomedical fields, such as the biosurfac-
tant from Aspergillus ustus MSF3 strain, which was reported to have significant 
antimicrobial activity against Candida albicans and gram-negative bacteria (Kiran 
et al. 2009).

8.2.4.1.4 Cosmetic Industry

Biosurfactants are used in the cosmetic industry due to their skin-friendly proper-
ties. For example, sophorolipids from the mutant strain Candida bomobicola ATCC 
22214 have great uses in the cosmetic industries due to their anti-radical and hygro-
scopic properties, besides their ability to stimulate fibroblast metabolism to support 
healthy skin physiology (Williams 2009).
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8.3  Pharmaceutical Applications

Natural products have been playing a vital role in the area of drug discovery. In the 
last 75 years, out of 175 new entities were labeled as anti-cancer, with 49% isolated 
from natural sources (Newman and Cragg 2016). From approximately 0.5 million 
secondary metabolites (natural products) that have been described to date, about 
14% (70,000) were of microbial origin. Moreover, of about 33,500 bioactive micro-
bial natural compounds, 47% were of fungal origin (Bills and Gloer 2016). Fungal 
secondary metabolites showed great potential as antiviral, antimicrobial, anticancer, 
and anti-inflammatory agents (Villa and Gerwick 2010).

Moreover, fungal secondary metabolites have contributed immensely to the drug 
discovery process by providing many novel drugs, including β-lactam antibiotics 
(penicillin G), cholesterol-lowering agents (lovastatin), and immunosuppressants 
(fingolimod) (Vagelos 1991; Strader et al. 2011; Kour et al. 2019). From an esti-
mated 5.1 million species of fungi on earth (Blackwell 2011), only about 99,000 
species have been described (Blackwell 2011), and a smaller fraction of these was 
explored for bioactive secondary metabolites (Kinghorn et al. 2016).

8.3.1  Antimicrobial Agents

Many researchers have investigated the antimicrobial effects of secondary metabo-
lites produced by fungal species isolated from different ecological niches such as 
soil, freshwater, marine organisms, invertebrate tissues, and plant tissues.

8.3.1.1  From Endophytes

Endophytic fungi have a pronounced contribution as producers of bioactive com-
pounds nearly identical to those produced by their harboring plants, among these 
bioactive compounds, antimicrobial metabolites have a great share. Sadrati et al. 
(2013) evaluated the antimicrobial activity of crude ethyl acetate of endophytic 
fungi isolated from wheat against 12 pathogenic bacteria, yeast, and 2 phytopatho-
genic fungi. All extracts showed inhibitory activity on at least one or more patho-
genic microorganisms, where Penicillium sp. inhibited the growth of two 
phytopathogenic fungi; Phytophthora infestans, and Fusarium oxysporum f. sp. 
albedinis. Furthermore, Aspergillus sp., Chaetomium sp., Penicillium sp., and 
Phoma sp. were effective against Escherichia coli, while Alternaria sp. was the 
most effective on Candida albicans. Also, Shaaban et al. (2013) investigated the 
antimicrobial activity of the crude extract of endophytic fungus Aspergillus fumiga-
tus against 11 microbial species. The strain extract showed high antibacterial activ-
ity against the Gram-positive Bacillus subtilis and Streptomyces viridochromogenes, 
besides Staphylococcus aureus and Candida albicans.
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In another study, a total of 44 fungal endophytes were recovered from 400 leaflet 
segments of the Prosopis juliflora plant. Species of Cladosporium, Colletotrichum, 
and Fusarium were the most dominant. Seventeen endophytic fungi out of 44 
showed significant antibacterial activity against test bacteria. Ethyl acetate extract 
of Colletotrichum gloeosporioides exhibited highly significant broad-spectrum 
antibacterial activity against each of Xanthomonas campestris pv. vesicatoria, 
Xanthomonas oryzae, Pseudomonas syringae, and Ralstonia solanacearum isolated 
from diseased plant material (Srivastava and Anandrao 2015).

The authors also demonstrated that this extract was effective on human patho-
genic bacteria; Bacillus subtilis, Bacillus cereus, and Escherichia coli. On the other 
hand, 11 endophytes showed antifungal activity against all tested fungi (Fusarium 
solani, Fusarium verticillioides, Aspergillus flavus, and Aspergillus ochraceus). 
Moreover, they found that Paecilomyces lilacinus and Trichoderma sp. showed sig-
nificant antifungal activity in dual culture, in addition, ethyl acetate extract of 
Paecilomyces lilacinus showed significant antifungal activity in the disc diffusion 
test. The preliminary chemical characterization of the active extract of Colletotrichum 
gloeosporioides and Paecilomyces lilacinus showed the presence of alkaloids, car-
bohydrates, sterols, and coumarins.

Sugijanto and Dorra (2016) found that ethyl acetate extracts of Cladosporium 
oxysporum isolated from the Aglaia odorata plant showed antimicrobial activity 
against Staphylococcus aureus, E. coli, and Candida albicans. Moreover, Pinheiro 
et  al. (2017) isolated 17 endophytic fungi from Bauhinia guianensis, a typical 
Amazonian plant used in combating infections, where the methanolic extract of the 
fungus Exserohilum rostratum showed good activity against E. coli, Pseudomonas 
aureginosa, and Bacillus subtilis. They reported that the polyketide monocerin was 
responsible for the broad antimicrobial spectrum.

Amongst 44 endophytes isolated from Zingiber cassumunar, Pansanit and 
Pripdeevech (2018) demonstrated that the ethyl acetate extract of the Arthrinium sp. 
showed activity against both Gram-positive and Gram-negative bacteria. Specifically 
Staphylococcus aureus and E. coli. Gas chromatography-mass spectrometry analy-
sis revealed that the extract of the Arthrinium sp. contains various antibacterial com-
pounds which are β-cyclocitral, 3E-cembrene A, laurenan-2-one, sclareol, 
2Z,6E-farnesol, cembrene, β-isocomene, and γ-curcumene. In the same vein, a total 
of 42 endophytic fungi were isolated from 11 different medicinal plants collected 
from India, where the most frequently isolated fungi were Alternaria sp. and 
Fusarium sp. (Palanichamy et al. 2018). It was found that 15 ethyl acetate extracts 
showed antimicrobial activity towards potential human pathogens such as E. coli, 
Salmonella typhi, Proteus mirabilis, Staphylococcus aureus, and Corynebacterium 
diphtheria.

Furthermore, Handayani et  al. (2018) declared that ethyl acetate extracts of 
endophytic fungi isolated from mangrove plant Sonneratia alba were effective 
against Staphylococcus aureus, E. coli, and Candida albicans. Recently, the metha-
nol extract produced by the endophytic fungus Curvularia sp. isolated from the 
medicinal plant Rauwolfia macrophylla was found to exhibit antimicrobial activities 
against E. coli, Micrococcus luteus, Pseudomonas agarici, and Staphylococcus 
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warner. The authors identified three bioactive compounds; 2′-deoxyribolactone, 
hexylitaconic acid, and ergosterol (Kaaniche et  al. 2019). Also, Du et  al. (2020) 
isolated a total of 420 endophytic fungal species from the Securinega suffruticosa 
plant grown in Shell Islands, from which 20 genera and 35 species were identified, 
where Chaetomium, Fusarium, Cladosporium, and Ceratobasidium were the domi-
nant genera. Chaetomium globosum, Fusarium sp., and Cladosporium ramotenel-
lum had a high antibacterial activity against Enterococcus faecalis, E. coli, 
Pseudomonas aeruginosa, and Staphylococcus aureus. Table 8.1 shows some anti-
microbial and antiviral compounds isolated from endophytic fungi.

8.3.1.2  From Entomopathogenic Fungi

It was reported that the cell-free culture filtrate of the entomopathogenic fungus 
Paecilomyces fumosoroseus exhibited high activity against Escherichia coli and 
good activity against Bacillus subtilis and Salmonella typhi (Gulwani et al. 2015). 
Dichloromethane extract of the indigenous entomopathogenic fungus Metarhizium 
anisopliae showed high antibacterial activity against each of B. subtills, Poteus sp., 
and E. coli (Ravindran et  al. 2014). Fabelico (2015) attributed the antimicrobial 
properties of two entomopathogenic fungi to their phytochemical properties, as the 
significantly high antifungal activities of the Pandora neoaphidis against Candida 
albicans were due to the presence of sterols. Conversely, the significantly high anti-
bacterial activity of Beauveria alba against Bacillus subtilis was suggested to be 
due to the presence of steroids, triterpenoids, glycosides, and fatty acids.

Moreover, Assadollahpour et al. (2011) tested the methanol extracts of the soil-
borne fungi Paecilomyces variotii, Paecilomyces lilacinus S1, and Paecilomyces 
fumoroseus isolated from soil samples (Iran), the nematophagous Paecilomyces 
lilacinus N1 isolated from the potato cyst nematode Globodera rostochiensis, and 
the entomopathogenic Paecilomyes sp.1 and Paecilomyces sp.2 isolated from the 
Colorado potato beetles Leptinotarsa decemlineata. All fungal spp. were capable of 
producing diffusible metabolites and volatile compounds with antifungal activities 
against Pyricularia oryzae and Saccharomyces cerevisiae. Besides, Mohammadi 
et al. (2016) indicated a good antibacterial activity of extracellular metabolites from 
Paecilomyces species against human pathogenic bacteria Staphylococcus aureus, 
Bacillus subtilis and Streptococcus pyogenes (G+) and E. coli, Pseudomonas aeru-
ginosa, and Salmonella typhi (G−). Recently, Abdel-Wareth et al. (2019a) screened 
extracts of three entomopathogenic fungi on pathogenic bacteria and fungi, where 
acetone extracts of Paecilomyces lilacinus, and Metarhizium anisopliae showed the 
highest activities against Staphylococcus aureus, E. coli, and Candida albicans.
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Table 8.1 Biological activities of secondary metabolites produced by endophytic fungi

Endophytic 
fungus Origin

Secondary 
metabolite Importance References

Phomopsis sp. Erythrina 
crista-galli

Mevinic acid Anti-inflammatory Weber et al. 
(2005)

Pestalotiopsis 
microspora

Terminalia 
morobensis

Pestacin and 
isopestacin

Antioxidant Strobel 
et al. 
(2002)

Aspergillus 
clavatonanicus

Torreya mairei Clavatol Antimicrobial Leuchtman 
(2003)

Cytonaema sp. Quercus sp. Cytonic acid A and B Inhibitor of human 
cytomegalovirus 
protease

Guo et al. 
(2000)

Aspergillus niger 
PN2

Taxus baccata Lovastatin Lowering blood 
cholesterol

Raghunath 
et al. 
(2012)

Xylaria sp. 
XC-16

Toona sinensis Cytochalasins Anticancer Zhang et al. 
(2014a)

Fusarium 
subglutinans

Tripterygium 
wilfordii

Subglutinol A and B Immunosuppressive 
activity

Lee et al. 
(1995)

Penicillium sp. Quercus 
variabilis

Penicidones A, B and 
C

Cytotoxic Ge et al. 
(2008)

Gliocladium 
roseum (NRRL 
50072)

Eucryphia 
cordifolia

2,6-dimethyl, 
3,3,5-trimethyl; 
cyclohexene, 
4-methyl; decane, 
3,3,6-trimethyl; and 
undecane, 
4,4dimethyl (volatile 
hydrocarbons)

Biofuels Strobel 
et al. 
(2008)

Alternaria 
alternata 
(RSF-6L)

Solanum nigrum Indole acetic acid Promote plant 
growth

Khan et al. 
(2015)

Penicillium 
chrysogenum

Teucrium polium 
L.

Indole acetic acid Promote plant 
growth

Hassan 
(2017)

Trichoderma 
gamsii (YIM 
PH30019)

Panax 
notoginseng

VOCs such as 
dimethyl disulfide, 
dibenzofuran, 
methanethiol, 
ketones

Biocontrol agent Chen et al. 
(2016)

Cochliobolus sp. 
(UFMGCB-555)

Piptadenia 
adiantoides 
(Fabaceae)

Cochlioquinone A 
and 
isocochlioquinone A

Leishmanicidal 
activity

Campos 
et al. 
(2008)

Penicillium 
brocae

Mangrove- 
derived

Spirobrocazines A–B 
(57–58)

Antibacterial, 
cytotoxicity

Meng et al. 
(2016)

Pestalotiopsis 
fici

Terrestrial Chloropupukeananin 
(72)

Antiviral Liu et al. 
(2008)

(continued)
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Table 8.1 (continued)

Endophytic 
fungus Origin

Secondary 
metabolite Importance References

Blennoria sp. Terrestrial, 
Carpobrotus 
edulis

Blennolides A–G 
(11–17)

Antifungal, antialgal Zhang et al. 
(2008a)

Cryptosporiopsis 
sp.

Terrestrial, 
Viburnum tinus

Viburspiran (48) Antifungal Saleem 
et al. 
(2011)

Cryptosporiopsis 
cf. quercina

Terrestrial, 
Triptergyium 
wilfordii

Cryptocin (110) Antifungal Li et al. 
(2000)

Cephalosporium 
acremonium

Terrestrial, 
Trachelospermum 
jasminoides

Cephalosol (45) Antimicrobial Zhang et al. 
(2008b)

Daldinia 
eschscholtzii

Terrestrial, 
Paphiopedilum 
exul

Daldionin (47) Antimicrobial Barnes 
et al. 
(2016)

Rhizoctonia 
solani

Terrestrial, 
Cyperus rotundus

Solanioic acid (65) Antimicrobial Ratnaweera 
et al. 
(2015)

Trichoderma 
spp.

Marine alga; 
Codium fragile

Harziandione (85) 
and harzianone (86)

Antimicrobial Miao et al. 
(2012)

Paecilomyces 
variotii

Marine, 
algal-derived

Varioxepine A (116) Antimicrobial Zhang et al. 
(2014b)

Pestalotiopsis sp. Marine, 
Rhizophora 
mucronata

Pestalotiopens A–B 
(117–118)

Antimicrobial Hemberger 
et al. 
(2013)

Pestalotiopsis 
fici

Terrestrial Chloropestolide A 
(73)

Anti-HIV, 
cytotoxicity

Liu et al. 
(2009)

Periconia sp. Terrestrial, 
Annona muricata

Pericoannosin A (96) Anti-HIV Zhang et al. 
(2015)

Neosartorya 
udagawae

Marine, 
Aricennia marina

Neosartoryadins A–B 
(59–60)

Antiviral Yu et al. 
(2016)

Periconia sp. Terrestrial, 
Annona muricata

Periconiasins 
(92–95)

Antiviral, 
cytotoxicity

Zhang et al. 
(2016), Liu 
et al. 
(2016), 
Zhang et al. 
(2013)

Aspergillus 
versicolor

Terrestrial, 
Polyphylla var. 
yunnanensis

Aspergillines A–E 
(125–129)

Antiviral, 
cytotoxicity

Zhou et al. 
(2014)

Periconia sp. Terrestrial, 
Annonsa 
muricata

Periconianone A (79) Anti-inflammatory Zhang et al. 
(2014c)

Phomopsis sp. Terrestrial, 
Isodon eriocalyx 
var. laxiflora

Phomopchalasins 
A–B (100–101)

Antimigratory 
activity

Yan et al. 
(2016)

(continued)
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8.3.1.3  From Invertebrate-Associated Fungi

Fungi isolated from marine invertebrates are of considerable importance as new 
promising sources of unique secondary metabolites with significant biomedical 
potential. Yue et al. (2015) recovered symbiotic fungi from different tissues of jel-
lyfish Nemopilema nomurai, where a total of seven morphotypes were isolated, 
which were assigned into four genera (Aspergillus, Cladosporium, Purpureocillium, 
and Tilletiopsis). Antibacterial and antifungal activities of their ethyl acetate extracts 
were tested against a panel of bacterial and fungal pathogens. Some extracts exhib-
ited strong to significant antibacterial activity against the bacterial pathogens; 
Staphylococcus aureus and Salmonella entrica. Antifungal activity indicated that 
the extracts from a pure culture of Aspergillus versicolor and co-culture of A. 

Table 8.1 (continued)

Endophytic 
fungus Origin

Secondary 
metabolite Importance References

Fusarium 
pallidoroseum

Terrestrial Apicidins A–C 
(62–64)

Antiprotozoal, 
anticancer

Singh et al. 
(2001)

Actinoallomurus 
fulvus

Terrestrial, 
Capsicum 
frutescens

Actinoallolides A–E 
(5–9)

Anti-trypanosomal Inahashi 
et al. 
(2015)

Aspergillus sp. Marine, 
mangrove-derived

Asperterpenols A–B 
(88–89)

Acetylcholinesterase 
inhibition

Xiao et al. 
(2013)

Aspergillus sp. Marine Asperterpenoid A 
(87)

Antituberculosis Huang 
et al. 
(2013)

Pestalotiopsis 
virgatula

Terrestrial, 
Dracontomelon 
duperreanum

Virgatolides A–C 
(27–29)

Cytotoxicity Li et al. 
(2011)

Pestalotiopsis 
microspora

Terrestrial, 
Torreya taxifolia

Torreyanic acid (36) Cytotoxicity Lee et al. 
(1996)

Chaetomium 
globosum

Terrestrial, 
Imperata 
cylindrical

Chaetoglobins A–B 
(38–39)

Cytotoxicity Ming Ge 
et al. 
(2008)

Alternaria sp. Terrestrial, Carex 
aridula

(−)-Alternarlactam 
(40)

Cytotoxicity Zhang et al. 
(2010)

Penicillium 
manginii

Terrestrial, Panax 
notoginseng

Duclauxamide A1 
(42)

Cytotoxicity Cao et al. 
(2015)

Mucor 
irregularis

Marine, 
Rhizophora 
stylosa

Rhizovarins A–C 
(112–114)

Cytotoxicity Gao et al. 
(2016)

Peyronellaea 
coffeae arabicae

Terrestrial, 
Pritchardia 
lowreyana

Peyronellins A–C 
(119–121)

Cytotoxicity Li et al. 
(2016)

Pestalotiopsis sp. Terrestrial, Taxus 
brevifolia

Pestalotiopsin A (80) Immunosuppressive Pulici et al. 
(1996)

Sources: Gao et al. (2018) and Daba et al. (2018)
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versicolor and Tilletiopsis sp. were promising, as the maximum mycelial growth 
inhibition was 82.32% for Rhizoctonia solani and 48.41% for Botrytis cinerea at 
200μg/mL, respectively. In another study, Sibero et al. (2018) found that ethyl ace-
tate extracts of sponge-associated fungi were effective on a number of vibrios; they 
demonstrated that from eight available strains, Trichoderma asperellum MT02 
resulted in noticeable inhibition zones against Vibrio harveyi and Vibrio alginolyti-
cus, while Vibrio parahaemolyticus was inhibited by Trichoderma sp. MT01.

Moreover, Abdel-Wareth et al. (2019b) isolated a number of fungal species from 
the tissues of Biomphalaria alexandrina snails exposed to environmental stresses, 
where the highest antimicrobial activities were reported from Paecilomyces variotii 
(ethyl acetate and acetone extracts), acetone extract of Cladosporium cladosporioi-
des and ethyl acetate extract of Mucor hiemalis, as they inhibited the growth of 
Staphylococcus aureus, Pseudomonas areuginosa, Candida albicans, and 
Aspergillus niger. They identified two major compounds to be responsible for such 
activity; 1-(2-hydroxyphenyl)-1-(3-isopropyl-2-hydroxyphenyl) butane (C19H24O2) 
which is an aromatic compound with an aliphatic side chain and 1-Acetyl-2,2,6- 
trimethyl- 1,2,3,4-tetrahydroquinoline-3-one (C14H17NO2) which is a quinoline 
derivative.

8.3.1.4  Fungi from Other Miscellaneous Sources

Aspergillus fumigatus and A. flavus strains isolated from the sediment of an Indian 
River highly contaminated with antibiotics were tested for antimicrobial activities 
(Svahn et  al. 2012). The authors recorded a pronounced inhibitory effect on 
methicillin- resistant Staphylococcus aureus, extended-spectrum beta-lactamase- 
producing Escherichia coli, vancomycin-resistant Enterococcus faecalis, Klebsiella 
pneumoniae, and Candida albicans. On the other hand, Abdel-Hady et al. (2016) 
demonstrated that ethyl acetate extract of two freshwater-derived fungi; Penicillium 
islandicum and Aspergillus tamarii exhibited high antibacterial effect against 
Escherichia coli, they attributed that activity to two major compounds; namely 1, 
2-benzenedicarboxylic acid, mono(2-ethylhexyl) ester, and 1,2- benzenedicarboxylic 
acid, bis(2-methylpropyl) ester. Furthermore, Orfali and Perveen (2019a) isolated a 
thermophilic Penicillium species from Ghamiqa hot spring sediments in Saudi 
Arabia. They showed that the extract of Penicillium species cultured on solid rice 
medium yielded two new compounds 3-(furan 12-carboxylic acid)-6-
(methoxycarbonyl)-4-hydroxy-4-methyl-4 and 5-dihydro-2H-pyran (1) and 
3α-methyl-7-hydroxy-5-carboxylic acid methyl ester-1-indanone (2). In addition, 
three known compounds, austinol (3), emodin (4), and 2-methyl-penicinoline (5) 
were isolated. All isolated metabolites were studied for their antibiotic effect against 
several pathogenic bacteria, where Austinol (3) exhibited strong antibacterial activ-
ity against Pseudomonas aeruginosa.

In another study, ten soil fungal strains were selected and their ethyl acetate 
extracts were tested against pathogenic bacteria where the most efficient species 
was identified as Chaetomium aureum which showed remarkable inhibitory effect 
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against Acinetobacter baumannii; Alcaligenes faecalis, and Pseudomonas aerugi-
nosa (Thamilvanan et al. 2018). In addition, Zhao et al. (2018a) carried out a fer-
mentation study on 23 strains of Antarctic fungi to detect their bacteriostatic 
products on three aquatic pathogenic bacteria; subsequently, the active fungus was 
identified. It was indicated that the secondary metabolites of the 23 strains were 
distinct; of these, the extract of strain B-7 (belonging to Bjerkandera according to 
molecular identification) demonstrated a strong antibacterial activity on 
Streptococcus agalactiae, Vibrio anguillarum, and Aeromonas hydrophila.

Recently, Orfali and Perveen (2019b) carried out the first study on the metabo-
lites produced by Aspergillus found in the rhizosphere of date palm trees in a tem-
perate region. The soil-derived fungus Aspergillus sp. isolated from the rhizospheric 
soil of Phoenix dactylifera and cultured on the large scale solid rice medium yielded 
a novel compound; 1-(4-hydroxy-2,6-dimethoxy-3,5-dimethylphenyl)-2-methyl- 1-
butanone (1) and four known compounds; citricin (2), dihydrocitrinone (3), 
2,3,4-trimethyl-5,7-dihydroxy-2, 3-dihydrobenzofuran (4), and oricinol (5). 
Compound (1) exhibited potent antimicrobial activities against Staphylococcus 
aureus and significant growth inhibitions of Candida albicans and Candida 
parapsilosis.

Other studies were carried out on identified fungal strains; Fawzy et al. (2011) 
tested the antimicrobial activity of the crude methanolic extracts of Aspergillus 
niger and Aspergillus flavus var. columinaris against ten species of microorganisms; 
Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Shigella dys-
enteriae, Proteus vulgaris, Salmonella typhimurium, Bacillus cereus, Enterococcus 
faecalis, Staphylococcus aureus, and Candida albicans. The extracellular extracts 
of both fungi were effective against Gram-negative bacteria only.

They reported that the antibacterial activity of extracellular extract of Aspergillus 
flavus var. columinaris was higher than that of extracellular extract of Aspergillus 
niger, and Candida albicans was sensitive to the intracellular extract of Aspergillus 
flavus var. columinaris. Furthermore, Ali et al. (2011) investigated the efficacy of 
culture filtrates of five Penicillium species viz. P. citrinum, P. digitatum, P. expan-
sum, P. verrucosum, and P. viridicatum against five different soil-borne bacteria 
namely Salmonella gallinarum, Xenorhabdus luminescens, Xanthobacter autotro-
phicus, Acetobacter xylinum, and Carnobacterium mobile. All Penicillium spp. 
showed marked antibacterial activity against all tested bacteria. They noticed that 
Xenorhabdus luminescens was the most sensitive to culture filtrates of all Penicillium 
species except P. viridicatum.

Swathi et  al. (2013) declared that ethyl acetate extract of the marine fungus 
Microascus sp. showed an inhibitory effect on the bacterial pathogens; 
Staphylococcus aureus, S. mutans, Lactobacillus casei, L. acidophilus, Enterococcus 
faecalis, Bacillus megaterium, Xanthomonas campestris, and E. coli. Also, the 
extract was effective against Candida albicans, Candida rugosa, Saccharomyces 
cervisciae, and Aspergillus niger. By the same token, Oliveira Silva et al. (2009) 
evaluated the antimicrobial activity of ethyl acetate extract obtained from 
Paecilomyces variotii on eight clinical isolates of Enterococcus faecalis, where all 
clinical isolates were inhibited. Moreover, Dalinova et al. (2020) isolated a number 
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of compounds from the solid culture of Alternaria sonchi, where compounds 4, 8, 
and 9 showed antimicrobial activity against Bacillus subtilis, Escherichia coli, and 
Candida tropicalis. They added that chloromonilicin (8) was found to possess the 
highest antimicrobial activity against B. subtilis and E. coli, while 
5- chloromoniliphenone (2) and α-, β-diversolonic esters (13) displayed antimicro-
bial activity against both B. subtilis and C. tropicalis. Finally, compounds 10–12 
inhibited the growth of B. subtilis.

8.3.2  Cytotoxic Agents

Fawzy et al. (2011) found that the extracellular extracts of both Aspergillus niger 
and Aspergillus flavus var. columinaris showed more cytotoxic effect on hepatocel-
lular carcinoma (HepG2) cell line than their intracellular extracts, as the extracel-
lular extract of Aspergillus niger had the minimum IC50 (0.905μg/mL) followed by 
that of Aspergillus flavus var. columinaris (1.48μg/mL).

Kim et  al. (2012) identified four new cytochalasin derivatives (1–4), together 
with cytochalasin B (5), from the fungus Phoma sp. obtained from the giant jellyfish 
Nemopilema nomurai. The four compounds showed significant cytotoxicity against 
a small panel of human tumor cell lines such as lung adenocarcinoma cell line 
(A549), ovarian cancer cell line (SK-OV-3), melanoma cell line (SK-MEL-2), cen-
tral nervous system cancer cell line (XF 498), and colon cancer cell line (HCT15) 
with IC50 values in the range of 0.5–30μM. In addition, cytochalasin B (5) showed 
obvious cytotoxicity with IC50 of 7.9μM against HeLa human cervical carcinoma 
cells. Likewise, Yu et al. (2013) demonstrated that among 12 isolates from marine 
sponges, nine isolates belonging to Aspergillus terreus displayed strong in  vitro 
cytotoxic activity (e.g., IC50 < 50μg/mL) against human lung carcinoma cell line 
(A-549), human liver carcinoma cell line (Bel-7402), human melanoma carcinoma 
cell line (A-375), and human normal embryo lung fibroblasts cell line (MRC-5).

In addition, cytotoxicity of selected fractions of Penicillium verruculosum cul-
ture filtrate containing different compounds revealed IC50 values ranging from 5 to 
100μg/mL (Shah et al. 2014). It was significantly higher in the case of orevactaene 
and monascorubrine followed by pyripyropene against the KA3IT cancerous cell 
line. In another study, the ethyl acetate extract of an endophyte isolated from Piper 
crocatum inhibited the growth of human colon carcinoma (WiDr) and human ductal 
breast epithelial tumor (T47D) cell lines with IC50 of 120.38 and 37.43μg/mL, 
respectively (Astuti and Nababan 2014). Meanwhile, Saraiva et al. (2015) isolated 
a strain of Aspergillus sp. from the sediments of the northeast coast of Brazil, and 
the cytotoxic activity of its secondary metabolites was investigated against the 
human colon carcinoma (HCT-116) cell line. The cytotoxicity-guided fractionation 
of the extracts from this fungus yielded a number of compounds, among them, 
fumitremorgin C (5) and 12,13-dihydroxy fumitremorgin C (6) were the most 
active. Also, Ramos et  al. (2015) demonstrated that ethyl acetate extracts of 
Neosartorya paulistensis and Neosartorya siamensis have selective cell death 
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activities in hepatocellular carcinoma (HepG2), colon carcinoma (HCT16), and 
malignant melanoma (A375) cell lines. In the same vein, Abdel-Hady et al. (2016) 
found that ethyl acetate extracts of both Aspergillus tamarii and Penicillium islandi-
cum showed high cytotoxic effect on hepatocellular carcinoma (HepG2) cells.

Tenguria and Firodiya (2016) isolated a total of 496 endophytes from the leaves 
of Indian plants. Among them, extracts of Asclepias curassavica and Alternaria 
alternata showed good cytotoxic activity. They found that methanolic extracts were 
more cytotoxic to human breast cancer cell line (MCF-7) (IC50 = 31.53μg/mL) than 
human lung cancer cell line (A549) (IC50  =  55.26μg/mL). Whereas, chloroform 
extracts showed a significant potent cytotoxicity (IC50 = 15.63μg/mL) on MCF-7 
cell line than on A549 cell line (IC50 = 19.56μg/mL). Table 8.1 shows some com-
pounds produced by endophytes that were found to have cytotoxic activity.

Furthermore, the potential of fungi derived from the marine sponge Neopetrosia 
chaliniformis as producers of cytotoxic compounds was studied by Artasasta et al. 
(2017), they showed that ethyl acetate extracts of six fungal isolates were cytotoxi-
cally active against WiDr colon cancer cells with low percentages of viability. 
Additionally, Prabhu et al. (2018) studied the antitumor activity of greensporone C 
(GC), a new resorcylic acid lactone isolated from chloroform-methanol extract of a 
culture of a freshwater fungus; Halenospora sp., the compound was subjected to 
screening against a panel of leukemic cell lines (K562, U937, and AR320). In all 
three cell lines, cell proliferation was inhibited in a dose-dependent fashion. Also 
from the mangrove plant Sonneratia alba, Handayani et al. (2018) studied the cyto-
toxic activity of its fungal endophytes. Ethyl acetate extracts of three fungal strains 
were tested; Trichoderma koningiopsis, Aspergillus sydowii, and Trichoderma lixii, 
as the results revealed that 9 (69.2%) out of 13 extracts tested were cytotoxic to 
human ductal breast epithelial tumor (T47D) cell lines. Moreover, Kiran and Mohan 
(2018) reported that among the extracts of ten Beauveria bassiana isolates, ethyl 
acetate extract showed the highest cytotoxic activity on human lung carcinoma 
(A-549) cell lines. Moreover, the bioactive compounds of Aspergillus aculeatus 
strain have been studied (Yodsing et al. 2018). They identified ergosterol peroxide 
(1), secalonic acid D (2), secalonic acid F (3), variecolin (4), variecolactone (5), and 
ergosterol (6) claiming that compounds 1 and 4–6 were reported for the first time as 
fungal metabolites from this species. They also found that all compounds showed 
unprecedented anticancer activities against human epidermoid carcinoma in the 
mouth (KB) (compounds 1–6), human breast cancer (MCF-7) (compounds 2, 4, and 
5), and human lung cancer cells (NCI-H187) (compounds 1–4 and 6).

Recently, Zhao et al. (2018b) evaluated 31 marine fungal ethyl acetate extracts 
against a panel of tumor cell lines including human lung carcinoma (A-549), human 
cervical carcinoma (HeLa), and human hepatoma (HepG2). A total of 12 fungal 
strains (38.7%) showed cytotoxicity with inhibition rates >50%. The fungi of the 
genera Penicillium and Mucor displayed the most potent cytotoxicity. By the same 
token, the cytotoxicity effect of crude metabolites of the endophyte Alternaria sp. 
was evaluated against cancer cell lines (Palanichamy et  al. 2018), where all the 
tested malignant cell lines; hepatocellular carcinoma (HUH-7), lung adenocarci-
noma (A549), and breast adenocarcinoma (MCF-7) cell lines showed significant 

M. T. A. Abdel-Wareth



323

response towards the fungal extract. The authors added that the metabolites showed 
the strongest anti-proliferative activity against HUH-7 cell line, with a concentra-
tion of 75μg/mL. Also, Awad et al. (2018) found that the isolated proteins and car-
bohydrates from the soil-derived fungus Trichoderma viride exhibited 42.6% and 
16.7% killing of the hepatocellular carcinoma (HepG2) cell line. While Orfali and 
Perveen (2019a) indicated that emodin 4 from the ethyl acetate extract of a thermo-
philic Penicillium species demonstrated significant cytotoxicity against the lym-
phoma human cancer (HTB-176) cell line with an IC50 value of 2μM.

Furthermore, Abdel-Wareth et  al. (2019b) reported that acetone extracts of 
Penicillium islandicum and Aspergillus niger isolated from the tissues of 
Biomphalaria alexandrina snails were highly active against hepatocellular carci-
noma (HepG2) cell lines, they found that the antitumor effect of these extracts was 
due to citric acid and organosulphur derivative compounds. In another study, Abdel- 
Wareth et  al. (2019a) demonstrated that Paecilomyces lilacinus acetone extract 
exhibited high inhibitory activity against hepatocellular carcinoma (HepG2) cells as 
IC50 was 2.81μg/mL. Recently, Dalinova et al. (2020) isolated and identified a new 
chlorinated xanthone, methyl 8-hydroxy-3-methyl-4-chloro-9-oxo-9H-xanthene-1- -
carboxylate (1) and a new benzophenone derivative, 5-chloromoniliphenone (2), 
together with 11 structurally related compounds (3–13) from the solid culture of 
Alternaria sonchi. The mentioned compounds showed moderate cytotoxicity 
(IC50 > 25μg/mL) against human histiocytic lymphoma (U937) and human myelog-
enous leukemia (K562) cell lines. In the same year, Sahu et al. (2020) investigated 
the antiproliferative activity of the crude Talaromyces purpureogenus extracellular 
and intracellular extracts, where intracellular extracts demonstrated higher cytotox-
icity. The extract was further purified by adsorption column chromatography, and 
the fractions were assessed for antiproliferative activity. Fraction A and C (toluene 
and ethyl acetate fractions) depicted more antiproliferative potential against breast 
cancer (MCF-7) and liver cancer (HepG2) cell lines with IC50 of 2.79 and 2.75μg/
mL, respectively. They observed that breast cancer cells (MDA-MB-468) were 
highly sensitive to fraction B (IC50 < 0.35μg/mL) suggesting that these fractions 
might contain effective anticancer lead molecules. However, toluene and ethyl ace-
tate fractions were also observed to be highly potent against liver cancer, but toluene 
fraction had similar toxicity in cancer as well as non-cancerous (control) cells with 
IC50 of 2.75 and 2.29μg/mL, respectively.

8.3.3  Other Pharmaceutically Promising Agents

Martínez-Luis et  al. (2011) isolated endophytic fungi from different regions of 
Panama, and found that from 25 fungal isolates obtained, 10 had good anti-parasitic 
potential, showing selective activity against Leishmania donovani, such as Edenia 
sp., Penicillium sp., Nectria sp., Mycosphaerella sp. and Hypocrea sp., while 
Stenocarpella sp., Nectria sp., and Mycosphaerella sp. had significant anti-malarial 
activity on Plasmodium falciparum. In addition, Mycosphaerella sp. inhibited the 
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growth of Trypanosoma cruzi. For exploring the anti-leishmanial activity of fungal 
metabolites, some researches have been carried out, for instance, Santiago et  al. 
(2012) tested the extracts of 12 fungi belonging to the genera Alternaria, 
Antarctomyces, Cadophora, Davidiella, Helgardia, Herpotrichia, Microdochium, 
Oculimacula, and Phaeosphaeria. All of them inhibited the proliferation of 
Leishmania amazonesis.

Similarly, Rosa et al. (2009, 2010) showed that 34 extracts of Basidiomycetous 
fungi and 11 extracts of Alternaria, Arthrinium, Cochliobolus, Colletotrichum, 
Penicillium, Fusarium, and Gibberella hindered the growth of L. amazonensis with 
IC50 values ranging from 4.60 to 24.40μg/mL.  Moreover, Campos et  al. (2008) 
found that the alcohol extract of the endophytic fungus Cochliobolus sp. killed 90% 
of the amastigote-like forms of Leishmania amazonensis. In another study, the anti- 
leishmanial activity of eight compounds isolated from Edenia sp., which were pre-
ussomerin EG1, palmarumycin CP2, palmarumycin CP17, palmarumycin CP18, 
CJ-12,371, palmarumycin CP19, preussomerin EG2, and 5-methylochracin was 
investigated. All these compounds inhibited the growth of amastigote forms of 
Leishmania donovani (Martínez-Luis et al. 2008). By the same token, Guimarães 
et al. (2008) reported that ethyl acetate extracts of phaseolorum sp., Phyllosticta sp., 
Phomopsis sp. and Cercospora kikuchii inhibited the growth of Leishmania 
tarentolae.

Also, Marinho et  al. (2005) isolated citrinin, which is a phenolic compound, 
from Penicillium janthinellum, and recorded its activity against Leishmania 
Mexicana. Ebel (2010) found that certain Drechslera strains exhibited anti- 
plasmodial activity. He identified five new sesquiterpenoids named as isosativene-
triol, drechslerines A and B, 9-hydroxyhelminthosporol, sativene epoxide, and 
drechslerines C–G, in addition to five known compounds; helminthosporol, cis- 
sativenediol, isocochlioquinone A, isocochlioquinone C and cochlioquinone B from 
Drechslera dematioidea. As Malaria is one of the most important health problems 
in the African region, researchers tried to combat it by fungal metabolites. 
Kanokmedhakul et al. (2011) isolated nine compounds from Eurotium chevalieri 
including chevalones A–D, aszonapyrone A and B (meroterpenoids), pyrroloben-
zoxazine and eurochevalierine (sequiterpene alkaloid), and one sequiterpene. All 
these compounds showed anti-malarial activity.

Regarding antioxidant activities of fungal metabolites, a total of 20 endophytic 
fungi have been isolated from wheat (Triticum durum), where the antioxidant capac-
ity of ethyl acetate extracts was evaluated by β-carotene/linoleic acid assay. The 
results showed that 60% of these extracts have antioxidant activity, exhibiting 50, 
57% to 78 and 96% inhibitions (Sadrati et al. 2013). From Aspergillus niger, Suresha 
and Srinivasan (2013) identified the fungal metabolite nigerloxin and demonstrated 
that it was an effective antioxidant in different in vitro assays including the phos-
phomolybdenum, 2,2-diphenyl-1-picrylhydrazyl (DPPH•), 2,2′ azino-bis(3- 
ethylbenzothiazoline- 6-sulphonic acid) (ABTS•+) and ferric reducing antioxidant 
power (FRAP) methods.

Yadav et al. (2014) declared that alkaloides, phenols, flavonoids, saponins, and 
terpenes were the main phytochemicals present in 21 endophytes isolated from the 
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Eugenia jambolana plant. They found that ethyl acetate extracts of Chaetomium sp., 
Aspergillus sp., Aspergillus peyronelii, and A. niger showed high antioxidant activ-
ity ranging from 50% to 80%. Meanwhile, Jakovljević et al. (2014) showed that 
Penicillium chrysogenum ethanolic extract contained higher total phenolic content 
and better total antioxidant capacity as well as ferrous ion chelating ability. Also, 
Penicillium fumiculosum ethanolic extract showed higher DPPH free-radical scav-
enging activity, as well as reducing power. In the same vein, the endophytic fungi 
isolated from Lannea coromandelica plant were extracted with ethyl acetate, where 
Aspergillus niger, Aspergillus flavus, and Alternaria alternata were the most domi-
nant, and their extracts showed high antioxidant potential (Premjanu and 
Jaynthy 2014).

Moreover, Kandasamy et  al. (2015) declared that methanolic extracts of 
Drechslera sp. and Nigrospora sp. isolated from medicinal plants showed higher 
phenolic content and scavenging potentials, whereas Phoma sp. and Chaetomium 
spiralis showed increased phenolic content in aqueous extract. In addition, the 
endophytic fungus Aspergillus sp. from the Sudanese medicinal plant Trigonella 
foenum-graecum seeds demonstrated the highest total phenolic content in terms of 
gallic acid equivalent; 89.9 mg GAE/g and antioxidant activity for 1,1-diphenyl- 2-
picrylhydrazyl radical scavenging assay with IC50 equal 18.0μg/mL (Khiralla et al. 
2015). Furthermore, Wang et al. (2016) claimed that endophytic fungi can be a good 
source of radical scavengers.

They isolated 13 strains of endophytic fungi from Astragalus monadelphus, 
where the results showed that secondary metabolites and mycelium extracts from 
these strains had significant antioxidant activities. Also, Palanichamy et al. (2018) 
demonstrated that ethyl acetate extracts from the endophyte Alternaria sp. grown on 
five different fungal growth media showed radical scavenging properties (from 
13.818% to 66.162%). They also found that the extract from Potato Dextrose Broth 
(PDB) exerted the highest radical scavenging property (66.162%). They identified 
the effective metabolite as alternariol methyl ether. Moreover, Gunasekaran et al. 
(2017) recorded a high scavenging activity (85.20%) of the ethyl acetate extract of 
the endophytic Alternaria sp. additionally, Hameed et al. (2017) investigated three 
important strains of Mucor circinelloides grown under submerged fermentation 
conditions for their potential antioxidants production. All mycelial extracts demon-
strated effective antioxidant activities in terms of β-carotene/linoleic acid bleaching, 
radical scavenging, reduction of metal ions, and chelating abilities against ferrous 
ions. Simultaneously, Zohri et al. (2017) recorded the highest reducing power activ-
ities in 9, 20, and 14 strains of the three tested groups of fungi; endophytic, entomo-
pathogenic, and saprophytic fungi, respectively.

They found that the more effective endophytic fungi were Emericella sp. fol-
lowed by Aspergillus Versicolor, while Beauveria bassiana exhibited the highest 
antioxidant effect of the entomopathogenic group followed by Aspergillus. On the 
other hand, the best strain of saprophytic fungi was Phoma herbarum followed by 
Aspergillus terreus and Botryotrichum piluliferum. In another study, six fungal 
endophytes were isolated from the medicinal plants; Garcinia kola and Cola nitida, 
as ethyl acetate extracts of Trichophyton sp. and Collectotrichum sp. demonstrated 
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the most potent antioxidant activity (Nwobodo et  al. 2017). Also, among all the 
mycelial extracts of Beauveria bassiana isolates, Kiran and Mohan (2018) declared 
that ethyl acetate extract exhibited the highest antioxidant activity with an IC50 of 
202.45μg/mL. Furthermore, Awad et al. (2018) isolated volatile constituents, pro-
teins, and carbohydrates from the fungus Trichoderma viride, and evaluated them as 
antioxidant agents. The isolated volatile constituents revealed high antioxidant 
effects; 29.62%, 63.12%, and 70.37% at concentrations of 10, 50, and 100μg, 
respectively. Moreover, proteins and carbohydrates recorded remarkable antioxi-
dant effects (3.70%, 14.81%, and 33%) for proteins and (3%, 18%, and 23%) for 
carbohydrates at concentrations of 10, 50, and 100μg, respectively.

Recently, the endophytic fungus Curvularia sp. was isolated from Rauwolfia 
macrophylla, a medicinal plant from Cameroon, where three compounds were iden-
tified in the methanolic extract; 2′-Deoxyribolactone (1), Hexylitaconic acid (2), 
and Ergosterol (3). The three compounds showed good inhibitory potential towards 
acetylcholinesterase with IC50 values of 1.93, 1.54, and 1.52μM, respectively. 
Besides, they were active with EC50 values of 0.66, 0.56, and 1.09μM, respectively 
in antioxidant assay and 0.49, 0.88, and 0.83μM in radical scavenging capacity 
assay (Kaaniche et  al. 2019). By the same token, Abdel-Wareth et  al. (2019b) 
showed that acetone extract of Trichoderma harzianum and ethyl acetate extract of 
Aspergillus flavus isolated from tissues of Biomphalaria alexandrina snails exhib-
ited the highest antioxidant capacity, followed by acetone extracts of Penicillium 
variabile and Penicillium chrysogenum. The authors attributed this activity to deriv-
atives of heterocyclic compounds. Similarly, Abdel-Wareth et al. (2019a) reported 
that the highest antioxidant capacity amongst entomopathogenic fungi was that of 
the acetone extract of Paecilomyces lilacinus followed by Beauveria bassiana. 
Other activities of metabolites isolated from endophytic fungi are shown in 
Table 8.1.

Many researchers indicated other important activities of fungal secondary 
metabolites; for example, Abdel-Monem et  al. (2013)reported that ethyl acetate 
extract of the marine-derived fungus Trichurus spiralis isolated from Hippospongia 
communis sponge showed hepatoprotective effect against heavy metal toxicity in 
rats. On the other hand, Patocka (2016) claimed that Beauveria bassiana and some 
of its metabolites represent a serious candidate for the prevention and treatment of 
neurodegenerative diseases such as Alzheimer’s disease or Parkinson’s disease, as 
Tomoda and Doi (2008) have shown earlier that some cyclodepsipeptides, such as 
natural beauveriolides or their synthetically prepared derivatives, represent an inter-
esting way in the fight against neurodegenerative diseases. Park et  al. (2008) 
reported that the methanolic extract of Beauveria bassiana increased acetylcholin-
esterase (AChE) activity and reactive oxygen species (ROS) scavenging activity, 
which would be beneficial for the suppression of neurodegenerative disorders.

Moreover, Dominguete and Takahashiab (2018) selected about 50 filamentous 
fungi isolated from soil with different macroscopic characteristics. Then, they 
screened their broth culture media containing secondary metabolites for acetylcho-
linesterase (AChE) inhibitory activity, besides total antioxidant activity using the 
colorimetric phosphomolybdate method. The broth of Hypocrea lixii showed 
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promising results, even with bioactive compounds very diluted in the medium. It 
was found to have significant total antioxidant activity (18.22μg AAE/mL broths) 
and efficient inhibition of AChE (65.4%). Another activity of fungal metabolites 
was demonstrated by El-Neekety et al. (2016), they declared that Aspergillus niger 
and Aspergillus fumigatus isolated from soil samples in Egypt exhibited antiafla-
toxigenic effect, as both fungal isolates inhibited the production of AFB1 by 
Aspergillus flavus. Moreover, A. niger was able to degrade AFB1 where 60.70% of 
the toxin was removed after 8 days. The authors also noticed that the crude ethyl 
acetate extract of A. niger showed high antioxidant capacity.

8.4  Applications in Biological Control Strategies

8.4.1  Molluscicidal Activity

Schistosomiasis is a parasitic disease caused by trematode worms (e.g., Schistosoma 
mansoni and Schistosoma haematobium) that affects approximately 260 million 
people worldwide. More than 90% of cases occur in the African region (WHO 
2016). The life cycle of the parasites requires the presence of a freshwater snail as 
an intermediate host. The use of chemical molluscicides to control these snails 
could lead to toxic effects on non-target organisms and environmental pollution 
(Oliveria-Filho and Paumgartten 2000). So, researchers became interested in find-
ing alternatives from biological origins (Moazami 2002). Consequently, many stud-
ies have focused on the control of Biomphalaria alexandria snails using biological 
agents like fungi and their metabolites. Two fungal species; Aspergillus terreus and 
Penicillium janthinellum were tested as filtrates against Biomphalaria alexandrina 
snails, where the LC50 values were 1.05% and 1.03%, respectively (Saad et al. 2014).

The authors also demonstrated that sublethal concentrations of the fungal fil-
trates reduced the survival rate and reproduction of the snails. Moreover, Abdel- 
Wareth and Ghareeb (2018) identified 22 phenolic compounds in the filtrate extracts 
of Penicillium implicatum, Aspergillus niveus, and Aspergillus petrakii, as methyl 
gallate and p-coumaric acid were amongst the major compounds. The authors found 
that both compounds were highly effective as larvicidal agents on each of miracidia 
and cercariae of Schistosoma mansoni. Recently, Abdel-Wareth et al. (2019a) found 
that acetone extracts of Paecilomyces lilacinus and Beauveria bassiana were effec-
tive against Biomphalaria alexandrina snails with LC50 values of 120 and 231 ppm, 
respectively. They reported that the sublethal concentrations of both extracts 
adversely affected survival rate, the digestive gland which is analogous to the liver 
in higher animals, besides causing deterioration of the hermaphrodite gland which 
is responsible for reproduction. Also, the authors reported a genotoxic effect of the 
metabolites of both fungi on the DNA of snails.
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8.4.2  Anti-phytopathogenic Activity

The indolyl diketopiperazines (1–6) were isolated from the endophytic fungus 
Aspergillus tamarii, and tested for anti-phytopathogenic activity in vitro for the first 
time. Their structures were identified as fumitremorgin B (1), verruculogen (2), 
fumitremorgin C (3), cyclotryprostatins B (4), tryprostatin A (5), and tryprostatin B 
(6). The isolated metabolites showed significant anti-phytopathogenic activity on 
Pyricularia oryzae, Penicillium chrysogenum, Fusarium graminearum, Botrytis 
cinerea, Fusarium oxysporum f. sp. vasinfectum, Alternaria alternata, and 
Phytophthora capsici (Zhang et  al. 2012). In the same vein, Abd-El-Khair and 
El-Nagdi (2014) investigated four bio-control agents of fungal origin namely; Bio- 
Nematon® (Paecilomyces lilacinus; 108 unit/cm3), Trichoderma hamatum, 
Trichoderma album, Stanes Symbion VAM plus® (Glomus fasciculatum and 
Gigaspora sp.). They were applied in commercial potato fields for controlling root- 
rot disease caused by Fusarium solani and Rhizoctonia solani, and nematode root- 
knot caused by Meloidogyne arenaria, compared to the chemical nematicide 
Nemacur.

The authors found that the biocontrol agents significantly reduced the frequency 
of F. solani and R. solani, as well as the percentages of disease incidence of root rot 
in the rhizospheres of treated potato plants, compared to Nemacur® as well as the 
untreated plants. After 2 months of treatment, reduction of the number of juveniles 
caused by these agents in soil was in the range of 33.1–76.9%, compared to 16.9% 
with Nemacur®. In addition, Zhao et  al. (2018b) prepared crude ethyl acetate 
extracts from the fermentation broth of 31 selected marine-derived fungal isolates 
and evaluated them for their growth inhibitory activity against plant pathogenic 
bacteria including Pseudomonas syringae pv. lachrymans, Acidovorax avenae, 
Erwinia carotovora, Xanthomonas oryzae pv. oryzae, Ralstonia solanacearum, and 
Clavibacter michiganensis. They found that eight strains exhibited strong activity at 
1  mg/mL, where the extracts of Fusarium equiseti, Penicillium oxalicum, and 
Penicillium chrysogenum at 0.1  mg/mL displayed stronger inhibitory activity 
against P. syringae pv. lachrymans and A. avenae, with Fusarium equiseti being the 
most efficient.

The marine-derived Penicillium sp. displayed the most potent anti- 
phytopathogenic bacterial activity. Also, the crude extract of Alternaria sp. showed 
the broadest antibacterial spectrum, since it inhibited the growth of all six tested 
plant pathogenic bacteria at 10 mg/mL. Moreover, these 31 fungal isolates were 
tested for their antifungal activity against two phytopathogenic fungal strains; 
Alternaria alternata, and Phytophthora parasitica var. nicotianae, as 14 strains 
were able to inhibit the mycelial growth of P. parasitica var. nicotianae, whereas 
only 4 strains restrained A. alternata growth. The authors isolated four compounds 
from Fusarium equiseti and Alternaria sp., and identified them where Alterperylenol 
(4) exhibited antibacterial activity against Clavibacter michiganensis with a mini-
mum inhibitory concentration (MIC) of 1.95μg/mL, which was two fold stronger 
than that of the positive control; streptomycin sulfate. Besides, stemphyperylenol 
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(3) displayed potent antifungal activity against Pestallozzia theae and Alternaria 
brassicicola with MIC values equal to those of the positive control; carbendazim.

8.4.3  Insecticidal Activity

The pink hibiscus mealybug Maconellicoccus hirsutus is a serious pest on the orna-
mental plant Hibiscus rosa sinensis. Mohammad et al. (2010) evaluated the com-
parative effects of six commonly used insecticides including the biopesticides; 
Bio-fly and Biovar (which are formulations of Beauveria bassiana) besides Bioranza 
(which is a formulation of Metarhizium anisopliae). They recorded high percent-
ages of reduction in mealybug populations ranging from 65% to 66.55%; these 
values were close to those resulting from the application of chemical pesticides. 
Also, El-Banna et al. (2013) indicated that application of Bioranza © (Metarhizium 
anisopliae) induced a reduction in the percentage of the larval population of lesser 
cotton leafworm Spodoptera exigua after spraying on cotton in Egypt.

The verroa mite, Varroa destructor, is known as the most serious ectoparasite 
mite on the honeybee, Apis mellifera. Based on the spores of entomopathogenic 
fungi, Ahmed and Abd-Elhady (2013) investigated two commercial preparations; 
Bioranza (Metarhizium anisopliae) and Biovar (Beauveria bassiana) through appli-
cation into the hives against varroa mite. The results showed significant differences 
between treatments with Bioranza © and Biovar ©. The results were significant 
after 7 and 14 days of application, where Bioranza was more effective than biovar 
as it resulted in a significant increase of mites’ daily mortality. In the same vein, 
Abdel-Raheem et al. (2015) evaluated the efficacy of the entomopathogenic fungi, 
Beauveria bassiana and Metarhizium anisopliae on the insects affecting stored 
crops; Rhyzopertha dominica, Sitophilus oryzae, and Oryzaephilus surinamensis. 
They demonstrated that M. anisopliae was more effective against the tested insects 
than B. bassiana as LC50 of B. bassiana concentrations against R. dominica, S. ory-
zae, and O. surinamensis were 1.2 × 105 conidia/g, 1.6 × 105 conidia/g, and 1.4 × 105 
conidia/g, respectively. While LC50 values of M. anisopliae concentrations against 
R. dominica, S. oryzae, and O. surinamensis were 2.7 × 105 conidia/g, 1.3 × 105 
conidia/g, and 3.5 × 105conidia/g, respectively.

Moreover, Francardi et al. (2016) carried out a study to evaluate the efficacy of 
two commercial products, Met52 © and BioStorm ©, and of their fungal isolates, 
M. anisopliae (Man52) and (ManBS), respectively, against the adult red palm wee-
vil; Rhynchophorus ferrugineus. The virulence of M. anisopliae strains (Man52) 
and (ManBS) was compared with that of an indigenous M. anisopliae (Man08/I05) 
strain obtained from R. ferrugineus specimens. The results indicated that the com-
mercial formulations mixed directly into the soil were not effective against red palm 
weevil adults, and did not reduce female fecundity and fertility. On the contrary, the 
fungal strains; M. anisopliae (ManBS), (Man52), and (Man08/I05) inoculated on a 
rice substratum caused over 80% mortality of the phytopathogens. In particular, 
M. anisopliae (ManBS)  and M. anisopliae (Man08/I05) resulted in the highest 
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mortality (100%), with LC50 and LC90 reached in 3 and 6 days, respectively. While, 
M. anisopliae (Met52) led to 85% mortality of red palm weevil specimens in 
28 days, and took longer to reach LC50 (6 days) and LC90 (12 days). The reproduc-
tive potential of females infected with the fungal strains was also significantly 
reduced with respect to the control.

The greasy cutworm, Agrotis ipsilon (Order: Lepidoptera) is widely distributed 
all over the world, particularly in moderate and subtropical countries of the northern 
and southern hemispheres (Kononenko 2003). The greasy cutworm causes damage 
to vegetables, cucurbitaceous, and industrial crops. The greatest damage is caused 
to cotton, maize, tobacco, sunflower, tomatoes, sugar beet, and potato. The pest can 
strongly harm vegetables, and also cause damage to seedlings of tree species (pine, 
maple, and nut). This pest has a solitary habit, as it commonly feeds on seedlings at 
ground level, cutting off the stem and sometimes dragging the plants into their bur-
rows. Gabarty et  al. (2014) carried out scanning electron microscopy (SEM) of 
Agrotis ipsilon larvae treated with LC50 of Beauveria bassiana, and revealed adhe-
sion, and penetration of the infected larvae. Growth of the fungus on the infected 
larvae and signs of hyphal penetration of insect cuticle as well as the proliferation 
of the cuticle was also observed.

On the other hand, Metarhizium anisopliae as declared by SEM showed a dense 
network, where green spores appeared on the insect cuticle. Also, SEM allowed 
observing the spores and hyphae of the fungus in the body cavity of infected larvae. 
Moreover, Elbanna et  al. (2012) declared that infection of the desert locust; 
Schistocerca gregaria nymphs with Bioranza (Metarhizium anisopliae fungal 
spores) induced high mortality percentage, where the highest concentration resulted 
in faster mortality than the lowest one. In addition, Ibraheem et al. (2012) indicated 
that five tested biopesticides achieved a satisfactory reduction in Saissetia oleae 
insect population within an experimental period of 7 weeks. The total population 
showed that Stanes-biocatch (Verticillium lecanii) caused the highest reduction 
(91.68%) followed by Stanes-biomagic (Metarhizium anisopliae) (88.74%), Biovar 
(Beauvaria bassiana) (87.41%), and Bioranza (Metarhizium anisopliae) (82%). In 
addition, Biovar caused the highest reduction in the nymph population (97.28%), 
followed by Stanes-biocatch (95.1%), Bioranza (90.59%), and Stanes-biomagic 
(89.96%). Also, all biopesticides resulted in a 100% reduction of adult females.

8.4.4  Nematicidal Activity

Amongst a number of biopesticides tested against root-knot nematode under green-
house conditions, Paecilomyces lilacinus was the most effective on both galls and 
egg masses achieving 88.23% and 76.94% reduction, respectively (Khalil et  al. 
2012). They added that Paecilomyces lilacinus product; Bio-Nematon was the best 
treatment in suppressing Meloidogyne incognita populations causing root-knot of 
tomato with 85.2% when compared with other microbial products. Furthermore, 
Sharma et  al. (2014) showed that Paecilomyces lilacinus culture filtrate from 
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Karanja cake medium killed 100% of Meloidogyne incognita larvae, while only 
78.28% mortality was recorded by Czapeck-Dox filtrate within 12 h of exposure. 
The filtrate, irrespective of culture medium, was found to be more nematotoxic 
when incubated for 15 days. Fourier Transform Infrared Spectroscopy (FT-IR) pre-
dicted the presence of phenolic and alcoholic compounds in the filtrate. The authors 
also reported that ethyl acetate and lyophilized aqueous extracts produced higher 
nematicidal activity than hexane extract, which indicated the polar nature of the 
active compounds produced by P. lilacinus. In addition, Sharma et al. (2016) carried 
out in vitro nematocidal bioassays, FT-IR, and HPLC analysis to demonstrate the 
involvement of toxins of Purpureocillium lilacinum in killing root-knot nematodes 
(Meloidogyne incognita). During the growth study, maximum mycelial biomass 
(10.52 g/l) in de-oiled Karanja cake medium was achieved on the eighth day, while 
complete mortality of nematodes was obtained by the sixth day. In addition, maxi-
mum production of the crude nematocidal toxin was recorded on the seventh day 
suggesting that the toxin production was paralleled with the growth of the fungus. 
The median lethal concentration (LC50) determined for the crude toxin from the 
sixth to the tenth day ranged from 89.41 to 43.21 ppm.

8.5  Conclusion and Future Prospects

Fungal secondary metabolites are rich sources of bioactive compounds with multi-
faceted applications. As fungi inhabit various ecological niches, a subsequent varia-
tion of their secondary metabolites results. Also, varying the media, and/or the 
constituents of the known media, besides the conditions of fungal growth could 
result in the production of new metabolites which might be good candidates for 
combating diseases. More research should be carried out to explore fungal species 
from unusual or extreme environments, and molecular tools could be improved for 
identifying more fungal strains. In addition, genetic engineering can be used for 
modifying the genes responsible for the production of certain active compounds to 
increase the yield or to improve it. Also, advanced and rapid techniques have to be 
applied to detect, characterize, and separate promising effective fungal metabolites 
to pave the way for their formulation, and subsequent application in different rele-
vant fields.
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9.1  Introduction

Enzymes are protein in nature they catalysis a specific reaction and act on specific 
substrates; they play various roles in medicine, industry, and agriculture. Enzymes 
are classified into many categories; they would be excreted extracellular or intracel-
lular within eukaryotes, few fungal species can grow in temperatures ranging from 
45 to 55 °C (Saxena et al. 2016; Suman et al. 2015). This species would be thermo-
philic or thermotolerant taxa which can be easily differentiated according to their 
minimum and maximum growing temperatures; thermophilic fungal species grow 
in between 20 to or above 50 °C, while thermotolerant species grow from or below 
20 to 55 °C (Kumar et al. 2014a, b). Thermophilic fungi resemble chief components 
of the microflora that develops in heaped masses of plant material, piles of agricul-
tural and forestry products, and other accumulations of organic matter wherein the 
warm, humid, and aerobic environment provides the basic conditions for their 
development. Although the thermophilicity of such fungal species didn’t receive 
much attention as they don’t inhabit toxic habitats and their degree of thermophily 
isn’t very high as other archaebacteria and bacterial species which would 
reach 100 °C.

As an example of fungal producing enzymes; endophytes usually produce the 
enzymes necessary for the colonization of plant tissues. It has been demonstrated 
that most endophytes are able to utilize at least in vitro most plant nutrients and cell 
components. Most of the investigated endophytes utilize xylan and pectin, show 
lipolytic activity, and produce non-specific peroxidases and laccases, chitinase, and 
glucanase ( Leuchtmann et  al. 1992; Promputtha et  al. 2011; Rana et  al. 2019). 
Endophytes may be a novel and good producer of xylanase and the production of 
extracellular cellulase and hemicellulases other than xylanases are widespread but 
usually limited to organisms derived from selected hosts or even host tissues 
(Leuchtmann et al. 1992). Thermostable amylolytic enzymes are being investigated 
to improve industrial processes for starch degradation. Streptosporangium sp. an 
endophytic actinomycete isolated from leaves of maize (Zea mays L.) showed glu-
coamylase production. The isolated enzyme exhibited thermostable properties 
(Stamford et  al. 2002). The ability of endophytes to produce various enzymes 
in vivo and in vitro means that the host supplies nutrients as well as habitats for 
endophyte colonization, and could be used for various biotechnological applica-
tions (Tomita 2003).

9.2  Biodiversity of Thermophilic Fungi

Thermophilic fungi are a small assemblage in eukaryote that have a unique mecha-
nism of growing at elevated temperatures extending up to 60–62 °C. Cooney and 
Emerson’s definition of thermophilic fungi is those that have a maximum tempera-
ture for growth at or above 50 °C and a minimum temperature for growth at or above 
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20 °C (Cooney and Emerson 1964; Yadav et al. 2020b). According to several reports, 
they have been found thermophilic fungi in a variety of environments. These 
include: composts, piles of hays, stored grains, wood chip piles, nesting material of 
birds and animals, snuff, and municipal refuse, and other accumulations of organic 
matter wherein the warm, humid, and aerobic environment provides the basic physi-
ological conditions for their development (De Gannes et  al. 2013). Tansey and 
Brock (1972) observed that thermophilic fungi are much more common in acid 
thermal habitats than those of neutral to alkaline pH. Thermophilic fungi have been 
recovered even from Antarctic soils (Satyanarayana et al. 1992). Also, thermophilic 
fungi are common in habitats wherever decomposition of organic matter takes place 
Hultman et al. (2010).

Thermophilic fungi are cosmopolitan and they may occur either as propagules or 
as active mycelia in both natural and human-made environments. Their growth and 
activity are mainly regulated by the temperature and availability of nutrients. Some 
authors suggest that the heat tolerance in fungi evolved from mesophilic ancestors 
associated with nests of birds able to thermoregulate their nests (Rajasekaran and 
Maheshwari 1993).

Fungi play an important role in this system; their exothermic metabolism raises 
the nest temperature to approximately 45 °C, similar to the heating process in natu-
ral composting (Tiquia et  al. 1996, 2002; Abdel-Azeem et al. 2021; Yadav et  al. 
2019a). Thermophilic fungi are usually found in a self-heating environment. The 
composting system, where the temperature rises due to the exothermic metabolism 
of microorganisms, is by far the most suitable environment for their growth and 
dispersal. These fungi occur mainly from man-made environments, such as com-
posting systems, due to the production of aerosols carrying mycelia or reproductive 
propagules when revolving the piles (Le Goff et al. 2010). Most species do not show 
any geographical restrictions. According to Salar and Aneja (2006) soils in tropical 
countries do not appear to have a higher population of thermophilic fungi than soils 
in temperate countries as believed earlier.

A large contribution to the taxonomy, biology, and economic importance of ther-
mophilic fungi was given by Cooney and Emerson (1964) in their monograph. 
Eleven thermophilic species were documented with few being new to science 
(Rhizomucor pusillus, R. miehei, three varieties of Chaetomium thermophilum and 
Chaetomium virginicum, Thermoascus aurantiacus, Melanocarpus albomyces, 
Malbranchea cinnamomea, Mycothermus thermophilus, Thermomyces lanugino-
sus). Thermophily is found in taxa in different phylogenetic lineages in the fungal 
tree of life. A recent phylogenetic analysis showed the paraphyletic nature of heat 
tolerance in fungi (Morgenstern et al. 2012). It is clear that this ability had multiple 
origins in the kingdom of Fungi. However, in Chaetomiaceae (Sordariales), ther-
mophily probably had a single origin and then multiple losses subsequently occurred 
within the family, whereas multiple independent gains seem to be more likely in 
Trichocomaceae (Eurotiales) (van Noort et al. 2013).

The thermophilic fungi comprise only 44 species belonging to 20 genera are 
represented in phylum Ascomycota, Mucoromycota, and Basidiomycota. In the 
Ascomycota, thermophiles are restricted to the orders Sordariales, Eurotiales, and 
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Onygenales. In the Sordariales, all known thermophilic species belong to the family 
Chaetomiaceae, which contains the greatest diversity of thermophilic fungi 
(Morgenstern et al. 2012). Among the Eurotiales, two families are considered to 
possess thermophilic members, the Trichocomaceae and the Thermoascaceae 
(Houbraken et al. 2014). A sole species of thermophilic fungus Malbranchea cin-
namomea is found in the Onygenales (Morgenstern et al. 2012).

The thermophilic fungi in phylum Ascomycota particularly in Sordariales and 
Eurotiales orders, for example (Acremonium, Arthrinium, Canariomyces, 
Chaetomidium, Chaetomium, Humicola, Malbranchea, Melanocarpus, 
Myceliophthora, Myriococcum, Rasamsonia, Remersonia, Scytalidium, Sordaria, 
Thermoascus, Thermomyces, and Thielavia) that comprise the largest number of 
thermophilic species (Oliveira et  al. 2015). Thermophiles in the Mucoromycota 
occur in the Mucorales and a recently created order, the Calcarisporiellales (Hirose 
et  al. 2012). The order Mucorales contains two families with thermophiles, the 
Rhizopodaceae and the Lichtheimiaceae (Hoffmann et al. 2013), which is restricted 
to the two genera in Mucorales order (e.g., Rhizomucor and Thermomucor) (Oliveira 
et  al. 2015). The Calcarisporiellales contains the thermophilic species 
Calcarisporiella thermophile. Thermophilic Basidiomycota have been described by 
Straatsma et al. (1994) genera in Basidiomycota belong to the order Polyporales 
(e.g., Thermophymatospora) (Oliveira et al. 2015). Currently, the total number of 
fungal species described is approximately 120,000 (Hawksworth and Lücking 
2017). Among the species of thermophilic fungi are found T. lanuginosus and 
Talaromyces thermophilus which grow at 50  °C (Romdhane et  al. 2010), and 
Rhizomucor miehei and Myceliophthora species which grow at 45 °C (Fawzi 2011).

9.3  Fungal Adaptations to Thermophily

Adaptations to tolerate adverse conditions such as extreme pH, high salt concentra-
tions, and high temperatures are inherent in a few microorganisms (Gomes and 
Steiner 2004). Of all the factors affecting cell stability, temperature has the greatest 
influence on the function of biomolecules and the maintenance of biological struc-
tures, and most organisms can only grow within a narrow temperature range. 
However, the existence of geothermal stable environments allows for the selection 
and persistence of microorganisms that not only resist but also require high tem-
peratures to survive (Van Noort et al. 2013).

Sustaining growth at high temperatures involves the adaptation of the cytoplas-
mic membrane, proteins, and DNA to temperatures above the mesophilic range. 
These adaptations provoked great interest from both biological and evolutionary 
perspectives, considering that the thermoresistance mechanisms of biomolecules of 
these microorganisms may be interesting models for bioengineering or to directly 
use in bioprocesses. In general, all the features observed in thermophilic fungi are 
similar to those of mesophiles. Thermophilic fungi do not appear to have any 
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specific organelles, structural modifications, or developmental patterns, which are 
not seen in their mesophilic counterparts (Singh et al. 2016).

Many organisms vary the fatty acid composition of their membrane phospholip-
ids as a function of growth temperature so that their membrane fluidity is kept con-
stant for the optimal functioning of membrane-localized transporters and enzymes. 
The adaptation of thermophilic microbial membranes corresponds with the process 
called homeoviscous adaptation, which consists of the replacement of unsaturated 
fatty acids with saturated fatty acids such that the membrane acquires the balance 
between density and fluidity necessary for the maintenance of physical and func-
tional integrity at elevated temperatures. This adaptation occurs in the domains 
Bacteria and Eukarya, while the latter is found only in the Kingdom Fungi (Adams 
1993). For example, with an increase in temperature, there is an increase in the 
proportion of saturated fatty acids incorporated into phospholipids, whereas, at a 
lower temperature, a higher proportion of unsaturated fatty acids is incorporated 
(Sinensky 1974). Crisan (1973) mentions four hypotheses that help to explain the 
ability of thermophiles to grow at high temperatures: (1) lipid solubilization, (2) 
rapid resynthesis of essential metabolites, (3) macromolecular thermostability, and 
(4) ultrastructural thermostability. Only the latter two still appear to be of major 
importance.

Two evolutionary strategies seem to define thermostability: (1) intrinsic factors 
or factors directly associated with the structure of the molecule, leading to stiffness 
and folding and (2) extrinsic factors that help to stabilize the proteins in a given 
environment, including solutes, binders, molecular chaperones, and the substrate it 
(Bruins et al. 2001). Extracellular proteins of filamentous fungi are mainly depoly-
merizing enzymes that in thermophilic environments must have dynamic and kinetic 
thermostability to be active. Some differences in the sequence, structure, function, 
dynamics, and thermodynamic properties can be observed between the psychro-
philic, mesophilic, and thermophilic enzymes (Niehaus et al. 1999). The cytoplas-
mic membranes of thermophilic organisms consist of saturated fatty acids that 
confer increased stability and physical and functional integrity, unlike those of 
mesophilic organisms, which have unsaturated fatty acids.

The maintenance of DNA structure is an essential factor for all organisms, espe-
cially for hyperthermophilic which survive in high-temperature environments 
(Gomes and Steiner 2004). Wright et al. 1983 examined if an inability to regulate 
membrane fluidity may be a reason for the high minimum temperature of growth of 
thermophilic fungi. Firstly, Talaromyces thermophilus was shifted from a high 
(50 °C) to a low (33 °C) growth temperature, the degree of unsaturation of fatty 
acids at the two stated temperatures remained virtually unchanged. It is resulted 
because of a metabolic limitation, presumably due to a nonfunctional fatty acid 
desaturase, which restricted the ability of the fungus to convert oleate to linoleate at 
low temperature. In the second fungi, T. lanuginosus were different; the concentra-
tion of linoleic acid (18:2) was twofold higher at 30 than at 50 °C. The degree of 
unsaturation of phospholipid fatty acids was 0.88 in mycelia grown at 50 °C but 
1.0 in the temperature-shifted cultures (from 50 to 30 °C) and 1.06 in cultures grown 
at constant 30 °C (Rajasekaran and Maheshwari 1990). Marguet and Forterre (1998) 
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reported that 2,3-DPG prevents depurination or depyrimidation of DNA, which 
causes mutations at high temperatures.

In addition, all hyperthermophilic organisms produce a different form of reverse 
DNA topoisomerase called DNA gyrase, which introduces positively supercoiled 
DNA. The positive supercoiling promotes greater DNA resistance to thermal dena-
turation (López-García 1999). According to Mehta and Satyanarayana (2013), some 
factors may combine to provide thermal stability to DNA in thermophiles, including 
high levels of K+ and cyclic 2,3 diphosphoglycerate (2,3-DPG) that has been 
detected in the cytoplasm of thermophilic methanogens such as Methanothermus 
fervidus, Methanothermus sociabilis, and Methanopyrus kandleri. The molecular 
chaperones are also important for thermophilic adaptation of microorganisms.

They result in the folding and refolding of proteins, preventing possibly irrevers-
ible protein denaturation (Conway and Macario 2000). Oliveira et al. (2018) evalu-
ating the peptidases from thermophilic fungi found that they contain a larger 
proportion of Ala, Glu, Gly, Pro, Arg, and Val residues and a lower number of Cys, 
His, Ile, Lys, Met, Asn, Gln, Ser, Thr, and Trp residues when compared to the meso-
philic ones. Finally, to date, no fungi have been identified with growth above 
62 °C. This may be related to the greater thermolability of their membrane systems 
than to the thermostability of enzymes or other cellular structures (van Noort 
et al. 2013).

9.4  Thermophilic Enzymes

The tolerance of the enzymes to high temperatures for long periods may be associ-
ated with their conformational structures, composition and/or amino acid sequences, 
and the origins of the enzymes (Gomes and Steiner 2004). The strategy for obtain-
ing thermostable enzymes is to search in organisms that grow in high-temperature 
environments because their enzymes are more thermostable than those from meso-
philic (Techapun et al. 2003), and also possible to obtain thermostable enzymes by 
the improvement of characteristics through small alterations in enzyme structure 
(Kour et al. 2019a; Yadav et al. 2020a).

These include site-directed mutagenesis (Xie et  al. 2011), replacing the 
N-terminal region of a mesophilic enzyme by the N-terminal region of thermophilic 
organisms and the addition of disulfide bridges in the N-terminal region of the 
α-helix (Zhang et  al. 2010). Higher thermal stability is one of the fundamental 
requirements for the application of an enzyme in industrial processes; it increases 
the efficiency of the enzyme. Therefore, searching for thermostable enzymes or 
improve the thermostability of enzymes has been the priority for researchers over 
the years (Nirmal and Laxman 2014), so the factors affecting thermostability are 
important for understanding the functions of proteins (Ruller et  al. 2008). The 
advantages of employing enzymes with high optimum temperatures in biotechno-
logical processes or biocatalytic conversions industrial include the lower risk of 
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microbial contamination by common mesophiles, the improvement of substrate 
solubility, increased reaction rates, and decreased viscosity (Joo et al. 2011).

9.4.1  Cellulases

The cellulase system in fungi is considered to comprise three hydrolytic enzymes: 
(1) the endo-(1,4)-b-d-glucanase (synonyms: endoglucanase, endocellulase, car-
boxymethyl cellulase) [EC 3.2.1.4], which cleaves b-linkages at random, commonly 
in the amorphous parts of cellulose; (2) the exo-(1,4)-b-d-glucanase (synonyms: 
cellobiohydrolase, exocellulase, microcrystalline cellulase, Avicelase) [EC 
3.2.1.91], which releases cellobiose from either the nonreducing or the reducing 
end, generally from the crystalline parts of cellulose; and (3) the β-glucosidase (syn-
onym: cellobiase) [EC 3.2.1.21], which releases glucose from cellobiose and short- 
chain cellooligosaccharides (Bhat and Bhat 1997).

Among the microorganisms, fungi, in particular, are dynamic cellulose decom-
posers, and possibly responsible for 80% of the cellulose breakdown on earth 
(Moore Landecker 1996; Devi et al. 2020; Yadav et al. 2019b). This is particularly 
true in the forest ecosystems, where fungi are the principal agents of decomposing 
cellulose and lignin (Alexopoulos et al. 1996). The cellulose decomposing fungi 
include members of the ascomycota, basidiomycota, and deuteromycota. Efficient 
cellulolytic fungi are represented by the species of Aspergillus, Penicillium, 
Chaetomium, Trichoderma, Fusarium, Stachybotrys, Cladosporium, Alternaria, 
Acremonium, Ceratocystis, Myrothecium, Humicola, and so on (Wood 1985). In the 
last few decades, thermophilic fungi have also been studied widely because of the 
fact that cellulose fibers bulge/swell up at higher temperatures so that they become 
easily accessible for hydrolytic enzymes (Li et al. 2011). Talaromyces emersonii is 
a typical thermophilic fungus capable of producing cellulase, which was active even 
at 70 °C and decomposes the intact cellulose (Murray et al. 2004). Two strains of 
Penicillium were identified from subtropical soils with potentials for the production 
of cellulase (Picart et al. 2007); Chaetomium thermophilum, Sporotrichum thermo-
phile, Talaromyces emersonii, and Thermoascus aurantiacus grew well and decom-
posed cellulose very rapidly, producing thermostable cellulases (Mandels 1975).

Thermophilic fungi Sporotrichum thermophile (Coutts and Smith 1976) and 
Talaromyces emersonii (Folan and Coughlan 1978) produced cellulase activity 
nearly comparable to that of the mesophilic fungus Trichoderma reesei, regarded as 
the best source of fungal cellulase. Although cellulase productivity varies among 
strains (Oberson et al. 1992), using uniform procedures for the measurement of cel-
lulase activity, Bhat and Maheshwari (1987) demonstrated that the endoglucanase 
and exoglucanase activities in the culture filtrate of their best strain of S. thermo-
phile were about tenfold lower and the b-glucosidase activity was about 1.6-fold 
lower than in T. reesei. Despite these lower activities, S. thermophile degraded cel-
lulose faster and grew at five times the rate of T. reesei.
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The appearance of various cellulase components varied in different species: for 
example, H. insolens (Yoshioka and Hayashida 1980) and T. aurantiacus (Khandke 
1986), all three cellulase components appeared simultaneously, while in Chaetomium 
thermophile var. coprophile, b-glucosidase activity preceded endo- and exogluca-
nase activities (Ganju 1986) and in S. thermophile it lagged behind endoglucanase 
and exoglucanase, which were typically formed during active growth. Kalogeris 
et al. (2003) investigated the production of extracellular cellulolytic enzymes in SSF 
by Thermoascus aurantiacus. For more details about thermophilic enzymes in 
Chaetomium please check Abdel-Azeem et al. (2020).

9.4.2  Xylanases

The xylanases belong to the family of glycosyl hydrolases (GH), which catalyze the 
hydrolysis of 1,4-linked β-d-xylosidic linkages in the main chain of xylan (Collins 
et al. 2005). Its complete degradation requires the cooperative action of a variety of 
hydrolytic enzymes: the endoxylanases (EC 3.2.1.8), which randomly cleave b-1,4- 
linked xylose (the xylan backbone); the b-xylosidases (EC 3.2.1.37), which hydro-
lyze xylooligomers; and the different side-branch splitting enzymes, for example, 
a-glucuronidase and a-arabinosidase, acetylxylan esterase, and acetyl esterase, 
which liberate other sugars (glucuronic acid arabinose) that are attached as branches 
to the backbone (Biely 1985). Based on the similarities between their amino acid 
sequences and the hydrophobic groups of their catalytic domains, fungal xylanases 
are classified into GH10 and GH11 families (Verma and Satyanarayana 2012). 
GH10 family groups xylanases with higher molecular weight (approximately 
40 kDa) pI acid and three dimensional (β/α)8 structures, while the GH11 family has 
lower molecular weights (approximately 20 kDa) basic pI, and three-dimensional β 
barrel structures (Beaugrand et al. 2004).

Xylanases of both families (GH10 and GH11) have two glutamate residues con-
served in their active sites and may possess carbohydrate-binding modules (CBMs) 
or amino- or carboxyl-terminal regions (Sydenham et  al. 2014). Several authors 
have reported thermostable xylanases obtained from thermophilic fungi, such as 
Humicola brevis var. thermoidea (Masui et al. 2012), Paecilomyces themophila J18 
(Yang et al. 2006), and T. aurantiacus RCKK (Jain et al. 2015). Most of these fungal 
xylanases thermostable belong to GH10 and GH11 families, and enzymes belong-
ing to the same family, they present the same structure and amino acid sequence, 
and thus the thermal stability also did not differ (You et al. 2010).

The production of increased levels of xylanases from sugar beet pulp under SSF 
by H. lanuginosa and T. aurantiacus, and endoxylanase production from wheat 
straw under SSF was reported by Kalogeris et al. (1998). Dos Santos et al. (2003) 
reported xylanase production from T. aurantiacus on sugarcane bagasse in 
SSF. Pereira et al. (2015) isolated heat-tolerant Myceliophthora thermophila JCP 
1–4 from the environment, which produced thermophilic endoglucanase, glucosi-
dase, xylanase, and avicelase using lignocellulosic biomass as the substrate in 
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SSF. Xylanases of thermophilic fungi are receiving considerable attention because 
of their application in biobleaching of pulp in the paper industry, wherein the enzy-
matic removal of xylan from lignin-carbohydrate complexes facilitates the leaching 
of lignin from the fiber cell wall, obviating the need for chlorine for pulp bleaching 
in the brightening process. They also have applications in the pretreatment of ani-
mal feed to improve its digestibility (Kitpreechavanich et al. 1984).

The majority of xylan-degrading enzymes from thermophilic fungi are endox-
ylanases. Malbranchea pulchella var. sulfurea also produced an extracellular xylo-
sidase (Matsuo and Yasui 1985), but in H. grisea var. thermoidea (Monti et al. 1991) 
and Talaromyces emersonii (Tuohy et al. 1993) the xylosidase was periplasmic. The 
majority of xylanases have pH optima ranging from 4.5 to 6.5. T. emersonii xyla-
nases are unusual in having acidic pH optima. The temperature optima of most xyla-
nases range from 55 to 65  °C.  Xylanases of some strains of T. aurantiacus and 
T. lanuginosus are optimally active at 70–80 °C. The molecular masses of xylanases 
cover a wide range, from 21 to 78 kDa With the exception of the dimeric Xyl I and 
Xyl II of T. emersonii, most xylanases are single polypeptides. Xylanase I of C. ther-
mophile var. coprophile and (Ganju et  al. 1989) xylanase II of H. insolens were 
remarkable in their low molecular mass (7 kDa) (Dusterhoft et al. 1997). Outstanding 
yields of xylanases, requiring only three- to fourfold purification of culture filtrate 
protein, have been obtained from some wild isolates of thermophilic fungi (Tan 
et al. 1987). In T. aurantiacus, 258 mg of crystalline xylanase was obtained from 
1622 mg of desalted crude culture filtrate protein, with 75% yield (Khandke et al. 
1989). In P. varioti, the secreted protein was mostly xylanase with small amounts of 
b-glucosidase (Krishnamurthy 1989).

9.4.3  Laccases

Laccases (phenol oxidases: E.C. 1.10.3.2), also known as multicopper blue oxi-
dases, belong to the oxidoreductase group of enzymes. Biochemically, they are gly-
coproteins carrying molecular mass between 50 and 130  kDa (Morozova et  al. 
2007). Fungi, belonging to ascomycetes, deuteromycetes, and basidiomycetes, are 
known to produce laccases of ecological as well as biotechnological importance, 
such as biodegradation and bioremediation (Mayer and Staples 2002). In addition, 
laccases are also responsible for various physiological functions in fungi (Claus 
2004). Due to their broad specificity toward the substrate, they can oxidize a range 
of chemical compounds leading to various industrial applications (Kunamneni 
et al. 2007).

Laccase activity of thermophilic fungi could therefore be important in the polym-
erization of phenolic substances into humic substances. The gene encoding laccase 
of Myceliophthora thermophila was cloned and expressed in A. oryzae, and the 
recombinant enzyme (r-MtL) was purified from culture broth with a two- to 
fourfold- higher yield (11–19  mg/L) than that of native (MtL) laccase (Berka 
et al. 1997).
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The optimal activity of the enzyme occurred at pH 6.5, and it retained full activ-
ity when incubated at 60 °C for 20 min. Laccase from culture filtrates of a thermo-
philic fungus reported as Chaetomium thermophilium was purified by ultrafiltration, 
anion-exchange chromatography, and affinity chromatography. The enzyme was a 
glycoprotein of 77 kDa. It was stable at a broad pH range from 5 to 10 and at 50 °C 
(Cheftez et al. 1998). Chaetomium thermophilium was isolated from composting 
municipal solid waste during the thermophilic stage of the process, exhibited lac-
case activity when it was grown at 45 °C both in solid media and in liquid media. 
Laccase activity reached a peak after 24  h in liquid shake culture. The purified 
enzyme was identified as a glycoprotein with a molecular mass of 77 kDa and an 
isoelectric point of 5.1. The laccase was stable for 1 h at 70 °C and had half-lives of 
24 and 12 h at 40 and 50 °C, respectively (Cheftez et al. 1998).

Thermostable fungi laccases in the industrial application are mainly isolated 
from Melanocarpus albomyces, Myceliophtora thermophila, and Chaetomium ther-
mophilum, which all belong to the Ascomycota (Hildén et al. 2009). Species belong-
ing to genus Corynascus (Myceliopthora) have been of interest to mycologist as it 
produces thermostable enzymes. For example, Corynascus thermophilus (basi-
onym: Thielavia thermophila) produced thermostable laccases with high activity 
and the ability to express in various hosts (Babot et al. 2011). Laccases produced by 
C. thermophilus ATCC 42464 are completely characterized, patented and genome 
sequenced (Beeson et al. 2011). Five thermophilic laccase enzyme isoforms were 
isolated, purified, and characterized from xerophytic plants Cereus pterogonus and 
Opuntia vulgaris (Gali and Kotteazeth 2012, 2013). Several fungi, viz., Curvularia 
lonarensis, Penicillium sp., and Trametes sp., have been reported from various 
extreme environments (thermophiles, alkaliphiles, psychrophiles, marine fungi, 
etc.) which have been studied for the laccase enzyme production potentials (Dhakar 
et al. 2014).

9.4.4  Amylase

α-Amylase (E.C. 3.2.1.1), the 1–4 alpha glucosidic links oligosaccharides and poly-
saccharides (Nielsen and Borchert 2000). Generally, amylases are classified into 
three categories. These are exoamylases (β-amylase), endoamylases (α-amylase), 
and the amylase enzymes (pullulanase, isoamylase) which do not show branching 
(Sahnoun Silva et  al. 2016). The α-amylase enzyme allows for the formation of 
glucose, maltose, maltotriose, and α-limit dextrins by splitting off the α-1,4 links. 
Glucoamylase breaks the α-1,3, α-1,4, and α-1,6 links and converts them into glu-
cose molecules (Haki and Raksit 2003).

All α-amylases of thermophilic and hyperthermophilic origin are monomeric 
enzymes and their molecular weights range from 42 to 68 kDa (Leveque et  al. 
2000). The fact that thermostable α-amylases do not require calcium ions for ther-
mostability and activity makes thermophilic amylases different from the mesophilic 
α-amylases (Laderman et al. 1993). All species of thermophilic fungi studied so far 
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secrete amylase (Sadhukhan et al. 1992). However, only T. lanuginosus a-amylase 
has been characterized. The addition of Tween 80 to agitated submerged cultures 
increased a-amylase production 2.7-fold (Arnesen et al. 1998). Although a multi-
plicity of a-amylases is common in fungi, only one electrophoretically similar form 
of the enzyme was detected in culture filtrates of seven strains of T. lanuginosus 
(Mishra and Maheshwari 1996). Today, many enzymes of microbiological origin 
are used in the food industry. The field of the food industry in which the amylases 
are most commonly used is the bakery sector. It is recommended to use α-amylases 
which are thermostable and resistant to bread-baking temperature (Nguyen 
et al. 2002).

A thermophilic fungus, Thermomyces lanuginosus (syn. Humicola lanuginosa), 
was reported to produce glucoamylase (α-1,4-glucan glucohydrolase; EC 3.2.1.3) 
that was capable of quantitatively converting soluble starch into glucose. The 
enzyme was a glycoprotein with a molecular mass of ~57  kDa. It was active at 
70 °C and was completely stable at 50 °C (Rao et al. 1981). Jensen et al. (1988) 
reported a glucoamylase in another strain of T. lanuginosus which had a molecular 
mass of 70–77  kDa. This strain also produced a thermostable α-amylase (α-1,4 
glucan glucanohydrolase; EC 3.2.1.1) of molecular mass of 54–57 kDa that required 
Ca2+ for activity (Jensen and Olsen 1992). α-amylase producing Fusarium sp. was 
isolated from the soil at 50 °C. Growth and enzyme production occurred at 30, 45, 
and 55 °C. Soil samples were collected from a honey processing area in Eastern 
Nigeria (Nwagu and Okolo 2011).

A total of seven species of thermophilic fungi were isolated and identified from 
three locations, for example, two refuse-dump sites and a palm-kernel stack in 
Ibadan, Nigeria. These were Absidia corymbifera, Gilmaniella humicola, 
Talaromyces helicus, Chaetomium elatum, Chaetomium sp., Humicola sp., and 
Rhizomucor pusillus, respectively. Amylases were produced by all these thermo-
philic fungi (Olagoke 2014).

9.4.5  Lipase

Lipases are extracellular microbial are very important since they catalyze the hydro-
lysis of triacylglycerols and the synthesis of esters from glycerol and long-chain 
fatty acids. Microbial lipases are important in the industry due to their stability 
toward extremes of temperature and pH and because they have also broad substrate 
specificity (Dutra et al. 2008; Griebeler et al. 2011; Yadav 2015). Used in a wide 
range of applications in the field of food technology, clinical medicine, nutrition, 
and analytical and preparative chemistry. These enzymes are used to show the 
occurrence of interfacial activation, like an increase of catalytic activity on lipid 
aggregates (micelles) rather than on lipid monomers in an aqueous solution. When 
used as a component of laundry detergents, lipases that are stable at pH 10–11, at 
temperatures from 30 to 60 °C, and in the presence of surfactants are preferred.
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Several thermophiles that have been reported to produce lipase include 
Talaromyces thermophitus, Mucor pusillus, Humicola lanuginosa, H. grisea var. 
thermoidea, and so on. H. lanuginosa produces an extracellular lipase at ~45 °C in 
a medium containing olive oil (Arima et al. 1972). M. pusillus and T. thermophilus 
produce extracellular lipase at 45 °C while those of Thermoascus crustaceus and 
H. grisea var. thermoidea produce extracellular lipase at 50 °C the pH optima for 
H. grisea var. thermoidea and T. thermophilus is 5.5 and for M. pusiuus and T. crus-
taceus at 6 (Ogundero 1980).

Arima et al. (1972) produced a purified extracellular lipase from Humicola lanu-
ginosa strain Y 38. The enzyme was produced in a medium containing starch, corn 
steep liquor, soybean oil, and an antifoaming agent. It was purified to homogeneity 
from an 80-h-old culture medium by successive steps of ammonium sulfate precipi-
tation, dialysis, ion exchange chromatography, and gel filtration chromatography, 
with 30% recovery. The protein, a single polypeptide (molecular weight, 27,500), 
was optimally active at pH 8.0 and was stable in the pH range of 4–11. Its tempera-
ture optimum for activity was at 60 °C. It exhibits activity at up to 65 °C but was 
inactivated on heating at 80 °C for 20 min (Liu et al. 1973).

Omar et al. (1987a, b) reported that the productivity and thermostability of lipase 
differed with different strains of H. lanuginosa. The enzyme was produced in a 
medium containing sorbitol, corn steep liquor, silicone oil as an antifoaming agent, 
and whale or castor oil as an enzyme inducer. With the pH maintained between 7 
and 8 and the temperature set at 45 °C, maximum enzyme production by their strain 
occurred after 30  h. Following acetone precipitation and successive chromato-
graphic steps, they obtained a more thermostable enzyme (stable at 60 °C for 20 h) 
than was obtained by (Arima et al. 1972).

9.4.6  Pectinase

Pectinases are enzymes that catalyzing break down pectin substances are of great 
industrial importance (Garg et al. 2016; Kour et al. 2019d), Pectinases is a polysac-
charide found in plant primary cell walls of terrestrial plants, cereals, fibers, fruits, 
and vegetables (Anisa et  al. 2013; Kohli and Gupta 2015). Pectinases comprise 
pectin methyl esterases, pectin acetyl esterases, polygalacturonases, polymethyl-
galacturonases, polygalacturonate lyases, polymethylgalacturonate lyases, rhamno-
galacturonase, arabinases, and xylogalacturonases (Adapa et al. 2014). The most 
studied and widely used commercial pectinases are polygalacturonase. Many 
microorganisms have the ability to degrade pectin among these microorganisms are 
the filamentous fungi are efficient microorganisms.

They reported for their capability of secreting a wide range of pectin-degrading 
enzymes, and presently, most of the pectinolytic enzymes that used in industry are 
produced by filamentous fungi, particularly from genera Aspergillus, Trichoderma, 
and Penicillium (Benoit et al. 2012; Gupta and Kalpana 2011; Lara-Márquez et al. 
2011). The most commonly used genera among them include Aspergillus sp., 
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Rhizopus sp., Trichoderma sp., Penicillium sp., and Fusarium sp. (Ahmed et  al. 
2016). Rhizopus sp., Gleosporium kake, Ciniothrium diplodella, and Aspergillus 
niger have been reported to produce exo-Polygalacturonases as well as endo 
Polygalacturonase which release galacturonic acid from the terminal pectin chain 
(Chowdhury et al. 2017).

In a study by Martin et al. (2004) report the fungal strains isolated from decaying 
vegetable and soil are pectinase producing, Moniliellla sp. SB9, Penicillium sp. 
EGC5, P. viridicatum RFC3, P. glabum F1, Penicillium sp. RFC2, P. itallicum, 
P. citrinum, Curvularia inaequalis EM P11-1, Curvularia sp. 5.11.1, Aspergillus sp. 
EG66F, Aspergillus sp. EGC4, A. niger, Thermoascus sp., Aureobasidium sp. RE, 
Phanerochaetes sp. 291, Cladosporium sp. RFC1. In a study according to 
Nayebyazdi and Tajick (2012) report, several fungal isolated from agricultural soils 
producing pectinase; Aspergillus foetidus, A. aculeatus, A. janthinellum, A. carbon-
arius, Rhizoctonia solani, Penicillium chrysogenum, P. flutanum, P. citreonigrum, 
P. citrinum, Trichoderma reesei. In a study by Sandhya and Kurup (2013) a group 
of pectinolytic fungi was isolated from cheap sources like spoiled fruits and vegeta-
bles and Penicillium citrinum was found to be the potent source for pectinase.

In study by Priya and Sashi (2014) reports many fungal species isolated from soil 
producing pectinase, Aspergillus niger, A. versicolor, A. flavus, Penicillium jenseni, 
P. citrinum, Fusarium oxysporum, Rhizopus stolonifera, Mucor racemous, M. hie-
malis, Trichoderma viride. On studying according to Abdullah et al. (2018) many 
fungal strains were isolated from different sources, that is, soil and fruits are pro-
ducing pectinase, for example, Aspergillus fumigatus, A. tamarrii, A. terraus, 
A. niger, A. oryzae, Penicillium sp. Rhizopus sp., among all the strains the strain 
showing the highest pectinolytic potential were Aspergillus niger ABT-5. In a study 
by Okonji et al. (2019) report, A. fumigatus showed the maximum pectinase activity 
among all the isolates, isolated from the soil of decomposing plant materials.

On the contrary, very little is known about the pectinolytic activities from organ-
isms from cold climates such as Antarctica. These mesophilic commercial pectin-
ases possess optimal temperatures between 40 and 60  °C (Adapa et  al. 2014). 
However, there are processes where pectin degradation is necessary at lower tem-
peratures. Khatri et al. (2015) reported that pectinase enzyme was observed at 48 h 
of fermentation, the partial enzyme exhibited maximum activity of 60 U/mg, the 
enzyme was active at a broad range of temperature (30–70 °C) and pH (6.2–9.2). 
The optimum temperature and pH of the pectinase enzyme were 50 °C and 8.2, 
respectively.

The enzyme was stable up to 70 °C and about 82% of pectinase activity was still 
observed at 100 °C. Phutela et al. (2005) report the isolation and screening of pecti-
nolytic thermophilic fungi using a semi-quantitative plate assay approach, a thermo-
philic fungal strain TF3 (Aspergillus fumigatus MTCC 4163) isolated from 
decomposing orange peel waste, was the best producer of pectinase and PG.
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9.4.7  Phytase

The phytases of thermophilic fungi are histidine acid phosphatases that catalyze the 
hydrolysis of phytic acid (myoinositol hexakisphosphate) to inorganic phosphate 
and myo inositol through a series of myoinositol phosphate intermediates (Gontia- 
Mishra and Tiwari 2013; Kaur et al. 2017; Kumar et al. 2016, 2017a, b; Mitchell 
et al. 1997; Kour et al. 2020). Phytases can be produced in two different ways are 
solid-state and submerged fermentation by using thermophilic fungi.

The biochemical properties of the phytases from thermophilic fungi that are usu-
ally active at pH (4.5–7.0) and temperature (50–70 °C) (Singh and Satyanarayana 
2011) when phytase add to seed-based poultry and pig feed increase the availability 
of phosphorus in the feed so it has commercial prospects. Phytases improve the 
nutritional value of foods by making minerals such as Ca2+, K+, Mg2+, and Zn2+, and 
proteins available for monogastric. Thermophilic fungal phytases have the ability to 
hydrolyze insoluble phytates, to improve the bread-making process, to dephytinized 
food ingredients, and to help in the encouragement of plant growth (Gontia-Mishra 
and Tiwari 2013; Reddy et al. 1989) animal waste that produced in high quantities 
rich with phytin phosphorus (calcium and magnesium salts of myoinositol hexakis-
dihydrogen phosphate) (Greiner and Konietzny 2006) which phosphorous is known 
as an important pollutant. The entry of phosphorus in water bodies can lead to eutro-
phication resulting in algal blooms, hypoxia, and the death of aquatic animals 
(Naqvi et al. 2000).

This problem can be controlled by supplementing the animal feed with phytases, 
which improve the nutritional status of the feed and further, decrease environmental 
phosphorus pollution (Golovan et al. 2001). Phytic acid is the main storage form of 
phosphorus and involves 1–5% by weight in cereals, legumes, oilseeds, and nuts 
acting as an anti-nutritional factor (Harland and Morris 1995). Thus, for both envi-
ronmental and economic reasons, phytases and phytase-producing microbes are 
attracting significant interest worldwide (Greiner and Konietzny 2006). Mesophilic 
fungi and bacteria are microbially known for their ability to produce phytase but 
now thermophilic molds have more attracted the attention of scientists all over the 
world because they produce enzymes with unique properties (Mitchell et al. 1997) 
and uses of thermophilic molds in industrial applications have been recognized 
recently (Satyanarayana and Singh 2004).

Chadha et al. (2004) studied the production of phytase from thermophilic fun-
gus, Rhizomucor pusillus that isolated from composting soil by using solid-state 
fermentation and found the partially purified phytase was optimally active at 70 °C 
and pH 5.4, though the enzyme showed 80% activity over a wide pH range, 3.0–8.0. 
Chadha et al. (2004) isolated nine thermophilic fungal strains having the potential 
of phytase production like Rhizomucor pusillus, Humicola grisea, Sporotrichum 
thermophile, Humicola insolens, Thermomyces lanuginosus-I, Thermomyces lanu-
ginosus- II, Rhizomucor miehei-I, Rhizomucor miehei-II, and Aspergillus fumigatus. 
Singh and Satyanarayana (2008) also investigated that Sporotrichum thermophile 
has the potential for enhanced production of phytase.
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Javed et al. (2010) also isolated seven strains of five different thermophilic fungi 
such as Aspergillus fumigatus, Humicola insolens, Rhizomucor miehei-I & II, 
Sporotrichum thermophile, Thermomyces lanuginosus-I & II the potential for 
enhanced production of phytase. Between the seven thermophilic fungal strains 
screened for phytase production, Sporotrichum thermophile was found to produce 
higher extracellular phytase when grown on solid-state wheat bran.

9.4.8  Protease

Proteases are the enzymes that hydrolyze the peptide links of proteins or peptides 
into simpler proteins, peptides, and free amino acids. They are divided into endoen-
zymes promoting attack within the chain of macromolecules and exoenzymes 
hydrolyzing terminal amino acids (Neurath 1957; Kour et al. 2019b). Unlike other 
enzymes, they are regarded as a mix of enzymes (Lee et al. 2002) and contain pro-
teinases, peptidases, and amidases, which hydrolyze intact proteins, peptides or 
peptones, and amino acids, respectively.

Proteases are classified in several ways basis on amino acid required for the cata-
lytic function, for example (serine protease), the pH: acid proteases (pH from 2.0 to 
6.0), neutral proteases (pH 7.0 or around 7.0), and alkaline proteases (pH from 8 to 
11)., their site of cleavage, for example (aminopeptidases, which act at the free N 
terminus of the polypeptide chain, or carboxypeptidases, which act at the C termi-
nus of the polypeptide chain), or their requirement of a free thiol group, for example 
(thiol proteinase) (Maheshwari et  al. 2000). Talaromyces thermophilus, 
Thermomyces ibadanensis, Thermoascus aurantiacus, and T. lanuginosus can grow 
at optimum temperature 42–52  °C but can tolerate up to 61  °C for growth 
(Maheshwari et  al. 2000). These thermophilic fungi have the ability to produce 
extracellular proteases and reduce microbial contamination from other organisms 
during protease production (Chen et al. 2004).

Restricted studies on proteases active within pH (3–6) and temperatures 
(45–55  °C) have been done on thermophilic fungi Mucor pusillus, Penicillium 
duponti, Malbranchea pulchella var. sulfurea, and Humicola lanuginose. Proteases 
from thermophilic fungi enter industrial applications due to stability and their high 
specific activity. Gene encoding protease from thermophilic Chaetomium ther-
mophilum has been introduced in P. pastoris (Kim and Lei 2005; Li and Li 2009). 
Proteases have long been used in the food, dairy, detergent industries and for leather 
processing. To beat the limitation of obtaining chymosin, the milk-curdling enzyme 
from the stomach contents of milk feeding calves, which is used in the industrial 
preparation of cheese, led to a search for substitutes.
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9.5  Potential Application

Fungal thermophilic enzymes such as xylanases, proteases, cellulases, amylases, 
and lipases were used extensively in the various biotechnological application as 
paper and pulp bleaching, sugar fermentation process, biofuel and bioethanol pro-
duction, fruit juices extraction and refining, wastewater treatment and tobacco, cof-
fee and cocoa curing (Singh et al. 2016). Thermophilic fungi produce a variety of 
enzymes with a high activity compared to mesophilic fungal strains and they have 
been used in different applications (Berka et al. 2011). During the self-heating of 
compost; thermophilic fungi such as Trichoderma reesei (40–50 °C) resemble the 
main component where it can degrade cellulose very quickly compared to meso-
philic (Kaur et al. 2004).

9.6  Applications in Food, Bread and Drinks Production

Using enzymes in the food industry started with α-amylase, followed by the use of 
other enzymes as proteases, cellulases, xylanases, pullulanases, and lipases. 
Including the enzymes into food processing aims to improve the features of the final 
products by increasing the bread’s softness and volume and modifying its color in 
order to attract customers (Pandey et  al. 2000). Xylanases, proteases, cellulases 
increase the gluten network firmness leading to increasing the worthiness of the 
products (Gray and Bemiller 2003).

Xylanases also showed a significant role in rye baking, where it helps to convert 
the dough into more soft and sloppier state (Harbak and Thygesen 2002). Jiang et al. 
(2005) studied the effect of purified xylanase from T. lanuginosus CAU44 on bread 
quality and monitoring it during the state which showed a good result confirming 
that the thermostable xylanase may be used in bread baking industries. Xylanases 
and hemicellulases activate the depolymerization of hemicellulose present in the 
wheat flour, which leads to a uniform water circulation thereby the dough will be 
softer and easy to knead.

Laccases are also used in bakery industries, where applying laccases during the 
doughmaking process increases its strength and reduces the stickiness of the gluten 
due to its ability to cross-link the biopolymers. Labat et al. (2000) also reported that 
applying laccases improved the volume, structure, and softness of the bakery prod-
ucts even if low-quality flour were used. Also, phytases while being applied during 
the baking process improved the proteins levels and reducing sugars. Amylases and 
phytases combined when added to the dough improved the bread quality and prop-
erties compared to processed bread treated with other commercial enzymes (Singh 
and Satyanarayana 2008). Proteases extracted from Aspergillus niger showed an 
ability to degrade gluten peptides which can be stable under the stomach acidic 
environment (Heredia-Sandoval et  al. 2016). Some enzymes such as cellulases, 
amylases, and pectinases were used in the beverage industries which improve the 

B. A. Balbool et al.



363

flavors and reduce the turbidity and viscosity (Polizeli et  al. 2005). Penicillium 
pinophilum produces a thermoacidophilic xylanase which can improve the filtration 
rate to 22% and the viscosity to 5.0% with 40 IU xyalanase (Cai et al. 2011).

Moreover, the addition of a higher dose of the enzyme (80 U) improved these 
parameters, resulting in the filtration rate to 26.7% and the viscosity of wort to 
9.8%. Xylanases are used also in biscuits processing where it helps to make the 
crackers (cream) lighter and improves the texture and palpability of the wafers. 
Xylanase is used in beer industries where it activates the depolymerization of arabi-
noxylans to xylooligosaccharides leading to less viscous beer and improves its 
muddy appearance (Dervilly et al. 2002). Cellulases combined with other enzymes 
lead to the improvement of citrus aroma taste by reducing bitterness (Kuhad et al. 
2011). Also, cellulases were used in the alcoholic industries such as wine and beer 
as it enhances the release of simple sugar (Karmakar and Ray 2010).

Starch processing steps involve applying glucoamylases extracted from A. niger. 
Where, isomerase activates the isomerization of glucose to fructose, β-amylase, and 
pullulanases could be used during the saccharification process to produce maltose 
syrup (Haki and Raksit 2003).

Fungal proteases got an interest in food applications especially cheese produc-
tion, and some fungal species were approved by FDA for the use during cheese 
production such as A. niger var. awamori, Endothia parasitica, Mucor miehei, 
Penicillium spp., and Rhizopus oryzae (Adrio and Demain 2014). Aspergillus flavus, 
Aspergillus niger, Aspergillus oryzae, Mucor pusillus, Mucor miehei, and Rhizopus 
species were used in oriental food preparations like the production of koji and tem-
peh cheese (Sternberg 1976).

9.7  Significant Role in Improving the Animal Feed

Improvement of animal foods received an international addition; xylanase was used 
as an additive to foods with low viscosity as maize and sorghum by enhancing the 
absorption of nutrients in the foremost part of the digestive tract (Van Paridon et al. 
1992). Xylanase was used to enhance the digestion of ruminant feeds and speeding 
the composting process (Gilbert and Hazelwood 1993). Combined with xylanases; 
cellulases, amylases, galactosidases, glucanases, lipases, pectinases, proteases, and 
phytases were used in the utilization in animal feed. The cellulolytic thermophilic 
fungi have some advantages over mesophilic fungi such as higher growth rate and 
cellulose breakdown rate, active over a broad range of temperatures (20–55 °C), and 
good sources of protein. Phosphorus is an essential ingredient in animal and plant 
production. An inorganic phosphate was liberated from animal feed supplemented 
with phytases from A. fumigatus (Wyss et al. 1999).

Normally, inorganic phosphorus is released from phytic acid in ruminants with 
the help of microflora. While, monogastric as pigs, humans, chickens can’t produce 
or little phytase in the intestine (Mullaney et al. 2000). The phytic acid present in the 
manure of these animals is enzymatically cleaved by soil and water-borne 
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microorganisms. This results in oxygen depletion due to excessive algal growth. 
Pretreatment of animal feed with phytases would increase the availability of inor-
ganic phosphorus, thereby improving the nutritional value of food and also helping 
in combating phosphorus pollution (Vats et al. 2005). Phytases are well known to 
reduce pollution caused by the excess phosphorus accumulation in the soil and 
water (Nahm 2002).

9.8  Textile Industry

In textile industries, cellulases have been used for polishing cotton cloths biostoning 
of denim jeans to impart a stonewashed look for denims. Cellulase produced by 
Humicola insolens and Trichoderma is generally used for the biostoning of jeans 
(Cortez et al. 2001). Cellulases activate the hydrolyses of protrusion’s small fibers 
and the release of indigo dyes, which result in the jean’s dull look. It can replace the 
use of commercial pumice stones, and thus reduce the damage of the fibers (Arja 
2007). Cellulase also helps in the absorbance of dyes through fibers and removes the 
excess (Kuhad et al. 2011). Also, cellulases were used in laundry household deter-
gents to improve fabric softness and brightness. Trichoderma viride, T. hurzianum, 
T. reesei, A. niger and Humicola insolens were used as sources for thermotolerant 
mild alkaline cellulases producers (Kottwitz and Schambil 2004).

Laccases received attention through textile industries too where they can be 
applied in different phases during the industry (Rodríguez-Couto and Toca-Herrera 
2006). Laccases play a role in dye changes like changing its color and strength of 
reactivity and bonding to textiles. Several patents targeted the coloration using lac-
case were reported (Kunamneni et  al. 2008). Laccase biosensors were used to 
improve the cotton bleaching (Tian et al. 2012) and in biostoning (Paziarloglu et al. 
2005). Laccase is also used to facilitate the attachment of functional molecules on 
textile fibers such as laccase-mediated grafting of lauryl gallate on wool resulted in 
a multifunctional textile material with antioxidant, antibacterial, and water repellent 
properties (Hossain et al. 2009).

9.9  Biofuel/Bioethanol

Biosynthesis of biofuels such as ethanol involved the treatment of lignocellulosic 
biomass with xylanases combined with hydrolases (Ahring et al. 1999). Biofuels 
especially bioethanol received global attention as a replacement for the massive 
exploitation of fossil fuels which have many environmental side effects (Msangi 
et al. 2007; Kaur et al. 2020; Kour et al. 2019c; Yadav et al. 2020c). Cellulose plays 
an important role in the conversion of cellulosic sources to glucose and fermentable 
sugars which would be used in bioethanol production steps. Bioethanol production 
is a multistep process starting with the pretreatment (mechanical, chemical, or 
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enzymatic) of the lignocellulosic biomass to remove the lignin and hemicellulose, 
followed by treatment with cellulase to release sugars which will be used in the 
fermentation process. Hydrolyzed cellulosic materials will be used for microbial 
fermentation to produce bioethanol (Sun and Cheng 2002). Different residues such 
as sugarcane bagasse, wheat straw, corn bran, and rice bran were used as raw mate-
rials to produce bioethanol after applying cellulase extracted from different fungi 
such as Aspergillus, Trichoderma, and Penicillium (Chen and Qiu 2010).

9.10  Pharmaceutical and Chemical Applications

Xylanases are used mixed with proteases, hemicellulases, and various enzymes as a 
dietary supplement and to cure weak digestion. One of xylanases byproducts 
“Xylitol” was reported to have many applications as it’s highly suited for diabetics, 
used with lipid metabolism disorders and respiratory infections and for the preven-
tion of osteoporosis as well as for persons suffering from kidney and parental lesions 
(Nigam and Singh 1995). Laccases byproducts were reported to have antimicrobial, 
detoxifying, or active personal-care agents.

Laccases are also used for the production of chemicals used in cosmetic indus-
tries such as isopropyl myristate, isopropyl palmitate, and 2-ethylhexyl palmitate 
which are used as emollients in personal care products such as skin and suntan 
creams, bath oils, and so on (Sharma et al. 2001). Laccase is used for the generation 
of iodine (Madhavi and Lele 2009). Laccases also showed antagonistic activity with 
HIV-1 reverse transcriptase (Wang and Ng 2004). Also, laccases are involved in 
other applications such as skin lightening, hair dyes, deodorants (Takase et al. 2011; 
Golz-Berner et  al. 2004; Lang and Cotteret 1999). Proteases are involved in the 
production of household and industrial laundry and in household dishwashers. 
Proteases are also involved in the dehairing of animal skin which offers benefits 
over chemical treatment in soaking, dehairing, and bating for leather processing. 
Alkaline proteases display features such as time-saving, improved quality of leather, 
and also overcome pollution problems (Zambare et  al. 2011). Proteases from 
Aspergillus flavus and Conidiobolus coronatus have been utilized in tanning during 
the industrial processing of leather (Laxman et al. 2005).
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10.1  Introduction

Psychrophilic microorganisms are cold-adapted organisms that have an optimum 
growth temperature below 15 °C, and often below 5 °C. The cold biosphere includes 
aquatic and terrestrial environments, but many temperate habitats often have cold 
temperatures during autumn and winter (Margesin and Miteva 2011; Yadav et al. 
2018). Cold-adapted fungi are ubiquitous in cold habitats such as the deep seas, 
Arctic and Antarctic areas, and glaciers. Psychrophilic fungi, including yeasts and 
filamentous fungi, are adapted to cold ecosystems like the Arctic and Antarctic 
zones. Despite the extreme conditions of glacial ice of Antarctica, such as tempera-
tures below 0 °C, low nutrient availability (ultra-oligotrophic conditions), and low 
water activity, we detected a diverse fungal community, including species never 
before reported in the glacial ice of Arctic and Antarctica (Vincent 1988; Vishniac 
1996; Del Frate and Caretta 1990; Robinson 2001; Deming 2002; Gocheva et al. 
2005; Frisvad 2008; Yadav et al. 2020b).

Cold-adapted fungi have evolved special properties, for example, cold-adapted 
enzymes, change of membrane fluidity, and other cellular components, to enable 
them to grow at low temperatures at rates comparable to those of mesophiles at 
moderate temperatures (D’Amico et al. 2006; Ruisi et al. 2007). The terms steno-
psychrophile and eurypsychrophile have therefore been proposed to modify the 
definitions of psychrophilic and psychrotolerant. The “steno-” and “eury-” are 
referred ecological terms derived from Shelford’s law of tolerance that describe nar-
row or wide tolerance to an environmental determinant, respectively. The stenopsy-
chrophile (equal to “psychrophile”) refers to microorganisms with a restricted 
growth-temperature range that cannot tolerate higher temperatures. Eurypsychrophile 
(equal to “psychrotolerant microorganisms”) describes microorganisms that “like” 
permanently cold environments, but can also tolerate a wide range of temperatures 
extending into the mesophilic range (Cavicchioli 2006).

In recent years, the diversity of filamentous fungi in cold niches has been increas-
ingly investigated, and the number of known species has greatly expanded (Möller 
and Dreyfuss 1996; Robinson 2001; Blanchette et  al. 2004; Arenz et  al. 2006; 
Connell et  al. 2006; Held et  al. 2006; Malosso et  al. 2006; Duncan et  al. 2008; 
Onofri et  al. 2008; Selbmann et  al. 2008; Arenz and Blanchette 2009; Jurgens 
et al. 2009).

Most species in these studies, however, are psychrotolerant, and only a few were 
documented as psychrophiles such as Thelebolus microsporus, Mucor strictus, 
Phoma herbarum, Humicola marvinii, Pseudogymnoascus destructans, and some 
snow molds for example Sclerotinia borealis, Microdochium nivale, Coprinus psy-
chromorbidus (Schipper 1967; Dejardin and Ward 1971; Traquair and Smith 1982; 
Richard et al. 1997; Hsiang et al. 1999; Tronsmo et al. 2001; Singh et al. 2006; 
Gargas et al. 2009; Hoshino et al. 2010; Anupama et al. 2011; Minnis, and Lindner 
2013). Species in several yeast genera including Mrakia, Mrakiella, and Rhodotorula 
were usually described as psychrophilic. For example, Mrakia frigida grew well at 
15 °C and 4 °C but poorly at 20 °C (Margaret 1966) thus proving its psychrophilic 
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nature; Mrakia psychrophila from Antarctic soil had an optimal growth temperature 
of 10 °C (Xin and Zhou 2007); Mrakiella cryoconiti, M. aquatica, and M. niccomb-
sii from alpine and Arctic habitats also exhibited psychrophilic features and failed 
to grow at temperatures over 20 °C (Margesin and Fell 2008; Robin et al. 2010).

During the past two decades, research on cold-adapted fungi has increased, 
driven by their potential value for application in biotechnology (Margesin and 
Schinner 1994, 1999). Cold-adapted fungi have become important sources for the 
discovery of novel bioactive secondary metabolites and enzymes (Flam 1994; Pietra 
1997; Biabini and Laatch 1998; Gudjarnnson 1999; Höller et al. 2000; Verbist et al. 
2000; Bhadury et al. 2006; Ebel 2006; Blunt et al. 2007; Rateb and Ebel 2011). This 
chapter highlights the production of bioactive secondary metabolites by psychro-
philic fungi.

10.2  Biodiversity and Distribution of Psychrophilic Fungi

Three-quarters of the earth’s surface are dominated by the cold habitats spanning 
from the Arctic to the Antarctic and from high-mountain regions to the deep ocean 
(Deming and Eicken 2007; Rodrigues and Tiedje 2008). The major fraction of this 
extreme environment is represented by the deep sea (90% of the ocean volume), 
followed by snow (35% of land surface), permafrost (24% of land surface), sea ice 
(13% of the earth’s surface), and finally glaciers (10% of land surface). Other cold 
environments are cold-water lakes, cold soils, cold deserts, and caves (Lauro and 
Bartlett 2008; Yadav et al. 2017, 2020a). These extreme environments are colonized 
by enormously diverse communities of prokaryotes and eukaryotes (Cavicchioli 
2006; Kalanetra et al. 2009; Margesin and Miteva 2011; Buzzini et al. 2012; Lamilla 
et  al. 2017) are able to survive and maintain metabolic activity at subzero 
temperatures.

As an attempt to understand the global climate change scenario, study of the 
glacial ice samples for their physicochemical composition (de Menezes et al. 2019) 
was undertaken. During this study, the presence of fungal spores or hyphal frag-
ments trapped in the ice matrix was observed. The probable reasons for this may 
also be the growth of fungi due to the occasional melting and freezing of the ice in 
the Arctic regions as reported by Lutz et  al. (2015), DuoSaito et  al. (2018), and 
Perini et al. (2019a, b). Paleomycological and paleoecological investigations of the 
North and South Poles have indicated the presence of fungi in Antarctica since at 
least the Permian period because diverse fossil fungi have been found from the 
Triassic and Jurassic Periods (Stubblefield and Taylor 1983; Taylor and Osborne 
1996; Harper et al. 2012).

Despite being an extreme and ultra-oligotrophic environment, the glacial ice of 
Antarctica seems to harbor rich fungal diversity. Latest reports indicate the presence 
of Basidiomycota and Ascomycota taxa among fungal assemblages to predominant 
the glacial ice from the Arctic (Perini et al. 2019a, b) and Patagonia (DuoSaito et al. 
2018) as well as soil from Antarctica (Connell et al. 2008; Arenz and Blanchette 
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2011). Zygomycetes and Chytridiomycota species have also been isolated from 
Antarctic lakes and ponds (Lawley et al. 2004; Paterson 1973).

Bridge and Spooner (2012) listed over 400 fungal genera and more than 1000 
species that had been reported from Antarctic regions and suggested that fungi may 
be the most diverse biota in Antarctica. Species such as Thelebolus, Glaciozyma, 
Rhodotorula, and Penicillium were also found in high densities and 11 taxa were 
found in low densities, which had not been recorded in Antarctic glacial ice. 
Thelebolus sp. are abundant in lakes and is associated with skuas, petrels, and other 
birds in Antarctica (de Hoog et al. 2005; Brunati et al. 2009; Gonçalves et al. 2012a, 
b) and are isolated from Arctic and Antarctic regions (Kobayasi et  al. 1967; 
Montemartini et al. 1993; Sazanova et al. 2019; Alves et al. 2019). The psychro-
philic fungal diversity and incidence of fungal species in different habitats of 
Antarctica are given in Table 10.1.

Bovio et al. (2018) reported Thelebolus balaustiformis a new psychrophilic fun-
gal species isolated from the sponge, Dyside fragilis, in the South, Atlantic Ocean 
in the glacial ice habitats. Another psychrophile Glaciozyma antarctica (former 
Leucosporidium antarcticum) was isolated from various locations including the 
Antarctic marine waters (Fell et al. 1969); the soil around Lake Fletcher, Lichen, 
and Taylor Valleys, and on the dead sponge (Turchetti et al. 2011). Timling et al. 
(2014) sampled soils along the North American Arctic Transect and was successful 
in isolating more than 4350 fungal species. The most frequently isolated fungal 
isolates were Leotiomycetes sp., followed by Thelebolus, Penicillium, Cladosporium, 
Trichoderma, Periconia, Geomyces, Cryptococcus, and Pueraria. Ascomycota 
dominated the communities, followed by Basidiomycota. Five families in 
Chytridiomycota and one family in each of Zygomycota, Glomeromycota, 
Blastocladiomycota, and Neocallimastigomycota were detected, while 
Cryptomycota were only identified at the phylum level.

Compared to the polar regions, cold-adapted fungi in the Qinghai–Tibet Plateau 
are less documented except for a study from wherein more than 1400 fungal strains 
were isolated and 150 species including 6 new species were identified and described. 
Among those species, Phoma sclerotioides and Pseudogymnoascus pannorum were 
the most dominant species. Psychrotolerant species in Helotiales (Leotiomycetes, 
Ascomycota), the most commonly found group was studied in-depth and six new 
species, Psychrophila antarctica, P. lutea, P. olivacea, Tetracladium ellipsoideum, 
T. globosum, and T. psychrophilum were described (Wang et al. 2015a, b).

Hassan (2015) isolated 77 fungal strains representing 24 fungal genera from 
Batura Passu and Siachen Glaciers in the Hindu Kush and Karakoram mountains in 
Pakistan. Most of the fungal isolates showed antimicrobial activity and production 
of enzymes such as cellulase, lipase, protease, DNase, phosphatase (Hassan 
et al. 2017).

Psychrophilic endophytic fungi (PEF) were isolated from healthy foliar tissues 
of Cupressus arizonica, Cupressus sempervirens, and Thuja orientalis 
(Cupressaceae, Coniferales). Most of the 110 endophytic fungal isolates belonged 
to ascomycetous fungi, more specifically Phoma herbarum, Phoma sp., and 
Dothideomycetes sp., with the ability to produce secondary metabolites. Phoma 
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Table 10.1 Psychrophilic fungi isolated from different habitats of Antarctica, showing antagonistic 
activities

Habitat Fungi Metabolic activities References

Benthic mats of 
Antarctic lakes

160 filamentous fungi belonging 
to 15 fungal genera

Antimicrobial and 
cytotoxic activity

Brunati 
et al. (2009)

Algae associates 
from the rocky 
coastline of 
Elephant, King 
George, and 
Deception Islands, 
in the Antarctic 
Peninsula

148 fungal strains consisting of 
Penicillium (35.8%), Geomyces 
(24.3%), and the yeast 
Mestchnikowia australis (4.7%)

Antioxidants, anti-algal, 
antifungal, and anti-insect 
metabolites

Godinho 
et al. (2013)

Associates of 
endemic 
macroalgae M. 
harioti and Pyropia 
endiviifolia

Pseudogymnoascus sp., 
Guehomyces pullulans, M. 
australis

Antifungal activities Furbino 
et al. (2014)

Penicillium steckii Inhibition of yellow fever 
virus

Associates of 
marine sponges of 
Fildes Bay, King 
George Island

101 fungal isolates including 
genera Geomyces, Penicillium, 
Epicoccum, Pseudoeurotium, 
Thelebolus, Cladosporium, 
Aspergillus, Aureobasidium, 
Phoma, and Trichocladium

Antimicrobial and 
antitumoral compounds

Henríquez 
et al. (2014)

Marine sediments 
of Admiralty Bay

23 of the 47 fungal strains 
belonging to the genera 
Pseudogymnoascus, Penicillium, 
Cadophora, Paraconiothyrium, 
and Toxicocladosporium

Antibacterial activity 
against Xanthomonas 
species

Purić et al. 
(2018)

Marine and lake 
sediments from 
Deception Island

Penicillium sp. 
Pseudogymnoascus sp. 
Schizophyllum sp.

Antimicrobial cytotoxic 
and antiprotozoal

Gonçalves 
et al. (2015)

Terrestrial soils of 
Admiralty Bay, 
King George Island, 
and Deception 
Island

8 strains from the genera 
Bauveria, Penicillium, 
Phanerochaete, 
Pseudoeurotium, 
Pseudogymnoascus, 
Purpureocillium, and 
Trichoderma sp.

Antimicrobial, cytotoxic, 
and antiprotozoal 
activities

Gonçalves 
et al. (2015)

Union Glacier, in 
the southern 
Heritage Range

17 fungi including A. sydowii, P. 
allii-sativi, P. brevicompactum, 
P. chrysogenum, and P. rubens

Antibacterial, antifungal, 
antitumoral, 
antiprotozoal, and 
herbicidal activities

Godinho 
et al. (2015)

Chinese Antarctic 
station at Fildes 
Bay, King George 
Island

14 fungal strains Cytotoxic, antimicrobial Ding et al. 
(2016)

(continued)
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herbarum has been reported by the number of workers as soil psychrophilic fungi 
that is pathogenic to plants growing in cold regions (Domsch et al. 1980; Flanagan 
and Scarborough 1974; Selbmann et al. 2005; Singh et al. 2006).

10.3  Associations and Cold Adaptation Mechanisms 
of Psychrophilic Fungi

Fungi overcome cold tolerance through several physiological mechanisms and it is 
likely that they employ them in combinations. Numerous adaptations and mecha-
nisms can be observed. One of the mechanisms is the production and accumulation 
of intracellular solutes, also called as cryopreservants or cryoprotectants, such as 
glycerol, trehalose, and so on. Cryoprotectants are exopolymeric substances (e.g., 
sugars, alcohols, and amino acids), generated in high amounts believed to be in 
response to cold. These prevent cold-induced aggregation of proteins as well as 
maintain optimum membrane fluidity under low temperatures (Krembs et al. 2002; 
Mancuso Nichols et al. 2005).

Ophiocordyceps sinensis, the Chinese caterpillar fungus, is adapted to cold tem-
perature with putative antifreeze proteins and mechanisms for increasing lipid accu-
mulation and fatty acid unsaturation (Xiao et  al. 2013). Pseudogymnoascus 
pannorum (Geomyces pannorum) is a soil-inhibiting fungus, isolated from Arctic 
and Antarctic regions, as well as glacier bank soils in some Asian countries 

Table 10.1 (continued)

Habitat Fungi Metabolic activities References

Robert, Nelson, 
King George, and 
Penguin Islands at 
South Shetland 
archipelago

Filamentous fungi 
Pseudogymnoascus destructans, 
Mortierella parvispora, and P. 
chrysogenum, P. 
tardochrysogenm

Antiviral activity against 
dengue and Zika virus; 
antiparasitic activity; 
herbicidal activity against 
L. sativa (lettuce) and 
Allium schoenoprasum 
(chive)

Gomes 
et al. (2018)

Deception Island 6 Pseudogymnoascus sp. out of 
33 filamentous isolates

Anti-Xhantomonas 
activity

Purić et al. 
(2018)

Endophytes of D. 
antarctica

21 fungal strains Antifungal activity Gonçalves 
et al. (2015)

Endophytic to moss 
Schistidum 
antarctic found in 
Admiralty Bay, 
King George Island

Mortierella alpine Antioxidant activity and 
antibacterial activity

Melo et al. 
(2014)

Endophytic 
association with D. 
antarctica and C. 
quitensis

313 fungal isolates from D. 
antarctica
251 isolates from C. quitensis

Antiparasitic to L. 
amazonensis and T. cruzi
Antitumor

Santiago 
et al. (2012)
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(Deshmukh 2002; Arenz et al. 2006; Ozerskaya et al. 2004). P. pannorum grows 
slowly at temperatures below 0 °C to as low as −20 °C. This fungus maintains cell 
and membrane function at low temperatures by elevating levels of unsaturated fats 
and compounds with cryoprotectant properties such as trehalose and various poly-
ols at low temperatures (Finotti et al. 1996; Hayes 2012). Some of the adaptation 
means are discussed below:

10.3.1  Trehalose Accumulation

Trehalose is an important storage sugar in fungal vegetative cells and spores (Lewis 
and Smith 1967) and the most widely distributed disaccharide in fungi (Thevelein 
1984). In fungal vegetative structures, trehalose is commonly found with sugar 
alcohols and glycogen. As per Cooke and Whipps (1993), trehalose appears to func-
tion as a general stress protectant in the cytosol and also stabilizing membranes 
during dehydration (Goodrich et al. 1988).

More recently, authors have demonstrated the accumulation of trehalose in fun-
gal hyphae as a response to low temperatures. An elevation in trehalose composition 
was observed after the exposure of the fungi to low temperature or during growth at 
low temperature. Trehalose concentration in Mycorrhizal roots as well as increased 
accumulation in Hebeloma sp. is reported (Niederer et al. 1992; Tibbett et al. 1998). 
A shift in growth temperature, that is, lowering growth temperature further, also 
resulted in higher production of trehalose as seen in Humicola marvinii, a psychro-
phile, isolated from fell-field soil at Jane Col, Signy Island in Antarctica as well as 
Mortierella elongata, a psychrotrophic fungus (Weinstein et al. 2000).

10.3.2  Polyol Production

Glycerol and mannitol both polyols may increase in concentration to maintain tur-
gor pressure against heat-mediated decreases in external water potential (Cooke and 
Whipps 1993). Mannitol likewise is thought to be important in protection against 
water stress (Lewis and Smith 1967) and maybe a cryoprotectant (Weinstein et al. 
1997). Initial evidence of their potential cryoprotectant role came from a study by 
Weinstein et al. (1997), using an Antarctic isolate of Humicola marvinii.

10.3.3  Antifreeze Proteins (AFPs)

AFPs either intra- or extracellular may allow fungi to function and survive under 
freezing conditions by preventing the formation of ice and also preventing the freez-
ing of cell components (Snider et al. 2000). Glaciozyma antarctica, a psychrophilic 
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yeast, produces AFPs that help in its survival in glacial ice (de Menezes et al. 2019). 
AFP is found in the hyphae of three psychrophilic snow molds, the ascomycete 
Sclerotinia Borealis, and two basidiomycetes, Coprinus psychromorbidus and 
Typhula incarnate was reported back in 1994 by Newsted et al. (1994). Recently, 
antifreeze activity in snow-mold fungi Typhula incarnata, T. ishikariensis, and 
T. phacorrhiza has been reported by Snider et al. (2000).

10.3.4  Membrane Fluidity

Another adaptation strategy is the regulation of membrane fluidity as a response to 
freezing environments. The membrane is the first barrier, protecting the cells from 
external environments, thus acts as an interface for the fungi (Chintalapati et  al. 
2004). Shivaji and Prakash (2010) reported an increase in membranes rigidity at 
cold temperatures, which activates a membrane-associated sensor and subsequent 
upregulation of genes to mediate the exchange of metabolites to and from thus 
enhancing membrane fluidity of the cell. This process is aided by the modification 
of fatty acyl chains of the membrane fatty acids (Russell 2008) wherein saturated 
fatty acids are converted to unsaturated fatty acids by desaturase enzymes 
(Chintalapati et al. 2004).

It is evident from studies that membrane composition influences the survival and 
growth of fungi over the environmental range of temperature variations (Cooke and 
Whipps 1993). Such changes leading to increased fluidity of the cell membranes 
have been observed in Candida, Leucosporidium, Mucor, Torulopsis (Kerekes and 
Nagy 1980; Dexter and Cooke 1984a, b) where the degree of unsaturated fatty acids 
increased at low temperatures. Apart from fatty acids, changes in the membrane 
phospholipid saturation levels, membrane proteins, and sterols, also determine the 
membrane fluidity and thus help in survival in low freezing (Dexter and Cooke 
1985; Hammonds and Smith 1986). Change in growth temperature of psychrophilic 
fungi Geomyces pannorum, Mortierella elongata, Microdochium nivale, showed 
the lipid composition to change towards unsaturation, thus modifying the mem-
brane fluidity to adjust to the lowered temperatures and survive (Istokovics et al. 
1998; Weinstein et al. 2000).

10.4  Bioactive Secondary Metabolites of Psychrophilic Fungi

Research and discovery of secondary metabolites from fungi from the tropics and 
temperate regions have been the focus for the last few decades. However, work on 
psychrophilic fungi started recently but has acquired a considerable pace, especially 
studies on isolation and secondary metabolite studies from different habitats of 
Antarctica (Table 10.2). Studies indicate dominance of Penicillium sp. in the glacial 
ice of Antarctica. Another well-studied niche for the psychrophilic fungi is the deep 
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Table 10.2 Secondary metabolites produced by psychrophilic fungi isolated from Antarctica

Fungi Metabolite Application References

Tritirachium sp. 4-Carboxy-5,5′-dihydroxy- 
3,3′-dimethyl-diphenylether 
and macrosphelides A and J

Cell adhesion 
inhibitors and 
moderately cytotoxic 
agent

Ivanova et al. 
(2007), 
Hayashi 
et al. (1995)

Trichoderma asperellum Asperelines A–F Inhibitory activity 
against fungi and 
bacteria

Ren et al. 
(2009)

Oidiodendron 
truncatum

Chetracins B and C, and 5 new 
diketopiperazines, named 
chetracin D and oidioperazines 
A–D, melinacidin IV, T988 B, 
T988 C, T988 A, 
chetoseminudin C, and 
cyclo-l-Trp-l-Ser

Cytotoxic towards 5 
human cancer cell 
lines

Li et al. 
(2012b)

Aspergillus sydowii 
SP-1

Acremolin C, and (cyclo-(l- 
Trp- l-Phe), 4-hydroxy-phenyl 
acetic acid, (7S)-(+)-hydroxyl- 
sydonic acid, and (7S,11S)-
(+)-12-hydroxysydonic acid)

Antibacterial Li et al. 
(2018), 
Nishanth 
Kumar et al. 
(2014), Li 
et al. (2015)

A. ochraceopetaliformis Ochraceopones A–E, 
isoasteltoxin, asteltoxin and 
asteltoxin B;
Ochracenes A–I, trans 
(3R,4S)-(−)-4-hydroxymellein, 
cis (3R,4R)-(−)-4- 
hydroxymellein, (3R,4R)-4,7- 
dihydroxymellein, 
3,5-dimethylpyrone, 
stachyline B, and 
(E)-methyl-5-methylhexa-3,5- 
dienoate

Antiviral activities 
against the H1N1 and 
H3N2 influenza 
viruses
Moderate inhibitory 
effects on 
lipopolysaccharide 
induced NO release in 
RAW 264.7 mouse 
macrophage cell lines

Wang et al. 
(2015a, 
2016, 2017)

Cadophora 
luteo-olivacea

Spiciferone F, colomitides C 
and D, cadopheronenes A–D, 
similin C, and spicifernin B; 
polyketides spiciferone A, 
spiciferol A, 
dihydrospiciferone A, and 
dihydrospiciferol A

Phytotoxicity activity 
and plant growth- 
promoter activity

Nakajima 
et al. (1989), 
Nakajima 
et al. (1990), 
Rusman 
et al. (2018)

Geomyces sp. Ethyl asterrate, n-butyl 
asterrate, and geomycins 
A–C. Asterric acid, methyl 
asterrate, and bisechlorogeodin

Antibacterial and 
antifungal activities

Li et al. 
(2008)

Pseudogymnoascus sp. Pseudogymnoascins A–C and 
3-nitroasterric acid, questin, 
pyriculamide

– Figueroa 
et al. (2015)

Pseudogymnoascus 
pannorum

Pannomycin Antibacterial activity Parish et al. 
(2009)

(continued)
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Table 10.2 (continued)

Fungi Metabolite Application References

Penicillium nalgiovense Amphotericin B Antifungal Svahn et al. 
(2015)

Penicillium sp. SCIO 
05705

Penillines A and B and 
isopenilline A; (E)-3-(1H- 
imidazole- 4-yimethylene)-6-
(1H-indl-3-ylmethyl)-2,5- 
piperazinediol, penilloid, 
meleagrin, neoxaline, 
questiomycin A, N-(2- 
hydroxypehnyl)-acetamide, 
and 2-benzoxazolinone

Cytotoxicity; 
antituberculosis 
activity

Wang et al. 
(2015b)

Penicillium funiculosum 
GWT2-24

Chrodrimanins I and J
Chrodrimanins A, B, E, F, and 
H

Inhibitory activity 
against influenza virus 
H1N1; lipid-lowering 
activity in HepG2 
hepatocytes

Zhou et al. 
(2015, 2016)

Penicillium sp. S-1-18 Butanolide A, and 
guignarderemophilane F; 
penicyclone A, xylarenone A, 
callyspongidipeptide A, 
cyclo-(l-Phe-4R-hydroxyl-l- -
Pro), cyclo-(l-Pro-l-Phe), and 
N-(2-hydroxypropanoyl)-2- 
aminobenzoic acid amide

Tyrosine phosphatase 
1B inhibition

Zhou et al. 
(2017)

Penicillium crustosum 
HDN153086

(8E,4E,6E,8E)-10- 
Hydroxyundeca- 2,4,6,8- 
tetraenoic acid, fusaperazine F 
xylariolide D and two 
diketopiperazines

Cytotoxic activities Liu et al. 
(2019)

Mortierella alpina Pyrrolo[1,2-a]pyrazine-1,4- 
dione, hexahydro-3-(2- 
methylpropyl) and 
pyrrolo[1,2-a]pyrazine-1,4- 
dione, 
hexahydro-3-(phenylmethyl)

Antibacterial activity Melo et al. 
(2014)

Pseudogymnoascus 
strains

– Antifungal activities Furbino et al. 
(2014)

Purpureocillium 
lilacinum

– Trypanocidal, 
antifungal, and 
antibacterial activities

Gonçalves 
et al. (2015)

218 fungal extracts 
including P. destructans, 
Mortierella parvispora, 
and P. chrysogenum

– Antiviral activity 
against dengue and 
Zika viruses
Antiparasitic activity 
against Trypanosoma 
cruzi and Leishmania 
amazonensis, and 
herbicidal activity

Gomes et al. 
(2018)

(continued)
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sea and a lot of research has been documented (Höller et  al. 2000; Jensen and 
Fenical 2000; Verbist et al. 2000; Hentschel 2002; Bhadury et al. 2006; Ebel 2006; 
Konig et al. 2006; Newman and Hill 2006; Paul et al. 2006; Damare et al. 2006, 
2008; Blunt et al. 2007).

Most of the species found in these cold regions have the ability to form extrolites 
in large amounts and have been reported to be species-specific (Larsen et al. 2005). 
The fungal communities found in the habitats of Antarctic regions have structures, 
which can be used for designing potential drugs and other products to treat tropical 
diseases and cancer. Rosa et al. (2019) described the extrolites produced by psy-
chrophiles and have reported Aspergillus, Cladosporium, Penicillium, 
Pseudogymnoascus, Phaeosphaeria, Microdochium, Mortierella, and 
Purpureocillium sp. in their findings. Several such reports on the production of use-
ful extrolites are available. Secondary metabolites produced by psychrophilic fungi 
are described below:

10.4.1  Antibiotics

Some unique components and products with potential bioactive properties have 
been isolated and characterized from psychrophilic fungi. Penicillium species are 
the best known fungal strains for their capability to produce diverse bioactive 

Table 10.2 (continued)

Fungi Metabolite Application References

Pseudogymnoasc, 
Penicillium, Cadophora, 
Paraconiothyrium, 
Toxicocladosporium, 
Xanthomonas citri

– Antimicrobial 
inhibitory compounds 
against phytopathogen 
bacteria

Vieira et al. 
(2018)

Penicillium 
tardochrysogenum

Penicillin, secalonic acids D 
and F

– Houbraken 
et al. (2012)

P. chrysogenum – Selective 
antimicrobial 
activities

Brunati et al. 
(2009)

P. chrysogenum – Antifungal and/or 
trypanocidal activities

Godinho 
et al. (2013)

Penicillium steckii – Antiviral activity 
against yellow fever 
virus

Furbino et al. 
(2014)

A. sydowii, P. allii- 
sativi, P. 
brevicompactum, P. 
chrysogenum, P. rubens

– Antiviral, 
antimicrobial 
(antibacterial and 
antifungal), 
anticancer, 
antiprotozoal, and 
herbicidal activities

Godinho 
et al. (2015)
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compounds, including penicillin, produced by the strain P. chrysogenum (Houbraken 
et al. 2012; Devi et al. 2020; Rastegari et al. 2019a). Penicillium sp. was isolated 
from the Antarctic soil by Antipova et al. (2018) and has been reported to produce a 
number of unknown metabolites with numerous bioactivities (Rosa et  al. 2019). 
Brunati et  al. (2009) reported the production of rugulosin and skyrin (bis- 
anthraquinones) by strains of P. chrysogenum from Antarctica which had antibacte-
rial activity against Gram-negative and Gram-positive organisms.

Another research group reported antifungal and anti-trypanocidal activities of 
P. chrysogenum extracts, associated with Antarctic algae Palmaria decipiens 
(Godinho et al. 2013). Strains of P. chrysogenum isolated from Antarctica soil sam-
ples demonstrated trypanocidal and herbicidal activities (Godinho et al. 2015). The 
most recent report on P. palitans, isolated from permafrost lying undisturbed for 
30,000 years, produced two metabolites namely, festuclavine and fumigaclavines A 
and B (Kozlovsky et al. 2020). Psychrophile fungus Penicillium rivulum, producing 
new psychrophilins, and complex alkaloids communesins was characterized by 
Dalsgaard et al. (2004a, b, 2005a). Thus the Penicillium species incident in the cold 
habitats of Antarctica is “mycofactories” having the ability to produce a diverse 
range of biometabolites with several applications.

Santiago et  al. (2012) studied the capabilities of Antarctic endophytic fungi 
recovered from Deschampsia antarctica to produce bioactive secondary compounds 
against neglected tropical diseases and tumor cells. Li et al. (2008) worked with 
Geomyces sp. strains isolated from Antarctica, that could produce asterric acid 
derivatives that are known for antibacterial, antifungal, and anti-angiogenic activi-
ties (Giddings and Newman 2014; Li et al. 2008; Mahmoodian and Stickings 1964; 
Lee et al. 2002). Further in 2012, Li and coworkers isolated a number of compounds 
from psychrophilic fungus Oidiodendron truncatum including two new epipolythio-
dioxopiperazines (ETPs), chetracins, and five new diketopiperaines, chetracin D, 
and oidioperaines A–D (Li et  al. 2012a; Jiang and Guo 2011; Giddings and 
Newman 2014)

10.4.2  Cytotoxic Metabolites

Several cytotoxic compounds from psychrophilic fungi have been reported by the 
number of workers. The secondary metabolites, some of them, new records, have 
weak to moderately significant activity toward cancer cells. Table 10.3 gives a sum-
mary of some of the cytotoxic secondary metabolites isolated from psychrophilic 
and psychrotolerant fungi.

C. V. Berde et al.



389

10.4.3  Diterpenes

Diterpenes having antibacterial activity toward Gram-positive and Gram-negative 
bacteria namely Bacillus subtilis, Staphylococcus aureus, and Escherichia coli, 
were report to be produced by Eutypella sp. D-1. Among the diterpenes isolated 
from this psychrophilic fungus, libertellenone G and libertellenone H are new while 
two other known pimarane diterpenes were also detected (Liu et al. 2014).

10.4.4  Cyclic Peptides

Cyclic peptides have applications in different fields, such as the pharmaceutical 
industry for their anti-infective, antitumor, antimalarial activity, agricultural appli-
cations as fungicides, diagnostics, and vaccines (Demmer et al. 2009; Demain and 
Sanchez 2009; Claro et al. 2018). Studies on secondary metabolites from psychro-
philic fungi producing cyclic peptides are sparse. A new cyclic nitropeptide, 
Psychrophilin Dan antitumor compound, was extracted from the fungus Penicillium 
algidium a psychrophilic fungus isolated from Greenland (Ivanova et  al. 2001). 
From the same strain, two more cyclic peptides were obtained namely, 

Table 10.3 Cytotoxic secondary metabolites isolated from psychrophilic and psychrotolerant fungi

Fungal 
species Secondary metabolite

Nature of 
metabolite Activity References

Penicillium 
algidum

Psychrophilin D, 
Cycloaspeptide A and B

Nitropeptide and 
cyclopeptides

Cytotoxic to 
murine 
leukemia cells

Dalsgaard 
et al. 
(2005b)

Aspergillus 
sp.

Psychrophilin E and F Nitropeptide Cytotoxic to 
murine 
leukemia cells; 
lipid-lowering 
activities

Ebada 
et al. 
(2014), 
Peng et al. 
(2014)

Oidiodendron 
truncatum 
GW3-13

Epipolythiodioxopiperazines 
chetracins B and C; 
diketopiperazines chetracin 
D; melinacidin IV, T988, and 
T988 A

Piperazines Cytotoxic 
activity

Li et al. 
(2012b)

Penicillium 
sp. PR19 N-1

Eremophilane-type 
compound

Sesquiterpene 
compounds

Cytotoxic to 
HL-60 cells 
and A-549 cell 
lines

Lin et al. 
(2014)

Chloro-trinoreremophilane 
sesquiterpene

Chloroeremophilan 
sesquiterpene

Wu et al. 
(2013)

Trichoderma 
velutinum

Lipovelutibols B and D Lipopeptaibols HL-60, 
MDA-MB-231, 
A549, and 
LS180 cell 
lines

Singh 
et al. 
(2018)

10 Bioactive Secondary Metabolites from Psychrophilic Fungi and Their Industrial…



390

cycloaspeptide A and cycloaspeptide D.  Later, Dalsgaard et  al. (2004a) isolated 
cyclic peptides related to these, that is, psychrophilin A and cycoloaspeptide D from 
the extracts of the psychrophilic fungus Penicillium reibeum, both of which are new 
metabolites having antitumor and antagonistic activities (Demain and Sanchez 2009).

10.4.5  Polyketides

Polyketides (PKs) have antimicrobial activity and other clinically important appli-
cations. PKs help in nutrient assimilation resulting in lowering the capacities of 
competitors in the environments (Mukherjee et  al. 2012). Penicillium crustosum 
PRB-2 from the deep sea of the Antarctic was found to produce Penilactones A and 
B, the oxygenated polyketides (Wu et al. 2012). While the same group also reported 
hybrid polyketides, like cladosins which were produced by Cladosporium sphaero-
spermum 2005-01-E3, a deep-sea isolates. One of the cladosins, Cladosin C showed 
antiviral activity influenza A H1N1 virus (Wu et al. 2014). The same workers fur-
ther isolated polyketide Scequinadoline A from psychrophilic fungi Dichotomomyces 
cejpii F31-1(Wu et  al. 2018) and polyketide, anthraquinone–xanthone from 
Engyodontium album LF069 (Wu et al. 2016). Scequinadoline A demonstrated anti-
viral activity against the dengue virus while the anthraquinone–xanthone could 
inhibit methicillin-resistant Staphylococcus aureus.

10.4.6  Exopolysaccharides (EPS)

Production of exopolysaccharide is a stress response observed in marine or aquatic 
organisms. Fungus EPS, apart from having good rheological properties, have 
numerous bioactive characteristic features such as antitumor, antioxidant, anti- 
inflammation, immune-stimulating, anti-anemics (Rastegari et al. 2019b). Thus it 
has a good potential in the health and drug industry (Li et al. 2013). It was observed 
that fungi with eps showed better growth under freeze-thaw conditions compared to 
fungi without eps (Selbmann et al. 2002; Yadav et al. 2019).

The fungal isolate from Antarctica, Phoma herbarum CCFEE 5080, showed the 
production of exopolysaccharide made up of glucan (Selbmann et al. 2002). Onofri 
(1999) and Selbmann et al. (2005) reported exopolysaccharide synthesis in meriste-
matic black fungi isolated from Antarctica similar to Friedmanniomyces endolithi-
cus. Exopolysaccharide has multiple applications such as in cryopreservation, for 
example, alginate beads containing EPS for sample preservation from freezing 
damage (Martínez et al. 1999). Psychrophilic fungi Thelebolus sp. IITKGP-BT12 
isolated from Antarctica, produced EPS made up of glucan, having antiproliferative 
activity in cancer cells (Mukhopadhyay et al. 2014).
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10.4.7  Pigment/Lipid Production

In the presence of low temperatures, fungi produce elevated concentrations of pig-
ments and lipids. This rise in pigment or lipid content in the psychrophilic and 
psychrotolerant fungi is due to the synthesis of lipids like fatty acids and polyun-
saturated triglycerides (Weinstein et al. 2000). These observations are supported by 
similar studies wherein increased amounts of carotenoid pigments and fatty acids 
(linoleic, stearic, linolenic, myristic, heptadecanoic, and palmitic acid) were seen in 
a cold-tolerant fungi Thelebolus microspores (Singh et  al. 2014). Castrillo et  al. 
(2018) similarly reported the synthesis of carotenoids by Neurospora crassa, when 
exposed to cold conditions. Carotenoids have application in the pharmaceutical 
industry as photoprotectors, incorporated in sunscreens and ointments used for pro-
tection from UV radiations. Likewise, mycosporin-derived molecules are of bio-
technological interest due to their UV-absorbing properties (Volkmann et al. 2003).

Production of carotenoids and mycosporines by the number of psychrophilic 
yeast isolated from different sources from Antarctica, after exposure to UV radia-
tions, has been observed by Libkind et al. (2009) and Vaz et al. (2011). The produc-
ers strain belonged to genera Dioszegia, Cryptococcus, Exophiala, Microglossum, 
and Rhodotorula genera.

10.4.8  Anti-allergic Compounds

There is a report of the production of the novel anti-allergic compounds from psy-
chrophilic fungi. The marine isolates Penicillium granulatum MCCC 3A00475 
from Prydz Bay, Antarctica was found to produce spirograterpene, a tetra-diterpene. 
This compound showed anti-IgE activity in rat mast cells (Niu et al. 2017).

10.5  Applications of Secondary Metabolites

Bioactive secondary metabolites of psychrophilic fungi have attracted a lot of atten-
tion due to their application in biotechnological and pharmaceutical fields. With 
new psychrophilic species being discovered and researched, bioprospecting of the 
fungal psychrophiles is in limelight. Some of the applications are discussed below:

10 Bioactive Secondary Metabolites from Psychrophilic Fungi and Their Industrial…



392

10.5.1  Agriculture

The psychrophilic fungi having antibacterial, antifungal, anti-algal activities can be 
used against plant pathogens and pests. Some secondary metabolites having herbi-
cidal activities as well as plant growth-promoting activities can be used to improve 
agriculture. Pseudogymnoascus destructans and Penicillium tardochrysogenum 
extracts showed strong and selective herbicidal activity against Allium schoenopra-
sum and Lactuca sativa (Gomes et al. 2018).

10.5.2  Medical and Pharmaceutical Applications

There is a sudden rise in the number of secondary metabolites reported from psy-
chrophilic microorganisms in general and psychrophilic fungi in particular. Fungi 
are reported to produce pharmaceutical products (Schulz et al. 2002) but the recov-
ery of such bioactive metabolites from fungi of cold regions is quite rare. The num-
ber of species of genera Penicillium itself is reported by the number of authors. 
Frisvad et al. (2006) reported the synthesis of cycloaspeptide A and griseofulvin by 
Penicillium lanosum, P. soppii, and P. jamesonlandense while Penicillium ribium 
was found to produce the metabolite, cyclic nitropeptide psychrophilin A (Dalsgaard 
et al. 2004a; Frisvad et al. 2006), whereas Penicillium rivulorum synthesized com-
munesin G and H and psychrophilin B and C (Dalsgaard et al. 2004b, 2005a). Yet 
another species, Penicillium algidum, produced cycloaspeptide A and D and psy-
chrophilin D (Dalsgaard et al. 2005b). All these cyclic peptides produced by the 
psychrophilic fungi showed bioactive properties, including antimalarial, insecti-
cidal, and so on (Dalsgaard et al. 2005b; Lewer et al. 2006).

Some endophytic psychrophilic fungi namely were isolated Phoma sp., P. her-
barum, and Dothideomycetes sp. having antifungal and antibacterial activity were 
isolated by Moghaddam and Soltani (2014). Psychrophilic fungi having antimicro-
bial potential were isolated from King George Island, Antarctic, and Svalbard as 
reported by Yogabaanu et al. (2017). Marinelli et al. (2004) and Rojas et al. (2009) 
have done documentation of the bioactive secondary metabolites of psychrophilic 
fungi of Antarctica. Table 10.4 gives a summary of the secondary metabolites pro-
duced by psychrophilic fungi along with their activity.

10.6  Conclusion and Future Prospects

With the research being focused nowadays on psychrophilic organisms, there is 
scope for the discovery of novel metabolites with biotechnological, medical, and 
industrial applications. The spectrum of bioactive compounds isolated and analyzed 
from psychrophilic fungi is fast broadening. Fungi from extreme environments, 
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Table 10.4 Secondary metabolites produced by psychrophilic fungi with their bioactivity

Psychrophilic fungi Compound name Application References

Chaetomium sp. Depsipeptide, chaetomiamide, 
diketopiperazines

Anticancer and 
cytotoxic activity

Wang et al. 
(2017)

Penicillium algidum Cyclic nitropeptide, 
psychrophilin D; cyclic 
peptides, cycloaspeptide A, and 
cycloaspeptide D

Murine leukemia cell; 
anti-Plasmodium 
falciparum

Dalsgaard 
et al. (2005a, 
b)

Eutypella sp. D-1 Cytochalasins Z24, Z25, Z26; 
scoparasin B

Cytotoxicity toward 
human breast cancer 
MCF-7 cell line

Liu et al. 
(2014), Lu 
et al. (2014)

Eutypenoids A–C Immunosuppressive 
activities

Zhang et al. 
(2016)

Lindgomycetaceae 
strains

Lindgomycin; ascosetin Antibiotic activities Wu et al. 
(2015)

Trichoderma 
polysporum strain 
OPU1571

Novel compounds Antifungal towards 
Pythium iwayamai

Kamo et al. 
(2016)

Geomyces sp. Asterric acid; geomycins A–C Antibacterial and 
antifungal

Li et al. 
(2008)

Trichoderma 
asperellum

Asperelines A–Z13 Antifungal and 
antibacterial

Ren et al. 
(2009, 2013)

Oidiodendron 
truncatum GW3-13

Epipolythiodioxopiperazines, 
diketopiperazines

Cytotoxicity to 
human cancer lines

Li et al. 
(2012b)

Penicillium sp. 
PR19N-1

Sesquiterpenes; eremofortine; 
eremophilane

Cytotoxic activity 
against HL-60 and 
A549 cancer cell lines

Wu et al. 
(2013), Lin 
et al. (2014)

Penicillium 
funiculosum 
GWT2-24

Chrodrimanins Inhibitory activities 
against influenza 
virus A (H1N1)

Zhou et al. 
(2015)

Aspergillus 
ochraceopetaliformis 
SCSIO 05702

Ochraceopones A–E Antiviral activities 
against the H1N1 and 
H3N2 influenza 
viruses

Wang et al. 
(2016)

Penicillium 
nalgiovense Laxa

Amphotericin B Antifungal, 
antibacterial

Svahn et al. 
(2015)

Mrakia frigida Toxin Anti yeast Hua et al. 
(2010), Liu 
et al. (2012)

Pseudogymnoascus 
sp.

Asterric acid derivatives Antimicrobial activity Henríquez 
et al. (2014), 
Figueroa 
et al. (2015)

Penicillium 
chrysogenum

bis-Anthraquinone (rugulosin 
and skyrin)

Insecticide and 
medicine

Parker et al. 
(2000), 
Sumarah 
et al. (2005)

(continued)
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including those living in Antarctica, may have developed specific metabolic path-
ways to produce singular natural products with bioactive properties. For this reason, 
these fungi represent potential sources of pharmaceutical molecules. Extracts 
obtained from fungi isolated in different Antarctic environments have shown prom-
ising antimicrobial, cytotoxic, antiparasitic, and antiviral activities. On the other 
hand, several pure compounds isolated from Antarctic fungal extracts show new 
carbon frameworks or unusual structural features, indicating that these fungi would 
be good sources of new chemical compounds.

This review provides a baseline or food for thought regarding the exploitation of 
cold-adapted fungi and their metabolites for biotechnology and industrial uses. 
Adaptive mechanisms of low-temperature fungi need to be investigated further, on 
a molecular and genetic basis. Two of the most important avenues are pharmaceuti-
cals and replacing synthetic compounds with bio-based or biologically synthesized 
metabolites for use in industry and biotechnology. These fungi represent potential 
biological “factories” that can produce compounds with great potential for direct 
use in medicine and agriculture or as prototypical molecules that can be chemically 
modified for pharmaceutical and agrochemical applications.
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11.1  Introduction

Enzymes are biological catalysts that are a vital component of biological reactions. 
The use of chemical catalysts has been followed for a very long time. Chemical 
catalysis though widely used was very cumbersome. The disadvantages that this 
method poses include the need for high temperature and pressure for catalysis and 
moderate specificity. These limitations were overcome by the use of the biocatalysts 
known as enzymes. Enzymes work at milder conditions when compared to those 
required by chemical catalysts for operation. Also, enzymes are highly specific and 
catalyze reactions faster than chemical catalysts (Zameer et  al. 2010a, b). Many 
microbes such as bacteria, actinomycetes, fungi, and yeast extracellularly or intra-
cellularly produce a group of versatile and attractive enzymes with a wide variety of 
structures and commercial applications (More et  al. 2021). Many microbial 
enzymes, such as amylases, proteases, pectinases, lipases, xylanases, cellulases, and 
laccases, are extracellularly produced. Some enzymes such as catalase from 
Saccharomyces cerevisiae and Aspergillus Niger are intracellular (Fiedurek and 
Gromada 2000).

As biocatalytic molecules, microbial enzymes are ecologically effective and very 
specific, which results in the formation of stereo- and regiochemically defined reac-
tion products with a rate acceleration of 105–108 (Gurung et  al. 2013; Satapathy 
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et al. 2020). Among the industrial enzymes, 50% are made by fungi and yeast, 35% 
are from bacteria, while the remaining 15% are from plant origin (Saranraj and 
Naidu 2014). Among the types of enzymes, microbial enzymes have numerous 
advantages. First, microbial enzymes are more active and stable than plant and ani-
mal enzymes. Through the development of fermentation processes, particularly 
selected strains can produce purified, well-characterized enzymes on a large scale. 
Second, enzymes produced by microorganisms have a high yield and are easy for 
product modification and optimization owing to the biochemical diversity and sus-
ceptibility to gene manipulation. Engineering techniques have been applied to 
microorganisms to improve the production of enzymes and alter the properties of 
enzymes by protein engineering (Gopal et  al. 2009; Zameer and Gopal 2010; 
Gurung et al. 2013).

Additionally, microbes represent a rich source for the discovery of microbial 
enzymes by many modern techniques such as metagenome screening, genome min-
ing, and exploring the diversity of extremophiles (Adrio and Demain 2014). 
Currently, there are around 200 types of microbial enzymes of which 4000 enzymes 
are used commercially. However, only about 20 enzymes are produced on a truly 
industrial scale. The world enzyme demand is satisfied by about 12 major producers 
and 400 minor suppliers. Nearly 75% of the total enzymes are produced by three top 
enzyme companies, that is, Denmark-based Novozymes, US-based DuPont (through 
the May 2011 acquisition of Denmark-based Danisco), and Switzerland-based 
Roche. The market is highly competitive, has a small profit, and is technologically 
intensive (Li et al. 2012). With the improved understanding of microbial recombina-
tion, metagenome mining, fermentation processes, and recovery methods, an 
increasing number of industrial enzymes can be supplied. For example, recombi-
nant DNA technology can be applied to microorganisms to produce enzymes com-
mercially that could not be produced previously. Approximately 90% of industrial 
enzymes are recombinant versions (Adrio and Demain 2014; Ashwini et al. 2015; 
Kunnel et al. 2019; Satapathy et al. 2019).

The industrial applications for microbial enzymes have grown immensely in 
recent years. For example, the estimated value of worldwide sales of industrial 
enzymes for the years 2014, 2015, and 2016 are $1 million, $3 billion, and $3.74 
billion, respectively (Deng et  al. 2010). Amylases comprise about 30% of the 
world’s enzyme production. Lipases represent the other major product segment in 
the market. Geographically, demand for industrial enzymes in matured economies, 
such as the United States, Western Europe, Japan, and Canada, was relatively stable 
during recent times, while the developing economies of Asia-Pacific, Eastern 
Europe, and Africa and Middle East regions emerged as the fastest growing markets 
for industrial enzymes (Mathew et al. 2020).

Based on the application, commercial applications of enzymes can be divided 
into nine broad categories including food and feed, detergents, and so on (Sharma 
et al. 2010; Zameer et al. 2010a, b; Beulah et al. 2015; Ashwini et al. 2019). Food 
and feed represent the largest segment for industrial enzymes (Zameer et al. 2016; 
Prasad et  al. 2019). Detergents constitute the other major segment for industrial 
enzymes. This chapter covers the classification of amylase enzyme (Alpha, Beta, 
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and Gamma), different sources of amylase (Archaeal, Bacterial, and Fungal), pro-
duction, thermostable amylases, and industrial applications of the enzyme in the 
domain of food, fuel, detergent, paper, and textile followed by challenges and future 
avenues associated with the enzyme (Shankara et al. 2016; Madhusudan et al. 2016; 
Sulthana et al. 2018).

11.2  Classification of Amylase

Amylases are the enzymes that break down starch or glycogen. These enzymes are 
produced by a variety of living organisms, ranging from bacteria to plants to humans 
(Pankaj et al. 2020). Although amylases are produced by several microorganisms, 
those produced by fungi and bacteria have dominated applications in the industrial 
sector (Pandey et al. 2000). Bacteria and fungi secrete amylases to the outside of 
their cells to carry out extracellular digestion, which breaks down the insoluble 
starch, and then the soluble end products (such as glucose or maltose) are absorbed 
into the cells. Amylases constitute a class of industrial enzymes occupying about 
25% of the enzyme market. Because of the increasing demand for these enzymes in 
various industries, there is enormous interest in developing them with better proper-
ties, such as raw starch degrading amylases suitable for industrial applications and 
cost-effective production techniques. Although amylases can be derived from sev-
eral sources, including plants, animals, and microorganisms, microbial enzymes 
generally meet industrial demands (Khan et al. 2020; Aishwarya et al. 2020).

A large number of microbial amylases are available commercially and they have 
almost completely replaced the chemical hydrolysis of starch in the starch process-
ing industry (Gupta et al. 2003). One of the most important advantages of using 
microbes for the production of amylases is the bulk production capacity and the fact 
that microbes can be genetically modified to produce enzymes with desired charac-
teristics (Lonsane and Ramesh 1990). These enzymes are of great significance in 
biotechnology, with various applications ranging from food, fermentation, and tex-
tiles to the paper industry. Each application of a-amylase requires unique properties 
concerning specificity, stability, and temperature, and pH dependence. Modern 
technologies such as computational packages and online servers are the current 
tools used in protein sequence analysis and characterization. The physicochemical 
and structural properties of these proteins are well understood with the use of com-
putational tools (Pradeep et al. 2012).

11.2.1  α-Amylase

The α-amylase (E.C.3.2.1.1) is a hydrolase enzyme that catalyzes the hydrolysis of 
internal α-1,4-glycosidic linkages in starch to yield products such as glucose and 
maltose. It is a calcium metalloenzyme, that is, it depends on the presence of a metal 

A. G. Patil et al.



411

cofactor for its activity (Singh et al. 2011). There are two types of hydrolases: endo- 
hydrolase and exo-hydrolase. Endo-hydrolases act on the interior of the substrate 
molecule, whereas exo-hydrolases act on the terminal non-reducing ends. Hence, 
terminal glucose residues and α-1,6-linkages cannot be cleaved by α-amylase. The 
substrate that α-amylase acts upon is starch.

Starch is a polysaccharide composed of two types of polymers—amylose and 
amylopectin. Amylose constitutes 20–25% of the starch molecule. It is a linear 
chain consisting of repetitive glucose units linked by α-1,4-glycosidic linkage. 
Amylopectin constitutes 75–80% of starch and is characterized by branched chains 
of glucose units. The linear successive glucose units are linked by α-1,4-glycosidic 
linkage while branching occurs every 15–45 glucose units where α-1,6 glycosidic 
bonds are present. The hydrolysate composition obtained after hydrolysis of starch 
is highly dependent on the effect of temperature, the conditions of hydrolysis, and 
the origin of the enzyme (Gupta et al. 2003).

11.2.2  β-Amylase

Another form of amylase, β-amylase, is also synthesized by bacteria, fungi, and 
plants. Working from the nonreducing end, β-amylase catalyzes the hydrolysis of 
the second β-1,4 glycosidic bond, cleaving off two glucose units (maltose) at a time. 
During the ripening of fruit, β-amylase breaks starch into maltose, resulting in the 
sweet flavor of ripe fruit. β-amylase enzyme breaks the glucose–glucose bonds by 
removing two glucose units at a time, thereby producing maltose. Amyloglucosidase 
is the enzyme that breaks successive bonds from the nonreducing end of the straight 
chain, producing glucose.

Many microbial amylases usually contain a mixture of these amylases. β-amylase 
(EC 3.2.1.2) is an exo-hydrolase enzyme that acts from the nonreducing end of a 
polysaccharide chain by hydrolysis of α-1,4-glucan linkages to yield successive 
maltose units. Since it is unable to cleave branch linkages in branched polysaccha-
rides such as glycogen or amylopectin, the hydrolysis is incomplete and dextrin 
units remain uncleaved. Primary sources of β-Amylase are the seeds of higher plants 
and sweet potatoes. During the ripening of fruits, β-Amylase breaks down starch 
into maltose resulting in the sweetness of ripened fruit (Gupta et al. 2003).

11.2.3  γ-Amylase

The γ-Amylase (EC 3.2.1.3) cleaves α (1–6) glycosidic linkages, in addition to 
cleaving the last α(1–4) glycosidic linkages at the nonreducing end of amylose and 
amylopectin, unlike the other forms of amylase, yielding glucose. They are gener-
ally multi-domain enzymes structurally very distinct from both a-amylases and 
b-amylases and consist of a catalytic domain folded as a twisted (a/a) 6 barrel with 
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a central funnel-shaped active site connected to the starch binding domain. γ-amylase 
is also known as glucan 1,4-a-glucosidase, amyloglucosidase, exo-1,4-a-glucosi-
dase, glucoamylase, lysosomal a-glucosidase, or 1,4-a-D- glucanglucohydrolase. 
Glucan1,4a-glucosidase acts on both α-(1–6) glycosidic linkages and terminal α 
(1–4) glycosidic linkages of starch molecules to yield glucose as the end product. 
Here also, catalysis is characterized by two Glu residues. Most of the γ-amylases 
are active at acidic pH; however, the search for newer and improved γ-amylases 
with the ability to act on higher pH is in demand (Kumar and Satyanarayana 2009).

Another classification of amylases is based on how the glycosidic bond is 
attacked. Accordingly, starch-hydrolyzing enzymes are grouped into four such as 
(1) endo-amylases; (2) exo-amylases; (3) de-branching enzymes; and (4) transfer-
ases which are used to hydrolyze starches particularly for the production of dextrin 
and glucose (Van der Maarel et al. 2002).

11.2.3.1  Endo-amylases

Endo-amylases can cleave α-(1–4) glycosidic bonds present in the inner part (endo) 
of the amylose or amylopectin chain. a-amylase is a well-known endo-amylase.

11.2.3.2  Exo-Amylases

The exo-amylases either exclusively cleave (1–4) glycosidic bonds such as 
b- amylase (EC 3.2.1.2) or cleave both α-(1–4) and α-(1–6) glycosidic bonds like 
amyloglucosidase or glucoamylase and a-glucosidase. These enzymes act upon the 
terminal glucose residues of starch molecules, thereby yielding maltose and limit-
ing dextrin (e.g., β -amylase) or glucose (glucoamylase and α -glucosidase) (Pandey 
et al. 2000).

11.2.3.3  The De-branching Enzymes

De-branching enzymes act on branching points and hydrolyze a-(1–6) glycosidic 
bonds. A few of the examples are pullulanase enzymes and iso-amylase. Both act on 
amylopectin and hydrolyze to form linear polysaccharides. Apart from that, pullu-
lanase could cleave a-(1–6) glycosidic bond in pullulan. These de-branching 
enzymes along with other amylolytic enzymes have been proved significant in the 
food industry, especially during the saccharification process (Hii et al. 2012).

11.2.3.4  Transferases

Transferases not only hydrolyze the glycosidic linkage but also transfer the glyco-
side bonds. They act by the cleavage of α-(1–4) glycosidic bond of donor molecule 
and transfer fragments of them to a glycosidic acceptor molecule. A few of the 
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members are amylo-maltase and cyclodextrin glycosyltransferase that forms a new 
α-(1–4) glycosidic bond. However, a new α-(1–6) glycosidic bond will be estab-
lished by branching enzymes. They form cyclic molecules such as cyclodextrin 
(Horvathova et al. 2001).

11.3  Sources of Amylases

11.3.1  Archaeal Amylases

Bio-catalysis has emerged as an alternative process using enzymes or cells as bio-
catalysts, which are more selective, efficient, and environmentally friendly. 
Mesophilic enzymes have been used as biocatalysts but they have low stability at 
high temperatures or extreme pH. For this reason, there is a considerable demand 
for more stable enzymes. One approach to overcome this need is to search for new 
enzymes within extremophilic microorganisms. Extremophiles are organisms that 
can thrive in extreme environmental conditions (temperature, pressure, salinity, dry-
ness, radiation, pH, or concentrations of heavy metals). Most of the extremophiles 
belong to the Archaea domain. These microorganisms and their enzymes have 
unique characteristics.

Extremophilic archaea that live under extreme conditions have developed 
enzymes with unique structure–function properties. These enzymes, known as 
extremozymes, have increased stability at high temperatures, extreme pH, in the 
presence of organic solvents and heavy metals, and against proteolytic attack 
(Cavicchioli 2011). Several of these enzymes come from hyper thermophilic 
archaea belonging to the genera Pyrococcus (Jung et  al. 2014), Thermococcus, 
Desulfurococcus, Staphylothermus, Methanococcus, and Sulfolobus. Besides, there 
are also α-amylases from haloalkaliphilic archaea belonging to the genera 
Haloarcula, Halorubrum, Haloferax, and Natronococcus (Moshfegh et al. 2013). 
α-amylases from halo-alkaliphilic archaea are active at lower temperatures and 
higher pH than α-amylases from hyper/thermophilic archaea. For these reasons, 
they are not suitable for the starch industry, but they can be used in detergents for 
medium-temperature laundering because of their stability in detergents and organic 
solvents (Onodera et al. 2013).

11.3.2  Bacterial Amylases

Bacteria are one of the major sources of amylase enzymes. Bacterial enzymes are 
more preferred for their ease of production and genetic manipulation. Among 
bacterial amylolytic enzyme producers, Bacillus sp. is a predominant group, and 
most of the commercially applied enzymes are obtained from the genus. Few of 
the industrially significant producers are Bacillus licheniformis, Bacillus amylo-
liquefaciens, and Bacillus stearothermophilus (Konsoula and 
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Liakopoulou-Kyriakides 2007). Among a-amylases from these strains, B. licheni-
formis has proved to be the most stable enzyme (Weemaes et al. 1996). The most 
widely used source among the bacterial species is the Bacillus spp. B. amyloliq-
uefaciens and B. licheniformis are widely used for the commercial production of 
the enzyme. Other species that have been explored for the production of the 
enzyme include B. cereus and B. subtilis to name a few. α-Amylases produced 
from Bacillus licheniformis, Bacillus stearothermophilus, and Bacillus amyloliq-
uefaciens show promising potential in several industrial applications in processes 
such as food, fermentation, textiles, and paper industries (Coronado et al. 2000). 
Bacillus subtilis, Bacillus stearothermophilus, Bacillus licheniformis, and Bacillus 
amyloliquefaciens are known to be good producers of thermostable α-Amylase. 
Thermostability is an important characteristic as enzymatic liquefaction and sac-
charification of starch are performed at high temperatures (100–110  °C). 
Thermostable amylolytic enzymes are being investigated to improve industrial 
processes of starch degradation and are useful for the production of valuable prod-
ucts like glucose, crystalline dextrose, dextrose syrup, maltose, and maltodextrins 
(Konsoula and Liakopoulou-Kyriakides 2007).

11.3.3  Fungal Amylases

11.3.3.1  Amylases-Producing Fungal Communities

Fungal enzymes have the advantage of being secreted extracellularly. Besides, 
the ability of fungi to penetrate hard substrates facilitates the hydrolysis process, 
and fungal species are highly suitable for solid-based fermentation. The first 
fungal- produced amylase for industrial applications was described several 
decades ago (Hussain et al. 2013; Yadav et al. 2021). Efficient amylase-produc-
ing species include those of genus Aspergillus (A. oryzae, A. niger, A. awamori, 
A. fumigates, A. kawachii, and A. flavus), as well as Penicillium species (P. brun-
neum, P. fellutanum, P. expansum, P. chrysogenum, P. roqueforti, P. janthinellum, 
P. camemberti, and P. olsonii), Streptomyces rimosus, Thermomyces lanugino-
sus, Pycnoporussanguineus, Cryptococcus flavus, Thermomonospora curvata, 
and Mucor sp. (Gupta et  al. 2003; Kunamneni et  al. 2005; Kathiresan and 
Manivannan 2006; Hussain et  al. 2013). Among the fungal sources, the genus 
Aspergillus has been widely used for the production of a-amylases. Aspergillus 
niger, Aspergillus flavus, and Aspergillus oryzae are important sources used 
among the fungal sources. Other fungal strains producing a-amylase include 
Thermomyces lanuginosus (Singh et al. 2011).

A. G. Patil et al.



415

11.3.3.2  Physio-Chemical Attributes of Fungal Amylases

11.3.3.2.1 Temperature, pH, and Ions

In general, many enzymes are denatured and lose their activity at temperatures 
above 50–60 °C. However, thermostable enzymes are of great industrial and bio-
technological use because they are more suitable for harsh industrial processes that 
take place at high temperatures. The advantages of conducting biotechnological 
processes at elevated temperatures include high reaction rates and increased diffu-
sion coefficient of the substrate due to decreased viscosity, reduced risk of contami-
nation by mesophilic common features, and the facility of handling and transport 
(Haki and Rakshit 2003). The properties of bacterial amylase are mentioned in 
(Table 11.1).

Thermostable amylases have been isolated from many different sources, includ-
ing plants, animals, and microorganisms. Despite the wide distribution of these 
enzymes, microbial sources such as fungi and bacteria are most commonly used for 
industrial production, due to their low cost, shorter length of production, and easi-
ness in production and optimization. Amylases with high optimum temperatures are 
industrially desirable because they eliminate the chances of denaturing in bioreac-
tors and the contamination of the solution. Many factors can affect the thermostabil-
ity of enzymes, including the purity of the preparation, the presence of calcium, the 
type of substrate, and other stabilizers (Prakash and Jaiswal 2010). Therefore, some 
approaches such as chemical modifications in the presence of specific ions, 

Table 11.1 Properties of bacterial amylase

Bacteria pH optimal Temperature optimal

Bacillus sp. B-10 7 50
Bacillus licheniformis SKB4 6.5 90
Bacillus sp. EF-TYK1-5 7 60
Pseudomonas sp. K6-28-040 7 50
Bacillus subtilis 6 45
Bacillus licheniformis 7 90
Bacillus subtilis DM03 7–10 50
Bacillus sphaericus JT3 7 50
Bacillus circulans GRS 313 4.9 48
Enterobacter cloacae IIT-BT 08 4 60
Trichoderma pseudokoningii 4.5–8.5 50
Aspergillus oryzae 7 45
Penicillium camemberti PL21 6 30
Penicillium citrinum HBF62 5.5 55
Aspergillus niger 4 30
Penicillium fellutanum 6.5 30
Aspergillus tamarii 4.5–6.5 50–55
Scytalidium thermophilum 6.5 60
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immobilization, and genetic engineering have been used in an attempt to increase 
the stability against temperature.

The optimum pH for α-amylases varies in ranges of 2.0–10.5, indicating the 
evolutionary adaptation to different environments generally, the optimum pH for 
glucoamylases is between 2.0 and 7.0. The pH stability is also an important feature 
for continuous production, as pH changes are frequent in large-scale fermenters 
(Vihinen et al. 1994). Generally, the optimum pH for glucoamylases is between 2.0 
and 7.0. The pH stability is also an important feature for continuous production, as 
pH changes are frequent in large-scale fermenters. The properties of fungal amylase 
are mentioned in (Table 11.2).

Many metal ions can activate fungal amylases. The ones that show the best 
effects are the divalent ions like Ca2+, Ba2+, Mn2+, Mg2+, and Fe2+. The metal ions as 
Zn2+, Cu2+, Pb2+, Hg2+, Cd2+, Ca2+, Mn2+, Ni2+, Fe3+, Ag+, and Al3+ have been reported 
as inhibitors for glucoamylases, while others as Ba2+, Ca2+, Co2+, Cu2+, Mn2+, Zn2+, 
Na2+, Mg2+, Sn2+, and Fe2+ have a positive effect on the enzyme, increasing its activ-
ity (Kumar and Satyanarayana 2009). Several cations, especially heavy metals, with 
sulfhydryl reagent groups, EDTA and EGTA, inhibit the activity of α-amylase. Ca2+, 
in general, plays a role in the stabilization and activation of α-amylases. In general 
thiols, such as β-mercaptoethanol, dithiothreitol (DTT), and cysteine, increase the 
activity and stability of β-amylases. In some cases, enzymes partially inactivated by 
temperature or other agents may be partly reactivated by the addition of thiols (Ray 
and Nanda 1996).

11.3.3.2.2 Molecular Mass, Isoelectric Point, and Glycosylation

The molecular mass of α-amylases is in a range that varies from 10 to 139 kDa, and 
most of these enzymes are in the range of 50–60 kDa (Vihinen et al. 1994). For 
glucoamylases, molecular masses from 26.8 to 250 kDa can be found. The Isoelectric 
point, or pI, is the pH where the enzyme electric charge is zero. The pI values are 
important for understanding enzyme behavior against different purification 

Table 11.2 Properties of fungal amylase

Fungi pH optimal Temperature optimal

Trichoderma pseudokoningii 4.5–8.5 50
Aspergillus oryzae 7 45
Penicillium camemberti PL21 6 30
Penicillium citrinum HBF62 5.5 55
Aspergillus niger 4 30
Penicillium fellutanum 6.5 30
Aspergillus tamarii 4.5–6.5 50–55
Scytalidium thermophilum 6.5 60

A. G. Patil et al.



417

procedures at different pHs. The pI value of amylases varies widely, from 3.25 to 
10.1. Oligosaccharides present in glycoproteins are responsible for the signaling of 
cell secretion, maintenance of protein structure, and protection against stress caused 
by temperature, pH, and pressure (Kumar and Satyanarayana 2009). The degree of 
glycosylation varies greatly in amylases, from 1.8 to 80%. For example, the A. niger 
glucoamylases have 19% neutral carbohydrates with an average size of two mono-
saccharides linked by α-1.2 and α-1.6 glycosidic linkages. Mannose is most often 
found in O-linked serine and threonine residues (Kumar and Satyanarayana 2009).

These days it is well known that protein glycosylation plays an extremely impor-
tant role in cellular functioning. Glycosylation can contribute to protein secretion as 
well as to its function, stability, and immunogenicity. Concerning the membrane 
glycoproteins, glycans may mediate cell communication with the extracellular 
medium. In addition to this, recent studies have shown that N-glycosylation can also 
have important effects on enzyme activity, function, and substrate specificity.

In recent years, many studies have demonstrated the involvement of the system-
atic removal of putative sites from several glycosylated enzymes to identify the 
precise role glycan has on the regulation of enzyme secretion, activity, and substrate 
specificity. Studies on the removal of N-glycan from glucoamylases produced by 
Aspergillus niger resulted in the exposure of the protein hydrophobic regions, 
thereby leading to reduced thermal stability and a greater aggregation and flexibility 
of the enzyme; similar to the glucoamylase produced by Aspergillus awamori, it 
was observed a lower secretion and reduced thermostability, while the amylase pro-
duced by Aspergillus oryzae, the N-glycosylation, had no observed effect over the 
enzyme secretion, activity, or thermostability. Complementary studies showed an 
increase in thermostability when new glycosylation sites were artificially intro-
duced in the glucoamylase produced by Aspergillus awamori.

The analysis of O-glucans makes it possible to verify some interesting data. A 
glucoamylase produced by Aspergillus niveus is highly O-glycosylated, and its cat-
alytic activity is strongly dependent on this process (Kumar and Satyanarayana 
2009; Prakash and Jaiswal 2010). The O-glycans structures of glucoamylases pro-
duced by Aspergillus niveus are highly variable, as well as their function on the 
structures, and this makes it necessary for a specific analysis of each 
glucoamylase.

The amount of glycosylation and its distribution in amylase varies among differ-
ent fungi, a factor that can influence the function of other amylases studied. In 
recent decades, several studies have elucidated the role of glycosylation in enzyme 
secretion, stability, and intracellular trafficking and also its action in the regulation 
of enzyme activity and substrate specificity. However, many of the functions that 
glycosylation exerts on the enzyme activity remain unknown, and further studies are 
required. For the past few decades, the use of fungi in bioprocesses has gained 
importance due to the production of many enzymes with different physicochemical 
characteristics and excellent potential for industrial application.
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11.3.3.3  Advantages of Fungal Amylases

Most reports about fungi that produce α-amylase have been limited to a few species 
of mesophilic fungi, and attempts have been made to specify the cultural conditions 
and to select superior strains of the fungus to produce on a commercial scale. Fungal 
sources are confined to terrestrial isolates, mostly to Aspergillus and Penicillium 
(Kathiresan and Manivannan 2006). The Aspergillus species produce a large variety 
of extracellular enzymes, and amylases are the ones with the most significant indus-
trial importance.

Filamentous fungi, such as Aspergillus oryzae and Aspergillus niger, produce 
considerable quantities of enzymes that are used extensively in the industry. A. ory-
zae has received increased attention as a favorable host for the production of heter-
ologous proteins because of its ability to secrete a vast amount of high-value proteins 
and industrial enzymes, for example, α-amylase (Jasti et  al. 2008). Aspergillus 
moryzae has been largely used in the production of food such as soy sauce, an 
organic acid such as citric and acetic acids, and commercial enzymes including 
α-amylase. Aspergillus niger has important hydrolytic capacities in the α-amylase 
production and, due to its tolerance of acidity (pH <3), it allows the avoidance of 
bacterial contamination (Djekrif-Dakhmouche et al. 2006). Filamentous fungi are 
suitable microorganisms for solid-state fermentation (SSF), especially because their 
morphology allows them to colonize and penetrate the solid substrate. The fungal 
α-amylases are preferred over other microbial sources due to their more accepted 
GRAS (Generally Recognized as Safe) status (Manjunatha et al. 2013; Singh et al. 
2016; Far et al. 2020).

11.4  Production of Fungal Amylases

11.4.1  Submerged Fermentation (SmF)

Industrially important enzymes have traditionally been obtained from submerged 
fermentation because of the ease of handling and greater control of environmental 
factors such as temperature and pH. However, solid-state fermentation constitutes 
an interesting alternative since the metabolites produced are less costly (Nigam 
2013; Robinson et al. 2001). The effect of environmental conditions on the regula-
tion of extracellular enzymes in batch cultures is well studied. A lot of work on the 
morphology and physiology of α-amylase production by Aspergillus oryzae during 
batch cultivation has been done. In a series of batch experiments, the authors 
observed that at pH 3.0–3.5, freely dispersed hyphal elements were formed and the 
pH range 4–5, both pellets and freely dispersed hyphal fragments were observed 
whereas at the highest pH 6 pellets were the only growth forms recorded.

The optimum growth temperature was found to be 35 °C. It is demonstrated that 
when glucose was exhausted, the biomass production stopped whereas the secretion 
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of α-amylase increased rapidly. A decline in enzyme production was also accompa-
nied by morphological and metabolic variations during continuous cultivation. The 
industrial exploitation of SSF for enzyme production has been confined to processes 
involving fungi, and it is generally believed that these techniques are not suitable for 
bacterial cultivation (Mehta and Satyanarayana 2016).

The production is affected by a variety of physiological factors, which include 
pH, temperature, aeration, inoculum concentration, inoculums age, the composition 
of the growth medium, surfactants, carbon source, and nitrogen source. Interactions 
of these parameters have a significant influence on the production of the enzyme. 
Generally, SmF is carried out using synthetic media, incorporating medium con-
stituents such as nutrient broth and soluble starch, as well as other components, 
which are very expensive. Replacement of such constituents by cheaper carbon and 
nitrogen sources as well as nutrients would benefit the process in cost reduction. 
Agricultural by-products offer potential benefits in this regard (Nigam 2013).

11.4.2  Solid-State Fermentation (SSF)

Solid-state fermentation compared to submerged fermentation is simpler; requires 
lower capital, has superior productivity, reduced energy requirement, simpler fer-
mentation media, and absence of rigorous control of fermentation parameters; uses 
less water and produces lower wastewater; has easier control of bacterial contami-
nation; and requires low cost of downstream processing (Santos et al. 2014). Agro- 
industrial substrates are considered the best substrates for SSF processes. It is of 
special interest in those processes in which a crude fermented product may be used 
directly as an enzyme source.

The common substrates used for SSF processes are wheat bran, rice bran, cas-
sava waste, palm oil waste, banana waste, tea waste, coconut oil cake, coir pith, corn 
cobs, and so on. In SSF, it is important to provide optimized water content and to 
control the water activity of the fermenting substrate. At times, SSF is preferred to 
SmF because of its simple technique, low capital investment, lower levels of catabo-
lite repression and end-product inhibition, low wastewater output, better product 
recovery, and high-quality production. The study conducted revealed that banana 
peel could be utilized as a potential substrate for a-amylase production by A. niger. 
Coconut oil cake (COC), a by-product of oil extraction from dried copra, is a sub-
strate for the production of a-amylase from fungi.

COC supplemented with 0.5% starch and 1% peptone enhanced a-amylase pro-
duction by A. oryzae. COC serves as a source of soluble proteins and lipids thus 
providing essential nutrients for the growth of enzyme synthesis by the organism. 
Production and optimization of α-amylase from A. oryzae using a by-product of 
wheat grinding (gruel) as the sole carbon source was done. Coffee by-products as a 
suitable substrate for the production of a-amylase under SSF.  Coffee waste was 
converted into value-added products by fermentation using Neurosporacrassa 
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(Murthy et al. 2009). The bacterial and fungal strains used for submerged fermenta-
tion (Table 11.3) and solid-state fermentation (Table 11.4) are mentioned.

11.4.3  Purification and Characterization of α-Amylases

α-Amylases produced by fermentation are relatively crude preparations. Most of the 
commercial use of a-amylase does not require 100% purification of the enzyme. But 
high-purity enzymes are required when they are used in the clinical and pharmaceu-
tical sectors. The first steps in the purification involve the isolation of crude enzymes 
after the fermentation (Fig. 11.1). In SmF, this is usually done by centrifuging the 
fermented medium and taking the supernatant as the source of crude enzyme; in the 
case of SSF, the fermented matter is usually mixed with water or buffers, and after 
suitable mixing, the contents are filtered, whereby the filtrate contains the crude 
enzyme. Then, the enzyme is concentrated (in the supernatant/filtrate), precipitated 
(using salts/solvents), and purified using various chromatographic techniques such 
as ion-exchange chromatography, gel filtration, and isoelectric focusing.

There are a large number of reports on the purification and characterization of 
α-amylases produced by bacterial or fungal sources in SmF and SSF. An enzyme 
produced in SSF was partially purified by ammonium sulfate fractionation. The 
enzyme was optimally active at pH 5.0 and 50 °C with a molecular mass of 66 kDa. 
The presence of Mn2+and Fe2+ enhanced the enzyme activity, whereas in the pres-
ence of Hg2+and Cu2+ the activity gets reduced (Ciloci et al. 2012).

Table 11.3 Bacterial amylase production and the mode of fermentation used

Bacteria Mode of fermentation

Bacillus amyloliquefaciens SSF
Bacillus licheniformis SSF
Bacillus coagulans SSF
Bacillus polymyxa SSF
Bacillus mesentericus SSF
Bacillus vulgarus SSF
Bacillus megaterium SSF
Bacillus licheniformis GCB-U8 SmF
Bacillus licheniformis M27 SSF
Halomonas meridiana SmF
Rhodothermus marinus SmF
Bacillus cereus MTCC 1305 SSF
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11.4.4  Characterization of α-Amylase

Once the enzyme has been purified, the characterization of the enzyme is carried 
out. This can be done by determining the hydrolysates obtained after enzyme action 
on starch by PAGE. The purified enzyme sample along with molecular markers like 
BSA (67 kDa) and ovalbumin (43 kDa) is run on the gel. The resulting bands are 
then stained using staining agents like Coomassie Brilliant Blue and silver nitrate 

Table 11.4 Fungal amylase production and the mode of fermentation used

Fungi Mode of fermentation

Aspergillus oryzae SSF
Penicillium fellutanum SmF
Thermomyces lanuginosus SSF
Aspergillus niger SSF, SmF
Penicillium roquefortii SSF
Streptomyces rimosus SSF, SmF
Aspergillus kawachii SSF, SmF
Penicillium chrysogenumm SSF
Penicillium janthinellum (NCIM 4960) SSF
Aspergillus awamori SmF
Pycnoporus sanguineus SSF

Fig. 11.1 Flow diagram of fungal enzyme production
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and visualized. Various types of electrophoretic units are available for PAGE. The 
electrophoretic separation also indicates the purity and homogeneity of the enzyme 
obtained (Prasad et al. 2014).

11.5  Thermostable Fungal Amylases

Thermostable α-amylases are relatively stable at higher temperatures. Most studies 
focus on the purification and characterization of thermostable α-amylase secreted 
from bacteria but not from fungi and yeast. Thermophilic bacteria are the most com-
monly used as α-amylase producers as they can survive in high temperatures and 
produce enzymes having optimum temperatures higher than 50 °C. Thermostability 
is crucial in industrial applications, as most processes are optimally performed at 
elevated temperatures, where thermostable enzymes are not deactivated by heating 
the mixture to a certain temperature over a period due to their high denaturing tem-
perature, unlike the mesophilic enzymes. The strategies adopted for strain improve-
ment are enlisted (Table  11.5). Thermostable enzymes can be stored at room 
temperature, thus lowering the costs. There are three steps in starch hydrolysis, 
which are gelatinization, liquefaction, and saccharification. The gelatinization of 
starch is industrially carried out at 110 °C; thus, thermophilic and extremophilic 
α-amylases are preferred for their efficiency and economical value (Lim et al. 2020).

α-Amylase can be extracted from many sources such as animals, plants, and 
microorganisms. It is preferred to be industrially extracted and purified from micro-
organisms, especially bacteria and fungi. Microbial α-amylase can be easily iso-
lated and selected using substrate specificity, serial dilution, and extreme conditions 

Table 11.5 Strategies adopted for strain improvement/properties of alpha-amylase

Microorganism Improved property

Bacillus subtilis BR151 Thermostability
Alternaria tenuissima FCBP 
252

2.39-fold increased production

Thermobifida fusca NTU22 Increased production
Bacillus amyloliquefaciens Increased production (1.4-fold)
Anoxybacillus spp. High stability in the absence of Ca2+ ions at 60oC and high levels 

of maltose production
Aspergillus oryzae IIB 30 Increased production (2.1-fold)
Paenibacillus spp. High rate of maltose production
Bacillus licheniformis MSG Self-inducible, catabolite repression free, and glucose-activated 

expression system
Bacillus subtilis ASO1a Increased production (sevenfold) and high stability in the absence 

of Ca2+

Thermotoga maritima Oxidative stability
Bacillus subtilis Improved protein stability and catalytic efficiency
Bacillus sp. AAH-31 Increased production
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such as temperature and extreme pH. The desired α-amylase properties for specific 
industrial applications can be designed and improved due to the advancement of 
genetic engineering and media optimization. This process involves the selection of 
mutants, recombinant organisms under the process of strain improvement for indus-
trial enzymes for the selection of novel strains (Fig. 11.2) (Chen et al. 2015). Fungus 
is a preferred source compared to other microbial sources because fungal α-amylases 
have a more accepted GRAS status. Aspergillus flavus NSH9, Aspergillus terreus 
NCFT 4269.10, Engyodontium album TISTR 3645, Komagataella phaffii GS115, 
Talaromyces pinophilus 1–95, and Trichoderma pseudokoningii are the most widely 
used fungal strains for the production of fungal amylases.

Bacteria such as Escherichia coli forms inclusion bodies (IBs) containing infec-
tious prion if it is used as an expression host for yeast proteins. As a eukaryotic 
expression host, yeast has its post-translational modifications (PTMs) more similar 
to higher level eukaryotes than bacteria. Although it is beneficial as a eukaryotic 
expression system, there has not been much research performed to purify and char-
acterize α-amylase from yeast. In a study concerning marine yeast isolation and 
industrial applications, enzymes from marine yeast (Aureobasidium sp. and Pichia 
sp.) are expected to have high salt tolerance, thermostability, barophilicity, and cold 
adaptivity as the yeasts live in a high salinity environment. M. guilliermondii has 
been used as the research model organism named “flavinogenic yeasts,” being capa-
ble of riboflavin over-synthesis during starvation for iron as well as the expression 
system of thermostable T1 amylase gene (Zaky et al. 2014).

Fig. 11.2 Mutant library screening and selection of the best variant for recombinant amylase 
production

11 Fungal Amylases and Their Industrial Applications



424

11.6  Industrial Applications

Amylase is one of the most important hydrolytic enzymes used in all starch-based 
industries and has been in practice since 1984 as a pharmaceutical aid for the treat-
ment of digestive disorders. Amylases are applied in all the industrial processes 
such as food, detergents, textiles, and paper industries for the hydrolysis of starch. 
Nowadays, the chemical hydrolysis of starch is interchanged with enzymatic hydro-
lysis using microbial amylases in starch processing industries. One of the major 
applications of amylases is in the food industry, starch processing industry, and also 
been widely in bioethanol, soaps, and detergent industries (Fig. 11.3).

11.6.1  Food Industry

Starch is the major carbohydrate source and is mainly of plant origin. Starch deriva-
tives also have a momentous role in the food, beverage, and feed industries, which 
include cyclodextrin, glucose syrup, hydrolysates, maltodextrin, and other modified 
starch. Production of starch derivatives is one of the growing industries, where 
starch-modifying enzymes find substantial roles. Amylases find their applications in 

Fig. 11.3 Industrial application of amylases
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many food processing industries, like brewing and baking sectors, preparation of 
fruit juices and starch syrups, and so on (Mobini-Dehkordi and Javan 2012).

Starch in the dough can be broken down to a-limit dextrins, the intermediate 
product starch hydrolysis; along with fermentable sugars in the bread baking pro-
cess, further fermentation of these yields alcohol and CO2 (Prakash and Jaiswal 
2010). The presence of low-molecular-weight dextrins will reduce bread hardness. 
In wheat flour, the presence of beta-amylases is abundant and has little activity on 
undamaged native starch granules, while alpha-amylases are absent. Starch hydro-
lysis in the dough is by the combined action of heterogeneously supplied a- amylases 
and b-amylase. During the milling process, the starch granules in flour are suffi-
ciently damaged and make more susceptible to amylases. During the baking pro-
cess, gelatinization of the starch granules occurs, which together with the action of 
a-amylase cause liquefaction of the starch. Similarly, the b-amylase present in flour 
converts the dextrins to maltose, which is subsequently fermented by the baker’s 
yeast. Only small amounts of fermentable sugars are available in the wheat flour.

The enzymatic hydrolysis made available enough fermentable sugars in the 
dough to sustain vigorous yeast fermentation required to produce lively doughs and 
large loaf volumes. Fungal a-amylases, mainly from A. oryzae, are usually used in 
bread baking to improve volume, color, and flavor, while bacterial alpha-amylases 
are used in the preparation of doughs for cakes, biscuits, and crackers, where it adds 
more sweetness. There may be staling effects during the storage of baked products, 
causing disagreeable changes affecting crumb firmness, crust crispness, moisture 
content of the crumb and loss of flavor, and so on. Upon storage, the short amylo-
pectin side chains present in soft, fresh bread gradually gets crystallized to amylo-
pectin network, which accounts for a major role in bread firming.

Following starch crystallization, moisture migration within the crumb structure 
occurs leading to increased crumb firmness and decreased crumb resilience. 
Bacterial alpha-amylases with intermediate thermostability are used in anti-staling 
agents. These limits recrystallization of amylopectin, its network formation, and 
consequent water immobilization and help to the retention of softness and improve 
the shelf life of baked food (Balakrishnan et  al. 2019). The alpha-amylase from 
B. stearothermophilus has been employed in the baking industry as an anti-staling 
agent. However, overuse may result in gumminess of the bread, as it produces more 
branched dextrins. This can be reduced by the use of thermostable pullulanase along 
with amylase. The pullulanase help to hydrolyze the branched dextrins produced by 
the alpha-amylase.

Sweetening agents are the major and expensive elements of a large variety of 
confectionery products. Amylolytic enzymes enable starch from low-cost resources 
to be transformed into sugar syrup. Sucrose is used as a major sweetening agent, 
and starch syrups (glucose) and dextrose occupy a second position. Glucose, fruc-
tose, maltose, and higher oligosaccharides, mainly derived from uncooked starch, 
mostly from cereal and tuber starches. Starch enzymatic hydrolysis using amylases 
in the starch liquefaction process converts starch into fructose and glucose syrups 
(Regulapati et  al. 2007). The process of liquefaction demands thermostable 
a- amylase that can act at high temperatures ranging from 70 to 100  °C.  Due to 
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thermostability, enzymes from Bacillus sp. are most preferred for industrial applica-
tions. Alpha-amylase from B. amyloliquefaciens was used previously; however, it 
has been substituted by alpha-amylase of B. licheniformis or B. Stearothermophilus 
(Prakash and Jaiswal 2010).

Another major application of the amylase enzyme is in beer brewing. Beer is 
produced by yeast fermentation of sugars. Beer is traditionally based on barley, 
contains a large quantity of starch, and before the yeast fermentation to produce 
alcohol, starch must be converted to fermentable sugars. Mashing (malting) is the 
process in which enzymatic degradation of starch into fermentable sugars (maltose) 
occurs and is a complex process that involves many enzymes like a-amylase, 
b- amylase, a-glucosidase, and limit dextrinase (Bamforth 2000). The alpha-amylase 
acts on a-1,4linkages at random, while b-amylases are exo-enzymes that attack the 
liquefied starch chains forming maltose units from the nonreducing end. Modern 
brewers usually supplement these enzymes, and it is essential when grains other 
than barley are used. The thermostable a-amylase from B. subtilis, those from 
A. oryzae (with glucoamylase activity), and glucoamylases from A. niger are usu-
ally used in mashing for starch hydrolysis.

Enzymes are widely used in the maceration of fruit pulps and for clarification of 
fruit juices and have contributed to improving the quality and yield of different 
types of juices. The application of enzymes fruit juice clarification will depend on 
the kind of polysaccharides present in different fruit juices. Pectinase plays a major 
role in the clarification process (depectinization), whereas amylase is preferred in 
the presence of starch. These enzymes are used in combination with cellulose and 
hemicellulase to effectively reduce haziness in juices. Clarified apple juice is one of 
the most consumed fruit juices. Raw apple juice was obtained as turbid, viscous, 
and tends to settle during storage due to the presence of polysaccharides (pectin and 
starch), tannins, proteins, etc. Amylases are used to degrade starch present in apple 
juice (Suresh and Prathaban 2015).

11.6.2  Detergent and Soap Industry

Detergent industries are the primary consumers of enzymes, in terms of both vol-
ume and value. The use of enzymes in detergent formulations enhances the deter-
gent stability to remove tough stains and making the detergent environmentally 
safe. Amylases are the second type of enzyme used in the formulation of enzymatic 
detergent, and 90% of all liquid detergents contain these enzymes (Hmidet 
et al. 2009).

These enzymes are used in detergents for laundry and automatic dishwashing to 
degrade the residues of starchy foods such as potatoes, gravies, custard, chocolate 
to dextrins, and other smaller oligosaccharides. Amylases have activity at lower 
temperatures and alkaline pH, maintaining the necessary stability under detergent 
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conditions and the oxidative stability of amylases is one of the most important cri-
teria for their use in detergents where the washing environment is very oxidizing. 
Removal of starch from surfaces is also important in providing a whiteness benefit 
since starch can be an attractant for many types of particulate soils. Examples of 
amylases used in the detergent industry are derived from Bacillus and Aspergillus 
spp. (Mukherjee et al. 2009).

11.6.3  Fuel Bio-Ethanol

Ethanol is the most utilized liquid biofuel. For ethanol production, starch is the most 
used substrate due to its low price and easily available raw material in most regions 
of the world. In this production, starch has to be solubilized and then submitted to 
two enzymatic steps to obtain fermentable sugars. The bioconversion of starch into 
ethanol involves liquefaction and saccharification, where starch is converted into 
sugar using an amylolytic microorganism or enzymes such as alpha-amylase, fol-
lowed by fermentation, where sugar is converted into ethanol using an ethanol fer-
menting microorganism such as yeast Saccharomyces cerevisiae (Fig. 11.4). Among 
bacteria, alpha-amylase obtained from thermo-resistant bacteria like B. lichenifor-
mis or engineered strains of Escherichia coli or Bacillus subtilis is used during the 
first step of hydrolysis of starch suspensions. Fungal alpha-amylases are produced 
using Aspergillus, Penicillium, and Rhizopus spp. (Sigoillot and Faulds 2016).

Fig. 11.4 Role of amylase in ethanol production
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11.6.4  Textile Industry

Amylases are used in the textile industry for the desizing process. Sizing agents like 
starch are applied to yarn before fabric production to ensure a fast and secure weav-
ing process. Starch is a very attractive size because it is cheap, easily available in 
most regions of the world, and it can be removed quite easily. Starch is later removed 
from the woven fabric in a wet-processing in the textile finishing industry. Desizing 
involves the removal of starch from the fabric that serves as the strengthening agent 
to prevent the breaking of the warp thread during the weaving process. The alpha- 
amylases remove selectively the size and do not attack the fibers (Feitkenhauer 2003).

11.6.5  Paper Industry

The use of alpha-amylases in the pulp and paper industry is for the modification of 
starch of coated paper, that is, for the production of low-viscosity, high-molecular- 
weight starch. The coating treatment serves to make the surface of paper sufficiently 
smooth and strong to improve the writing quality of the paper. In this application, 
the viscosity of the natural starch is too high for paper sizing, and this can be altered 
by partially degrading the polymer with alpha-amylases in a batch or continuous 
process. Starch is a good sizing agent for the finishing of paper and improving the 
quality and erasability, besides being a good coating for the paper. The size enhances 
the stiffness and strength of a paper (Saxena et al. 2004). Examples of amylases 
obtained from fungi used in the paper industry include Amizyme® (PMP 
Fermentation Products, Peoria, USA), Termamyl®, Fungamyl, BAN® (Novozymes, 
Denmark), and alpha-amylase G9995® (Enzyme Biosystems, USA).

11.7  Challenges and Future Prospects

Enzymes are some of the most important biomolecules, which have a wide range of 
applications in the industrial as well as the biomedical field. Today, enzymes are 
some of the most important molecules that are widely used in every sector, whether 
that may be dairy, industrial, agriculture, or pharmaceutical fields (Patil et al. 2021). 
The global market for industrial enzymes is estimated at $3.3 billion in 2010 and is 
expected to reach $5 billion by 2020. The market segmentation for various areas of 
the application shows that 34% of the market is for food and animal feed, followed 
by detergent and cleaners (29%). Paper and pulps share an 11% market while 17% 
of the market is captured by the textile and leather industries (Parameswaran 
et al. 2013).

The ongoing progress and interest in enzymes provide further success in areas of 
industrial bio-catalysis. There is a need for exciting developments in the area of 
biotransformation and molecular biology. Many factors are influencing the growing 
interest in biocatalysts, which include enzyme promiscuity, robust computational 
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methods combined with directed evolution, and screening technologies to improve 
enzyme properties to meet process prospects (Adrio and Demain 2014). Recent 
advances in genomics, proteomics, efficient expression systems, and emerging 
recombinant DNA techniques have facilitated the discovery of new microbial 
enzymes from nature or by creating enzymes with improved catalytic properties. A 
future trend is to develop more effective systems that use much smaller quantities of 
chemicals and less energy to attain maximum product yield. Modern biotechnology 
will lead to the development of enzyme products with improved effects with diverse 
physiological conditions.

Biotechnology offers an increasing potential for the production of goods to meet 
various human needs. Multidisciplinary research involving industry is required to 
develop application-oriented research on enzymes. Over the past 10 years, major 
advances in DNA technologies and bioinformatics have provided critical support to 
the field of bio-catalysis. These tools have promoted the discovery of novel enzymes 
in natural resources and have substantially accelerated the redesign of existing bio-
catalysts. Next-generation DNA sequencing technology has allowed parallel 
sequence analysis on a massive scale and at dramatically reduced cost (Bornscheuer 
et al. 2012).

New and exciting enzyme applications are likely to bring benefits in other areas 
like less harm to the environment, greater efficiency, lower cost, lower energy con-
sumption, and the enhancement of product properties. New enzyme molecules 
capable of achieving this will be developed through protein engineering and recom-
binant DNA techniques. Industrial biotechnology has an important role to play in 
the way modern foods are processed. New ingredients and alternative solutions to 
current chemical processes will be a challenge for the enzyme industry. When com-
pared with chemical reactions, the more specific and cleaner technologies made 
possible by enzyme-catalyzed processes will promote the continued trend toward 
natural processes in the production of food, energy, and textile (Table 11.6).

Table 11.6 Industrial applications of α-amylase

Industry Application Microorganism

Detergent 
(laundry and
dish wash)

Starch stain removal Bacillus spp./Aspergillus spp. (Amylases with 
activity at lower temperatures, alkaline pH, 
and oxidative conditions)

Starch 
liquefaction

Dispersion of insoluble starch 
granules in aqueous solution 
and decreasing viscosity 
followed by partial hydrolysis

Bacillus spp.(thermostable) amyloliquefaciens; 
Bacillus stearothermophilus or Bacillus 
licheniformis

Fuel alcohol 
production

Starch liquefaction and 
saccharification

As yeast Saccharomyces cerevisiae

Food industry Bread softness and volume, 
flour adjustment; Juice 
treatment, low-calorie beer

Thermostablemaltogenicamylase of Bacillus 
stearothermophilus

Textile 
industry

De-sizing Bacillus stains

Pulp and 
paper

De-sizing; Starchcoating, 
de-inking, drainage 
improvement

Aspergillus spp. and Bacillus spp.
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11.8  Conclusion

The enzyme industry is one of the major industries of the world, and there exists a 
great market for enzymes. Enzymes are used in many different industrial products 
and processes, and new areas of applications are constantly being added because of 
advances in modern biotechnology. Microorganisms provide an impressive amount 
of catalysts with a wide range of applications across many industries, such as food, 
animal feed, technical industries, paper, fine chemicals, and pharmaceuticals. The 
unique properties of enzymes, such as high specificity, fast action, and biodegrad-
ability, allow enzyme-assisted processes in the industry to run under milder reaction 
conditions, with improved yields and a reduction in waste generation. Naturally 
occurring enzymes are often modified by molecular biology techniques to redesign 
the enzyme itself to fine-tune substrate specificity activity and thermostability. 
Enzyme technology offers great potential for many industries to meet challenges in 
the future with the help of recombinant technology.
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12.1  Introduction

Phytases have been one of the most important enzymes in nutrition, environmental 
protection, and human health over the last two decades. These enzymes sequentially 
isolate orthophosphate groups from the core of phytate inositol, the principal chemi-
cal source of phosphorus in plants (Kumar et al. 2017). Various phytases have been 
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isolated from plants or microbes and can be categorized according to their optimal 
pH and catalytic methods (histidine acid phosphatases, ß-propellate phytases, cys-
teine, or purple acid phosphatases). The urgent need to boost phytate phosphorus in 
diets for animals with simple stomachs to reduce the excretion of phosphorus fume 
into the environment has been motivated by recent phytase activities. However, 
future phytase applications may be extended to release dietary phytate-bound min-
erals for human nutrition and to produce specific inositol phosphates for human 
health (Konietzny and Greiner 2003; Kour et al. 2020).

There is also an excellent opportunity to use phytases in the production and man-
ufacture of food for human consumption, where research focuses on the enhance-
ment of the nutritional value of plant-based food as well as the technical development 
of food processing. A high diet of phytate contributes to a considerably reduced 
absorption of dietary mineral products (Sandberg et al. 1999). During food process-
ing, phytate dephosphorylation results in the formation of only partly phosphory-
lated myo-inositol phosphate esters with a lower capacity to interfere with the 
dietary intake (Sandström and Sandberg 1992; Han et  al. 1999; Shears 1998). 
Specific myo-inositol phosphate esters have proved to have many essential physio-
logical functions in humans (Greiner et al. 2002). Phytases, therefore, that can be 
used for food processing to produce functional foods (Haros et  al. 2001) should 
generate these biochemically active phosphate esters of myo-inositol and absorb 
them into the food tract. This chapter contains technical improvements to the imple-
mentation of phytases for bread making (Wang et al. 1999), plant protein isolation 
production (Fredrikson et al. 2001; Caransa et al. 1988), corn waters (Antrim et al. 
1997; Kvist et al. 2005), and cereal bran fractionation (Andlid et al. 2004).

In the gastrointestinal monogastric tract, phytate (Inositol hexaphosphate, IP6), 
the dominant source of phosphorous and mineral food complexes (calcium, ferrous, 
magnesium, and zinc), is indigestible (Hellström et al. 2010; Brinch-Pedersen et al. 
2007). Phytate is a key antinutritional factor for the bioavailability of dietary miner-
als that rely exclusively on cereals to dietary consumers (Cao et al. 2007). It involves 
the global burden of iron deficiency and the resulting complications, particularly 
among women and children, in low-income countries. Diät mineral bioavailability 
can be increased with the use of phytase, a catalytic enzyme for phytate sequence 
hydrolysis (Raghavendra and Halami 2009; Ogunremi et al. 2020; Mullaney and 
Ullah 2003).

As members of previously recognized phosphatases classes, the basic structural 
characteristics of several phytate-degrading enzymes were determined (Mullaney 
and Ullah 2003; Chu et  al. 2004). X-ray crystallographic studies, among others, 
have confirmed their belonging to a class with a new catalytic mechanism (Ha et al. 
2000). The description of the molecular 3D structure of the various phytate degrad-
ing enzymes strengthened our understanding of the relationship between the molec-
ular structure and the catalytic functioning of the molecular structure. It is now clear 
that specific phytases have been established to satisfy the unique nutritional require-
ments of various forms of life in plants, animals, and microbials (Rastegari et al. 
2020). A strong connection between the catalytic domain of an enzyme and unique 
molecular architectural elements also seems to exist. Although certain structural 
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components are important, certain nonessential parts of the molecule may therefore 
be altered to adapt the catalytic mechanism to the different substrates. In future 
research, the exact number of catalytic mechanisms formed to hydrolyze the phytate 
can be determined. It is now recognized that four phosphatase enzyme groups are 
representative of phytic acid that can be degraded as described in Table 12.1.

12.2  Phytases of Fungal Origin

The majority of phytases isolated from fungi and yeast, typically known as 
3- phytases, are histidine acid phosphatases, glycosylated, and active for a wide vari-
ety of substrates (Wyss et al. 1999b). Aspergillus niger PhyA was the first phytase 
to be well characterized and marketable. This enzyme, encoded by a 1.4 kb DNA 
fragment, is a monomer with an estimated molecular weight of 80 kDa, a bi-hump 
pH profile with two optimal pH at 2.5 and 5.0–5.5, an optimal temperature at 
55–60 °C, and a high phytic acid affinity (Han et al. 1999). Aspergillus fumigatus 
phytase has a sequence similarity of 66% to A. PhyA Phytase niger, however, exhib-
its greater thermo-tolerance (Pasamontes et al. 1997a; Wyss et al. 1998).

The thermo-tolerance was associated with high refolding efficiency after heat 
denaturation, and the specificity of the buffers used in heat treatment can be modu-
lated (Rodriguez et al. 2000a). The enzyme has a wide range of pH and is highly 
active against low phosphorylation inositol phosphates (Wyss et  al. 1999b; 
Rodriguez et  al. 2000a). Yet its unique phytate activity is small (Tomschy et  al. 
2000). PhyA phytase Peniophora lycii was also sold out. It is a 6-phytase with opti-
mum pH at 4.0–4.5 and optimum temperature at 50–55 °C and has dimeric confor-
mation (Lassen et al. 2001). It seems vulnerable to thermal and protease treatments 

Table 12.1 Phytase enzyme and their structural and adaptive features

Enzyme 
family

Unique structural 
feature

mechanism/adaptation to 
hydrolyzes phytate Example Reference

Histidine 
Acid 
Phosphatase

N-terminal RHGXRXP 
C-terminal HD 
consensus motif

N-terminal H forms a 
phosphohistidine 
intermediate, C-terminal 
acts as proton donor/
Substrate specificity site 
residues positively charged

A. niger
P. Lycii
E. coli
Zea mays 
L.

Wodzinski 
and Ullah 
(1996)

Cysteine 
Phosphatase

P loop structure 
contains 
HCXXGXXR(T/S) 
consensus motif

Protein tyrosine 
phosphatase mechanism 
cleaves phosphate groups/
Deeper active site pocket 
accommodates phytate

S. 
ruminatium

Chu et al. 
(2004)

Purple Acid 
Phosphatase

Consensus motif: 
DXG/GDXXY/GNH 
(E,D) /VXXH/GHXH

Metalloenzymes, 
phylogenetically linked to 
large plant PAP/unknown

Glycine 
max
M. 
truncatula

Oh et al. 
(2004)
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(Simon and Igbasan 2002) or low pH (Quan et al. 2004) isolated a low-molecular- 
weight (32.6 kDa) phytase from Cladosporium sp., an airborne fungus. PS-1.

The enzyme is not glycosylated and has an average 3.5 pH and an average 40 °C 
temperature. It produces tri-phosphate inositol as the product. Phytases isolated 
from thermophilic fungi Myceliophtora thermophila and Talaromyces thermophilus 
(Mitchell et al. 1997; Pasamontes et al. 1997b) show a high degree of homology of 
sequence to other fungal phytases A. niger, A. Terreus, and A. Fumigate. Berka et al. 
(1998) isolated a phytase from the Thermomyces lanuginosus thermophilic fungus 
which showed better thermostability and catalytic performance and a higher transi-
tion temperature than the A. Phytase to the niger. Chadha et al. (2004) reported that 
phytase produced by the Mucor pusillus thermophilic fungus was active in a wide 
pH range of 3–7.8. Nakamura et al. (2000) found substantial levels of phytase activ-
ity in 35 species from a survey on 738 strains of yeast, with a wide range of optimal 
pH and temperature. Arxula adeninivorans developed well in media containing 
phytate as the sole source of phosphate and secreted phytase with an optimum pH 
of 4.5–5.0, and an optimum temperature of around 75 °C (Sano et al. 1999; Quan 
et al. 2002) also reported substantial phytase development from soil-isolated yeast 
Candida Krusei WZ-001. The isolated phytase produced two different subunits with 
116- and 31-kDa molecular masses, had a glycosylation rate of about 35%, and had 
optimal pH and temperature at 4.6 and 40 °C, respectively. Pichia anomala (Vohra 
and Satyanarayana 2001), Saccharomyces cerevisiae (Türk et  al. 2000), and 
Schwanniomyces castellii (Segueilha et  al. 1992) also showed phytase activity 
(Loewus 2002). These enzymes were active in the range of acid pH, with the opti-
mum temperature at 60–74 °C.

Phytats Dietary Effects Salts of phytic acid, designated as phytates, are regarded 
as the primary storage form of both phosphate and inositol in plant seeds and grains. 
Phytate is formed during the maturation of the plant seed, and in dormant seeds, it 
represents 60–90% of the total phosphate (Reddy 2002). Phytate is therefore a com-
mon constituent of plant-derived foods. Depending on the amount of plant-derived 
foods in the diet and the grade of food processing, the daily intake of phytate can be 
as high as 4500 mg (Grases et al. 2000). On average, daily intake of phytate was 
estimated to be 2000–2600 mg for vegetarian diets as well as diets of inhabitants of 
rural areas in developing countries and 150–1400  mg for mixed diets. Potential 
health benefits of phytate-rich diets. Consumption of phytate, however, does not 
seem to have negative aspects on human health. Dietary phytate was reported to 
prevent kidney stone formation (Jariwalla et al. 1990) and to protect against athero-
sclerosis and coronary heart disease (Vucenik and Shamsuddin 2003) as well as 
against a variety of cancers (Grases et al. 2001).

The levels of phytate and its dephosphorylation products in the urine, plasma, 
and other biological fluids are fluctuating with ingestion or deprivation of phytate in 
the human diet. Therefore, the reduction in phytate intake in developed compared to 
developing countries might be a factor responsible for the increase in diseases typi-
cal for Western societies, such as diabetes mellitus, renal lithiasis, cancer, athero-
sclerosis, and coronary heart diseases. It was suggested that phytate exerts beneficial 
effects in the gastrointestinal tract and other target tissues through its chelating 
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ability, but other mechanisms have also been discussed. Because several myo-inosi-
tol phosphates, including phytate, are present as intracellular molecules, and because 
the second messenger D-myo-inositol(1,4,5)trisphosphate is bringing about a range 
of cellular functions including cell proliferation via mobilizing intracellular Ca2+ 
(16), phytate was proposed to exert its anticancer effect by affecting cell signaling 
mechanisms in mammalian cells (Grases et  al. 2001). An effect of extracellular 
phytate on the concentration of several intracellular myo-inositol phosphate esters 
has already been demonstrated in human erythroleukemia cells (Ferry et al. 2002).

Furthermore, it has recently been reported that highly negatively charged myo- 
inositol polyphosphates can cross the plasma membrane and be internalized by 
cells. Myo-inositol hexakisphosphate was shown to enter HeLa cells followed by 
intracellular dephosphorylation to partially phosphorylated myo-inositol phos-
phates (Maffucci et  al. 2005), whereas turnover of myo-inositol(1,3,4,5,6)pen-
takisphosphate was quite slow after internalization by SKOV-3 cells (Carrington 
et al. 1993). In addition, individual myo-inositol phosphate esters have been pro-
posed to be metabolically active. D-myo-inositol (1,2,6), for example, has been 
studied with respect to prevention of diabetes complications and treatment of 
chronic inflammations as well as cardiovascular diseases (Claxson et  al. 1990; 
Konietzny and Greiner 2003), and due to its antiangiogenic and antitumor effects, 
myo-inositol(1,3,4,5,6)pentakisphosphate was suggested as a promising compound 
for anticancer therapeutic strategies (Carrington et al. 1993).

12.3  Phytase Adverse Effects

Phytate is an antinutrient that functions as a strongly negatively charged ion in a 
wide pH range and thus has a considerable affinity to positive-charge food compo-
nents, such as minerals, trace elements, and proteins (Lopez et al. 2002; Sandberg 
et al. 1999). This relationship not only has nutritional effects but also affects the 
yield and consistency of food ingredients such as starch, steep corn liquor, or iso-
lates of plant protein (Sandström and Sandberg 1992; Han et al. 1999; Wang et al. 
1999; Fredrikson et al. 2001; Caransa et al. 1988). The main issue about phytate’s 
role in the human diet is its detrimental impact on mineral absorption. In this sense, 
minerals of concern include zinc, iron, calcium, magnesium, manganese, and cop-
per (Antrim et al. 1997). Since such complexes are basically nonabsorbable from 
the human gastrointestinal tract, the development of insoluble mineral–phytate 
complexes at physiological pH values is known to be the main explanation for the 
poor bioavailability. In addition, owing to the lack of endogenous phytate-degrading 
enzymes and the restricted microbial community in the upper part of the digestive 
tract, the human small intestine has only a very limited capacity to hydrolyze phy-
tate (Kvist et  al. 2005). Myo-inositol phosphate–mineral complexes have been 
found to decrease in solubility and stability as the amount of phosphate residues on 
the myo-inositol ring decreases. The removal of phytate phosphate residues, 
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therefore, results in a decreased impairment of the intestinal absorption of essential 
dietary minerals (Cheryan 1980; Iqbal et al. 1994; Sandberg 1991).

Only myo-inositol pentakisphosphate in isolated form inhibited human absorp-
tion of iron, zinc, and calcium, while myo-inositol tetrakis and trisphosphates had 
no effect in the concentrations under investigation. Nonetheless, in the presence of 
higher phosphorylated myo-inositol phosphates, myo-inositol tetrakis- and trispho-
sphates have been shown to lead to the phytate’s negative impact on iron absorption 
(Cheryan 1980). Since there has been a clear negative association between zinc 
absorption and the amount of myo-inositol tris- by hexakisphosphate from cereal 
and legume meals (Sebastian et al. 1998), such a contribution is also possibly true 
for zinc absorption. Phytate is well known to form protein complexes at both acidic 
and alkaline pH (Knuckles and Betschart 1987). This interaction can affect changes 
in protein structure that may reduce enzymatic activity, solubility of proteins, and 
digestibility of proteolytics. The importance of protein–phytate complexes in feed-
ing is, however, still under scrutiny. There is clear evidence that phytate–protein 
interactions have an adverse effect on in vitro protein digestibility, and the degree of 
this effect depends on the source of the protein. Nonetheless, a negative effect of 
phytate on the protein’s nutritional value was not explicitly established in monogas-
tric animal studies (Desphande and Cheryan 1984).

Although some have indicated phytate does not influence the digestibility of pro-
teins, others have found an increase in the supply of amino acids with declining 
phytate levels. This disparity may be attributed at least in part to the use of various 
sources of protein. The inhibition by phytate of digestive enzymes such as a- amylase 
(Knuckles 1988), lipase (Singh and Krikorian 1982), or proteinases (Desphande and 
Damodaran 1989; Inagawa et al. 1987; Jenab and Thompson 2002), such as pepsin, 
trypsin, and chymotrypsin, may also be of nutritional significance as shown in 
in vitro studies. With the amount of phosphate residues per myo-inositol molecule, 
and the concentration of myo-inositol phosphate, the inhibitory effect increases. 
This inhibition may be due to the nonspecific nature of phytate–protein interactions, 
the chelation of calcium ions necessary for the trypsin and a-amylase function, or 
the interaction with these enzyme substrates. Protease inhibition may be partially 
responsible for the decreased digestibility of the proteins. Phytate was also consid-
ered an in vivo a-amylase inhibitor as shown by the negative relationship between 
phytate intake and blood glucose response (D’Souza et al. 1987).

Food rich in phytate has therefore been regarded as having significant nutritional 
significance in the prevention and management of diabetes mellitus, one of Western 
society’s most common nutrition-dependent diseases. The most serious phytate- 
attributable effects have occurred as a major dietary variable in populations with 
unrefined cereals and/or pulses. Deficiencies in zinc and iron have been reported 
due to high intakes of phytate (Lönnerdal 2000; Maberly et  al. 1994). Various 
approaches have been developed to reduce the risk of mineral deficiency in vulner-
able groups, such as child-bearing mothers, strictly vegetarians, inhabitants of 
developing countries, and fast-growing children. Supplementation with nutritional 
formulations, food fortification, dietary diversification, and disease prevention 
(Raboy 2002) is the most known methods for reducing micronutrient malnutrition.
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None has been very good for different reasons. An alternative solution would be 
to increase the overall level of micronutrients in the edible parts of staple crops 
while at the same time increasing the concentration of compounds that encourage 
their uptake and/or decrease the amount of compounds that inhibit their uptake, 
either by plant breeding or by genetic engineering. Low phytate mutants have 
recently been isolated in maize, barley, rice, and soybeans (Mendoza 2002), and 
their capacity for enhancing the absorption of iron, zinc, and calcium has been 
shown (Lucca and Hurrell 2001). To boost rice as an iron source, three proteins 
were expressed in the rice seed’s central endosperm: a Phaseolus phytoferritin, an 
endogenous metallothionine-like protein rich in cysteine, and an Aspergillus fumig-
atus phytase (Coello et al. 2001).

If properly managed, phytase overexpression during seed production may result 
in reduced levels of phytate in the mature seed (Greiner and Konietzny 2006). 
Increased levels of seed phytase can also lead to an increase in mineral absorption 
by decreasing phytate levels in plant-based food during human stomach processing 
and digestion after a meal is eaten. Furthermore, phytate degradation may be 
improved during food processing by adding exogenous phytases or modifying opti-
mal conditions for the native plant or microbial phytases. In addition to enzymatic 
degradation, nonenzymatic phytate hydrolysis during food processing or physical 
separation of phytate-rich sections of plant seed may lead to reduced phytate levels 
in the final foods. In general, a loss of valuable nutrients that are either extracted 
along with the phytate-rich sections of the plant or destroyed by the strong acids or 
high temperatures needed for nonenzymatic phytate dephosphorylation must com-
pensate for the lower phytate rates. However, enzymatic phytate degradation also 
occurs under moderate conditions and does not affect other components of food 
(Egli et al. 2002).

12.4  Enzymatic Phytate Dephosphorylation to Increase 
Mineral Bioavailability During Food Processing

Different methods of food processing and preparation contribute to a reduction of 
the phytate content of the raw products. As regards enzymatic phytate dephosphory-
lation during food processing and preparation, it is important to distinguish the 
modification of optimal conditions during food processing for the native plant or 
microbial phytases from the introduction of exogenous ones. For example, phytate 
hydrolysis during germination, soaking, cooking, and fermentation is a consequence 
of the naturally occurring phytate degrading behavior in plants and microorganisms. 
Due to variations in their intrinsic phytate-degrading activities (Viveros et al. 2000; 
Eeckhout and de Paepe 1994; Konietzny and Greiner 2002) and the properties of 
enzymes such as protein stability and pH, as well as optimum temperature for phy-
tate degradation (Hurrell 2003), the ability to dephosphorylate phytate significantly 
differs between different plant and microbial organisms. To understand phytate 
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hydrolysis, it is important to recognize and account not only for phytase activity but 
also for other phosphatase activities present in the plant material.

All enzymes capable of dephosphorylated phytate are known as phytases per 
description. However, the products of phytase activity on phytate, myo-inositol pen-
takis-, tetrakis-, tris-, bis-, and monophosphates can be further dephosphorylated 
during food processing by phytases as well as phosphatases that do not accept phy-
tate as a substratum. Phytate is generally not completely hydrolyzed during food 
processing or preparation by the phytases which occur naturally in plants and 
microorganisms. However, it has been found that phytate must be reduced to very 
low levels to greatly increase the bioavailability of minerals, particularly iron 
(Greiner and Konietzny 1999). Knowing the properties of the natural phytases is 
important to improve food processing and preparation for phytate degradation. 
Several cereal phytases (Greiner 2002; Greiner and Konietzny 1998; Hayakawa 
et al. 1989; Konietzny et al. 1995; Laboure et al. 1993; Nakano et al. 1999; Greiner 
et al. 2001; Greiner 2002;), legumes (Houde et al. 1990; Mandel et al. 1972; Gibson 
and Ullah 1988; Nayini and Markakis 1984; de Angelis et al. 2003), and microor-
ganisms used for food fermentation (Greiner and Konietzny 1998, 1999) have been 
isolated in recent years, and their enzymatic properties have been established. 
However, the properties of a purified enzyme in a food matrix are not necessarily 
identical to the properties of the same enzyme. For example, the optimum tempera-
ture for phytate dephosphorylation was determined by a phytase of black beans 
(Phaseolus vulgaris var. Preto) as 50 °C for the isolated enzyme and 65 °C for the 
enzyme in the bean matrix (Fredlund et al. 1997) (Table 12.1).

12.4.1  Soaking

Soaking is also used as a pretreatment to promote the production of grains from the 
legumes and cereals. Soaking can last for a short time, about 15–20 min, or a very 
long time, about 12–16 h. Cereals and legumes are usually immersed in water over-
night at room temperatures in household circumstances. Since phytate is water- 
soluble, by discarding the soak water, a significant reduction in phytate can be 
achieved. Additionally, endogenous phytase activity contributes to the reduction of 
phytate. Temperature and pH values during soaking (Fredlund et al. 1997; Greiner 
et al. 1997; Vidal-Valverde et al. 1998) have been shown to have a significant effect 
on enzymatic hydrolysis of the phytate. If the soaking stage is performed at tem-
peratures between 45 and 65 °C and pH values between pH = 5.0 and 6.0, which are 
similar to the optimum conditions for phytate dephosphorylation by intrinsic plant 
phytases, a large percentage of phytate (26–100%) has been enzymatically hydro-
lyzed (Greiner et al. 1997; Vidal-Valverde et al. 1998; Egli et al. 2002).
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12.4.2  Cooking

Since phytate is heat stable, phytate is not expected to cause significant heat loss 
during cooking. Thus, substantial phytate dephosphorylation during cooking occurs 
only by either discarding the cooking water or by enzymatic phytate hydrolysis due 
to the action of intrinsic plant phytases during the early part of the cooking process 
(Fredlund et  al. 1997). Prolonged periods at high temperatures lead to a gradual 
inactivation of the endogenous enzymes. The supply of heat-stable phytases to 
plants or the introduction of exogenous heat-stable phytases is therefore possible.

12.4.3  Germination

Germination is a process widely used in legumes and cereals, especially through the 
breakdown of certain anti-nutrients, such as phytate and protease inhibitors, to 
increase their palatability and nutrient value. A little intrinsic phytate-degrading 
activity is found in nongerminated legume grains and cereal seeds, with the excep-
tion of rye and to some degree wheat, triticale, and barley (85–88), but a marked 
increase in phytate-degrading activity was observed during germination, with a con-
comitant decrease in phytate content (Mandel et al. 1972; Türk et al. 1996; Greiner 
et al. 2003). During germination, phytate is gradually hydrolyzed by phytases or 
concerted action of phytases and phosphatases that do not accept phytate as a sub-
stratum to supply the plant’s nutritional needs without the accumulation of less 
phosphorylated intermediate myo-inositol. After 6–10 days of germination, phytate 
levels that resulted in a strong increase in mineral uptake could be achieved. Since 
there is a need for long periods of time to increase mineral bioavailability by germi-
nation, this approach is intended to be useful for household applications, but it does 
not appear to be an economical industrial food processing method.

12.4.4  Fermentation

Food fermentation covers a wide range of microbial and enzymatic processing of 
food and ingredients to achieve desirable features such as extended shelf-life, 
enhanced safety, attractive taste, nutritional enrichment, removal of anti-nutrients, 
and health promotion. Many cereals, legumes, and vegetables are used extensively 
to make a variety of fermented foods. Microorganisms used for the fermentation of 
food may be part of the normal microflora present in the fermented raw material or 
specially cultivated crops engineered to bring about changes in the fermented con-
tent. Established starter cultures and controlled conditions are widely used today in 
the fermentation of food. During the fermentation process, the form of microorgan-
ism, the fermentation conditions used, and the starting amount of phytate present in 
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the raw material greatly affect the extent of phytate removal. Major microorganisms 
for fermentation include lactic acid bacteria, molds, and yeast. For starters, in many 
countries, yeast and/or lactic acid bacteria are used to produce bread, a staple food. 
Phytate reduction takes place in the different stages of bread making and naturally 
depends on the type of bread that is being made. Phytase present in the cereal flour 
is primarily responsible for phytate dephosphorylation during bread fermentation, 
whereas the contribution of microbial phytate degrading activity from baker’s yeast 
and lactic acid bacteria is very small or even nonexistent (Leenhardt et al. 2005; 
Lopez et al. 2000; Sutardi and Buckle 1988).

There is still some debate about the ability of the lactic acid bacteria to produce 
a phytate-degrading enzyme. Some studies appear to demonstrate the ability of lac-
tic acid bacteria to hydrolyze phytate (Greiner and Konietzny 1999; Fujita et  al. 
2003), while others have failed to identify a phytate-degrading enzyme (Lopez et al. 
2000). Lowering the pH value of the dough to a more suitable one for the operation 
of the endogenous cereal phytases is therefore very likely the contribution of the 
microorganisms during fermentation to phytate hydrolysis. However, there is con-
vincing evidence in Oriental food fermentation that phytases of the micro- organisms 
used for fermentation contribute significantly to phytate degradation (Fujita et al. 
2003; Konietzny et al. 1995). Food products such as tempeh, miso, koji, and soy 
sauce are produced by fermenting soybeans with, respectively, Rhizopus oligospo-
rus and Aspergillus oryzae. Both molds have been shown to develop phytate- 
degrading activity intra- as well as extracellular (Kerovuo et al. 1998).

12.5  Isolated Phytases and Food Processing in Recent Times

It has been shown that adding a phytase preparation during food processing is an 
alternative to maximizing phytate dephosphorylation by enzymes already present in 
the raw material used in food processing. The effectiveness of supplementary phy-
tase in reducing phytate content during food processing was demonstrated for cere-
als as well as for food products derived from legumes (Greiner et al. 1997; Shimizu 
1992), and even full phytate degradation was demonstrated to be feasible. During 
food processing, the level of phytate hydrolysis is influenced by the raw material 
used, the manufacturing process, the source of phytase, and the amount of added 
enzyme activity. There is no suitable phytase for all diet applications. The added 
phytase must be highly active when processing or preparing food. Since tempera-
ture and pH value are the major factors deciding enzyme activity, high phytate 
degrading capability even at room temperature, appropriate heat resistance, and 
high activity over a broad pH range are beneficial properties for phytase that should 
be used in food processing (Kim et al. 1998; Jog et al. 2005; Yang et al. 1991; Wyss 
et al. 1999a; Greiner et al. 1993; Vohra and Satyanarayana 2002). The activity of the 
enzymes increases with temperature to the limit. A further rise in temperature results 
in enzyme denaturation which is heat-induced. The optimum temperature for phy-
tate hydrolysis ranges from 35 to 80 °C, depending on the source of the enzyme.
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Plant phytases generally exhibit maximum activity at lower temperatures as 
opposed to their microbial equivalent. The higher pH and thermal stability as well 
as the higher specific microbial activity relative to plant phytases make the former 
more suitable for food processing applications. Specific activity is a crucial factor in 
the commercial use of an enzyme, as it affects the expected use on the economy. 
Thus microbial phytases appear to exhibit higher specific activities compared to 
plant phytases. The stability of most plant phytases decreased significantly at pH 
values below pH = 4 and above pH = 7.5, while most of the corresponding microbial 
enzymes even at pH values above pH = 8.0 and below pH = 3.0 are very stable. For 
example, when exposed to 4  °C for 2  h (Segueilha et  al. 1992), a phytase from 
Escherichia coli did not lose any activity at pH = 2.0 and pH = 10.0. Most plant 
phytases are irreversibly inactivated within minutes at temperatures above 70 °C 
while most of the corresponding microbial enzymes maintain significant activity 
even after extended incubation periods. Pichia anomala (Doekes et  al. 1999), 
Schwanniomyces castellii (O’Conner et al. 2001), and Lactobacillus sanfranciscen-
sis (Greiner and Konietzny 1999) have isolated the phytases most resistant to high 
temperatures reported so far. Incubation of these enzymes at 70 °C for 10 min did 
not result in significant loss of activity, and it was even confirmed that the phytase 
of Pichia anomala tolerated a 30-h treatment at 70 °C without any loss of activity 
(Doekes et al. 1999).

It is of practical interest for the technical application of phytases in food process-
ing that a crude enzyme preparation as well as an enzyme present in a food matrix 
are more pH- and heat-resistant than the corresponding highly purified enzyme. 
Although microbial phytases are best suited for a food processing application, 
cereal and legume phytases are thought to be an alternative due to their higher con-
sumer acceptance and their presumed low allergenic potential. Phytases that are 
found in cereals and legumes are already part of the human diet and none of them 
have been reported to be an allergen. Conversely, Aspergillus niger phytase was 
thought to be a high-risk factor for occupational asthma and rhinitis. The enzyme 
has been demonstrated to trigger unique immune responses to IgE among workers 
exposed to powered phytase preparation (Baur et al. 2002; Rodriguez et al. 2000; 
Garrett et al. 2004). The phytase preparations of Aspergillus niger are commercially 
available, making their use technically feasible in the food processing industry 
(Abdel-Azeem et al. 2021; Yadav et al. 2019a, b). Since phytases with the properties 
needed for food processing applications have so far not been found in nature, phy-
tase engineering is seen as a promising strategy to optimize their catalytic features.

Improving thermal tolerance and rising specific activity are two important issues 
not only for animal feed but also for phytase applications for food processing. To 
obtain an enzyme capable of withstanding higher temperatures, various techniques 
were employed. After the introduction of three glycosylation sites into the amino 
acid sequence of the Escherichia coli phytase by site-directed mutagenesis 
(Lehmann et al. 2002), a shift in the optimum temperature of the Escherichia coli 
phytase from 55 to 65 °C and a significant increase in its thermal stability at 80 and 
90 °C was achieved by expression of the enzyme in the yeast Pichia pastoris. A 
further technique used to improve the efficiency of the Escherichia coli phytase 
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(Tomschy et al. 2000) was the saturation mutagenesis technology of the gene site. A 
library of clones incorporating all 19 possible changes in amino acids in the 431 
residues of the Escherichia coli phytase sequence was generated and screened for 
mutants showing increased thermal tolerance.

When exposed to 62 °C for 1 h and 27% of its initial activity after 10 min at 
85 °C, the best mutant displayed no loss of activity, which is a major improvement 
over parental phytasis. Additionally, there has been a 3.5-fold enhancement in gas-
tric stability. By using a consensus approach based on the comparison of amino acid 
sequences of homologous proteins and the subsequent calculation of a consensus 
amino acid sequence using one of the standard programs available, a fully synthetic 
phytase was generated, showing an increase in intrinsic thermal stability of 21–42 °C 
compared to the 19 parental fungal phytases used in its design (Tomschy et al. 2000) 
In addition, a threefold increase in specific activity was achieved by replacing one 
single amino acid in a fungal phytase sequence with site-directed mutagenesis 
(Miksch et al. 2002; Mayer et al. 1999). Finally, a phytase will not be efficient if an 
inexpensive device cannot produce it in high yield and purity. Due to the small 
amount of phytase obtained from wild-type organisms and their tedious and cost- 
intensive purification, wild-type organisms are not an appropriate source of enzymes 
for industrial applications. This has led to the development of highly efficient and 
cost-effective processes to produce phytase by recombinant microorganisms. The 
use of economically efficient expression/secretion systems for Escherichia coli  
(Yao et al. 1998) as well as for the yeasts has identified high rates of phytate- 
degrading activity accumulating in the fermentation media Hansenula (Kerovuo and 
Tynkkynen 2000) and Pichia pastoris (Haraldsson et al. 2005). There is no need for 
protein purification if phytate-degrading capability is introduced or increased in 
microorganisms used for food fermentation, such as Saccharomyces cerevisiae, 
Lactobacillus sanfranciscensis, or Lactobacillus plantarum. Improved use of 
microorganisms in the fermentation of raw material extracted from plants is 
expected to result in food products with substantially lower levels of phytate. A 
genetically modified phytase-secreting strain of Lactobacillus plantarum has 
recently been reported (Haros et al. 2001), but the levels of secretion were far too 
low for an industrial application. In addition, a Saccharomyces cerevisiae strain was 
constructed which produces high levels of extracellular phytase activity (Sandberg 
et al. 1996), but its ability to contribute significantly to phytate hydrolysis during 
fermentation needs to be studied first.

12.6  Isolated Phytase Applications in Food Production

In addition to improving the bioavailability of the mineral and trace elements, phy-
tase addition during food processing has been documented to affect the economy of 
the production process as well as the yield and quality of the end products. Technical 
advances have been recorded by the introduction of phytase during food processing 
for bread making (Pasamontes et  al. 1997), plant protein isolate production 
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(Sandström and Sandberg 1992; Han et al. 1999), maize wet milling (Wang et al. 
1999; Fredrikson et al. 2001), and cereal bran fractionation (Caransa et al. 1988).

12.6.1  Bread Making

Phytase proved to be an outstanding improver in bread making (Pasamontes et al. 
1997). In addition to reducing phytate content in doughs and fresh breads, phytase 
addition reduced fermentation time without affecting the pH of the dough. An 
increase in bread volume and an improvement in crumb texture were also observed. 
For both formulations, the breadcrumbs’ hardness or firmness was popular so that 
softer crumbs were obtained with the addition of phytase. Certain criteria of texture 
such as gumminess and chewiness were also reduced. It has been proposed that 
these changes in bread consistency are consistent with an indirect effect of phytase 
on a-amylase activities. In the final breads, the introduction of phytase during bread 
making results in lower levels of phytate. Even so, a complete phytate removal was 
not attainable. This, in effect, releases calcium ions from calcium–phytate com-
plexes that are important for a-amylase action. No phytase activity could be found 
in final breads. Therefore, both intrinsic cereal and augmented microbial phytases 
were inactivated during baking.

12.6.2  Generation of Isolated Plant Proteins

The application of plant protein isolates and concentrates has been finding increas-
ingly important in food production because of their strong nutritional and functional 
properties. Nonetheless, the relatively high phytate content present in plant seeds 
and grains and their association with proteins under alkaline conditions, which are 
typically applied for protein extraction, adversely affect the yield and quality of the 
protein isolates obtained using standard production processes. The solubility of the 
proteins decreased by interacting with the phytate resulting in decreased protein 
content in the final concentrate. Therefore, a considerable amount of phytate ends 
up in the protein isolate which affects both its nutritional and its functional 
properties.

However, it was confirmed that the introduction of exogenous phytase into the 
production process resulted in significantly higher protein yields and almost com-
plete removal of myo-inositolhexakis-, pentakis-, tetrakis-, and trisphosphates from 
the final plant protein isolate (Sandström and Sandberg 1992; Han et al. 1999). Such 
phytate-reduced plant protein isolates have been proposed as ideal protein sources 
for infant formulae due to an increase in mineral bioavailability, their amino acid 
composition, and their in  vitro protein digestibility. In addition, certain phytate- 
reduced plant protein isolates are addressed in food products as functional additives, 
due to their strong properties of foaming, emulsifying, and gelling.
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12.6.3  Wet Corn Milling

Steeping is a process needed to obtain the valuable corn steep liquor and soften the 
maize kernel as well as break the maize cell wall in wet maize milling. Starch yield, 
corn steep liquor consistency, and steeping time are the main issues of corn wet 
milling. Maize consists of phytate, which in large measure ends up in the steep 
liquor of corn and constitutes an undesirable portion. Phytate-free corn steep liquor 
is easier to absorb and is used in the fermentation industry to manufacture com-
pounds such as enzymes, yeast, polysaccharides, antibiotics, and amino acids as 
well as a high-energy liquid feed product for animals. Through adding phytases to 
the steep liquor along with plant cell wall degrading enzymes, corn steep liquor was 
obtained which was completely free of phytate (Wang et al. 1999; Fredrikson et al. 
2001). However, the steeping time was substantially decreased which was accom-
plished by promoting the separation of starch from fiber which gluten, higher starch 
and gluten yields, and lower energy consumption.

12.6.4  Cereal Branch Split

It is commonly recognized and accepted that the cereal bran, the by-product of flour 
production, is the most nutritious component of a grain of cereals. Recently, an 
industrial method was created to isolate economically the main branch fractions to 
produce high-value protein, soluble non-starch carbohydrates, oil fractions, and 
insoluble fibers (Antrim et al. 1997). The bran is first subjected to a combination of 
enzymatic treatment using starch- and phytate-hydrolyzing enzyme group proteins 
and wet milling, accompanied by concurrent centrifugation and ultrafiltration. The 
second step is to fractionate the insoluble phase of the above-mentioned first step by 
enzymatic treatment with xylanase and/or b-glucanase and wet milling, followed 
again by sequential centrifugation and ultrafiltration. All fractions obtained have 
much broader business applications and higher values than the branch initial.

12.7  Phytase Degradation in Human Body

Phytate hydrolysis in the human gastrointestinal tract can be achieved by the action 
of phytate-degrading enzymes from three sources: dietary phytases, small intestine 
mucosal phytases, and bacterial flora phytases in the colon. Except for calcium, 
phytate degradation in the colon is not expected to greatly affect mineral absorption, 
as minerals are mainly absorbed in the upper small intestine. In addition, it has been 
shown that only very low phytate-degrading activity exists in the small intestine 
of humans.
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The human small intestine, therefore, has a very limited ability to hydrolyze 
phytate. In comparison, dietary phytases are an essential factor for phytate degrada-
tion during digestion because these enzymes are involved in the stomach of humans 
(Berka et al. 1998).

Generally speaking, the intrinsic phytate-degrading activity in plant-derived 
foods is not strong enough to hydrolyze the dietary phytate during the passage 
through the human stomach to such a degree that there is a substantial increase in 
iron absorption. The production of plants with higher phytase-degrading activities 
in the edible parts or the application of phytase preparations to the raw materials or 
the final foods may lead to more extensive phytate degradation in the human stom-
ach. Such phytases should be effective in releasing phytate phosphate into the 
human stomach, stable to resist inactivation by storage, and may also be suitable to 
withstand food processing and preparation. Thermal stability is a concern of special 
significance as food processing and preparation typically require exposure to high 
temperatures. Until now, phytases with the necessary degree of thermal stability to 
withstand thermal treatments such as isolated cooking or within a certain food 
matrix have not been found in nature. It is therefore no surprise that isolation and 
characterization of thermostable enzymes, as well as engineering phytases, are hot 
spots of current phytase work (Phillippy 1999; Kim et  al. 2003; Lehmann et  al. 
2002; Tomschy et al. 2000) to boost stability at elevated temperatures and the quest 
for determinants of thermal stability. Likewise, it is undisputedly desirable to have 
a phytase that can withstand long-term storage or transport at ambient 
temperature.

The enzymatic properties of a phytase are determined by its ability to hydrolyze 
phytate in the digestive tract. Since the stomach is the key functional site of dietary 
and/or supplementary phytase, it is beneficial to provide an enzyme with optimum 
acid pH, good stability under acidic pH conditions, and good pepsin resistance. 
Microbial phytases are thought to have advantages over their plant counterparts 
regarding their phytate-degrading ability in the human stomach. Microbial phytases 
demonstrate substantial enzymatic activity over a wide range of pH and are also 
active below pH  =  3.5. Additionally, the stability of certain microbial phytases 
below pH = 3.0 is noteworthy. Additionally, plant phytases are more susceptible to 
gastrointestinal enzyme inactivation. It was confirmed that wheat phytase was less 
resistant to pepsin and pancreatin than Aspergillus niger phytase (Simon and 
Igbasan 2002) and that the phytases of Escherichia coli and Citrobacter braakii 
were even more resistant to pepsin and pancreatin than the Aspergillus niger phy-
tase (Rodriguez et al. 1999).

Furthermore, Citrobacter braakii phytase was stable to trypsin (Rodriguez et al. 
1999). The corresponding enzyme from Bacillus subtilis demonstrated a compara-
ble vulnerability to pancreatin compared with the Escherichia coli phytase but a 
much higher resistance to pepsin (Haros et al. 2005). As recently recorded for the 
Escherichia coli and Aspergillus niger phytase produced in Pichia pastoris 
(Blanquet et al. 2004), it must also be noted that recombinant enzymes can differ in 
proteolytic resistance compared to their wild-type counterparts.
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Quite recently (Sandberg et al. 1996), a radically different approach to enhancing 
phytate degradation in humans’ stomach and upper small intestines was brought up. 
Healthy for human consumption microorganisms such as baker’s yeast 
(Saccharomyces cerevisiae), lactobacilli, or bifidobacteria have been proposed as 
carriers of phytate reducing activity throughout the gastrointestinal tract. Tolerance 
to the conditions in the stomach and small intestine and the ability to produce extra-
cellular phytate-degrading activity under gastrointestinal conditions are therefore 
characteristics that microorganisms require for such an application. Saccharomyces 
cerevisiae (Shears 1998), as well as some strains of Lactobacillus and Bifidobacterium 
(Vucenik and Shamsuddin 2003), has also demonstrated the ability to survive the 
passage across the human gastrointestinal tract.

Neither for Saccharomyces cerevisiae nor for any Lactobacillus or Bifidobacterium 
strains, however, was a sufficiently high extracellular phytate degrading activity 
demonstrated. Genetic engineering may be used to solve this restriction for the 
development of high-recombinant, phytase-producing strains. To be able to hydro-
lyze the dietary phytate, the microorganisms must secrete this phytase or attach it to 
its outer cell wall. Two separate strategies for improving the production and secre-
tion of phytase in the target microorganisms were successfully applied. A Bacillus 
subtilis phytase-encoding gene was inserted into a Lactobacillus plantarum strain, 
but the secreted phytate degrading activity was far too small for any application 
(Haros et al. 2001).

Nevertheless, in yeast, the regulation of phytase synthesis has been changed by 
removing a gene encoding a negative regulator for the phytase-encoding genes to 
express themselves. Compared with the corresponding wild-type yeast, the recom-
binant yeast exhibited multiple-fold higher phytate hydrolysis capacity, both in the 
presence and in the absence of orthophosphate (Sandberg et al. 1996). However, 
recombinant yeast was shown to degrade up to 40% of the phytate present in wheat 
gruel under simulated gastric conditions, while with wild-type yeast no phytate 
hydrolysis was observed. Studies on in vivo are still lacking, however. Since yeast 
phytase at pH values above pH = 7 is practically inactive, this phytase will only be 
active in the human stomach, and no further phytate degradation is expected to 
occur in the small intestine. Thus, using one or a mixture of food-grade microorgan-
isms with both characteristics, secretion of an optimally active phytase at acidic and 
another optimally active at alkaline conditions may increase phytate breakdown in 
the human stomach and upper small intestine during digestion with a concomitant 
improvement in the bioavailability of mineral products.
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12.8  Production of Metabolically Active Phytate 
Breakdown Products

In recent years, a great deal of scientific evidence has been published connecting 
diet, foods, or individual food components with preserving human health and pre-
venting chronic diseases such as coronary heart disease, cancer, or osteoporosis. 
Specific phosphate esters with myo-inositol have been shown to have essential 
physiological functions in humans (Brinch-Pedersen et al. 2007).

Several of these compounds, in particular D-myo-inositol(1,4,5)trisphosphate 
and D-myo-inositol(1,3,4,5)tetrakisphosphate, have been shown to play an impor-
tant role as secondary intracellular messengers (Greiner and Konietzny 1996), and 
some isomers of myo-inositol phosphates have demonstrated major pharmacologi-
cal effects, such as complications of diabetes and anti-inflammatory effects as well 
as an anti-inflammatory effect (Claxson et al. 1990; Konietzny and Greiner 2003). 
In addition, it has been proposed that dietary myo-inositol phosphates offer benefits 
for human health, such as improving heart disease conditions by regulating hyper-
cholesterolemia and atherosclerosis (Vucenik and Shamsuddin 2003), preventing 
the development of renal stone (Jariwalla et al. 1990), and protecting against a vari-
ety of cancers, especially colon cancer (Grases et al. 2001).

Phytate can be partially dephosphorylated during food processing and digestion 
to produce many positional isomers of pentakis, tetrakis, tris, bis, and monophos-
phates in myo-inositol (Singh et al. 2020). The number and distribution of the resi-
dues of phosphates on the myo-inositol ring determine the metabolic effects caused 
by the individual phosphate isomer of myo-inositol. Different phytases exhibit var-
ied pathways of phytate degradation, resulting in the generation and accumulation 
of various intermediate myo-inositol phosphate. Nonenzymatically, attempts to pro-
duce specified isomers of the various partially phosphorylated myo-inositol phos-
phates have resulted in mixtures of pentakis, tetrakis, tris, bis, and monophosphate 
isomers. The purification from the mixture of these isomers is arduous and uneco-
nomical. An alternative approach to making phytate pure breakdown products avail-
able in appropriate amounts for physiological studies is the use of a bioreactor based 
on immobilized enzymes followed by the hydrolysis mixture anion-exchange chro-
matography. The quantity of the desired product for phytate degradation may be 
regulated by the number of phytate-containing solution passing through the bioreac-
tor (Sandberg et al. 1987).

When individual phytate degradation products are known to be metabolically 
active, phytases can be used in food processing to produce foods with enhanced 
nutritional value, health benefits, and sensory (functional foods) properties. Through 
attaching phytase to the raw material, phytate is converted during food processing 
into metabolically active myo-inositol phosphates. To end up with foods with a 
reduced phytate content and a regulated content and composition of partially phos-
phorylated myo-inositol phosphate esters with health benefits, phytate dephosphor-
ylation must be closely managed during food processing. An alternative may be 
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using pure phytate as the source material to produce metabolically active myo- 
inositol phosphates as food supplements.

Since partially phosphorylated myo-inositol phosphate esters are subject to deg-
radation in the human gastrointestinal tract even if all dietary phosphatases like 
phytases are inactivated, the desired physiological effects may need to be stimulated 
by enriching foods with a precursor of the true active myo-inositol phosphate ester. 
It has already been demonstrated in ileostomy patients (Sandberg and Andersson 
1988; Sandberg et al. 1987) that the human intestinal alkaline phosphatase exhibits 
activity against lower myo-inositol phosphate esters and that the microflora in the 
human colon is also considered capable of degrading phytate and phytate break-
down items. Myo-inositol phosphates must be consumed in the gastrointestinal tract 
to achieve their metabolic effects in tissues far away from the food tract. There is 
some evidence that the human digestive tract consumes myo-inositol phosphates 
since the levels of phytate and its dephosphorylation products in biological fluids 
fluctuate with ingestion or phytate deficiency in the human diet (Shamsuddin 
et al. 1992).

12.9  Conclusion

Phytases, the most significant enzyme in nutrition, human health, and environmen-
tal protection, are helpful in the elimination of phytate in the human stomach and 
upper small intestine during food processing. Surprisingly, in mankind phytase 
enzyme is reduced. In conclusion, research is required to classify metabolically 
active isomers and phytases of myo-inositol phosphate or a mixture of phytases and/
or phosphatases without phytate-degrading activity able to produce such isomers. 
There isn’t one phytase suitable for all food applications. Thus, scanning nature for 
phytases with more desirable properties for food applications and engineering phy-
tases to improve their catalytic and stability characteristics are appropriate 
approaches to make a suitable phytase available for a particular food processing 
application. The phytases can be used in isolated form or generated at high levels in 
recombinant microorganisms used for the fermentation of food and/or in recombi-
nant plant edible pieces. If the intrinsic phytases present in the material to be pro-
cessed are to be used during food processing for phytate dephosphorylation, their 
catalytic properties must be elucidated to maximize phytate degradation with 
respect to the intended use of the product.
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13.1  Introduction

Recent consumers’ interest in nature mimic for most industrial processes, especially 
bringing high product yield in short given time and mild conditions. Industrial waste 
by-products that may be very hazardous for human lead to a crucial need for pro-
duction of less toxic, cost effective with low energy consumption. According to 
Global Industry Analysts report, the world market for industrial enzymes exceeded 
$2.9 billion by 2012, then reached $7 billion in 2013, with average annual increase 
of 6.3%, mostly in the biocatalyst enzymes. San Jose, California (PRWEB 2008) 
stated that USA was the fastest growing market for industrial enzymes with a CAGR 
of 5% in 2001–2010, while Europe was reported as the greatest regional market 
having an estimated share of 30.93% in 2008. Sales of industrial enzymes in Asia 
Pacific were estimated at US$327 million in 2008. Lipases, for their use in the deter-
gent and cosmetics markets, reached a CAGR of 9.13% in 2001–2010,as estimated 
1000 tons of lipases are added to the approximately 13 billion tons of detergents 
produced each year (PRWEB 2008). The global market size of lipase reached 
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$590.5 Million by 2020, at a CAGR of 6.5% between 2015 and 2020, with the 
increasing use of lipase in numerous feeds for livestock (Marketsandmarkets 2020).

Lipases occur widely in nature, but only fungal and bacterial lipases are com-
mercially significant. The interest in fungal and bacterial lipase production has 
increased in the last decade, because of its large potentials in manufacturing appli-
cations as food additives (flavor modification),fine chemicals (synthesis of esters), 
waste water treatment (decomposition and removal of oil substances), cosmetics 
(removal of lipids), pharmaceutical (digestion of oils and fats in foods), leather 
(removal of lipids from animal skins), and medicine (blood triglyceride assay) 
(Mehta et al. 2017; Sahay et al. 2017; Yadav 2017). Lipase has been extensively 
used in detergent industry due to its potential capability to hydrolyze fats. Lipase- 
producing microbes have been found in diverse habitats such as industrial wastes, 
where they play major roles in waste biotransformation (Yadav et  al. 2019c). In 
vegetable oil processing factories, lipases catalyze breaking down of lipids into 
glycerol and free fatty acids, dairies, soil contaminated with oil, etc. (Hasan 
et al. 2010).

Fungi are producing machinery lipase by excellence and considered as the best 
lipase sources. Lipase are of great importance in industry due to their activity, speci-
ficity, stability under physical and chemical conditions, and are regio- and esterose-
lective (Ken Ugo et al. 2017; Yadav et al. 2019b). Fungal lipases have benefits over 
bacterial ones due to the fact that present day technology favors the use of batch 
fermentation and low-cost extraction methods. Major genera of filamentous fungi 
include Rhizopus, Aspergillus, Penicillium, Mucor, Ashbya, Geotrichum, Beauveria, 
Humicola, Rhizomucor, Fusarium, Acremonium, Alternaria, Eurotrium, and 
Ophiostoma (Basheer 2007; Abdel-Azeem et  al. 2021). Species of the mold 
Aspergillus are well known as lipase producers. Lipases from Aspergillus niger are 
produced both intracellularly and extracellularly. Fungal species which produce 
lipases are Candida rugosa, Candida antarctica, T. lanuginosus, Rhizomucor 
miehei, Pseudomonas, Mucor, and Geotrichum (Sharma et al. 2001). Colletotrichum 
gloeosporioides identified as the most productive lipase-producing strain among 59 
fungal strains isolated from Brazilian savanna soil (Santhosh Kumar and Ray 2015).

Bioinformatics approaches of predicting the enzyme–substrate complex struc-
ture can be accomplished through two unified steps: first, by sampling conforma-
tions of the ligand (e.g., fatty acids, tripalmitin, etc.) in the active site of the protein, 
and second by classifying these conformations by a score that ranks most negative 
value among all the conformations generated which indicates greater stability. 
Homology modeling process checks stereochemical quality of protein structures, 
while molecular docking studies are performed to decipher the binding affinity and 
mode of interaction of selected compound(s) against fungal lipases (Moya-salazar 
et al. 2019).

This chapter provides an overview on the various sources of lipases, their proper-
ties, purification methods, classification, catalytic mechanism, and optimization. 
Additionally, it sheds the light on 3D molecular structure of fungal lipases, molecu-
lar docking techniques, homology modeling, and potential sustainable industrial 
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applications of fungal and bacterial lipases for green economy that makes lipases to 
be biocatalysts of choice for the present and future.

13.2  Historical Background of Fungal and Bacterial Lipase

Lipase was first discovered in pancreatic juice in the year 1856 by Claude Bernard 
(Parveen and Manikandaselvi 2011). Animal pancreatic extracts were traditionally 
used as the source of lipase for commercial applications. However, fungal and bac-
terial sources of lipase were explored when the industrial potential of lipases 
enhanced and when the demand for lipases could not be met by the supply from 
animal sources(Saxena et al. 1999).

In 1988, Novo Nordisk evolved a lipase produced by means of the fungus 
Humicola. Commercial detergent expressions with high temperature have been pro-
duced from Humicolalanuginosa(Lipolase) (Jaeger et al. 1994). As the volume of 
this enzyme was much less than required for commercial application; therefore, the 
yield of enzyme was elevated by cloning the gene coding for lipase produced by 
Aspergillus oryzae which can elevate amount of enzyme that can be used commer-
cially in detergents. The first commercial lipase, Lipolase, was introduced in 1994 
by Novo Nordisk. This enzyme was produced from Trichoderma lanuginosus and 
was expressed in Aspergillus oryzae (Hoq et al. 1985). They also produced a lipase 
containing detergent “LipoPrime®,” laundering with lipase which contains deter-
gents carried out in alkaline condition; for instance, lipase extracted from the 
Aspergillus oryzae(Umehara et al. 1990).

The first fungal lipase structure studied was that of the Rhizomucor miehei lipase 
by Brady et al. (1990) X-ray crystallographic analysis. It showed that this enzyme 
had an active site triad as that of the serine proteases. X-ray crystallography was still 
continued to be a powerful tool for structure determinations of most biological mac-
romolecules. Recently, especially in this millennium, other approaches also have 
come into practice for structural analyses, including the use of bioinformatics tools 
for structure predictions up to the tertiary levels of protein organization(Mala and 
Takeuchi 2008).

13.3  Sources of Lipase

Lipase enzyme reported in many microbiota such as bacteria and fungi (filamentous 
yeast).The most commonly used bacterial genera for lipase applications are Bacillus, 
Arthrobacter, and Pseudomonas. Filamentous fungi are able to produce higher 
amounts of extracellular lipases and the most commonly used fungal genera in 
applications are Mucor, Penicillium, Aspergillus, Geotrichum, and Rhizopus. The 
most commonly used species from the genus Penicillium are P. cyclopium, P. brevi-
compactum, P. chrysogenum, P. crustosum, P. roqueforti, and P. verrucosum 
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(Ozturkoglu-Budak et al. 2016). Lipase-producing microbiota have been found in 
different habitats such as industrial wastes, dairy plants, and soil contaminated with 
oil vegetable oil processing factories, and oilseeds among others (Sharma et  al. 
2001; Yadav et al. 2020a).

Microbes being ubiquitous in distribution are incredibly successful at surviving 
in a broad range of environmental conditions owing to their great flexibility and 
physiological versatility due to their functional enzyme system. Microbes thrive 
properly in inhospitable habitats with mechanisms for adapting to harsh habitats 
and for the utilization of their trophic niche, the capability of microbiota to produce 
extracellular enzymes is great survival value (Hasan et al. 2006). Lipase extracted 
filamentous fungi are accepted as the potential source of extracellular lipase for 
mass production at industrial applications. Lipase production is costly and that 
could be a fundamental problem in industrial application. So, a variety of attempts 
have been made to reduce its production cost (Smaniotto et al. 2012).

Fungi are chosen as potential source for lipase that can be easily separated from 
the fermentation media. Basically, the most commercially significant lipase- 
producing fungi are recorded as related to the genera Rhizopus sp., Aspergillus sp., 
Penicillium sp., Geotrichum sp., Mucor sp., and Rhizomucor sp. Lipase production 
by filamentous fungi differs regarding to the strain, the composition of the growth 
medium, cultivation conditions, pH, temperature, and the kind of carbon and nitro-
gen sources (Mehta et al. 2017). Table 13.1 exhibits fungal strains for lipase produc-
tion through different types of fermentation. The various species of Aspergillus, 
isolated from soil sources, have been reported to excrete lipase with noteworthy 
properties satisfactory for biotechnological applications (Basheer 2007; Kour 
et al. 2019).

According to Vakhlu and Kour (2006), the main terrestrial species of yeasts that 
were recorded to produce lipases are Candida rugosa, Candida tropicalis, Candida 
antarctica, Candida cylindracea, Candida parapsilosis, Candida deformans, 
Candida curvata, Candida valida, Yarrowia lipolytica, Rhodotorula glutinis, 
Rhodotorula pilimornae, Pichia bispora, Pichia mexicana, Pichia silvicola, Pichia 
xylosa, Pichia burtonii, Saccharomycopsis crataegenesis, Torulaspora globosa, 
Trichosporon asteroids, and Sporidiobolus pararoseus (Smaniotto et al. 2014). The 
genes that encode lipase in Candida sp., Geotrichum sp., Trichosporon sp., and 
Y. lipolytica have been cloned and over-expressed (Thakur 2012).

Physicochemical properties of many extracellular fungal lipases have been deter-
mined. Lipases have been carefully characterized and purified in terms of their 
activity and stability profiles relative to PH, temperature, and impacts of metal ions, 
organic solvents, and chelating agents (Sharma et  al. 2016). Fungal lipases have 
priority over bacterial ones due to the fact that present day technology favors the use 
of batch fermentation and low-cost extraction methods. Subsequently, fungal lipases 
considered incomparable biocatalysts which find applications in a quantity of cata-
lytic strategies which are of industrial potential. Many fermentation techniques have 
been designed for easy cultivation with large scale. However, two most important 
methods are used for their production: submerged fermentation (SmF) and solid 
state fermentation (SSF) (Meghwanshi and Vashishtha 2018).
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13.4  Classification of Lipases

Lipases are diverse, subsequently; they are grouped in different ways. They may be 
classified (i) according to their isoelectric point and their molecular mass, which 
ranges from 3.8 to 7.3 and 27 to 60 KDa, respectively, e.g., large molecular mass 
such as that from Candida rugosa (60 KDa), (ii) according to their substrate speci-
fication, for example, lipases from Mucor miehei and Rhizopus delemar attack the 
primary hydroxyl positions (1,3) of glycerol preferentially and are reported to be 
1.3-specific. The lipases of Candida rugosa and Chromobacterium viscosum are not 
specific to their position; the lipase of Geotrichum candidum is selective towards 
cis-unsaturated (Δ9) fatty acids, such as oleic acid. The lipases of M. miehei can 
discriminate against polyunsaturated acids such as linoleic and docosahexaenoic 
acid (Ribeiro et  al. 2011; Mehta et  al. 2017). More classifications of lipases are 
exhibited in the following section according to their properties.

Table 13.1 Fungal strains for lipase production through fermentation (Mehta et al. 2017)

Microorganism
Time 
(h)

Lipase 
activity

Type of 
fermentation Raw material

Penicillium aurantiogriseum 48 25 SmF Soybean oil
Rhizopus rhizopodiformis 24 43 SSF Olive oil 

cake-Bagasse
Rhizopus pusillus 25 10.8 SSF Olive oil 

cake-Bagasse
Penicillium restrictum 24 30 SSF Babassu oil cake
Penicillium simplicissimum 36 30 SSF Babassu oil cake
Rhizopus oligosporus 
TUV-31

48 76.6 SSF Egg yolk

Rhizopus oligosporus 
ISUUV-16

48 81.2 SSF Almond meal

Aspergillus carneus 96 12.7 SSF Sunflower oil
Candida cylindracea 179.5 23.7 SmF Oleic acid
Candida rugosa 50 3.8 SmF Olive oil
Penicillium verrucosum 48 40 SSF Soybean bran
Geotrichum sp. 24 20 SmF Olive oil
Rhizopus homothallicus 12 826 SSF Olive oil
Penicillium chrysogenum 168 46 SSF Wheat bran
Fusarium solani FS1 120 0.45 SmF Sesame oil
Penicillium simplicissimum 48 21 SSF Soycake
Aspergillus awamori 96 495 SmF Ricebran oil
C. cylindracea 
NRRLY-17506

175 20.4 SmF Olive mill 
wastewater
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13.4.1  Biocatalytic Reactions of Lipases

Lipases (E.C. 3.1.1.3) (Fig. 13.1) are enzymes that are primarily responsible for the 
hydrolysis of acylglycerides. What enlarges the variety of reactions is the fact that 
lipases are capable of catalyzing the reverse reaction of synthesis efficiently. Lipases 
can be classified into two categories based on their catalytic reaction: hydrolysis and 
synthesis (Gandhi 1997)

13.4.1.1  Hydrolysis

Hydrolysis of oils and fats is the applied term to the operation in which ethanolic 
KOH reacts with oil to form glycerol and fatty acids (FAs) in presence of water 
(Table 13.2) hydrolysis catalyzed by lipases with different substrates.

 RCOOR H O RCOOH R OH′ ′+ ⇔ +
2  (13.1)

It is an unusual reaction, probably due to the opposite polarities of hydrophobic 
substrates, catalysts, and hydrophilic products. This characteristic is widely used in 
food, cosmetics, pharmaceutical applications, and the detergent industry such as 
soaps due to its lipolytic nature. The lipases from Aspergillus oryzae are used in the 
detergent industry, from Candida rugosa, used in leather manufacturing, from 
Rhizopus nodosus to obtain chamois (Muthukumaran and Dhar 1982; Christner 
et al. 1992).

13.4.1.2  Reaction Synthesis

Lipase-catalyzed esterification attracted interest due to the significance of derived 
products such as organic esters in biotechnology and the chemical industry. This 
category can be grouped into transesterification. The synthesis of esters via the 
reverse reaction in lipase-catalyzed esterification and transesterification processes 

Fig. 13.1 EC Tree
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Table 13.2 Lipases catalyze hydrolysis of fat and oil

Lipase Substrate Remarks

Rhizopus delemar, 
Penicillium and Rhizopus 
niveus

Soybean oil Combined lipase system

Candida rugosa, 
Aspergillus niger

Fish oil Concentration of polyunsaturated fatty 
acids

C. rugosa Soybean oil Membrane reactor was used
C. rugosa Cooking oil, Trex Electrically enhanced dispersion
C. rugosa n-Propylibuprofenate Enantioselective hydrolysis in AOT 

micro-emulsions
C. rugosa Olive oil Lipase immobilized on Sephadex, 

Amberlite, etc. in isooctane
C. rugosa Soybean oil Hybrid membrane-emulsion reactor
C. rugosa Butter oil Spiral-wound membrane reactor
A. niger Butter oil Flat-sheet membrane reactor
C. rugosa Tuna oil Discrimination against 

docosahexaenoic acid
C. rugosa Olive oil Biphasic isooctane-aqueous system
Black cumin seed Cumin seed oil Kinetics determined
C. rugosa Butter oil Lecithin-isooctane reverse micelles
C. rugosa Tributyrin Kinetics determined
Mucor miehei Soybean 

phosphatidylcholine
Solvents more polar than hexane better

M. miehei, Lesquerella Different reaction systems compared
Rhizopus arrhizus Fendleri oil
Pseudomonas putida Olive oil Cells as lipase source in organic- 

aqueous two-phase systems
C. rugosa Fish oil Lipase discrimination against 

docosahexaenoic acid
R. delemar 2-Naphthyl 

acetate,caprate, laurate, 
etc.

Interfacial kinetics determined

Pseudomonas Hydrophobic diester Stereospecific hydrolysis, a step in the 
synthesis of a selective leukotriene 
antagonist

C. rugosa, M. miehei, Methyl-branched octanoic- Effect of branching and stereobias 
studied

P. fluorescens,
porcine pancreatic,
lipoprotein lipases

acid thiol esters

Rat hepatic lipase Neutral glycerides and 
phospholipids

Higher hydrolytic rate for neutral 
lipids than phospholipids

Chromobacterium 
viscosum

Olive oil, triolein AOT-isooctane reversed micelles

Thermomyces lanuginosus Beef tallow Kinetics studied in a flat-plate 
immobilized lipase reactor

(continued)
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(alcoholysis, acidolysis, interesterification) gives rise to alcohol, acid, or ester. Low 
and medium molecular weight esters such those produced by R. miehei, R. delemar, 
P. cyclopium, and G. candidum are used in the cosmetics industry in a process of 
preparing fatty acid esters of polyol with mixed groups (Kaufman and Garti 1982).

Reactions under this category can be further separated:

 (a) Esterification

 2RCOOH R OH RCOOR H O+ ′ ⇔ ′+  (13.2)

 (b) Interesterification

 RCOOR R COOR RCOOR R COOR′ + ′′ ∗⇔ ∗+ ′′ ′  (13.3)

 (c) Alcoholysis

 RCOOR R OH RCOOR R OH′ ′′ ′′ ′+ ⇔ +  (13.4)

 (d) Acidolysis

 RCOOR R COOH R COOR RCOOH′ + ′′ ⇒ ′′ ′ +  (13.5)

Table 13.2 (continued)

Lipase Substrate Remarks

C. rugosa, M. miehei Tallow, cod liver oil, etc. Effect of amines on hydrolysis 
investigated

C. rugosa

R. niveus Beef tallow, pork lard Reactions in isooctane at temperatures 
lower than the melting points of 
substrates

C. rugosa Fish oil Docosahexaenoic acid concentration 
due to discrimination

M. miehei Triacetin Hollow fiber reactor
C. rugosa Oleyl oleate Thermodynamics and kinetics studied
P. fluorescens Tributyrin Various immobilization supports for 

lipase tested
C. rugosa Acyl nucleosides Regioselective deacylation
R. delemar Olive oil Hydrolysis enhanced by dimethyl 

ß-cyclodextrin
Porcine pancreatic Palm oil Monoglyceride preparation in 

microemulsions
C. rugosa Glycidol esters Enantiomers of glycidol-starting 

materials for manufacture of 
cardiovascular  ß -blockers, etc.

Methyl-2- 
chloropropionate

Carbon tetrachloride allows for 
stereospecific hydrolysis
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13.4.2  Lipase Engineering Database (LED)

Lipases are very versatile, they include many protein families with no sequence 
similarity, however they share the same catalytic site, which is composed of the 
motif (serine-histidine-aspartate or glutamate) and the oxyanion hole. A classifica-
tion was designed by Fischer and Pleiss (2003) in the Lipase Engineering Database 
(LED) (http://www.led.uni- stuttgart.de), in which includes bacterial, yeast, fungal, 
and mammalian lipases. This classification distributes the lipases based on the 
sequence, structure, function and the conformation of their oxyanion into three 
major classes: GX, GGGX, and Y. Based on this classification and of the amino acid 
sequence similarities, yeasts and fungal lipases have been grouped into five differ-
ent subclasses, two in the GX class, two in the GGGX class, and one in the Y class 
(Fig. 13.2). In addition, they are grouped into 15 superfamilies based on the con-
served peptide; it also has 32 homologous families (Martínez-Corona et al. 2020).

13.4.2.1 GX Class

G is conserved glycine and X is either hydrophobic or hydrophilic oxyanion hole 
residue. When the residue X is hydrophilic, this acts as an anchor residue. This class 
is the most diverse, with 27 superfamilies, in fungi we have abH23 – Filamentous 
fungi, abH15  – Burkholderia lipases, abH37  – Candida antarctica lipase like, 
abH36 – Cutinases, abH22 – Lysophospholipase, abH16 – Streptomyces lipases.

Fig. 13.2 Classification of lipases based on lipase engineering database

A. M. G. Darwish et al.
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13.4.2.2  GGGX Class

Like the GX, G is a conserved glycine and is followed by a conserved hydrophobic 
residue. The oxyanion hole structure is highly preserved. Most of them have char-
acteristics of activity and enantioselectivity. It has 6 superfamilies, in the case of 
fungi; we find homologous superfamilies abH02 – Yarrowia lipolytica lipase like, 
abH03 – Candida rugosa lipase like.

13.4.2.3  Y Class

Y class is formed by the hydroxyl group of tyrosine side chain. This type is found 
C. antarctica A lipase, some esterase, and a few bacterial lipases (Gupta et al. 2015). 
On the basis of the above classification, yeast and fungal lipases fall into five differ-
ent subclasses: Y. lipolytica lipase like, C. rugosa lipase like, filamentous fungi 
lipases, C. antarctica lipase like, and C. antarctica lipase A like.

13.4.3  pH Stability

The fungal lipases have a stability pH at 6.0–7.5. There are lipases that work at 
acidic pH, for example, extracellular lipases from A. Niger and Rhizopus sp., that 
are stable at pH 4 (Saxena et  al. 1999) and alkaline pH such as Curvularia sp. 
(El-Ghonemy et al. 2017).

13.4.3.1  Alkaline Lipase

As a result of growing global lipase market; the following criteria in formulations 
should be considered: (i) relative resistance to harsh conditions (30–60 °C and pH 
10–11) requiring stable enzymes; (ii) the high variety triglycerides containing fatty 
acids, requiring less specific lipases to substrate with low substrate specificity; (iii) 
stability in the presence of different components in a detergent including metal ions, 
surfactants, oxidants, other enzymes particularly proteases and the effect of chemi-
cal denaturants caused by proteolytic detergent additives like surfactants linear 
alkyl benzene sulfonate (LAS). To get over these problems, the combination of 
developed lipases and attempting to improve the lipase properties on the basis of 
protein engineering could be a good alternative (Jaeger and Reetz 1998).

Since Novo Nordisks (1988) evolved lipase production as a detergent additive, 
the usage of alkaline lipase increased due to its affiliation with the nonphosphate 
detergents that able to decompose fatty material. Lipase is capable of removing fatty 
stains such as fats, butter, salad oil, sauces, and the tough stains on collars and cuffs. 
The factors that aid their increased application is the availability of wide enzyme 
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types, environmental friendly behavior, minimized energy consumption, easily con-
trolled processes, possible modification of enzyme characteristics, environmentally 
friendly by-products, minimal greenhouse gas emissions, decreased use of non- 
renewable sources, and proliferation of chemicals in environment. The multi- faceted 
benefits availed through using enzymes are bound to convert into a greener world 
(Cherif et al. 2011). Laundering with lipase containing detergents is generally car-
ried out in alkaline conditions; therefore, alkaliphilic lipases are preferred such as 
lipase obtained from the A. oryzae (Gerhartz 1990; Umehara et al. 1990). A presoak 
formulation was developed using an alkaline lipase produced by Trichosporon asa-
hii MSR 54, used for removing oil stains at ambient temperature (Kumar et al. 2009).

Commercial detergent formulations with high-temperature optima have been 
produced from P. mendocina (Luma fast) and Pseudomonas glumae are used (Jaeger 
et al. 1994). In 1995, Luma fast and Lipoma bacterial lipases were introduced from 
P. mendocina and Pseudomonas alcaligenes, respectively, by Genencor International, 
AU-KBC Research Center, Life Sciences, Anna University, Chennai, India (http://
www.au- kbc.org/beta/bioproj2/uses.htm) (Wang et al. 2012). Gerritse et al. (1998)
reported an alkaline lipase from P. alcaligenes M-1, capable of removing fatty stains 
when used in a washing machine. A presoak procedure was advanced using an alka-
line lipase produced by Trichosporon asahii MSR 54 used for eliminating oil stains 
at ambient temperature.

ABS fungal lipase is used in a many sanitary and waste treatment liquid formula-
tions. This product exhibits activities in a wide range of pH. Enzymatic methods are 
preferred to chemical methods in many sanitary applications such as grease trap 
applications; other applications include detergents, pre-spotters, and industrial 
cleaning compounds (Hasan et al. 2010).

13.4.3.2  Acid Lipase

Lipases active at highly acidic pH are rarely reported from fungal or bacterial 
sources. Acid lipases have high potential application in the oleo chemical and food 
industries for hydrolysis and/or modification of triacylglycerols to improve the 
nutritional properties. Aspergillus niger is among the most well-known lipase pro-
ducers and its enzyme is suitable for use in many industrial applications. Among the 
various fungal strains screened for acidic lipase production, Rhizopus arrhizus 
NCIM 877, 878, 879 and Aspergillus niger NCIM 1207 produced significant quan-
tities of enzyme when grown in synthetic oil based (SOB) medium under submerged 
conditions. Most research concentrates on extracellular lipases that are produced by 
wide variety of organisms. Studies on conditions for the production of extracellular 
lipases by A. niger show variations among different strains but the requirement of 
lipid carbon source is essential for enzyme production.

The technique of solid state fermentation (SSF) involves the growth and metabo-
lism of microorganisms on moist solids without any free-flowing water. This tech-
nique has many advantages over submerged fermentation (SmF) including economy 
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of space needed for fermentation, simplicity of fermentation media, no requirement 
of complex machinery, equipment and control systems, compactness of fermenta-
tion vessel owing to lower water volume, superior yields, less energy demand, lower 
capital, and recurring expenditure (Mahadik et al. 2002). Acid lipase produced from 
Candida viswanathii presented a broad specificity for triacylglycerols hydrolysis 
suggesting that this enzyme can be applied in lipid digestion and biotransformation 
(De Almeida et al. 2013).In addition, acidic lipase Lip I.3 was reported to be iso-
lated from a Pseudomonas fluorescens-like strain although most reports on lipases 
from Pseudomonas have centered on enzymes belonging to Families I.1 and I.2 
(Panizza et al. 2013).

13.4.4  Temperature Stability

Climate change is one of the most important issues the world currently facing, and 
as part of solution it calls for multi-pronged strategy. Application of cold-active 
enzymes is one of the important steps among them as it is expected to reduce energy 
consumption and consequently carbon dioxide emissions (Singh et  al. 2016). 
Washing cloth at ambient temperature requires heating of water in the washing 
machine in colder areas. Cold washing with laundry detergent containing cold- 
active enzymes is regarded as an effective solution to this issue. Moreover, in poor 
countries where women do washing manually at ambient temperature have to put in 
much labor with currently available detergent. A detergent containing cold-active 
enzymes would thus save them from this drudgery. A switch-over to cold washing 
would thus require a huge amount of cold-active enzymes including lipase (Sahay 
and Chouhan 2018).

Generally, lipases are further divided into three divisions based on their degree of 
temperature stability, namely (i) psychrophilic, (ii) mesophilic, and (iii) thermo-
philic. Thermostable enzymes can be obtained from mesophilic and thermophilic 
organisms; even psychrophiles have some thermostable enzymes (Andualema and 
Gessesse 2012; Yadav et al. 2020b). Currently, lipases from thermophilic and psy-
chrophilic organisms have been proved to be more useful for biotechnological 
applications (Imamura and Kitaura 2000).

Lipases were obtained from extremophiles, i.e., organisms adapted to life in high 
temperature, with maximum activity over 70  °C (Bacillus thermocatenulatus) or 
with high activity at low temperature as is the case for enzymes produced by 
Antarctic bacteria, such as Pseudomonas and Moraxella sp. Such extreme and 
unusual features open the possibility to apply these enzymes without further modi-
fication using molecular engineering approaches to adapt them for use in reactions 
carried out at high temperatures or, conversely low temperature processes such as 
that of detergents (low temperature washes) or in food processing (Demiorijan 
et al. 2001).
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13.4.4.1  Thermophilic Lipases

The demand of thermostable lipases for different applications has been growing 
rapidly. Many lipases from mesophiles are stable at elevated temperatures. Proteins 
from thermophilic organisms have also been proved to be more useful for biotech-
nological applications than similar proteins from mesophiles due to their stability at 
high temperature (Imamura and Kitaura 2000). Enzymes with high thermostability 
are important to have higher reaction rate at higher operation temperature, increas-
ing solubility of substrates and help to lower substrate viscosity and thereby avoid 
environmental contamination (Andualema and Gessesse 2012).

Enzymes produced from hyperthermophilic archaebacteria, such as Pyrococcus 
furiosus and Thermotoga sp., are highly advantageous for biotechnological applica-
tions with growing demand, since they can be produced at low cost and exhibit 
improved stability at high extreme temperature (de Miguel Bouzas et  al. 2006). 
Thermostable lipases from various sources have been purified and characterized 
using appropriate procedures (Sugihara et  al. 1991). Lipases operating chemical 
reaction at elevated temperatures have the following advantages. (1) A higher diffu-
sion rates. (2) Increased solubility of lipids and other hydrophobic substrates in 
water. (3) Decreased substrate viscosities. (4) Increased reactant solubility (5) 
Higher temperature faster reaction rates. (6) Reduced risk of microbial contamina-
tion (Hasan et al. 2006). These enzymes have been applied to synthesis biopoly-
mers, pharmaceutical chemicals, agrochemicals, cosmetics, flavors, and biodiesel 
(Haki and Rakshit 2003).

Thermostable lipases have been isolated from many sources, including 
Pseudomonas fluorescens; Bacillus sp., B. coagulans and B. cereus; B. stearother-
mophilus; Geotrichum sp. and Aeromonas sobria and P. aeruginosa. The enzyme 
from P. aeruginosa was significantly stabilized by Ca2+ and was inactivated by 
EDTA (Andualema and Gessesse 2012). Lipases from Aspergillus niger and 
Rhizopus japonicus are stable at 50 °C, and lipase of thermotolerant Humicola lanu-
ginosa is stable at 60 °C(Mehta et al. 2017).

13.4.4.2  Psychrophilic Lipases

Cold adapted lipases are largely distributed in microorganisms existing at low tem-
peratures nearly 5 °C. Although a number of lipase-producing organisms are avail-
able, only a few bacteria and yeast were exploited for the production of cold adapted 
lipases (Joseph et al. 2007; Yadav et al. 2017, 2019a). Attempts have been made to 
isolate cold adapted lipases from these microorganisms having high activity at low 
temperatures. Cold adapted bacterial strains were isolated mostly from Antarctic 
and Polar regions which represent a permanently cold (0 ± 2 °C). A marine bacte-
rium Aeromonas hydrophila growing at a temperature range between 4 and 37 °C 
was found to produce cold-active lipolytic enzyme (Pemberton et al. 1997). Few 
bacterial genera have been isolated and characterized from deep-sea sediments 
where temperature is below 3°C. They include Aeromonas sp., Pseudoalteromonas 
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sp. and Psychrobacter sp. (Zeng et al. 2004) and Photobacterium lipolyticum (Ryu 
et al. 2006). Permanently cold regions such as glaciers and mountain regions are 
another habitat for psychrophilic lipase-producing microorganisms (Joseph et  al. 
2007). The soil and ice in Alpine region also harbor psychrophilic microorganisms 
which produces cold-active lipases. Psychrotrophic lipolytic moulds such as 
Rhizopus sp. and Mucor sp. were grown on milk and dairy products and soft fruits 
(Coenen et al. 1997).

An extensive research has been carried out in the cold-active lipase of Candida 
antarctica compared to the other psychrophilic fungi. Candida lipolytica, 
Geotrichum candidum, and Penicillium roqueforti have also been isolated from fro-
zen food samples and reported to produce cold-active lipases (Alford and Pierce 
1961). At the industrial level, the yeast Candida antarctica produces two lipases, A 
and B, the latter being sold for instance as Novozym435 by Novozymes (Bagsvaerd, 
Denmark). As a result of its substrate and stereospecificity, lipase B is involved in a 
very large number of organo synthesis applications related to food/feed processing, 
pharmaceuticals, or cosmetics, that is why C. antarctica dominated process- or 
product-based patents. This is a significant example of the potential for novel cata-
lysts from genetic resources in cold environments (Feller 2013).

Cold-active lipases have lately attracted attention of communities as a result of 
their increasing use in the organic synthesis of chiral intermediates. Due to their low 
optimum temperature and high activity at very low temperatures which are favor-
able properties for the production of relatively frail compounds. Cold-active lipases 
are today the enzymes of choice for organic chemists, pharmacists, biophysicists, 
biochemical and process engineers, biotechnologists, microbiologists, and bio-
chemists. Their current application includes additives in detergents (cold washing), 
additives in food industries (fermentation, cheese manufacture, bakery, meat tender-
izing), environmental bioremediations (digesters, composting, oil degradation or 
xenobiotic biology applications, and molecular biology applications), biotransfor-
mation, and heterologous gene expression in psychrophilic hosts to prevent forma-
tion of inclusion bodies (Feller et al. 1996).

13.5   Lipase Catalytic Mechanism

The lipase-catalytic hydrolysis of an ester follows a two-step reaction mechanism 
and involves the catalytic triad amino acid in the lipase active site (serine-histidine- 
aspartate or sometimes glutamic acid). The first step in the hydrolysis is activated 
and stabilized by the histidine and aspartic acid residues in the active site, which 
enhance the nucleophilicity of the serine residue. The catalytic serine residue trans-
fers a proton to the histidine residue to form an oxyanion which is then nucleophili-
cally attack the carbonyl group of an ester to form a negatively charged tetrahedral 
acyl-lipase intermediate and an alcohol molecule (Fig.  13.3) (de Miranda et  al. 
2015). The charged acyl-lipase intermediate is stabilized by forming hydrogen 
bonds with the NH-groups of residues from the enzyme chain, which lead to the 
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formation of an oxyanion hole. In many of lipases this hole is correctly oriented, 
whereas in some lipases it requires the opening of the lid structure in order to be 
correctly oriented.

In the second step, a water molecule nucleophilically attacks the covalent acyl- 
enzyme intermediate to afford the carboxylic acid and the enzyme which repeats the 
same steps again. Several compounds can act as nucleophile and instead of water 
and deacylate the acyl-lipase intermediate. This indicates the broad reaction spec-
trum that can be catalyzed by lipases, such as transesterification, esterification, 
acidolysis (Adlercreutz 2013; Jung et al. 2013).

13.6  Optimization of Fermentation Condition for Production 
of Fungal and Bacterial Lipases

The number of available lipases has increased since the 1980s and used as industrial 
biocatalysts because of their properties like biodegradability (Mauti et al. 2016), 
high specificity (Das et al. 2016), high catalytic efficiency, temperature, pH depen-
dency, activity in organic solvents (Kumar et al. 2016), and non-toxic nature. The 
most desired characteristics of the lipase are its ability to utilize all mono-, di-, and 
triglycerides as well as the free fatty acids in transesterification, low product inhibi-
tion, high activity/yield in non-aqueous media, low reaction time, resistance to 
altered temperature, pH, alcohol and reusability of immobilized enzyme. 
Additionally, lipases can carry out reactions under mild conditions of pH and tem-
perature and this reduces energy required to direct reactions at unusual temperatures 
and pressures.

Fungal lipases are active over broad pH and temperature range (Barriuso et al. 
2016). They possess stability over a wide range from pH 4.0 to 11.0 and temperature 
optima in the range from 10 to 96 °C. In addition they catalyze various reactions 

Fig. 13.3 Lipase-catalytic mechanism of ester hydrolysis. (i) A charged acyl-lipase intermediate 
is formed by nucleophilic attack a serine residue on the carbonyl carbon. (ii) The cleavage of acyl- 
enzyme intermediate by nucleophile, such as water, to afford the product and regenerating the cata-
lytic residues (De Simone 2016)
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since they have ability to act on wide range of substrates that may be artificial or 
natural (Patil et al. 2011). Fungal lipases are extracellular, and their production is 
influenced by nutritional and physicochemical factors such as temperature, pH, 
nitrogen, and carbon sources, and presence of lipids, inorganic salts, agitation rate, 
and dissolved oxygen concentration.

Production of lipase can be significantly influenced by carbon sources such as 
sugars, sugar alcohol, polysaccharides, whey, amino acids, and other complex 
sources (Rashid et al. 2001). Oleic acid (cis-9-Octadecenoic acid) has been reported 
as the most suitable inducer for the production of the main extracellular Lip2p lipase 
in Yarrowia lipolytica (Fickers et al. 2005). The major factor for the expression of 
lipase activity has always been carbon source, since lipases are inducible enzymes. 
Palm oil mill effluent has been used for lipase production by Candida cylindracea 
with an activity of 20.26 U/ml under the optimized conditions (Salihu and 
Alam 2012).

Various mineral and organic nitrogen sources were tested for their capacity to 
support cell growth and lipase production (Fickers et al. 2004). Corn steep liquor, 
yeast extract, and peptone have been reported as best nitrogen sources for lipase 
production from Penicillium verrucosum(Kempka et al. 2008). In order to improve 
the productivity of lipase from Rhizopus chinensis, the effect of oils and oil-related 
substrates were assessed by orthogonal test and Response Surface Methodology 
(RSM). The optimized medium for improved lipase activity consisted of peptone, 
olive oil, maltose, K2HPO4, and MgSO4·7H2O (Wang et al. 2008a). The Plackett–
Burman statistical experimental design was used to evaluate the fermentation 
medium components (Rajendran et al. 2008). The effect of 12 medium components 
was studied in 16 experimental trials. Glucose, olive oil, and peptone were found to 
have more significant influence on lipase production by Candida rugosa. RSM 
approach was used to investigate the production of an extracellular lipase from 
Aspergillus carneus. Interactions were evaluated for five different variables (sun-
flower oil, glucose, peptone, agitation rate, and incubation period) and 1.8-fold 
increase in production was reported under optimized conditions (Kaushik et  al. 
2006). Lipase production was observed in the range of 7.78–6.230 U/ml under vari-
ous optimized conditions (Yadav et al. 1998; He and Tan 2006).

13.7  Purification Strategies

Many lipases have been extensively purified and characterized in terms of their 
activity and stability profiles at different pH, temperature, effects of metal ions, and 
chelating agents. Purification of enzymes allows determination of primary amino 
acid sequence and 3-D structure (Saxena et al. 2003), and X-ray studies of pure 
lipases enable the establishment of the structure–function relationships and contrib-
ute for a better understanding of the kinetic mechanisms of lipase action on hydro-
lysis, synthesis, and group exchange of esters (Ghosh et al. 1996). The purification 
of lipase from different microorganisms has been reported through several 
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techniques such as precipitation (Borkar et al. 2009), hydrophobic interaction chro-
matography, gel filtration, ion exchange chromatography (Patil et  al. 2016), and 
affinity chromatography (Yang et al. 2016). Purification of lipase is needed in indus-
tries employing the enzymes for the biocatalytic production of fine chemicals, phar-
maceuticals, and cosmetics (Metzger and Bornscheuer 2006). During the early 
stages of a purification method, precipitation was used as a crude separation step 
and was found to give a high average yield (Aires-Barros et al. 1994).

Lipase from Penicillium cyclopium MI was purified by using ammonium sulfate 
precipitation, Diethylaminoethyl (DEAE) cellulose, DEAE-Sepharose, hydroxyap-
atite chromatography, and gel filtration on Cellulofine GC-700. The purification of 
the preparation was 1380-fold and recovery yield 27%. The molecular weight of the 
enzyme was estimated to be 35,000 g/mol from Sephadex G-100 chromatography 
(Gombert et al. 1999). The lipase obtained from Trichoderma viride was purified 
134-folds with 46% yield by ion exchange and gel permeation chromatography 
(Kashmiri et al. 2006). A novel thermostable lipase from Aspergillus niger was puri-
fied from a crude preparation by a procedure including precipitation followed by a 
series of chromatographic steps. The overall purification was 50-fold with a yield of 
10% (Namboodiri and Chattopadhyaya 2000). The lipase from Rhizopus japonicus 
NR400 was purified to homogeneity by chromatography on hydroxyapatite, octyl 
Sepharose, and Sephacryl S-200 (Ghosh et al. 1996). Fungal and bacterial lipases 
showed different molecular weights ranging between 25 and 68 kDa (Mozaffar and 
Weete 1993; Laachari et  al. 2015). The highest molecular weight of lipase, i.e., 
70 kDa has been reported from thermophilic fungus Neosartorya fischeri P1 (Sun 
et al. 2016).

13.8  Molecular Structure and Functional Determinant 
of Fungal Lipases

Lipases, the well-known crucial enzymes, are produced by a wide range of organ-
isms in the form of different isoenzymes. In spite of their primary structure diver-
sity, lipases share the exact identical catalytic mechanisms and structural architecture, 
which is in turn similar to that of the hydrolases’ α/β folds. The layout of the enzyme 
structure is based on the central β sheets, mostly eight, that are predominately paral-
lel except for the antiparallel strand β2. It is also worth noticing, that the strand β3 
is connected to strand β8 by packed α-helices on the two sides of the β-sheet. 
Variations in the enzyme structure can result from different β-sheet number or the 
presence of certain insertions (Murzin et al. 1995; Heikinheimo et al. 1999; Nardini 
and Dijkstra 1999). Resolving the3D structures of lipases paved the way for estab-
lishing the basic knowledge of the binding site structure of the enzyme.

The active site cavity is buried in the lipase enzyme and composed of a catalytic 
triad amino acid which includes a nucleophilic residue (serine), an acidic residue 
(aspartate or sometimes glutamate), and histidine residue, which are comparable to 
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those found in serine proteases (Fig. 13.4) (Brady et al. 1990; Winkler et al. 1990). 
The substrate enters to the binding pocket of the enzyme which is located on the top 
of the central sheet. Although lipases share the exact structural architecture, they are 
considerably differing in the substrate specificity and the binding site located in the 
pocket. The structure, length, shape, and hydrophobicity of the binding pocket are 
the key factors that determine the enzyme activity, substrate specificity, and sterio- 
and regio-preference (Pleiss et al. 1998; Lotti and Alberghina 2007; Mehta et al. 
2017). Even lipase isoenzymes of the same organism can differ in their activity and 
substrate selectivity. For example in Candida rugosa isoforms, the isoenzyme 1 
hydrolyzes mainly the substrates with medium chain length (C8-C10), while isoen-
zymes 2 and 4 hydrolyze the substrates with longer chain length (C16-C18) (Lotti 
and Alberghina 2007; Mehta et al. 2017).

Most of lipases has a movable flap (Lid domain) located over the active site 
which protects the active site and the triad amino acids from being exposed to the 
solvent or being accessible by different substrate while it is in the inactive form 
(Fig. 13.5) (Schrag and Cygler 1997; Jaeger and Reetz 1998; Schmid and Verger 
1998; Jaeger et al. 1999; Brzozowski et al. 2000). This fact does not assume that all 
lipases with a flap can carry out the activation conversion phenomenon or that all 
lipases share the existence of a movable flap (Chen et al. 1998; Nardini and Dijkstra 
1999). In the area of the active site there are highly fixed water molecules which are 
conserved (Sussman et al. 1991; Schrag and Cygler 1993) and interacting directly 
by hydrogen bonds with the catalytic triad (Steitz and Shulman 1982). The lid 
domain together with the water molecules plays a crucial role in the formation of 
alternative conformational states. When the enzyme is in the closed state (inactive 
conformation), the flap is positioned to cover the catalytic tunnel of the enzyme 
from solvent. On the other hand, when it is in the active form, the flap moves up to 
afford an active enzyme conformation with the active binding site accessible to 

Fig. 13.4 The active site cavity buried, (a) in the Candida rugosa (PDB: 1LPP) lipase represented 
by green net, ligands are represented in black color and the protein of the enzyme is shown in rib-
bon representation, (b) Ribbon representation for the open form of Thermomyces lanuginose(PDB: 
1EIN) which shows the active site and the position of catalytic triad
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substrates. Accordingly, the lid domain functions not only as a gate for the active 
site of the enzyme, but also plays a valuable role in determining the enzyme activity 
and substrate selectivity.

The opening mechanism of the flap domain differs between lipases, however, in 
all lipases the flap opening leads to the creation of a hole known as “oxyanaion 
hole.” This anion hole is responsible for stabilization of the hydrolysis reaction 
intermediate (Brzozowski et al. 1991; Grochulski et al. 1994b).The rational for this 

Fig. 13.5 (a) Closed conformation of Candida rugosa lipase (PDB: 1TRH), (b) open conforma-
tion of the same enzyme (PDB: 1CRL), (c) shows the position of the lid domain of the enzyme in 
its closed (dark red) and opened states (yellow)
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is that lid domain is amphipathic with two faces, one of them is hydrophobic and the 
other is hydrophilic. When the flap is in active state, the hydrophobic side faces the 
catalytic domain while the hydrophilic side faces the solvent phase. Changing from 
the inactive position to the active position will lead to exposure of the inner hydro-
phobic side more towards outside, leading to extension of the hydrophobic catalytic 
domain (Carrière et al. 1998).

Fungal lipases are one of seven families of lipases based on the elements of the 
basic fold that they contain. The other six families are acetyl cholinesterase-like, 
gastric lipase, lipase, fungal lipase, bacterial lipase, pancreatic lipase N-terminal 
domain, and cutinase-like (Lotti and Alberghina 2007). In this part, we will mainly 
focus on the known 3D structures of different fungal lipases available on protein 
data bank (PDB) (Table 13.3).

Table 13.3 The known 3D structures of different fungal lipases available on protein data 
bank (PDB)

Organism
PDB 
code Title Ligands Reference

Candida 
rugosa

1LPP Analogues of reaction 
intermediates identify a 
unique substrate binding 
site in Candida rugosa 
lipase.

1-Hexadecanesulfonic acid Grochulski 
et al. 
(1994a)

1LPO Analogues of reaction 
intermediates identify a 
unique substrate binding 
site in Candida rugosa 
lipase.

1-Hexadecanesulfonic acid

1LPN Analogues of reaction 
intermediates identify a 
unique substrate binding 
site in Candida rugosa 
lipase.

1-Dodecanesulfonate

1TRH Two conformational 
states of Candida 
rugosa lipases.

– Grochulski 
et al. 
(1994b)

1GZ7 Crystal structure of the 
closed state of lipase 2 
from Candida rugosa.

– Mancheño 
et al. (2003)

1CRL Insights into interfacial 
activation from an 
“open” structure of 
Candida rugosa lipase.

– Grochulski 
et al. (1993)

3RAR X-ray structure of a 
bound phosphonate 
transition state analogue 
and enantioselectivity of 
Candida rugosa lipase 
toward chiral carboxylic 
acids.

– Colton 
et al. (2011)

(continued)

13 Fungal Lipases: Insights into Molecular Structures and Biotechnological…



482

Table 13.3 (continued)

Organism
PDB 
code Title Ligands Reference

1LPM A structural basis for 
the chiral preferences of 
lipases

(1R)-Menthyl hexyl 
phosphonate

Cygler 
et al. (1994)

1LPS A structural basis for 
the chiral preferences of 
lipases.

(1S)-Menthyl hexyl 
phosphonate

Cygler 
et al. (1994)

Candida 
antarctica

5A6V Open and closed 
conformations and 
protonation states of 
Candida antarctica 
lipase b: xenon complex.

Xenon: complexed with the 
protein

Stauch 
et al. (2015)

5A71 Open and closed 
conformations and 
protonation states of 
Candida antarctica 
lipase b: atomic 
resolution native.

–

1TCC The sequence, crystal 
structure determination, 
and refinement of two 
crystal forms of lipase b 
from Candida 
antarctica.

– Uppenberg 
et al. (1994)

1TCB The sequence, crystal 
structure determination, 
and refinement of two 
crystal forms of lipase b 
from Candida 
antarctica.

–

1TCA The sequence, crystal 
structure determination 
and refinement of two 
crystal forms of lipase b 
from Candida 
antarctica.

2VEO X-ray structure of 
Candida antarctica 
lipase a in its closed 
state.

– Ericsson 
et al. (2008)

6TP8 Substrate protein 
interactions in the 
limbus region of the 
catalytic site of Candida 
antarctica lipase b.

2,3-Di-(butanoyloxy)propyl 
butanoate

Silvestrini 
and Cianci 
(2020)

3ICV Structural consequences 
of a circular 
permutation on lipase b 
from Candida 
antarctica.

– Qian et al. 
(2009)

(continued)
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Table 13.3 (continued)

Organism
PDB 
code Title Ligands Reference

3ICW Structure of a circular 
permutation on lipase b 
from Candida antarctica 
with bound suicide 
inhibitor.

–

3GUU X-ray structure of 
Candida antarctica 
lipase a

– –

4ZV7 Crystal structure of 
hexagonal form of lipase 
B from Candida 
antarctica.

– Strzelczyk 
et al. (2016)

1LBT Lipase (e.c.3.1.1.3) 
(triacylglycerol 
hydrolase).

Methylpenta(oxyethyl) 
heptadecanoate

Uppenberg 
et al. (1995)

1LBS Lipase (e.c.3.1.1.3) 
(triacylglycerol 
hydrolase).

N-Hexylphosphonate ethyl 
ester

4K5Q Crystal structure of 
CALB mutant DGLM 
from Candida 
antarctica.

– Xie et al. 
(2014)

4K6G Crystal structure of 
CALB from Candida 
antarctica.

–

4K6H Crystal structure of 
CALB mutant L278M 
from Candida 
antarctica.

4K6K Crystal structure of 
CALB mutant D223G 
from Candida 
antarctica.

3W9B Crystal structure of 
Candida antarctica 
lipase B with anion-tag.

3,6,9,12,15,18,21- 
Heptaoxatricosane-1,23-diol

–

5GV5 Crystal structure of 
Candida antarctica 
lipase B with active 
ser105 modified with a 
phosphonate inhibitor

(1S)-2-(methoxycarbonyl-
amino)-1-phenyl-ethoxy-
propyl-phosphinic acid

Park et al. 
(2016)

6ISP Structure of Candida 
antarctica lipase B 
mutant.

N,N-Bis(3-D- 
gluconanidopropyl)-
deoxychloamide

Cen et al. 
(2019)

6ISR Structure of lipase 
mutant with CYS-HIS- 
ASP catalytic triad.

–

(continued)
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Table 13.3 (continued)

Organism
PDB 
code Title Ligands Reference

6ISQ Structure of lipase 
mutant with oxidized 
CYS-HIS-ASP catalytic 
triad.

–

6J1P Crystal structure of 
Candida antarctica 
lipase B mutant—SR.

– Xu et al. 
(2019)

6J1R Crystal structure of 
Candida antarctica 
lipase B mutant—RR.

6J1Q Crystal structure of 
Candida antarctica 
lipase B mutant—RS.

6J1T Crystal structure of 
Candida antarctica 
lipase B mutant SR with 
product analogue.

(2S)-2-phenyl-N-[(1R)-1- 
phenylethyl] propanamide

6J1S Crystal structure of 
Candida antarctica 
lipase B mutant—SS.

–

Thermomyces 
lanuginosa

1GT6 S146A mutant of 
Thermomyces 
(humicola) lanuginosa 
lipase complex with 
oleic acid.

Oleic acid Yapoudjian 
et al. (2002)

1DU4 The structural origins of 
interfacial activation in 
Thermomyces 
(humicola) lanuginosa 
lipase other structure 
details.

– Brzozowski 
et al. (2000)

1DT3 The structural origins of 
interfacial activation in 
Thermomyces 
(humicola) lanuginosa 
lipase.

–

1DTE The structural origins of 
interfacial activation in 
Thermomyces 
(humicola) lanuginosa 
lipase.

–

1DT5 The structural origins of 
interfacial activation in 
Thermomyces 
(humicola) lanuginosa 
lipase.

–

(continued)
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Table 13.3 (continued)

Organism
PDB 
code Title Ligands Reference

1EIN The structural origins of 
interfacial activation in 
Thermomyces 
(humicola) lanuginosa 
lipase.

Di-undecylphosphatidyl 
choline

4ZGB Structure of untreated 
lipase from 
Thermomyces 
lanuginosa at 2.3 a 
resolution.

– Kumar 
et al. (2015)

4FLF Structure of three phase 
partition treated lipase 
from Thermomyces 
lanuginosa at 2.15a 
resolution.

– –

4GLB Structure of 
p-nitrobenzaldehyde 
inhibited lipase from 
Thermomyces 
lanuginosa at 2.69 A 
resolution.

– –

4EA6 Crystal structure of 
fungal lipase from 
Thermomyces(humicola) 
lanuginosa at 2.30 
angstrom resolution.

– –

4GI1 Structure of the complex 
of three phase partition 
treated lipase from 
Thermomyces 
lanuginosa with 
16-hydroxypalmitic acid 
at 2.4 A resolution.

16-hydroxyhexadecanoic acid –

4GWL Structure of three phase 
partition treated lipase 
from Thermomyces 
lanuginosa at 2.55A 
resolution.

– –

4GBG Crystal structure of 
ethyl acetoacetate 
treated lipase from 
Thermomyces 
lanuginosa at 2.9 A 
resolution.

– –

(continued)
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Table 13.3 (continued)

Organism
PDB 
code Title Ligands Reference

4GHW Crystal structure of the 
complex of fungal lipase 
from Thermomyces 
lanuginosa with 
decanoic acid at 2.6 A 
resolution.

– –

4KJX Crystal structure of the 
complex of three phase 
partition treated lipase 
from Thermomyces 
lanuginosa with lauric 
acid and 
p-nitrobenzaldehyde 
(pnb) at 2.1 resolution.

– –

4N8S Crystal structure of the 
ternary complex of 
lipase from 
Thermomyces 
lanuginosa with ethyl 
acetoacetate and 
p-nitrobenzaldehyde at 
2.3 A resolution.

– –

4S0X Structure of three phase 
partition—treated lipase 
from Thermomyces 
lanuginosa in complex 
with lauric acid at 2.1 A 
resolution.

– –

6OR3 Structure of an acyl 
intermediate of 
Thermomyces 
lanuginosa lipase with 
palmitic acid in an 
orthorhombic crystal.

Palmitic acid –

4DYH Crystal structure of 
glycosylated lipase from 
Humicola lanuginosa at 
2 angstrom resolution.

– –

1TIB Conformational lability 
of lipases observed in 
the absence of an oil–
water interface: 
crystallographic studies 
of enzymes from the 
fungi Humicola 
lanuginosa and 
Rhizopus delemar.

– Derewenda 
et al. 
(1994b)

(continued)
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Table 13.3 (continued)

Organism
PDB 
code Title Ligands Reference

6HW1 Room temperature 
structure of lipase from 
T. Lanuginosa at 2.5 A 
resolution in chipx 
microfluidic device.

– De Wijn 
et al. (2019)

5AP9 Controlled lid-opening 
in Thermomyces 
lanuginosus lipase—a 
switch for activity and 
binding.

– Skjold- 
Jørgensen 
et al. (2017)

Rhizomucor 
miehei

3TGL Structure and molecular 
model refinement of 
Rhizomucor miehei 
triacylglyceride lipase: 
a case study of the use 
of simulated annealing 
in partial model 
refinement.

– Brzozowski 
et al. (1992)

4TGL Catalysis at the 
interface: the anatomy 
of a conformational 
change in a triglyceride 
lipase.

– Derewenda 
et al. (1992)

5TGL Catalysis at the 
interface: the anatomy 
of a conformational 
change in a triglyceride 
lipase.

N-hexylphosphonate ethyl 
ester

6QPP Rhizomucor miehei 
lipase pro-peptide 
complex, native.

– Moroz et al. 
(2019)

6QPR Rhizomucor miehei 
lipase pro-peptide 
complex, ser95/ile96 
deletion mutant.

–

Rhizopus 
niveus

1LGY Lipase ii from Rhizopus 
niveus.

– Kohno 
et al. (1996)

Rhizopus 
microsporus 
var. chinensis

6A0W Crystal structure of 
lipase from Rhizopus 
microsporus var. 
chinensis.

– Zhang et al. 
(2019)

(continued)
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Table 13.3 (continued)

Organism
PDB 
code Title Ligands Reference

Rhizopus 
oryzae

1TIC Conformational lability 
of lipases observed in 
the absence of an oil–
water interface: 
crystallographic studies 
of enzymes from the 
fungi Humicola 
lanuginosa and 
Rhizopus delemar.

– Derewenda 
et al. 
(1994b)

Geothricum 
candidum

1THG 1.8 angstroms refined 
structure of the lipase 
from Geotrichum 
candidum.

– Schrag and 
Cygler 
(1993)

Penicillium 
camembertii

1TIA An unusual buried polar 
cluster in a family of 
fungal lipases.

– Derewenda 
et al. 
(1994a)

Penicillium 
expansum

3G7N Crystal structure of a 
triacylglycerol lipase 
from Penicillium 
expansum at 1.3.

– Bian et al. 
(2010)

Rasamsonia 
emersonii

6UNV Crystal structure of a 
methanol tolerant 
lipase/esterase from the 
fungus Rasamsonia 
emersonii.

– Rade et al. 
(2020)

The lipases have been recently classified into three main classes (GX, GGGX, 
and Y) based on the structure and orientation of oxyanion hole (Fischer and Pleiss 
2003). According to this classification and based on similarities in the amino acid 
sequence, the fungal lipases have been assembled to five subclasses; one in Y class, 
two in GGGX class, and two in GX class (Gupta et al. 2015). Fungal lipases can 
have different enzyme isoforms ranging from one to five. Isoenzymes are related 
proteins that produced by the same organism and are closely related to biophysical 
properties and amino acid sequence, but greatly differ in substrate and reaction 
specificity, pH and temperature stability, and molecular mass.

An example is Candida rugosa which is known to produce the whole five isoen-
zymes. Although those five isoenzymes share very similar sequences, ranging from 
77% to 88% for pairs of proteins, they show some specificity towards different 
substrates (Lotti et al. 1994). Lipase isoforms 2 and 3 can hydrolyze cholesterol 
esters, while isoform 1 is inactive to such substrates. The selectivity difference was 
considered to be a consequence of the differences found in the lid domains of the 
three isoforms of the enzyme (Brocca et al. 2000). The resolved structure of the 
lipase isoenzymes showed that the lid domain of lipase isoform 2 is more hydropho-
bic in comparison to isoforms 1 and 3 and differs in 11- and 9- positions (out of 30) 
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(Grochulski et al. 1994b). The gene coding analysis showed a 534 amino acid poly-
peptide chain each, with molecular mass prediction of 60 kDa (Kawaguchi et al. 
1989; Longhi et al. 1992; Lotti et al. 1993; Brocca et al. 1995).

The 3D structure of Candida rugosa lipase 2 (CRL2) consists of a core of 
11-stranded mixed β-sheets, a small and nearly perpendicular N-terminal three-
stranded β-sheets, and 16 α-helices with an outstanding twist in the central β-sheets 
(Fig. 13.6) (Mancheño et al. 2003).

The catalytic domain of the enzyme composed of a triad residue from Ser209, 
Glu341, and His449 with three water molecules. Two molecules of the water form 
hydrogen bonds with the main-chain nitrogen atoms of Glu341 and His449, while 
the last molecule forms hydrogen bonds with the side chain of Glu 208 and the 
main-chain nitrogen atom of Gly122. The lid domain composed of (65–94) residues 
with a conformationally restricted stem region due to the presence of a disulfide 
bridge (Cys60–Cys97) and an ionic interaction between Glu96 and Arg37. In addi-
tion, van der Waals interactions are formed between 9 residues of the internal side 
of the flap domain and the hydrophobic residues, which lead to the formation of a 
hinge point for the opening of the lid domain (Grochulski et al. 1994b).

To date, two lipases for filamentous Candida antarctica (CalA and CalB) have 
been distinguished (Høegh et al. 1995). Interestingly, CaIA lipase was found to be 
able to maintain its hydrolytic activity under extreme conditions and showed excep-
tional substrate selectivity by accepting tertiary alcohols unlike other lipases. Based 
on these unique properties, the sequence of CaIA lipase was intensively studied 

Fig. 13.6 Ribbon representation of Candida rugosa lipase 2 (PDB: 1GZ7) that shows the 11 
β-sheets in yellow, α-helices in red and coils in white
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which revealed that the CaIA primary structure is highly different than other lipases 
(Whitaker and Sonnet 1989; Domínguez De María et al. 2005). The active triad was 
found to be formed by Ser 184, Asp 334, and His 366 residues, while the lid domain 
is formed by the residues Gly426 to Gly436 (Schmid and Verger 1998; Ericsson 
et al. 2008).

The resolved structure of Thermomyces lanuginosa lipase showed that the cata-
lytic site composed of a flap domain which contains (86–92) residues, and a cata-
lytic triad from Ser146-His285-Asp201 residues. Importantly, the lid domain has a 
Trp89 residue which plays a significant role in the formation of a transition state 
with the substrate which helps the substrate to reach the catalytic tunnel beneath the 
flap (Lawson et al. 1994; Brzozowski et al. 2000; Yapoudjian et al. 2002).

The 3D structure of Rhizomucor miehei lipase showed a catalytic triad of Ser238, 
Asp297, and His351 residues and a flap domain formed by (178−186) residues. In 
a study by Moroz et al., the pro-peptide structure of the Rhizomucor miehei lipase 
enzyme was described which revealed the inactivity of the enzyme during its expres-
sion phase and the conversion of the pro-peptide to a mature active enzyme (Moroz 
et al. 2019).

For Rhizopus niveus, only one PDB code could be found for Rhizopus niveus 
fungal lipase-2. This lipase protein consists of a single 269 amino acid polypeptide 
chain, which lacks the A-chain and 28 N-terminal amino acids of the B-chain that 
found in the isoenzyme lipase-1. The catalytic domain of the fungal lipase-2 con-
tains a catalytic triad residues of Serl45, Asp204, and His257, while the lid domain 
consists of (86–92) residues (Kohno et al. 1996). The crystal structure of Rhizopus 
microsporus var. chinensis lipase showed that the residues from Gly109 to Thr123 
form the flag domain with its short α-helix (Phe113−Asp119) linked to the protein 
core. Additionally, the residues Ser172, His284, and Asp231form the catalytic triad 
in the active center of enzyme (Zhang et al. 2019). Noteworthy, the lipase structure 
contains a N-terminal polypeptide segment (NTPS) which showed to be crucial for 
the secretion, folding, and catalytic properties of Rhizopus lipase (Zhang et al. 2019).

Rhizopus oryzae fungal lipase, also named Rhizopus delemar, shares a 3D struc-
ture similar to that of Rhizopus miehei. The catalytic center of these lipases consists 
of a triad from Ser145, His258, and Asp204 residues. Additionally, the lid domain 
has two hinge regions, one N-terminal region (residues 83–843), and one C-terminal 
region (residues 91–95) with a six-residue-long region (85–90) (Derewenda 
et al. 1994b).

The 3D structure of Geotricum candidum lipase enzyme was one of the first 
three lipases that could be resolved by crystallography. The catalytic triad has glu-
tamic acid at position 354 rather than aspartic acid, besides the other two residues 
(Serine 217 residue which locates approximately at 18 Å from the surface of the 
enzyme and Histidine 463 residue). Interestingly, Schraget al. reported a second 
triad in the Geotricum candidum enzyme which consists of Ser 449, His 451, and 
Asn 465 residues buried away from surrounding solvent (Schrag et  al. 1991). 
However, this triad does not have any lipolytic activity (Schrag and Cygler 1993).

In an interesting study, the sequence of Penicillium camemberti lipase was com-
pared to that of Humicola lanuginosa lipase and it was found that they share 41% 
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identical amino acids (Derewenda et  al. 1994a). Moreover, the active site of 
Penicillium Expansum lipase was found to have a catalytic triad of amino acid resi-
dues (Ser 132, Asp 188 and His 241)that is spatially arranged and superimposed 
with that of Rhizomucor miehei lipase. Bian et al. showed that the oxyanion hole of 
Penicillium Expansum is formed by the two amide groups found in residues 130 and 
131 and the flap region contains (68–76) residues (Bian et al. 2010). Recently, the 
3D structure of Rasamsonia emersonii fungal lipase was resolved which revealed a 
catalytic triad of Ser 177, His 290, and Asp 232 residues (Rade et al. 2020).

As described before, lipases have a wide diversity of substrate selectivity ranging 
from aliphatic esters and aromatic esters to thioesters and activated amines. Owning 
to their stability in most of organic solvents, lipases have been exploited in the 
organic synthesis such as aminolysis, esterification, and transesterification (Schmid 
and Verger 1998; Bornscheuer et al. 2002; Jaeger and Eggert 2002; Kirk et al. 2002; 
Gupta et al. 2004). Among different lipase sources, fungal lipases have been consid-
ered as the best lipase source due to the broad range of their enzymatic activities, 
substrate selectivity, and stability under different chemical and physical conditions 
(Facchini et al. 2016). Such unique properties make fungal lipases as key biocataly-
sis in the industrial applications (Hasan et al. 2006; Kapoor and Gupta 2012; Thakur 
2012; Ray 2015)and for synthetic application (Azim et  al. 2001). Based on this 
knowledge, the scientific efforts were dedicated to improve the lipase properties or 
to find novel lipases which meet the industrial requirements and laboratory use.

The molecular basis (amino acid sequence, 3D structure) of the catalytic site of 
lipases can have an effect on the efficiency, stability, and specificity of lipases. 
Accordingly, novel techniques were developed, such as molecular modeling and 
protein engineering, in order to modulate the catalytic behavior of lipases. The pro-
tein engineering technique based on creation of libraries of random mutants in the 
enzyme followed by selection of variants with improved properties (specificity, 
enantioselectivity, or catalytic efficiency). These variants are then used in more 
rounds of mutagenesis to finally obtain new lipases with the required activity for 
their applications (Klein et al. 1997; Rotticci et al. 2001).

More recently, the molecular modeling technique has been applied to improve 
the activity and property of lipases. This technique has been used to predict the 3D 
structure of novel lipases with unknown crystal structure by homology modeling 
and to predict the enzyme-substrate binding activity by in silico methods (Vasel 
et  al. 1993). Compared to protein engineering technique, this technique has an 
advantage of being lower in costs, easy in handling, and provides the required infor-
mation about the molecular structure of protein. Indeed, the molecular docking 
methods have been used to predict the lipase activity, specificity, and substrate 
selectivity. Based on this bioinformatics approach, several mutant enzymes can be 
created by introducing bulkier or more hydrophilic residues at different sites of 
lipases and the activity of created proteins is then screened by molecular docking 
for better interaction with a specific substrate (Tang et al. 2014).

This approach can be applied in industry for removing of pollutants and esters 
(Ericsson et al. 2008). Other approach for molecular modeling is based on resolved 
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3D structure of the enzyme, which can be used to screen a library of substrates to 
find a novel application of lipases.

Since the structure of many fungal lipases has not been resolved yet, a homology 
modeling approach has been applied to predict the 3D structure of the enzyme. The 
obtained predicted structure can be then used to investigate the interaction of the 
substrates with the modeled structure by molecular docking. This approach has 
intensively helped to find new applications for the lipases of unknown crystal struc-
ture and to predict the lipase activity on several substrates (Moya-salazar et  al. 
2019). Future work should be directed to use the molecular modeling techniques in 
order to improve the lipase properties and to find new substrates for the known 
lipases. This would definitely highlight the industrial and laboratory applications of 
lipases.

13.9  Medicinal Applications of Lipases

Lipases may be used as digestive aids and as the activators of Tumor Necrosis 
Factor, and therefore, can be used in the treatment of malignant tumors. Although 
human gastric lipase (HGL) is the most stable acid lipase and constitutes a good 
candidate tool for enzyme substitution therapy, lipases have earlier been used as 
therapeutics in the treatment of gastrointestinal disturbances, dyspepsias, cutaneous 
manifestations of digestive allergies, etc. (Ville et al. 2002).

13.9.1  Lipase in Fat Control (Obesity and Cholesterol)

Coronavirus disease 2019 (COVID-19), the worst pandemic in current century, has 
claimed >125,000 lives worldwide so far. There are many risk factors that would 
eventually put lives at risk with such virus, one of them is obesity. Being obese can 
increase risk of developing many potentially serious health conditions, including 
type 2 diabetes, hypertension, high cholesterol, and atherosclerosis, which might 
result in coronary heart condition and strokes. Additionally, studies proved that adi-
pose tissue in individuals with obesity may act as a reservoir for more extensive 
viral spread, with increased shedding, immune activation, and cytokine amplifica-
tion (Ryan and Caplice 2020).

Lipase is anticipated to attain a sales increase of roughly 6.8% by 2024. A seri-
ous area of the lipase market is alleged to the treatment of obesity, which is becom-
ing a replacement challenging issue in developed countries. Due to its ability to 
break down fats into glycerol and free fatty acids under natural conditions, it is 
expected that there will be an increasing demand within the healthcare industry as a 
tool for weight management and management of overweight people (Ahuja and 
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Rawat 2019). Pancreatic enzymes like amylase, proteases, and lipase are developed 
as common digestive aids for people with weakened immune systems, for its effec-
tive role in reducing the danger of obesity in patients with HIV (Sarkissian et al. 
1999; Carroccio et al. 2001). This enzyme is additionally useful within the treat-
ment of pancreatic insufficiency in patients with chronic heart failure. A cocktail of 
pancreatic enzymes called "TheraCLECTotalTM" is on the market (Meghwanshi 
et al. 2020).

Lipases from Candida Rugosa are accustomed to synthesize lovastatin, a drug 
that reduces serum cholesterol level. S. marcescens lipase was widely used for the 
asymmetric hydrolysis of 3-phenylglycidic acid ester which is essential intermedi-
ate within the synthesis of diltiazem hydrochloride (Matsumae et  al. 1993). The 
lipase level in bodily fluid may be a diagnostic indicator for conditions like acute 
pancreatitis and pancreatic injury (Gutman et al. 1990). Lipase activity/level deter-
mination is additionally important within the diagnosis of heart ailments (Sharma 
and Kanwar 2014).

13.9.2  Lipases as Diagnostic Tool

A biosensor could be a combination of a biological component with a physico-
chemical detector and it helps in analysis of biomolecular interactions (Gopinath 
et al. 2013). Quantitative determination of triacylglycerol contains a great signifi-
cance in clinical diagnosis and within the food industry. The utilization of lipid 
sensing device as a biosensor is a way cheaper and not as time consuming as com-
pared to the chemical methods for the determination of triacylglycerol. Biosensors 
are three types: (a) chemical, (b) biochemical, or (c) electronic. Biochemical bio-
sensor uses the enzymes or other proteins (antibodies), cells, or cell extract immo-
bilized on an appropriate matrix linked to a transducer. An analytical biosensor was 
developed to work out of lipids for the clinical diagnosis (Masahiko et al. 1995). In 
quantitative determination lipases are accustomed to generate glycerol from triacyl-
glycerol within the analytical sample and to quantify the released glycerol by enzy-
matic or chemical methods. This theory allowed diagnosing the patients with 
cardiac complaint. Candida rugosa lipase biosensor has been developed as a DNA 
probe (Salihu and Alam 2012).

Enantioselective interesterification and transesterification reactions by the assis-
tance of lipases have great impact on pharmaceutical industry for selective acylation 
and deacylation reactions. The lipase concentration in humor will be used as a diag-
nostic tool to detect conditions like acute pancreatitis and pancreatic injury (Nagar 
et al. 2013). Lipases play a crucial role in improvement of monoglycerides to be 
used in emulsifiers in pharmaceutical applications (Sharma et al. 2001).
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13.9.3  Lipases in Cosmetics

Lipases have potential applications in cosmetics and private care as perfumes 
because they exhibit activities in surfactants and in aroma production (Metzger and 
Bornscheuer 2006). Monoacylglycerols and diacylglycerols are produced by esteri-
fication of glycerols and are used as surfactants in cosmetics and perfume indus-
tries. Production of flavors by transesterification and therefore the resolution of 
racemic intermediates by lipases improved the cosmetic and perfume industry. 
Lipases produced by Pseudomonas cepacia are accustomed resolve the racemic 
rose oxides produced by the bromomethoxylation of citronellol (Taneja et al. 2005). 
Methyl butyrate (MB) or methyl ester of saturated fatty acid is an ester with a fruity 
odor of pineapple, apple, and strawberry (Garlapati and Banerjee 2013). Esters of 
aliphatic and aromatic acids and alcohols including terpene alcohols, aldehydes, 
and phenols are commonly present within the flavor materials employed in per-
fumes and other attention products (Franssen et al. 2005).

Retinoids (vitamin A and derivatives) are of great commercial potential in cos-
metics like skin care products. Water-soluble retinol derivatives were prepared by 
catalytic reaction of immobilized lipase (Maugard et al. 2002). Esters of cinnamic 
acid, ellagic acid, ferulic acid, and organic compounds of biotechnological rele-
vance would be properly modified as flavor/fragrance compounds, precursors of 
pharmaceuticals, and as additives in foods, cosmetics, and sunscreens (Chandel 
et al. 2011). Ferulic acid (4-hydroxy-3-methoxy-cinnamic acid) the foremost abun-
dant derivative of cinnamic acid is found in higher plants. Ester linked to cytomem-
brane constituents especially to arabinoxylans and lignins. Maximum UV absorption 
at 322 nm falls between UVB and UVA region and used as UV-absorbing substance 
for skin protection against sunlight (Kumar and Kanwar 2011).

13.9.4  Lipase CalB

13.9.4.1  Lipase CalB as Biocatalyst for Vitamin C Esters

Ascorbic acid esters l-ascorbic acid (vitamin C), is the major water-soluble natural 
antioxidant. Acting as an atom scavenger, l-ascorbic acid and its derivatives react 
with oxygen, thus removing it during a closed system. Esters of l-ascorbic acid with 
long-chain fatty acids (E-304) are employed as antioxidants in foods rich in lipids 
thanks to their solubility in fats compared to water-soluble vitamin (insoluble in 
oils) (Reyes-Duarte et al. 2011). Candida antarctica (CalB), the immobilized lipase 
B described by biocatalytic methods as biocatalyst and free fatty acids or activated 
esters as acyl donors (Burham et al. 2009). The biocatalytic conversion is able to do 
levels of approx. 95% depending on the operating temperature, the efficiency of the 
side product (water) removal, and therefore the length of the carboxylic acid. 
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Although enzymatic synthesis offers some advantages compared with the present 
chemical processes, most of the assembly of ascorbyl esters is performed by chemi-
cal synthesis (Fig. 13.7).

13.9.4.2  Lipase CalB as a Biocatalyst for Omega-3 Esters

Polyunsaturated fatty acids (PUFA) like omega-3 fatty acids are essential for daily 
life and performance. For instance, the beneficial effects of omega-3 fatty acids like 
m-5,8,11,14,17-eicosapentaenoic acid (EPA) and c/s-4,7,10,13,16,19- 
docosahexaenoic acid (DHA) on lowering serum triglycerides are now well estab-
lished. These compounds also are known for other cardioprotective benefits (Hooper 
et al. 2004).

Omega-3 fatty acids are often derived from marine fish, fungal, bacterial and/or 
algal oils. Such sources typically provide the PUFA during a triglyceride form 
where other undesired, fatty acids (e.g., saturated fatty acids) are present alongside 
a desired PUFA within the triglyceride molecule. The food industry is focusing 
efforts on modifying the composition of omega-3 fish oils to boost organoleptic and 
bioavailability properties. PronovaBioPharmaNorge AS reported on a process for 
separating ethyl ester EE fractions enriched in EPA (eicosapentaenoic acid, C20:5) 
from free carboxylic acid fraction (FFA) enriched in DHA (docosahexaenoic acid, 
C22:6) by direct esterification of animal oil free fatty acids with ethanol using 
immobilized CalB followed by distillation (Gudmundur et al. 2003).

To an answer containing 14% EPA and 15% DHA, three equivalents of ethanol 
were added and mixed at 40 °C within the presence of 50 w/w immobilized CalB on 
styrene/divinyl benzene (Novozym 435) as biocatalyst. Over 78% conversion of EE 
and 22% remaining FFA were reached after 4 h reaction, and therefore the residual 
free fatty acids were increased to contain 49% DHA and 6% EPA. Ocean Nutrition 
Canada Ltd. reported a technique of modification of omega-3 fish oils using immo-
bilized lipase from TL (E.C. 3.1.1.3.) for hydrolysis of the glyceride, followed by a 
separation of the free saturated carboxylic acids FFA from the glycerides and a final 
enzymatic esterification of the hydrolyzed glyceride by immobilized CalB with a 
polyunsaturated fatty acid in water-free medium (Kralovec et al. 2009). The entire 
process is meant to extend the concentration of polyunsaturated carboxylic acid in 
an oil composition.

Fig. 13.7 Manufacture of vitamin C fatty acid ester by transesterification catalyzed by immobi-
lized CalB (Basso and Serban 2019)
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13.9.4.3  Lipase CalB in Sofosbuvir Synthesis

Hepatitis C is a communicable disease caused by hepatitis C virus (HCV), a mem-
ber of the hepacivirus genera within the Flaviviridae family. Hepatitis C is the lead-
ing explanation for chronic disease worldwide (Boyer and Marcellin 2000). The 
infection is commonly asymptomatic, but its chronic infection can result in the scar-
ring of the liver and eventually, to cirrhosis, which is usually apparent after a few 
years. In some cases, liver cirrhosis can change into liver failure, cancer, esophageal 
and gastric varices. HCV is transmitted primarily by direct contact with infected 
blood. Hence, the interest in developing improved methods of treating viral hepati-
tis will overcome the high mutagenicity of HCV and also the presence of various 
genotypes and subtypes (Domingo et al. 1995; Fukumoto et al. 1996).

In 2014, Gilead patented a compound that inhibits the hepatitis C virus NS3 
protease, which has the good advantage of inhibiting multiple genotypes of the 
hepatitis C virus (Yang 2014; Cagulada et  al. 2015; Bjornson et  al. 2016). This 
compound, commercialized as Sofosbuvir, was reported with a replacement crystal-
line formulation, and employed for the treatment of HCV infection and therefore 
the related symptoms (Martin et al. 2016). Sofosbuvir could be a large molecule 
with a synthesis that needs many chemical steps, and immobilized CalB is employed 
within the patent from Gilead within the process for the enantioselective hydrolysis 
of an acetate ester into chiral alcohol (Fig. 13.8). The CalB immobilized on divinyl 
benzene/methacrylate polymer (Novozym 435) was utilized in MTBE saturated 
with aqueous 0.1M phosphate buffer pH 7 at a temperature of 10 °C; the conversion 
of the racemate to the specified enantiomer is sort of 40%.

Later in 2014, Chemelectiva-HC-Pharma reported another biocatalytic process 
to manufacture an intermediate of Sofosbuvir. The method involves the utilization 
of immobilized lipase CalB but the catalyzed reaction interestingly is on a unique 
position of the molecule. Immobilized CalB is employed for a regioselective mono- 
deacetylation of Sofosbuvir intermediate in polar protic organic solvent to provide 
the corresponding alcohol at 60 °C (Fig. 13.9).

Fig. 13.8 Chemical 
structure of Sofosbuvir 
molecule, inhibitor of 
hepatitis C virus NS3 
protease (Basso and 
Serban 2019)
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13.9.5  Endophytic Fungi Pharmaceutical Lipases

Abdel-Azeem et al. (2015) recovered twenty one endophytic fungal species, iso-
lated from medicinal plants (Achillea fragrantissima, Artemisia herba-alba, 
Chiliadenusmontanus, Origanum syriacum, Teucrium polium, Tanacetumsinaicum) 
collected from Saint Katherine Protectorate and screened for extracellular enzymes 
such as amylase, cellulase, chitinase, esterase, laccase, lipase, pectinase, protease, 
and tyrosinase on solid media. Sixty one percent of fungi (13 isolates) screened for 
enzymes showed positive for amylase, 92% for cellulase, 30% chitinase, 23% ester-
ase, 53% laccase, 46% lipase, 53% pectinase, 76% protease, and only 30% showed 
positive for tyrosinase.

Their work investigated the powerful capability of the Egyptian endophytic fungi 
to produce a large number of pharmaceutical and industrial enzymes and more 
investigation and production on commercial scale are urgently needed. Attia et al. 
(2020) recovered eleven teleomorphic species of fungi from four medicinal plant 
species. Chaetomium grande and Sordaria fimicola were the most frequently iso-
lated species and represented by 12 (Chg1-Chg12) and 7 (Sf1-Sf7) isolates, respec-
tively, in their study. Enzymatically, Chg5 isolate considered as a resource of 
amylase, cellulase, protease, lipase, and chitinase. However, Sf3 isolates considered 
as a resource of amylase, laccase, and chitinase out of six screened enzymes during 
their study.

Fig. 13.9 Selective mono-deacetylation of a Sofosbuvir catalyzed by immobilized CalB in protic 
organic solvent to give the corresponding alcohol (Basso and Serban 2019)
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13.9.6  Leishmanicidal and Fungicidal Lipases

Leishmaniasis is a spectrum of disease caused by protozoan parasites belonging to 
the genus Leishmania. There are twenty pathogenic Leishmania species for human. 
They can be transmitted by the bit of an infected female sand fly bringing parasites 
into the host. There are thirty sand fly species proven vectors. They become infected 
when they take a blood meal from a reservoir host. Hosts are infected humans, wild 
and pet animals. The clinical manifestations of the disease depend on the infecting 
species (Handman 1999, 2001). Leishmaniasis presents in three main clinical forms 
which have devastating consequences. In visceral Leishmaniasis (VL or “kala- 
azar”), the parasites reside in the liver, spleen, and bone marrow causing a severe 
systemic disease which is fatal if not treated (Van Griensven et al. 2014).

In struggle against Leishmaniasis, natural products and biomolecules are impor-
tant sources of narrative therapeutic agents. Idris (2012) studied secondary metabo-
lites from endophytic fungi as a source of effective anti-leishmanial agents. Several 
crude extracts from endophytic fungi have been screened for anti-parasitic activity 
against and Plasmodium falciparum and Leishmania donovani. The active samples 
were further evaluated according to their toxicity versus mammalian cell lines. 
Eventually, DC401 was introduced as a promising source of new anti-parasitic com-
pound. Another study described the manufacturing of lipases from endophytic 
fungi, Vermisporium such as Emericella nidulans, Dichotomophtora portulacae 
and D. boerhaaviae and the biological activity against the dermatophyte fungi 
Malassezia sp., Microsporum canis, and the parasite Leishmania amazonensis.

Fungal enzymes extract exhibited lipolysis action in the media that contains long 
carbon chain lipids. The proteomic analysis of lipases exhibits many molecules 
mostly ranging in size from 220 to 20 kDa, with obvious differences in protein pro-
file’s yield. Fungal enzymes were efficient to eliminate promastigote forms of 
Leishmania amazonensis. The anti-leishmanial activity of lipases from Vermisporium 
such as E. nidulans, D. portulacae ,and D. boerhaaviae in amastigote forms induced 
the reduction in viability of 78.88, 39.65, 63.17, and 98.13%. In relation to antifun-
gal activity, Dichotomophtora enzymes show best action with against Microsporum 
canis and Malassezia sp. These results promote us to deduce that lipases from ento-
phytic fungi exhibit activity against dermatophyte fungi (Malassezia sp. and 
Microsporum canis) as well as Leishmania (Alves et al. 2018).

13.10  Lipases in Food Industry

In recent years, consumers have been increasingly confronted with functional foods 
and nutraceuticals, which are claimed to promote health and well-being beyond 
their nutritive properties. Large scale applications of lipases in industry can be 
found in production of trans-fatty acid free margarines. Fats and oils are important 
constituents of foods and their modification is one of the prime areas in food pro-
cessing industry that demands novel economic and green technologies (Gupta et al. 
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2003). Besides the commercial utilization for flavor development in cheese prod-
ucts, they are used in processing of other foods, such as meat, vegetables, fruit, 
baked foods, milk products, and beer (Nagodawithana and Reed 1993).

Lipases from A. niger, Rhizopus oryzae, Candida cylindracea have been used in 
bakery products. Betapol was the first commercial product made by the 1,3-specific 
lipase treatment of tripalmitin with unsaturated fatty acids that resulted in 
1,3- diunsaturated-2- saturated triglycerides intended for infant formula (Yang et al. 
2003). Immobilized lipases from Candida antarctica (CALB), Candida cylindra-
cea AY30, and Geotrichum candidum were used for the esterification of functional-
ized phenols for synthesis of lipophilic antioxidants in sunflower oil (Buisman 
et al. 1998).

13.11  Applications of Fungal Lipases in Dairy Industry

Mold-ripened cheeses are manufactured and consumed in large quantities long 
before dairy microbiology acquired any importance. For many years, the role of 
fungi in cheese-ripening was not clearly understood, and yet during this time 
cheeses of excellent quality were manufactured. Recent studies on the growth and 
chemical activities of fungi in cheese-ripening have resulted in the adoption of sci-
entific procedures for cheese manufacture which permit a large proportion of the 
products to be uniform in flavor.

13.11.1  Degree of Lipolysis in Cheese

Lipolysis in mold-ripened cheese is much more extensive than in other cheeses 
(Table 13.4). While the extent of lipolysis should not exceed 2% of the triglycerides in 
cheeses such as Gouda, Gruyere, or Cheddar, it is usually between 5 and 20% in mold-
ripened cheeses. Data in the literature vary greatly, probably depending on the degree 
of ripening. Extensive lipolysis can be attained in mold-ripened cheeses without any 
rancid taste occurring, probably due to neutralization of fatty acids on elevation of the 
pH. Anderson and Day (1965) found high levels of free fatty acids in blue-veined 
cheese, about 65–100 meq/100 g of fat, i.e., 18–25% of the total fatty acids. Other 
workers reported lower lipolysis in Danish Blue (about 45 meq/I00 g of fat).

Table 13.4 Fat acidity of different cheese varieties (Fox 1994)

Cheese variety meq acid/100 g of fat

Gouda 6.14 ± 0·50
Camembert 22.27 ± 13·73
6Danish Blue 45.34 ± 14·93
Roquefort 27.55 ± 12.6

13 Fungal Lipases: Insights into Molecular Structures and Biotechnological…



500

The extent of lipolysis in Roquefort is 8–10% of the total fatty acids. Godinho 
and Fox (1981) noted a lower free fatty acid level in the outer part of blue cheese 
due to higher NaCl concentrations that limited the production of lipases and possi-
bly their activity. Morris et  al. (1963) noted a regular increase in free fatty acid 
levels during ripening, while others (Godinho and Fox 1981) observed that these 
levels decreased at the end of ripening. In Norman Camembert made from raw milk, 
lipolysis reaches 6–10% of total fatty acids, probably less typical, samples had 
lower values of 3–5% (Fox 1994). Lipolysis is always highest towards the surface 
(Kuzdza-Savoie 1968). Most of the free fatty acids arise from lipolysis: short-chain 
fatty acids, resulting from the breakdown of lactose or some amino acids, represent 
only 5% of the total free fatty acids. In Camembert, the relative proportions of free 
fatty acids are different from those of milk triglycerides since the former have a 
higher concentration of oleic acid (Kuzdzal-Savoie 1965) (Table 13.5).

13.11.2  Properties and Effect of Mold Lipases

The essential lipolytic agents in mold-ripened cheeses are Penicillium spp. The 
natural lipase of milk is not very active, even in raw milk cheeses; however, its effect 
has been shown in blue-veined cheeses made from homogenized milk (Morris et al. 
1963). Except for Geotrichum candidum, microorganisms other than P. roqueforti 
or P. camemberti have very low lipolytic activity in mold-ripened cheeses. The par-
ticularly high proportion of free oleic acid in Camembert has been attributed to 
G. candidum lipase which preferentially releases this fatty acid (Godinho and 
Fox 1981).

Lamberet and Lenoir (1976) noted that P. camemberti produces only one extra-
cellular lipase which has optimal activity on tributyrin at pH 9·0 and 35 °C. The 
production level of this enzyme varies from 1 to 10 (relative scale), depending on 
the strain. At pH 6.0, this lipase retains 50% of its maximal activity and remains 
very active between 0 and 20 °C. It is more active when calcium ions are present. 
The production of lipase has been studied during the ripening of raw milk 
Camembert; activity appears after 10 days of ripening, during or shortly after 

Table 13.5 Relative proportions in camembert of free fatty acids and of fatty acids in glycerides 
(Kuzdzal-Savoie 1965)

Fatty acids Glycerides Free fatty acids

4:0 + 6:0 + 8:0 2.8 2.2
10:0 + i10:0 to 12:0 3.8 3.0
12:0 + i 12:0 to 14:0 4.5 4.7
14:0 + i 14:0 to 16:0 16.1 14.3
16:0 + i 16:0 to 18:0 28.6 23.3
8:0 10.2 7.3
18:1 + 18:2 + 18.3 34.0 45.2
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mycelium growth, is maximal at 16 days and then decreases slightly until the 30th 
day when it increases again on the lysis of mycelia. In 10 cheeses of different ori-
gins, the lipase activity in the outer region of the cheeses varied from 1.2 to 4–45 
units/g of cheese(Lamberet et al. 1982; Molimard and Spinnler 1996). P. roqueforti 
has been reported to produce two lipases, one with an optimum at acid pH values, 
the other with an optimum in the alkaline pH range (Imamura and Kataoka 1963).

Several authors (Morris and Jezeski 1953; Imamura and Kataoka 1963; 
Eitenmiller et al. 1970) reported that the alkaline lipase is optimally active at pH 
7.5–8.0 but optimum pH values at 9.0–9.5 have also been reported. This enzyme 
still retains 20% of its activity at pH 6.0 (Menassa and Lamberet 1982). The activity 
of acid lipase is maximal at pH 6.0–6.5 (Lobyreva and Marchenkova 1981). The 
specificities of the two enzymes are different, the acid lipase being more active on 
tricaproin and the alkaline lipase on tributyrin. The activity of both enzymes has 
been measured in cheese (Lamberet and Lenoir 1976). More acid lipase was synthe-
sized in six out of seven samples.

However, in spite of the favorable pH of the cheese, it may not always play the 
more important role since alkaline lipase has higher activity on milk fat(Menassa 
and Lamberet 1982). Samples in which alkaline lipase activity is high may have a 
slightly piquant taste or soapy aroma (Lamberet and Menassa 1983). This would 
reflect the relative activity levels of the two lipases and probably their different 
specificities (Lamberet and Lenoir 1976). A whole range of fungal lipase prepara-
tions such as Mucor meihei (Piccnate, Gist-Brocades; Palatase M, Novo Nordisk), 
A. niger, and A. oryzae (Palatase A, Novo Nordisk; Lipase AP, Amano; Flavour 
AGE, Chr. Hansen) have been developed for the cheese manufacturing industry.

13.12  Sustainable Applications of Fungal and Bacterial 
Lipases for Green Economy Bioremediation of Oil 
and Grease (O&G) Containing Wastewater

It is an avenue in lipase biotechnology where lipases have been used in wastewater 
treatment. Fungal species can be used to degrade oil spills in the coastal environ-
ment, which may enhance ecorestoration as well as help in the enzymatic oil pro-
cessing in industries. Several lipase-producing bacterial, fungal, and yeast strains 
have been employed either individually or as a consortium to bring about O&G 
bioremediation. Among bacteria, Pseudomonas spp., P. aeruginosa have been espe-
cially useful (Kanmani et al. 2015).

Species belonging to the genera Trichoderma, Fusarium, Penicillium, Aspergillus, 
Cladosporium, Mortierella, Beauveria, and Engyodontium are some examples of 
the fungi that have recently been described as tolerant to a variety of pollutants and 
indicated as potential bioremediation agents in soil (Islam and Datta 2015). Lipase 
from Aspergillus niger and Aspergillus terreus were used for the degradation of 
polyvinyl alcohol films and bioremediation of polluted soils, respectively (Mahmoud 
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et al. 2015). Lipase from Aspergillus ibericus and Aspergillus uvarum were also 
used in bioremediation processes (Salgado et al. 2016). Lipolytic enzyme obtained 
from Aspergillus niger isolated from oil polluted soil has been examined and found 
to degrade polyaromatic hydrocarbons found in petroleum contaminated soil (Mehta 
et al. 2017).

13.12.1  The Biodiesel Production

Production of biodiesel from waste and non-edible vegetable oil greatly reduces the 
cost of biodiesel production, and thus avoids the conflict between food and energy 
security, and is considered an important step in reducing pollution and recycling 
waste oil (Ken Ugo et al. 2017).

13.12.2  Textile Industry

Commercial preparations used for the desizing of denim and cotton fabrics contain 
lipase enzymes. Wang et al. (2008b) succeeded in preparation of a specific lipase 
catalyzing the hydrolysis of polyethylene terephthalate (PET) by Aspergillus oryzae 
CCUG 33812 as well as modification of PET fabrics by the enzyme.

13.12.3  Detergent Industries

Since lipases attack lipids, some fatty acyl soils can be removed through the lipo-
lytic action of lipases. Fatty acyl soils could be found in form of sweat, lipstick, fry 
fats, butter, sauces (Kouker and Jaeger 1987). The use of lipases in detergents could 
reduce the washing period, agitation, and temperature, hence prolongs the life span 
of the textile materials and provides a habitable environment for living things. 
Lipases have been used in production of dishwashing detergents which brings down 
the quantity of surfactants used in the detergent production. An estimated 1000 tons 
of lipases are added to the approximately 13 billion tons of detergents produced 
each year (Ken Ugo et al. 2017).

13.12.4  Pulp and Paper Industry

They are used in paper industry is for “depitching” process, i.e., removal of “pitch” 
from the pulp during paper making (Kouker and Jaeger 1987). Pitch is generally 
described as the hydrophobic components of wood (triglycerides and waxes). These 

A. M. G. Darwish et al.



503

lipid components appear as sticky deposits in the paper machines and cause holes 
and spots in the final paper.

13.12.5  Leather Industry

One of the major steps in leather production is soaking the hides and skins. This step 
is taken before the tanning step and the rational is to ensure smooth tanning process 
of the hides and skins. To degrade the emulsified fats, lipases are needed; also since 
they are specific in their action, lipases will leave the leather undamaged. For sheep 
skins, the use of solvent for degreasing is now being replaced by the use of lipases 
and surfactants (Berhanu and Amare 2012).

13.13  Conclusions and Future Prospects

Research and development in fungal lipases isolation and production are targeted to 
be compatible and efficient for the increasing industrial demands due to their multi- 
faceted benefits availed to convert into novel economic and greener world. Variable 
profiles of lipase characterization and activities have been extensively studied. 
Predicting the 3D structure of novel lipases and the enzyme-substrate binding activ-
ity by homology modeling in silico methods are recent approaches that can be used 
to screen a library of substrates to find the most appropriate application of lipases. 
More efforts are recommended in this area to boost fungal and bacterial lipases 
biotechnological applications to the choice for the present and future.
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14.1  Introduction

The vast variety of life-including biochemical reactions are almost always regulated 
by biological catalysts, i.e., enzymes. They have a high degree of specificity for 
their substrates, and work under relatively mild conditions in aqueous solutions. 
The selection of the appropriate microorganism is very critical for the development 
of microbial enzymes (Singh et al. 2016; Yadav et al. 2016). The microorganisms 
are usually isolated from the soil. Demand for industrially essential enzymes of 
microbial origin is growing because of their low cost of production (Kour et  al. 
2019a, b). Since the versatility of microbial enzymes is fantastic, they offer a wide 
variety of features that make them ideal for different applications. Many of the 
microbial enzymes such as protease, amylase, xylanase, cellulase, tannase, lipase, 
etc. are used in the food, farming, medicinal, cosmetics, and other biotech industries 
(Yadav et al. 2019a).

Hemicelluloses are xylans (Fig. 14.1a) and the second most known polysaccha-
ride (Collins et al. 2005). Both compounds are found in the cell wall of plant cells 
and in the middle lamella. Hemicellulose groups are called by the principal sugar 
classification. Therefore, when a polymer is hydrolyzed and yields xylose, it is a 
xylan; likewise, hemicelluloses include mannans, glucans, arabinans, and galactans 
(Whistler and Richards 1970; Viikari et  al. 1994; Uffen 1997; Ebringerova and 
Heinze 2000). Hemicellulose from wood in nature hardly ever consists of only one 
form of sugar. These are typically complex structures composed of more than one 
polymer, the most common being glucuronoxylans, arabinoglucuronoxylans, glu-
comannans, arabinogalactans, and galactoglucomannans (Haltrich et  al. 1996; 
Sunna and Antranikian 1997; Kulkarni et al. 1999; Subramaniyan and Prema 2002). 
The sum of each variable varies between species, and between tree and branch.

The plant cell wall consists of cellulose (35–50%), hemicellulose (20–30%, 
mostly xylan), and lignin (20–30%). Cellulose and hemicellulose bind through 
covalent and non-covalent interactions to lignin. Xylan is the second major hemicel-
lulosic component with a linear backbone of β-1, 4-linked xylosis, and annual plant 
cell wall content accounts for 30, 15–30% of hard wood, and 7–10% of soft wood. 
Xylan is a heteropolysaccharide which contains substituents of O-acetyl, 

Fig. 14.1 (a) Structure of Xylan. (b) Structure plant xylan showing different substituent groups 
with sites of attack by microbial xylanases. (c) Glucuronoxylans a linear polymer chain showing 
linkages at different sites
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arabinosyl, and 4-O-methyl-d-glucuronic acid. It is substituted by ester bonds by 
glycosidic bonds with acetic acid and ferulic acid with l-arabinose, d-galactose, 
d-mannoses, and glucuronic acid (Collins et  al. 2005; Ahmed et  al. 2011). The 
depolymerization activity of endo-1,4-xylanases (1,4-β-xylan xylanohydrolase; EC 
3.2.1.8) and β-d-xylosidase (1,4-β-xylan xylohydrolase; EC 3.2.1.37) results in the 
transformation of the polymer material into xylooligosaccharides and xylose 
(Gomez et al. 2008; Juturu and Wu 2014). Xylan skillfully forms a double extended 
ribbon-like structure by intrachain hydrogen bonding, which is said to be springier 
than the double helix of β-(1–4) cellulose.

β-(1, 2)-glycosidic connections with 4-group methyl glucuronic acid bind 
replacement brans to the backbone in hardwood xylan. Therefore, O-acetyl groups 
also replace OH groups in positions C-2 and C-3 (Fig. 14.1b), the presence of acetyl 
groups is responsible for the partial solubility of the water of xylan.

β-(1,2)-glycosidic connections with 4-methylglucuronic acid connect the sub-
stituent divisions with the backbone of hardwood xylan. In the backbone chain, the 
acetyl groups in softwood xylan are smaller. However, softwood xylan has other 
branches of β-(1, 3)-glycosidic bond composed of units of arabinofuranose bundled 
to the backbone (Puls and Schuseil, 1993). Softwood has more 4-O-methyl-αD-
glucuronopyranosyl units than hardwood. These xylans are not acetylated and the 
furanoside structure of the arabinose side groups is readily hydrolyzed by acid 
(Ferreira-Filho Sunna and Antranikian, 1997). Both hardwood and softwood xylans 
are reduced to the rhamnosyl, galacturonosyl, and xylosyl residues in the end group 
(Andersson et al. 1983). Xylans in grass are usually arabinoxylan (Wilkie, 1979; 
Aspinall, 1980) and some xylans contain different combinations of arabinoxyl, 

Fig. 14.1 (continued)
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galactosyl, glucuronosyl, and xylosyl residues (Aspinall, 1980). Glucuronoxylans 
are linear polymers of units of (1–4) glycosidic (xylose) β-d-xylopyranosyl, as 
shown in (Fig. 14.1c). The polysaccharide base is packed with 4-O-methyl-α-d- -
glucuronosyl acid. Glucuronopyranosyl groups, groups of d-glucuronosyl methyl-
ated in position 4, and in position 2 or 3 joined to β-d-xylopyranosyl.

Angiosperm glucuronoxylans have a high substitution rate (70–80%) for acetyl 
groups in Position 2 and/or Position 3 of β-d-xylopyranosyl, giving xylan partial 
water solubility (Coughlan and Hazlewood 1993). Glucuronoarabinoxylans, usu-
ally found in softwood, have the same xylan backbone but in each of them ten β-d- 
xylopyranosyl units substitute α-l-arabinofuranosyl.

Fig. 14.1 (continued)
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14.2  Occurrence of Xylan

Lignocellulosic biomass, one of the most plentiful materials in the world, is the 
largest repository of fixed carbon in nature. The primary sources of these materials 
are trees and crop residues. The lignocellulose key components are classified into 
four major classes, such as cellulose, hemicellulose, lignin, and extractives (Puls 
and Schuseil 1993; Yadav et al. 2020) (Table 14.1) and include a study on the distri-
bution of lignocellulosic materials.

Fungi, yeast, bacteria, and marine algae contain xylanases. Microorganisms are 
the important xylanase creator (Yadav et al. 2019b). Endoxylanases usually have a 
peak activity between 40 and 80 °C and pH 4.0 and pH 6.5 although ideal conditions 
outside these ranges have also been identified. A list of microorganisms provided by 
xylan is given in (Table 14.2).

14.3  Xylanolytic Complex

Xylanases catalyze hydrolysis of xylans. Because of its complexity, xylan degrada-
tion requires not only an enzyme but also a complex enzyme. These are primarily 
produced by microorganisms and are used for the breakdown of the cell walls, the 
hydrolyzing of polysaccharides and xylanes during the sprouting of seeds (e.g., 
barley malt). The fish, protozoa, crustaceans, insects, snails, and land-plant grains 
can also be included in xylanases (Sunna and Antranikian 1997). Filamentous fungi 
are of special importance in microbial sources because they are secreted into the 
medium and their concentrations of xylanase are much higher than those present in 
yeasts and bacteria (Yadav 2020; Abdel-Azeem et al. 2021).

Endoxylanases and β-xylosidases are the most studied components of this sys-
tem. Ferulic acid esterases, p-coumaric acid esterases, acetylxylan esterase, and 
α-glucuronidase were only discovered by the end of the 1980s, likely due to issues 
with the search for suitable substrates.

Table 14.1 Distribution of lignocellulosic components in softwoods, hardwoods, and wheat straw

Weight, % of dry material
Softwoods Hardwoods Wheat straw

Cellulose 42 ± 2 45 ± 2 36 ± 5
Hemicellulose 27 ± 2 30 ± 5 27 ± 3
Lignin 28 ± 3 20 ± 4 11 ± 3
Extractives 3 ± 2 5 ± 3 26 ± 5

14 Fungal Xylanases for Different Industrial Applications
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Table 14.2 Characteristics of some xylanases produced by different microorganisms. ND Not 
determined

Microorganisms
Molecular 
weight (kDa)

Optimal 
temperature (°C)

Optimal 
pH Reference

Aspergillus aculeatus 18, 26, 52 50, 50, 70 4.0, 4.0, 
5.0

Fujimoto et al. (1995)

Aspergillus awamori 39, 23, 26 45–55 4.0–5.5 Kormelink et al. 
(1993)

Aspergillus fischeri 31 60 6.0 Raj and Chandra 
(1996)

Aspergillus fumigatus 19, 8.5 55 5.5 Silva et al.(1999)
Aspergillus kawachii 35, 26, 29 60, 55, 50 5.5, 4.5, 

2.0
Ito et al. (1992)

Aspergillus nidulans 22, 34 62, 56 5.5, 6.0 Fernández-Espinar 
(1994)

Aspergillus nidulans 
KK-99

ND 55 8.0 Taneja et al. (2002)

Aspergillus oryzae 35 60 5.0 Kitamoto et al. (1999)
Aspergillus sojae 33, 36 60, 50 5.0, 5.5 Kimura et al. (1995)
Aspergillus terreus ND 50 7.0 Ghanen et al. (2000)

ND 45 4.5 Ghareib and El Dein 
(1992)

Aspergillus versicolor 19 55 6.0 Carmona et al. (1998)
Acrophialophora 
nainiana

22 55 7.0 Salles et al. (2000)

Chaetomium 
cellulolyticum

25, 47, 57 50 5.0–7.0 Baraznenok et al. 
(1999)

Cryptococcus sp. 22 40 2.0 Iefuji et al. (1996)
Fusarium oxysporum 
F3

20.8, 23.5 60, 55 6.0 Christakopoulos et al. 
(1996)

H. grisea var. 
thermoidea

23 70 5.5 Monti et al. (1991)

Myceliophthora sp. 53 75 6.0 Chadha et al. (2004)
Penicillium 
brasilianum

31 ND ND Jørgensen et al. 
(2003)

Penicillium 
capsulatum

22 48 3.8 Ryan et al. (2003)

Penicillium sp. 25 50 2.0 Kimura et al. (2000)
Thermoascus 
aurantiacus

ND 70–75 4.0–5.0 Kalogeris et al. (1998)

Thermomyces 
lanuginosus

24.7 70 6.0–6.5 Singh et al. (2000)

Trichoderma 
harzianum

20 50 5.0 Tan et al. (1985)

60 70 4.0–4.5

F. M. Dar and P. M. Dar



521

14.3.1  Xylanolytic Enzymes

Xylanases catalyze hydrolysis of xylans. Because of its complexity, xylan degrada-
tion requires not only an enzyme but also a complex enzyme.

These are primarily produced by microorganisms and are used for the break-
down of the cell walls, the hydrolyzing of polysaccharides and xylanes during the 
sprouting of seeds (e.g., barley malt). The fish, protozoa, crustaceans, insects, snails, 
and land-plant grains can also be included in xylanases (Sunna and Antranikian 
1997). Filamentous fungi are of special importance in microbial sources because 
they are secreted into the medium and their concentrations of xylanase are much 
higher than those present in yeasts and bacteria.

Endoxylanases and β-xylosidases are the most commonly studied components of 
this system. Ferulic acid esterases, p-coumaric acid esterases, acetylxylan esterase, 
and α-glucuronidase were only discovered by the end of the 1980s, likely due to 
issues with the search for suitable substrates.

14.3.2  Endo-1-4-β-Xylanases

The glycosidic bonds in the xylan backbone are cleaved by endo-1, 4-β-d-xylan 
xylanohydrolase (EC 3.2.1.8), which contribute to a reduction in the degree of sub-
strate polymerization. Xylan is not randomly attacked but the selected bonds are 
dependent on the nature of the substratum molecule, i.e., chain length, branching 
degree, and substitution presence (Puls and Poutanen 1989; Li et al. 2000). The final 
products they release from xylan hydrolysis (i.e., xylose, xylobiose, xylotriose, and 
arabinose) differentiated endoxylanases. xylanases may also be categorized as non- 
debranching or debranching arabinose enzymes. Fungal endoxylanases are almost 
exclusively single unit proteins, usually glycosylated, with molecular weight values 
of 8.5–85 kDa and 4.0–10.3 isoelectric points (pI) (Coughlan and Hazlewood 1993), 
respectively. Endoxylanases typically exhibit a high activity of 40–80  °C and 
4.0–6.5 pH, while conditions below these ranges are optimal.

Specific endoxylanase fungi which have three or more enzyme activity are iso-
lated from one single culture (Rizzatti et  al. 2004). A number of factors can be 
responsible for the various mechanisms often found for endoxylanases. These 
involve differential mRNA processing, post-translation shifts, such as glycosylation 
and self-aggregation, and proteolytics digestion. Various gene alleles, including dis-
tinct genes, can also express endoxylanases (Sung et al. 1995; Segura et al. 1998; 
Chavez et al. 2002). The xyn A gene, which encodes the endoxylanase in the yeast 
Saccharomyces cerevisiae, is known as heterologous (Nuyens et al. 2001). In S, the 
cloning and expression of Trichoderma reesei and Aspergillus kawachii endoxyla-
nase genes among the fungi were achieved in S. cerevisiae (Dalboge, 1997).
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14.3.3  β-Xylosidases

β-d-Xylosidases (1,4-β-d-xylan xylohydrolase; EC 3.2.1.37) can be classified by 
their respective affinities for xylobiose and larger xylooligosaccharides. The molec-
ular weight of the pathways may be monomeric, dimeric, or tetrameric between 26 
and 360 kDa (Octavio and Francisco 2006). The most effective substratum for pure 
β-xylosidoses is xylobiose, and their resistance to xyloligosaccharides is inversely 
proportional to their degree of polymerization. It is possible to clear artificial sub-
strates, such as p-nitrophenyl-β-d-xylopyranoside (Polizeli et al. 2005). When xylan 
has suffered from several consecutive hydrolyses, an integral feature attributed to 
β- xylosidases occurs.

14.3.4  α-Glucuronidases

α-Glucuronidase (EC 3.2.1.131) α-1, 2 is connections between residues of gluc-
uronic acid and glucuronoxyl β-Dxylopyranosyl backbone (Kaneko et al. 1993).

14.3.5  α-Arabinofuranosidases

Arabinofuranosidases eliminate l-arabinose residues substituted at positions 2 and 
3 of β-d-xylopyranosyl. There are two forms with distinct modes of action, exo-α- 
l-arabinofuranosidase (EC 3.2.1.55) which degrade p nitrophenyl-α-l- 
arabinofuranosides and branched arabinans and endo-1, 5-α-l-arabinase (EC 
3.2.1.99) which hydrolyzes only linear arabinans (De Vries et al. 2000).

14.3.6  Acetylxylan Esterase

Acetylxylan esterase (EC 3.1.1.6) eliminates the O-acetyl substituents in acetylated 
xylans at 2 and 3 positions of xylose residues. In xylan hydrolysis, acetylxylan plays 
a key role, as the acetyl-side groups can interfere with the approach of enzymes that 
cleave the backbone through steric hindrance and their removal thus facilitates 
endoxylanase activity (Octavio and Francisco 2006).
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14.3.7  Ferulic Acid Esterase (EC 3.1.1.-) and p-Coumaric 
Acid Esterase

The first is a clove between the arabinose and the ferulic acid side groups, while the 
second is a cleavage between arabinose and p-coumaric acid (Christov and Prior 
1993; Williamson et al. 1998) (EC 3.1.1.) and p-coumaric acidivate esterase (EC 
3.1.1.).

14.3.8  Collaborative Effects of Enzymes 
in the Xylanolytic Complex

Synergistic and cooperative effects among xylan-degrading enzymes increase the 
vulnerability of the heteropolymeric xylan to endoxylanase attacks (van Peij et al. 
1997; de Vries et al. 2000). The addition of acetylxylan esterases to xylan thus leads 
to liberation of acetic acid and less acetylated xylan, which allows endoxylanase 
hydrolysis greater accessibility. By comparison, small acetylated polymers formed 
by endoxylanase are the preferred esterase substrates. Complex substrates such as 
wheat bran, which contains very large quantities of arabinoxylan, cannot be easily 
degraded by endoxylanases without α-arabinofuranosidase being tested beforehand. 
These enzymes, in conjunction with endoxylanases, enhance arabinoxylan 
saccharification.

As already described, β-xylosidases may be responsible for removing xylooligo-
saccharides, xylanase inhibition of the drug, allowing for more effective xylan 
hydrolysis. Therefore, the ideal microorganism for biotechnological purposes will 
be one that generates a sufficient amount of each of the enzymes of the xylanolytic 
complex. Such complexes have very high MW (500–600 kDa) and can consist of 
more than ten xylanolytic-activated proteins, some of which are endoxylanases 
(Beg et al. 2001).

Work on microorganisms using xylan, and on the enzyme systems involved, is 
becoming increasingly important in terms of ecology and economy. Mesophiles and 
thermophiles synthesize xylanases (Smith et al. 1991). The genera Aspergillus and 
Trichoderma are pre-eminent in the development of xylanase, among the meso-
philic fungi. Much effort has been made in recent years to isolate thermophilic and 
even extremophilic microorganisms, as they generate enzymes of greater stability 
(Lasa and Berenguer 1993; Harris et al. 1997; Ishihara et al. 1997; Kalogeris et al. 
1998; Andrade et al. 1999; Puchart et al. 1999; Maheshwari et al. 2000; Rizzatti 
et  al. 2001; Bruins et  al. 2001) which include Chaetomium thermophilic fungi, 
Humicola insolens, Humicola lanuginosa, Humicola grisea, Melanocarpus albo-
myces, Paecilomyces variotii, Talaromyces byssochlamydoides, Talaromyces emer-
sonii, Thermomyces lanuginosus, and Thermoascus aurantiacus.

These fungi’s xylanases have optimum temperatures between 60 and 80 °C, and 
are very stable in this range. Typically these enzymes are glycoproteins and mostly 
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show the highest activity at a pH level (4.5–6.5). They occur in a multiplicity of 
forms and in the range 6–38 kDa, the majority exhibit variable MWs. Most thermo-
phile endoxylanases have some degree of structural homology with mesophilic 
homologues.

14.4  Xylanase Production: Submerged 
and Solid-State Fermentation

Xylanases are formed by a particular fermentation process, utilizing different 
microorganisms. Clear knowledge of the physiology of the microbial system and 
various metabolic processes enhanced the fermentation cycle. Nevertheless, enzyme 
efficiency can still be improved. Submerged (SmF) and solid-state (SSF) fermenta-
tion has produced xylanase (Motta et al. 2013). The range of the fermentation pro-
cess, in general, depends on the type of microorganisms used (Table 14.3). SmF is 

Table 14.3 Differences between SmF and SSF are given below

Factors SmF SSF

Substrate Soluble substrate(sugars) Insoluble substrate: starch, 
cellulose, pectin, lignin

Aseptic conditions Heat sterilization and aseptic control Vapor treatment
Non-sterile conditions

Water High volumes of water consumed and 
effluents discarded

Limited consumption of water, No 
effluent

Metabolic heating Easy control of temperature Low heat transfer capacity
Aeration Limitation by soluble oxygen, high 

level of air required
Easy aeration and high surface 
exchange air/substrate

pH control Easy pH control Buffered solid substrate
Mechanical 
agitation

Good homogenization Static conditions preferred

Scale up Industrial equipment available Need for engineering and new 
design equipment

Inoculation Easy inoculation, continuous process Spore inoculation, batch
Inoculation size Small < 10% Large > 10%
Contamination Risk of contamination for single strain Risk of contamination for low rate 

fungi growth
Energy 
consideration

High energy consumption Low energy consumption

Volume 
equipment

High volumes Low volumes

Cost High cost technology Low cost equipment
Effluent and 
pollution

High volumes of polluting effluents High volumes, less pollution

Production rate Low High
Production yield Low High
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favored because fungi need less moisture due to their mycelia presence and can be 
grown under SSF (Walia et al. 2017).

Some studies indicate that submerged fermentation with fungi is the most favored 
method for xylanase production. SmF produces about 90% of total xylanase world-
wide. The synergistic effect of various enzymes can be observed during SmF and 
can also lead to a better use of biomass for increased production of xylanase (Polizeli 
et al. 2005; Bajpai 2014). Xylanase processing uses Aspergillus oryzae LC1 and 
Aspergillus foetidus as a residue of soybean and rice as a substratum under SmF 
(Bhardwaj et al. 2017). Similarly Irfan et al. (2016) proposed development of SmF 
xylanase with B. Subtilis BS04, and B. Megaterium BM07. Various SmF benefits 
over the medium were homogeneous; the mechanism is well defined and easily 
generalizable (Guleria et al. 2013). SmF has some drawbacks that also restrict its 
industrial use, such as high maintenance costs, intense energy and downstream vol-
atility (Virupakshi et al. 2005; Walia et al. 2017).

Trichoderma koeningi SSF has shown improved production of xylanase using 
corn cob with pineapple powder (Bandikari et al. 2014). It has a number of benefits 
including low cost of production, service, and equipment, lower risk of contamina-
tion, rapid enzyme recovery, and high efficiency of reactors.

14.5  Strategies Employed for the Selection of the Method 
of Xylanase Production and Its Optimization

Initially a growing minimal medium is used to provide vital nutrients for the pro-
duction of microorganisms. It will make it possible to test the strains to generate the 
appropriate enzymes / metabolite of the desired interest. The process is then further 
tailored for higher strain enzyme production (Walia et al. 2017). Different approaches 
are used to increase yields on the target product such as the optimization of media 
products, physical parameters of growth, and stress enhancement using different 
biotechnology methods (Sharma 2017). During SmF for the production of enzymes, 
various components that need to be optimized include selection of substrate and 
microorganisms, regulation of media concentrations of nutrients, i.e., carbon, nitro-
gen, trace elements, vitamins and amino acids, and physical parameters, i.e., tem-
perature , pH, agitation, aeration, inoculum sizes, and incubation periods (Motta 
et al. 2013; Walia et al. 2015, 2017). The SSF optimization calls for particle sized, 
pre-treatment, humidity , water contents, and water activity ( aw) regulating sub-
strate, inoculum type and size, extra heat removal generated during microbial 
metabolism and mainly for the uniform environment (temperature) and evolution of 
CO2 and O2, i.e., gasses system (Murugan and others) (Table 14.4).
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14.6  Xylanases Applications

Commercial xylanases are produced in Japan, Finland, Germany, Ireland, Denmark, 
Canada, and the USA, for example, Aspergillus niger, Trichoderma sp, are the 
microorganisms used to produce these enzymes and Humicola insolens. The use of 
xylanase with these unusual thermo-alkaline-tolerant properties differs from one 
industry to the next, initially in the preparation of animal feed and subsequently in 
the fruit, fiber, paper and pulp processing, deinking, use of biomass to food indus-
tries, etc. Currently, together with pectinases, xylanase and cellulase represent 20% 
of the world market for enzymes. The use of xylans and xylanases in biotechnology 
has grown remarkably in recent years (Subramaniyan and Prema 2002; Beg et al. 
2001; Techapun et al. 2003)

Two types of hydrolysis will convert xylan and its oligosaccharides into β-d- 
xylopyranosyl: acid or enzyme. Acid hydrolysis is also favored because it is faster 
but followed by toxic compounds that can interfere with subsequent microbial fer-
mentation. It can also result in metallic machinery corrosion, which in the long term 
encounters acid. Several industrial companies have recently expressed an interest in 
developing active enzyme techniques used in the treatment of products containing 
hemicellulose rather than acid hydrolysis.

14.6.1  Bakery

The possible efficacy of xylanolytic enzymes in bread making has increased in the 
last few decades (Butt et al. 2008). Enzymatic hydrolysis of non-starch polysaccha-
rides leads to improvement of the rheological characteristics of meal, basic bread 
volume, and crumb firmness (Martínez-Anaya and Jimenez 1997). The xylanases 
break down the hemicellulose in wheat flour, aid with water redistribution, and pro-
mote the kneading of the mass. The use of xylanases has increased bread length, 
increased water absorption, and increased fermentation power. (Bhardwaj et  al. 
Bioresour. Bioprocess. (2019) 6:40 Page 22 of 36). The use of xylanases increases 
the longevity with lower intensity. A higher amount of arabinoxylan oligosaccha-
rides would also improve safety (Polizeli et al. 2005). In the production of biscuits, 
xylanase is recommended to lighten cream crackers and increase wafer texture, 
smoothness, and consistency (Polizeli et al. 2005)

The bread made from xylanase showed low springiness and rubber content (Driss 
et al. 2013). Ghoshal et al. (2013) used microbial xylanase partially filtered to pro-
duce whole wheat bread with enhanced sensory properties (glossier color). 
Recombinant xylanase (r-XynBS27) from Pichia pastoris is used as an additive for 
the bread making. The recombinant xylanase increased specific volume and the 
sugar content, with lower friction, consistency, and stiffness.
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14.6.2  Fruit and Vegetable Juices

A substantial part of the juice sector is in the enzyme business. The processing of 
fruit and vegetable juice includes methods of extraction, clearing, and stabilization. 
When the production of citrus fruit juices started in the 1930s, the yields were low 
and the turbidity of the juice filtration created problems. Awareness of fruit chemi-
cals and the use of microbial enzymes have contributed to solving these problems. 
Nowadays, xylanase leads in conjunction with celluloses, amylases, and pectinases 
to an improved yield of juice by liquefaction of fruit and vegetables; stabilization of 
the fruit pulp; an improved recovery in aromas, essential oils, vitamins, mineral 
salts, comestible colors, pigments, etc. In combination with endoglucanase, xyla-
nase participates in the hydrolysis of arabinoxylan and starch, which separates and 
isolates gluten from starch in wheat flour. This enzyme is also used in the prepara-
tions for coffee bean mucilage (Wong et al. 1988; Wong and Saddler, 1993)

Recently, recombinant wine yeast has been produced with the xlnA gene of 
Aspergillus nidulans, which has a more pronounced aroma than conventional wines 
(Ganga et al. 1999). The cell wall of the barley is hydrolyzed during its development 
and releases long chains of arabinoxylans which increase the viscosity of the beer, 
making it “muddy.” So xylanases are used to hydrolyze arabinoxylan to the viscos-
ity of beer oligosaccharides and thus to eliminate the muddy side of beer (Debyser 
et al. 1997; Dervilly et al. 2002).

14.6.3  Animal Feed

Xylanases are used as pre-treatment crops to improve the nutritional properties of 
silage and grain feed (Subramaniyan and Prema 2002; Kuhad and Singh 1993; 
Bedford and Classen 1992), thereby increasing ruminant foods' digestibility and 
promoting composting (Gilbert and Hazlewood 1993). But xylan removal is not 
required, as hemicelluloses are important dietary ingredients, which can increase 
bowel disease by removing xylan (Mandal, 2015).

In the presence of climate conditions enhancing the goat’s ruminal activity, 
Aspergillus japonicus C03 showed applications for ruminant feed with good endox-
ylanase and cellulase development capability (Facchini et al. 2011). Xylanases were 
used for decades in animal feed, improving the digestible viscosity of poultry. The 
introduction of xylanase showed an increase in weight gain and an increased feed 
conversion ratio because of increased arabinoxylan digestibility in monogastric ani-
mal diets (Paloheimo et  al. 2010; Van Dorn et  al. 2018). Xylanase reported by 
Passos et al. (2015), used to complement the nutrient digestibility diet, digestive 
viscosity pigs feed soy meal-based morphology diets of maize. ECONASE XT is 
known to be a synthetic endo1.4-β- xylanase that was used for chicken fattening, 
piglet weaning, and pig fattening as feed additives (Rychen et al. 2018). The chicken 
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receives enough energy from less feed and leads to better weight and feed conver-
sion efficiency. In a way, xylanase is applied to animal feed and the feed is predi-
gested (Wu and Rabindran, 2004).

Xylanases are used in animal feed along with glucanases, pectinases, cellulases, 
proteases, amylases, phytases, galactosidases, and lipases. These enzymes break 
down arabinoxylans into feedstuffs, reducing the viscosity of the raw material 
(Twomey et al. 2003). Arabinoxylan in grain cell walls affects poultry as an anti- 
nutrient. When present in a soluble way, these components can increase the viscos-
ity of the feed consumed, thereby interfering with mobility and other component 
absorption. Once xylanase is used in feeds containing maize and sorghum, both of 
which are feeds of low viscosity, nutrient digestion in the initial digestive tract may 
be increased, thus maximizing the use of energy. However, in the excreta (phos-
phore, phosphorus, copper, and zinc), this type of diet can reduce unwanted toxins, 
which can have a part to play in reducing emissions.

14.6.4  Paper and Pulp Industries

The use of xylanase eliminates organochlorine pollutants, including dioxins from 
the paper production process. Xylanase can minimize the chemical oxidation 
requirement by up to 20–40% (Garg et al. 1998). Xylanase does not affect cellulose; 
there is no adverse effect on paper product power.

The most popular pulping process is the Kraft or sulfate method, in which chips 
are cooked for lignin degradation and solubilization at approximately 170 °C for 2 h 
in a Na2S/NaOH solution. The resulting pulp has a distinctive brown color primarily 
because of the presence of lignin and lignin residual derivatives. Pulp bleaching can 
be called the clearing process of lignin, organic colored content, and other undesir-
able remains, including deterioration, alteration, or solubilization (Madlala 
et al. 2001).

14.6.5  Bio-Pulp and Bleaching

Bio-pulping involves fungal preparation of wood chips and other lignocellulosic 
products with natural wood-decay fungi prior to mechanically or chemically pulp-
ing. The fungal therapy process is under way with the subsequent lignin removal. 
Wood is broken down, chipped and screened by frying. The bio-pulping approach is 
both technically feasible and economical. The key benefits of this approach are 
lower energy consumption and increased mechanical pulp efficiency. The method 
also increased paper strength and the environmental effect (Khonzue et al. 2011).

The use of xylanases helps to improve pulp fibrillation, decreases beating times 
in some pulp, and improves the free movement of reused fibers (Savitha et al. 2009). 
Some studies show that xylanase predicting is an environmentally sound and 
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economical invention and could minimize the amount of bleached chemicals needed 
in the subsequent chemical dehydration levels to achieve specified brightness. Pre- 
treatment xylanase increases the efficacy of chemical pulp extraction of lignin and 
minimizes the need for chlorine dioxide (ClO2) (Khonzue et al. 2011). The break-
through further improves material strength, mass thickness, and breaking time, thus 
reducing the release of organic volatile compounds. Therefore xylanases used as 
part of the pulp and paper biobleaching may be a better option for the substitution 
of toxic chlorinated compounds without cellulase action (Golugiri et al. 2012).

14.6.6  Biorefinery

Production of biofuels has drastically gained importance as the energy resources are 
depleting as energy supplies are being the. Combining xylanase activity with other 
enzymes such as mannanase, lignase, xylosidase, glucanase, glucosidase, etc. can 
be implemented for the development of biofuels (ethanol and xylitol) from lignocel-
lulosic biomass (Dominguez 1998). Ethanol from renewable resources has become 
an alternative fuel or an oxygen additive to current fossil fuels in recent decades 
(Sharma and Sharma 2016; Kaur et al. 2020; Prasad et al. 2020). The processing of 
bioethanol involves the dealignment of lignocellulose to release cellulose and hemi-
cellulose. The next steps will include the depolymerization for free sugar processing 
carbohydrate polymers and fermentation for bioethanol development of mixed pen-
tose and hexoses (Lee et al. 2009).

14.6.7  Chemical and Pharmaceutical Industries

Xylanase and xylanes in the pharmaceutical field are very little used. Xylanases are 
often used as a dietary supplement or as a combination of a complex of enzymes 
(hemicellulases, proteases, and others) to treat poor digestion, but few medicines 
are identified with these. Hydrolytic xylan products can be converted into fuel fluids 
(ethanol), solvents, or low-calorie artificial sweeteners, such as β-d-xylopyranosyl 
residue. The first steps are the dealignment of xylan-rich hemicellulose, followed by 
the hydrolysis of xylanases and hemicellulases for sugars like β-dxylopyranosyl. 
The products are then fermented in yeasts (Pichia stipitis and Candida shehatae) to 
produce xylitol or ethanol (Shapack et al. 1987; Screenath and Jeffries 2000).

Around 5% and 20% of sugars used in ethyl alcohol processing constitute β-d- 
xylopyranosyl residues. Xylitol is a sucrose relative sweetening polyalcohol (Parajó 
et al. 1998). Used as a non-cariogenic sweetener appropriate for diabetics and obe-
sity to prevent osteoporosis and respiratory disorders, lipid metabolism diseases, 
kidney and parenteral lesions. A variety of consumer products, including chewing 
gum, contain xylitol. Although enzyme hydrolysis of xylan is a promising method 
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to obtain β-d-xylopyranosyl units, chemical catalysis currently produces large-scale 
commercial xylitol.

It is considered a cost-effective process, mainly because xylose must be purified 
in many stages initially. Furthermore, chemical reactions create fermentation-toxic 
by-products, as well as products derived from glucose (hydroxymethylfurfural) 
degradation (xylose (furfural) and lignin (aromatic and phenolic compounds and 
aldehyde) may be produced in the decomposition of lignocellulose material. Active 
microbial activity inhibitors can be substances released from lignocellulose struc-
tures, including acetic acid and related substances (e.g., terpenes and their deriva-
tives, tropolones and phenolic compounds, flavonoids, stilbenes, quinones, lignans, 
and tannins) or system (iron, chromium, nickel, and copper). The invention of a 
better technology of xylitol processing has led to greater hope for its broader use in 
the food industry, pharmaceutical industry, and odontology.

14.6.8  Textile Industries

A combined xylanase-pectinase system is used in the debarking process, processed 
by the first stage of wood, which will increase the retting period. Certain uses of this 
integrated method are used to decompose fibers such as flax, cotton, jute, and fibers 
from plants instead of retting (Beg et al. 2001). The xylanolytic complex can be 
used in the textile industry to process plant fibers, such as hessian or linen. The 
enzyme preparation of textile fibers has done relatively little research, yet this 
appears to be a lucrative field which calls for the development of new techniques.

14.6.9  Solid Waste Treatment

Significant amounts of xylane can be found in agricultural and food waste products, 
where fungal xylanase can be used to transform xylane into xylose for the treatment 
of these waste materials. The development of an efficient enzymatic hydrolysis 
method offers new opportunities for hemicellulosic waste treatment (Rani and Nand 
1996). Fungal xylanase involved in recycling waste paper contributing to increased 
paper resistance. High efficiency of decontamination leaves minimum ink load 
(Puneet Pathak, Nishi Bhardwaj volume 7, issue 3, 2018).

14.7  Conclusion

With the development of technologies, the production of microbial enzymes on the 
world market is making drastic progress. There is still room for new microorgan-
isms that could possess better physiological characteristics in relation to 
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temperature, medium pH, and adaptability to low cost substrates on this great bio-
diversity. Aspergillus is the main xylanase producer. The apparent value of recom-
binant DNA technology is commendable as it expands the possibilities to further 
explore and have maximum advantages.

Soon, paper processing will lead to less harmful effects on nature, with a decrease 
in effluent release of toxins and thus better preservation of our fauna and flora. In 
the future there is great hope for emerging developments that will lead to advances 
in the production of xylanolytic systems or special xylanases. Various advantages of 
fungal xylanases have brought them to the fore. It was a major accomplishment to 
separate the mesophilic and thermophilic strains as their enzymes were more stable. 
To achieve high output of xylanase with desired industrial properties, the combina-
tion of current technology with emerging technologies such as synthetic biology 
(DNA oligo-synthesis), logical engineering, and directed growth can also be used.
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15.1  Introduction

Recently, customer consciousness about the environment is increasing the use of 
natural products. Their biodegradable nature and sustainable production appear 
highly advantageous in the case of natural colors and pigments compared to syn-
thetic pigments (Kant 2012; Shahid et al. 2013; Kour et al. 2021; Kumar et al. 2021). 
Furthermore, there is a set of consistent manufacturing staining methods tested for 
such molecules (Weber et al. 2014). To increase the use of fungal dyes to industrial 
level in manufacturing applications, testing of dyeing methods similar to industrial 
conditions and requirements is therefore a significant question. In coloration, there 
is growing interest in the revival of natural dyes. The importance of natural colors 
slackened because synthetic colors had some advantages over natural colors such as 
color speed, strong reproducibility of shades, the brightness of colors, and ease of 
use, as well as the ready availability of pure synthetic colors of various types/classes 
and their cost advantages, much of the fabric dyers switched to synthetic dyes.

Natural dye has been proposed as an environment and friendly substitutions to 
artificial pigments. A very diverse number of fungal species can be isolated from 
fungal dyes and pigments. Such chemicals are among the more natural products for 
use in the pharmaceutical, food, cosmetics, and textile manufacturing (Kulkarni and 
Gupta 2013; Robinson et al. 2014; Yadav 2021; Yadav et al. 2019c). Many fungi 
produce extracellular compounds that were tested as a colorant agent under the 
laboratory conditions and gave good results, among the various microorganisms 
that are capable of synthesizing natural dyes and colors. Yellow and red dyes pro-
ducing by fungi, like Penicillium murcianum and Talaromyces australis, were iso-
lated and utilized to dyestuff several materials. Satisfactory results were found when 
using dyes individually and mixed in different proportions.

Microorganisms could deliver excellent quantities of stable dyes such as anthra-
quinones, carotenoids, flavonoids, and quinines. Fungi are more environmentally 
friendly and important sources of dyes since they contain stable pigments. Fungi 
possess multiple molecules and colorants of anthraquinone, such as melanin, delph-
inidin, and volatile compounds that are being identified as a secondary metabolite. 
Fungal colors and pigments in nature have biological roles related to tolerance and 
defense against biotic and abiotic agents, such as ultraviolet radiation and antago-
nistic fungi and bacteria (Eisenman and Casadevall 2012; Yadav et  al. 2019b). 
Furthermore, dyes were achieved by supplementing targeted material directly into 
the liquid cultures of extracellular pigment producing champignons (Chiba et al. 
2006). No mordants were required in this process for the pigments fixation; and the 
dyed material showed acquired antimicrobial properties (Sharma et al. 2012).

Several fungi cells are implicated in produce for some types of pigment as their 
intermediate metabolites like Alternaria alternata, Aspergillus niger, Curvularia 
lunata, Hapalopilus nidulans, Omphalotus olivaceous, Boletopsis grisea, Phaeolus 
schweinitzii, Hypomyces lactiflourum, Pisolithus tinctorius, Sarcodon fuscoindicus, 
Trichoderma virens, Monascus purpureus, Isaria farinosa, Emericella nidulans, 
Dermocybe sanguinea, Fusarium verticillioides, and Penicillium purpurogenum. 
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Pigment development by the fungi regarded as a taxonomic feature due to their 
genetic history of the genus (Abdel-Azeem et al. 2021; Kour et al. 2019).

15.2  Challenges in Fungal Dyes Produces

A critical interest to be cautious of fungi for their ability to produce secondary 
metabolites may vary between useful and harmful molecules. Antibiotics, like peni-
cillin and cephalosporin, cyclosporine, and statin are secondary metabolites type of 
fungal product (Asnaashari et al. 2012; Singh and Pandey 2013; Devi et al. 2020; 
Rana et  al. 2020; Yadav 2019). Moreover, mycotoxins are another type of fungi 
secondary metabolites. It was registered as harmful metabolites, which affect public 
health if it was contaminated by human food or animal feed (Badr et  al. 2017). 
Aflatoxins are a very dangerous group of fungi secondary metabolites that were 
classified as pre-carcinogenic molecules by the International Agency of Research 
for Cancer (Shahat et al. 2017; Shehata 2017). The health hazards to various tissues 
within living tissues have been confirmed (Shahat et  al. 2017). The biologically 
active components, which are presented as minor components in plant extracts act a 
pivotal role in reducing the damage caused by mycotoxins and their biological 
impacts (Badr and Naeem 2019; Abdel-Razek et al. 2019; Rastegari et al. 2019a, b; 
Yadav et al. 2019a). Dyes are the third group of secondary metabolites that con-
nected to the fungal lifecycle. It was reported to produce by fungi with different 
application benefits. It is well known that natural colorants are biodegradable and 
eco-friendly. Generally, it recognizes to be non-toxic and could be produced utiliz-
ing inexpensive materials.

15.3  Benefits of Fungal Pigments

15.3.1  Antimicrobial Activities of Fungal Pigments

In addition to giving or preserving desired colors in food, several of the dyes of 
food-grade provided by fungi could also be used as natural antimicrobial properties. 
For instance, Monascus purpureus dyes have been documented to prevent the 
growth from both species of fungi including such Aspergillus, Trichoderma, Mucor, 
Penicillium, and Fusarium, as well as, some bacterial species like Bacillus, 
Pseudomonas, Escherichia, and Streptomyces (Ungureanu and Ferdes 2010). The 
metabolic rate depending on the solution that used extract dyes and Gram-positive 
bacteria tends to be much less resistant than the Gram-negative one (Ungureanu and 
Ferdes 2010). The dyes from several fungi like Monodictys castaneae; 
Sporobolomyces sp., Fusarium sp., Aspergillus sp., and Penicillium species have 
both been reported to have antimicrobial activity against different fungal and 
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bacterial organisms (Manimala and Murugesan 2014). It also investigated the 
behavior of fungal pigments against other cells.

During production, the antimicrobial activities of dyes produced by the species 
Monascus can be enhanced by adding some L- and D-amino acids to the culture 
medium. The minimum inhibitory concentrations (MIC) of dye derivatives towards 
certain Grampositive and negative bacteria were determined. While; the quantity of 
pigment used to achieve the desired intensity of the color is adequate, relies on the 
quantity, it is significant to avoid the contamination occurrence insomuch as it has a 
toxicity impact. That is because the therapeutic potential differs with dye-form 
because specific nutrients need specific dye concentrations to achieve the desired 
intensity of suitable color. Cheng-yun and Wen-Ping (2008) reported the addition of 
Monascus dye to the sausage product, while El-Kholie et  al. (2012) refer to its 
application in the beef burger.

15.3.2  Anticancer and Antitumor Activities 
of Fungal Pigments

The investigation of two fungal strains isolated from soil and had the ability to pig-
mentation Fungal pigments anticancer and antitumor activities and their anticancer 
activity was achieved. These two strains were recorded to produce antibiotics with 
biological efficacy, Anticancer, and antitumor activities with broad-spectrum appli-
cation industries. The highest effectiveness of the fungal extract against pathogens 
and fungi was reported. Moreover, Turbyville et al. (2005) refer to the production of 
anticancer metabolites in the same media that contains the pigment produced by 
fungi. The antitumor activity of several components produced in media growth of 
fusarium strains had been reported (Ran et al. 2017). These strains were also capa-
ble to produce several pigments in a media of their growth. The application of the 
extracted pigment from these media will achieve the same effect by their implemen-
tation in several manufacturing processes.

15.3.3  Antioxidant Activities of Fungal Pigments

Increasing free radicals in the body enhances the chances of occurrence of chronic 
diseases such as cardiovascular, cancer, diabetes, and autoimmune disorders 
(Rankovic et al. 2011). To capture, this must be using antioxidants. Antioxidants are 
molecules that delay or inhibit cellular damage by donating electrons to a rampag-
ing free radical and neutralizing them via their free radical scavenging properties 
(Lobo et al. 2010). Fungal pigments such as naphthoquinone, violacein, carotenoids, 
anthocyanins, and naphthoquinone demonstrated antioxidant activities (Sen et al. 
2019). Violacein which is a purple pigment largely produced by Pseudoalteromonas 
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and Chromobacterium violaceum was reported as antioxidants (Duran et al. 2012). 
Many studies suggested that fungal pigments used as antioxidants may prevent the 
incidence of many chronic diseases such as cancer and heart disease.

15.4  The Extraction of Fungal Dyes

The growth media composition of fungi has a vital role in pigment production con-
centration. In previous studies, it was reported that the change of fungal growth 
media results in changes within the colorant concentration represented as a media 
darkness degree (Zhou et al. 2015; Da-Costa Souza et al. 2016). It is often present, 
in the fungal growth media, several substances linked to the secondary produced 
components by fungi. The yellow colorant, produced by Penicillium aculeatum 
ATCC 10409 in a growing media, was well-recorded in whey-enrichment growth 
media (Afshari et al. 2015). Moreover, the dark-reddish brown pigment was pro-
duced well if the strain of Fusarium moniliforme KUMBF 1201 implanted on media 
of potato dextrose (broth or agar), and the colorant concentration was more than 
other growth media (Pradeep et al. 2013). In most cases of pigment production by 
the filamentous fungi; suitable media for growth were both potato dextrose agar and 
Czapek Dox agar (Velmurugan et  al. 2010; Aishwarya 2014; Da-Costa Souza 
et al. 2016).

Nevertheless, perhaps the harmful secondary metabolites, which also considered 
as a pigment in the fungal growth media, produced due to the growth-media con-
struction and its components. Averfin, Norsolorinic acid, Averantin, Versicolorin C, 
Nidurufin, Versicolorin A, and Versicolorin A hemiacetal are classified as yellow 
pigments, which are produced by Aspergillus sp. strains. It classified to be fungal 
dyes existed through their growth on liquid media of potato dextrose agar. Moreover, 
these compounds considered as intermediates components of the aflatoxins synthe-
sis steps by the fungi (Shier et al. 2005). The harmful metabolites of fungi, which 
expected to exist during the colorant production can be suppressed and controlled 
by the modification of the growth condition of fungal media (Zhou et al. 2015). For 
these reasons, more investigations are in demand for the determination and optimi-
zation of dyes-production condition by the fungal strains.

Fungal, which reportedly could produce pigments in growth media, extracted 
according to their solubility. Fungal dyes were diverse from polar to non-polar types 
with different solubility degrees. This considered as affecting their stability in the 
colorant media, while the polar degree of each dye will influence their fastness of 
the pigment after application (Velmurugan et al. 2010; Aishwarya 2014; Lagashetti 
et al. 2019). In most filamentous fungi types that possess the ability for pigment 
production, the resultant colorant was water-soluble while the fastness degree in 
light or pH levels may vary according to their polarity.
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15.5  Fastness of the Colorant Sourced from Fungi

Several factors were reported affecting the fungal colorant production; these factors 
were including media contents, pH value, carbon source, nitrogen source, tempera-
ture, and media volume (Afshari et al. 2015). In order to the polarity degree, several 
solvent systems were applied for their extraction. For instance, water, methanol, 
ethanol, ethyl acetate, and dichloromethane were utilized for the fungal pigments 
extraction produced by different filamentous strains of fungi as described in 
Table 15.1. The fastness of fungal-colorants after their extraction mainly depends 
on the transformation to a fixed dye-fraction (Mabrouk et al. 2011). One more point 
that natural dyes specifically from fungal strains are pH-dependent, which mean 
changes of dye color by the pH of media or by the change of solvent of extraction 
(Zhou et  al. 2015). The trend of natural pigment fastness was achieved by their 
application using encapsulation techniques. The encapsulation of natural dyes gives 
stability for the applicate material and avoids their natural degradation, particularly 
ones that sourced from fungi. Hence, the encapsulation of fungal pigments consid-
ered an effective solution for their broad spectrum in application food processing.

15.6  Food Applications of Fungal Pigments

Natural pigments could be considered as superior alternatives to synthetic pigments 
as they are non-toxic. Furthermore, they possess nutritional value and can exert 
pharmacological effects (Li et  al. 2017).Noteworthy, enriching foods with such 
health-promoting entities is being focused on as it would promote health and well- 
being and would diminish chronic diseases’ risk (Jain et  al. 2020). Moreover, if 
these health-promoting entities were colorful, customers would be encouraged to 
consume their fortified food preparations. Thus, much research has focused on natu-
ral pigments and incorporating them in foods (Rocha et al. 2012; Jain et al. 2020; 
Zhao et al. 2020). Natural pigments are chiefly procured from plants, animals, and 
microorganisms. Nevertheless, the propagation of plants and animals is limited by 
season and origin; thus, it is expensive to procure pigments from these sources (Li 
et al. 2017). On the other hand, microorganisms, especially those propagated in- 
vitro, are less affected by seasonal variations. Moreover, the pigment extraction 
from microbial sources could also be greatly simplified, and this would help esca-
late the economic value of these pigments (De-Mejia et al. 2020). Additionally, the 
cost of producing fungal pigments could be further reduced if the costly fermenta-
tion media components were substituted with cheaper constituents. Thus, research-
ers devoted their efforts to exploit industrial wastes and side streams in the 
fermentation media. For instance, corn steep liquor was exploited as a nitrogen 
source and replaced yeast extract during pigments’ production via M. ruber. M. pur-
pureus pigments were also produced while utilizing grape waste (Rao et al. 2017). 
Moreover, red pigment extracted from Penicillium purpurogenum was applied in 
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meat product where it had the ability to increase the safety properties of the final 
product (Salama et al. 2021)

Nevertheless, concerns are raised regarding fungal pigments as some fungal sec-
ondary metabolites could be harmful to humans. Even the popular pigment produc-
ing, Monascus fungi could produce the mycotoxin, citrinin, and this hampered the 
approval of these fungi by the USA and the European Union although they have 
been exploited in Asia for hundreds of years (Rao et al. 2017). Such as an issue 
could be addressed after considering the fact that the metabolic pathway of citrinin 
production is independent from that of the pigments production (De-Mejia et al. 
2020).Thus, manipulating the propagation of Monascus would impede critinin pro-
duction. Another simple approach that could be adopted in order to impede the 
fungal toxins production is modulating the fermentation media where it was shown 
that adding or excluding certain metal ions, nitrogen sources, or carbon sources 
could influence the toxins’ expression. On the other hand, fungal pigments can offer 
some advantages regarding their temperature and pH stabilities which would facili-
tate their industrial exploitation. For instance, various fungal pigments were reported 
to be stable at a wide pH range (Rao et al. 2017). Moreover, pigments secreted by 
M. purpureus, Emericella species, Isaria species, Penicillium species, and Fusarium 
species were shown to be stable at escalated temperatures (Velmurugan et al. 2010). 
Thus, we are going to discuss some of the fungal pigments while shedding the light 
on their safety and their beneficial effects that could improve foods’ quality and 
shelf-life

15.6.1  Azaphilone Pigments

Azaphilone pigments could be considered as a class of pigments brought to food 
industries by fungal strains as such pigments are not concocted by plants, whereas 
various fungi are reported as azaphilone pigments’ producers. For instance, six 
azaphilone pigments are procured from the fungal species Monascus. These are the 
yellow ankaflavin and monascin, the orange rubropunctatin and monascorubrin, 
and the red rubropunctamine and monascorubramine (Dufossé 2018). Monascus 
pigments are non-toxic and are already present in the market (Dufossé 2018; 
Vendruscolo et al. 2014). These pigments can be utilized as food colorants to aug-
ment the foods’ colored morphology and sensory traits. Monascus pigments were 
also shown to exhibit antimicrobial traits. Antimicrobials and preservatives are criti-
cal in food industries as they guard against microbial spoilage, and this would 
extend the foods’ shelf-life. Thus, fungal pigments with antimicrobial traits, such as 
the Monascus pigments, could be considered as safe and natural surrogates to the 
chemical preservatives. The antimicrobial traits of the Monascus pigments were 
evaluated against the foodborne bacteria, Staphylococcus aureus and Escherichia 
coli. M. ruber was incubated at various pHs in order to express two different pig-
ments, the orange pigment and the red one. The red pigment, produced at pH 5, was 
more effective as it managed to inhibit the growth of both S. aureus (gram positive) 
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and E. coli (gram negative). On the other hand, the orange pigment, produced at pH 
3, inhibited the growth of S. aureus only. Nevertheless, the efficiency of the orange 
pigment was escalated following its derivatization via the addition of glycine.

The glycine derivatization turned such an orange pigment into a red pigment 
capable of inhibiting both S. aureus and E. coli (Vendruscolo et al. 2014). Other 
amino acid derivatized Monascus pigments were also reported where Kim et  al. 
(2006) concocted L-tyrosine, L-phenylalanine, L-glutamine, and L-asparagine 
derivatives of Monascus pigments. The hydrophobic amino-acids derivatives 
(L-tyrosine and L-phenylalanine) were more efficient as their minimum inhibitory 
concentrations (MIC) against E. coli were much lower than the MIC of the hydro-
philic amino acids derivatives (L-glutamine and L-asparagine). Such increased anti-
microbial efficiency was coupled with incremented adsorption of the hydrophobic 
derivatives onto the E. coli’s surfaces. Noteworthy, the antimicrobial influence of 
Monascus pigments was debated to be ascribed to the induced disturbance in the 
permeability of the cell membrane (Zhao et  al. 2015), which could diminish the 
transport of oxygen and of various nutrients and metabolites. Such antimicrobial 
traits could also be regarded to the interactions with cellular enzymes (Vendruscolo 
et al. 2014).

Penicillium marneffei is another fungus that can concoct azaphilone pigments. 
The red pigment of P. marneffei was shown to comprise over 16 amino acid conju-
gates of rubropunctatin and monascorubrin. Nevertheless, the pigment production 
via P. marneffei suffers from a serious drawback as the mycotoxin, citrinin is an 
early byproduct of its red pigment’s biosynthetic pathway. Another more promising 
azaphilone pigments’ producer is Talaromyces atroroseus as its pigments produc-
tion are not coupled with mycotoxins concoction (Dufossé 2018).

15.6.2  Carotenoids

Food colorants also include carotenoids whose colors range from yellow to orange 
and red. Naturally procured carotenoids are diverse as they include over 700 carot-
enoids, such as β-cryptoxanthin, α-carotene, β-carotene, and lutein (De-Mejia et al. 
2020). Carotenoids exhibit antioxidant traits where they dwindle the oxidative stress 
and scavenge free radicals which could trigger atherosclerosis, cancer, and various 
other diseases (Li et al. 2017; Özkan and Bilek 2014). Additionally, β-cryptoxanthin, 
α-carotene, and β-carotene (provitamin A carotenoids) can be transformed into vita-
min A in human bodies (De-Mejia et al. 2020). Thus, it would be highly advanta-
geous to blend such colored functional moieties with food products. Nonetheless, 
restrains are laid on the sources of the utilized carotenoids. For instance, the US 
regulations state that carotenes can only be procured from carrots (De-Mejia et al. 
2020). Such restrictions are probably triggered by the concerns regarding the toxic 
fungal metabolites. However, the β-carotene procured by the fermentation of the 
fungus Blakeslea trispora was shown to be mycotoxin free, and it complies with the 
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specifications of the EC. The B. trispora β-carotene’s production could reach up to 
17 g/L (Chattopadhyay et al. 2008; Dufossé 2018).

Another B. trispora carotenoid is lycopene. The B. trispora lycopene was also 
shown to lack any evidence of toxicity up to a 1% (w/w suspension within sunflower 
oil) dietary level (Dufossé 2018), and this encouraged the exploitation of this B. tri-
spora pigment which is now available in market (Rao et  al. 2017). Noteworthy, 
lycopene could also be absorbed by humans following its dietary intake as was 
evidenced by it being detected in the human tissues and plasma following its inges-
tion (Dufossé 2018). This lycopene pigment could then impart several health bene-
fits .Lycopene is among the most potent carotenoid antioxidant (Rocha et al. 2012), 
and it was shown that consuming lycopene rich products was linked to diminished 
cancer risk. Lycopene supplemented diet was also beneficial in the treatment of 
prostate cancer. Furthermore, lycopene consumption was shown to dwindle the total 
cholesterol concentration in humans and it was debated to have potential in lighten-
ing chronic sicknesses, such as coronary heart diseases (Herńandez-Almanza et al. 
2016). It is worth mentioning that, within B. trispora, β-carotene is procured via 
lycopene cyclization. Thus, if such cyclization was inhibited more lycopene would 
be produced. Various inhibitors were investigated, such as imidazole which caused 
the carotenoid production of the B. trispora F-816 and F-744 to be a 100% lycopene 
production. A 96% lycopene production was also attained by the addition of 300 
mg/L 2-isopropylimidazole to B. trispora (Herńandez-Almanza et al. 2016).

Owing to significance of carotenoids, some microbial strains were genetically 
modified in order to efficiently produce them. For instance, Fusarium sporotrichioi-
des was genetically modified, and its isoprenoid pathway was redirected to the con-
coction of commercial carotenoids. F. sporotrichioides’ strong promoter and 
terminator sequences were coupled to the Erwinia uredovora’s carotenoid biosyn-
thetic genes, and the chimeric genes were inserted into the fungus causing it to 
attain 0.5mg/g lycopene and 5 mg/g β-carotene (Jones et al. 2004).

15.6.3  Anthraquinones

Anthraquinones are expressed by many fungal species including Aspergillus, 
Fusarium, Drechslera, and Penicillium (Dufossé 2018). For instance, red anthraqui-
none was procured from Penicillium oxalicum. This anthraquinone pigment was 
termed Arpink Red and it was considered as a safe colorant which was recom-
mended to be blended with meat products, milk products, and confectionery at the 
concentrations of 100  mg/kg, 150  mg/kg, and 300  mg/kg, respectively 
(Chattopadhyay et al. 2008). Anthraquinones were also procured from the edible 
fungus Pleurotus ostreatus (Bindhu et  al. 2020). Anthraquinones offer benefits 
beyond their colorful appearance as they exert different biological activities, such as 
bacteriostatic, antiviral, and insecticidal (Dufossé 2018). Thus, they could be 
exploited as food preservatives. Furthermore, the red antioxidant pigment expressed 
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by the endophytic fungus, Stemphylium lycopersici was shown to be constituted 
from anthraquinones and phenolics. This red pigment exhibited potent antioxidant 
traits which were comparable to that of ascorbic acid with respect to their DPPH 
radical scavenging ability (Li et al. 2017).

15.6.4  Riboflavin

Riboflavin is a yellow food colorant that is approved in most countries. Riboflavin 
is incorporated into beverages, dressings, sherbets, ice creams, and other food prod-
ucts. Some fungal strains, such as Eremothecium ashbyii and Ashbya gossypii are 
considered as strong over-producers of this riboflavin (Chattopadhyay et al. 2008). 
It is worth mentioning that A. gossypii riboflavin already exists in the market 
(Dufossé 2018). The effect of incorporating riboflavin in food preparations goes far 
beyond imparting color. Riboflavin is actually vitamin B2 which is a pivotal vitamin 
that should be incorporated into human diet at a 1.1–1.3 mg/day concentration as it 
is a structural constituent of the oxidation-reduction co-enzymes, flavin- 
mononucleotide and flavin-adenine-dinucleotide. These co-enzymes are involved in 
the concoction of ATP. Furthermore, riboflavin supplements were integrated in the 
neonatal jaundice’s phototherapy treatments (Rao et al. 2017).

15.6.5  Melanin

Melanin is another pigment that could be procured from various fungi, such as 
Cryptococcus neoformans, Sporothrixs chenckii, Aspergillus fumigatus, and 
Paracoccidioides brasiliensis. Nevertheless, all of the aforementioned strains are 
human pathogens, and melanin is associated with their virulence. For instance, mel-
anin guards C. neoformans against macrophage-mediated phagocytosis. Moreover, 
it was shown that the A. fumigatus conidia, which lacks pigmentation, is more sus-
ceptible to monocyte attack (in-vitro). These conidia also exhibited diminished 
virulence within animal models (Youngchim et al. 2004). Thus, special consider-
ations should be adopted in order to ensure the biosafety of the fungal melanins if 
they were to be exploited in food industries. Melanin is known for its ability to 
confer light protection, and it also possesses antibacterial and antioxidant traits 
(Shankar et al. 2019). Thus, it would be advantageous to incorporate it in food pack-
aging in order to provide light protection for light sensitive foods. Moreover, its 
antibacterial and antioxidant traits would help guard against microbial and chemical 
food spoilage. Shankar et al. (2019) concocted melanin nano-particles and incorpo-
rated them within gelatin-based nano-composite food packaging films. The incor-
poration of such nano-particles diminished the light transmittance of the films to the 
extent that UV-light was almost totally blocked when 1wt% of the melanin 
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nano-particles was incorporated into the gelatin films. Such nano-particles also sig-
nificantly escalated the films’ antioxidant traits.

15.7  Encapsulation

It should be noted that carotenoids suffer from stability issues when subjected to 
light, oxygen, or elevated temperatures. Moreover, they could impose solubility 
problems which would limit their incorporation within the various foods and bever-
ages (Jain et al. 2020; Özkan and Bilek 2014). Similarly, riboflavin is extremely 
photosensitive and is sparingly soluble in water (0.05–0.33 g/L) (De-Fariasa et al. 
2018). Such drawbacks could be surmounted via encapsulating these pigments as 
this process will lay barriers among such sensitive pigments and the external envi-
ronment, and thus, would stabilize them. The water dispersibility of these pigments 
could also be improved if they were encapsulated within protein-carbohydrate 
matrices (Özkan and Bilek 2014).Various encapsulation techniques could be 
adopted including spray drying, emulsion, coacervation, inclusion within hydrogel 
beads, and inclusion within liposomes (De-Fariasa et al. 2018; Jain et al. 2020).

Spray drying is among the most commonly exploited industrial techniques as it 
is quick and cost effective. Spray drying comprises dispersing the moiety to be 
encapsulated within a matrix material. This dispersion is then atomized within 
heated air in order to promote the quick elimination of the solvent and the concur-
rent attainment of a fine powder. Spray drying was adopted during riboflavin’s 
encapsulation within galactomannan (De-Fariasa et al. 2018). Lycopene was also 
encapsulated via spray drying within gum arabic and maltodextrin, gelatin and 
sucrose, gum arabic and sucrose, and also within the lipophilically modified starch 
Capsul®. The Capsul® encapsulated lycopene was significantly more stable relative 
to its free analogue when both samples were stored for 73days. The Capsul® encap-
sulated lycopene was also utilized during the preparation of a cake, and it managed 
to impart a homogenous pigmentation to the cake (Rocha et al. 2012).

Lycopene was also encapsulated within emulsions and nano-emulsions (Jain 
et al. 2020; Zhao et al. 2020). In emulsions, the lipophilic entities, such as lycopene 
are dispersed within an oil phase which is then emulsified with an aqueous phase. 
Thus, emulsions provide superior protection to the lipophilic bioactive entities 
against degradation. Moreover, the outer aqueous phase in oil-in-water emulsions 
would enhance the dispersion of the encapsulated lipophilic entities within food 
products. Additionally, the impact exerted by the lipophilic entities on the organo-
leptic properties of food could be reduced following their emulsification. Noteworthy, 
encapsulating lycopene within an oil-in-water emulsion consisting of a soybean oil 
phase and a modified resistant rice starch aqueous phase enhanced its stability as 
was evidenced from the increase in the retained antioxidant activity of the lycopene 
emulsion relative to the lycopene oily solution (Jain et al. 2020). As regard to nano- 
emulsions, they are characterized by the minute size of their droplets (diameter 
commonly <500 nm).
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The Brownian motion of such minute droplets is robust enough to work against 
the kinetic instability triggered by gravity or viscosity. Thus, nano-emulsions are 
characterized by long-term stability and can avoid precipitation and coalescence 
(Zhao et al. 2020). It should be noted that the type of oil exploited to dissolve the 
lipophilic moieties could affect the stability of such moieties. For instance, when 
walnut oil, linseed oil, and sesame oil were compared as the oil phases for the lyco-
pene nano-emulsions, it was shown that the nano-emulsion constituted from sesame 
oil was the most proficient in impeding lycopene’s degradation. This was regarded 
to the sesame’s oil escalated oxidative stability and reduced saturation (Zhao 
et al. 2020).

It should also be noted that emulsions could be spray dried into microcapsules. 
For instance, lycopene was integrated into a coarse emulsion, which was based on 
xylo-oligosaccharides glycosylated whey protein isolate (WPI). This emulsion was 
then spray dried in order to concoct lycopene loaded microcapsules. The glycosyl-
ated WPI was utilized instead of WPI as the base material for these microcapsules 
in order to surmount the shortcomings of protein based delivery vehicles which 
suffer from instability upon altering their pH. Moreover, they could be hydrolyzed 
via pepsin, and this would lead to the degradation of their loaded bioactive moieties 
if they were subjected to in-vitro digestion. On the other hand, glycosylation was 
shown to enhance proteins stability along extended pH range (Jia et al. 2020).

Glycosylated whey proteins were also reported to confer superior protection to 
their encapsulated bioactive entities under simulated gastrointestinal environment 
(Liu et al. 2017). Furthermore, glycosylated proteins could establish more compact 
interfacial layers which would exhibit superior antioxidant capability, and this 
would provide more protection to their encapsulated moieties. Thus, lycopene was 
encapsulated within glycosylated WPI microcapsules with encapsulation efficiency 
and encapsulation yield exceeding 80%. Such glycosylated WPI microcapsules 
offered lycopene more stability than did the neat WPI microcapsules as they retained 
79% of lycopene after 36days storage at 4 °C. They were also more stable upon 
being subjected to simulated gastric digestion and escalated the bio-accessibility of 
their loaded lycopene (Jia et al. 2020).

Complex coacervation is another microencapsulation protocol. It is considered 
as a liquid/liquid phase separation which occurs secondary to the interaction among 
oppositely charged polyelectrolytes with the consequent concoction of polyelectro-
lyte rich coacervates. The opposite charges on gum tragacanth and casein enabled 
the construction of lycopene loaded microcapsules via complex coacervation. The 
lycopene loaded within such microcapsules retained around 80% of its initial titer 
after 60 days storage at 4  °C, whereas the oily lycopene solution retained only 
around 40% of its initial titer. The gum tragacanth-casein microcapsules also pro-
vided a sustained discharge of lycopene where 86.34% of the loaded lycopene was 
discharged during 24 h residence in simulated gastric fluid (pH 1.2). This sustained 
discharge was regarded to the structural integrity of the carbohydrate–protein com-
plex which constituted a barrier against the lycopene discharge (Jain et al. 2016).

Hydrogel beads were also exploited to encapsulate lycopene. Simply, a lycopene 
rich extract was mixed with an alginate or a pectin solution, and the mixture was 
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kept at 50°C till complete dissolution. Afterwards, this solution was dropped onto a 
calcium chloride gelling solution. The lycopene loaded hydrogel beads were then 
either retained in their wet status or were dried at 60  °C in a vacuum oven. 
Nevertheless, the wet beads did not retain much of their lycopene content upon stor-
age where only 29% and 21% of the initial lycopene contents of the wet alginate and 
pectinase beads were retained, respectively, after 8 weeks storage at 7 °C. This low 
percent of retained lycopene was partly regarded to the moisture content of the wet 
beads (~95%). Water is directly correlated to the occurrence of degrading chemical 
reactions (Sampaio et al. 2019), and it was previously shown that the stability of a 
chemical compound (betalain), which was encapsulated within alginate beads, 
diminished upon escalating the environment’s moisture content (Otálora et  al. 
2016). On the other hand, good stability was conferred to lycopene by the dried 
beads where no significant alterations were recorded in the lycopene contents of the 
dried alginate beads which were stored at −10 °C and 7 °C for up to 8 weeks. As for 
the dried pectinate beads, they only lost ~10% of their lycopene contents within the 
first week of storage at the aforementioned temperatures and no other significant 
alterations were recorded for the rest of the 8 weeks storage period (Sampaio 
et al. 2019).

Inclusion within liposomes is another tool for encapsulation. Liposomes are 
regarded as colloidal vesicles that are established upon immersing amphiphilic lip-
ids, such as phospholipids within aqueous solutions. The excess water then causes 
such amphiphilic lipids to self-assemble forming lipid bilayers that enclose aqueous 
compartments. Liposomes hold great potential for exploitation in food industries as 
they are biocompatible, safe, offer sustained release for their encapsulated entities, 
and can constitute vehicles for hydrophilic and hydrophobic entities (Michelon 
et al. 2016). β-carotene was successfully incorporated within various liposomes. For 
instance, the soy phosphatidylcholine based multilamellar liposomes, which were 
stabilized via the thickener, xanthan gum, protected β-carotene against degradation 
throughout a 90 days interval (Carvalho et al. 2015). The smaller versions of lipo-
somes, the nano-liposomes, were also exploited to encapsulate β-carotene. The par-
ticles size of nano-liposomes ranges from 10 to 1000 nm. This minute size escalates 
the stability of the nano-liposomes against sedimentation and creaming. Moreover, 
it makes the nano-liposomes more efficient at protecting and delivery bioactive enti-
ties. The marine phospholipids based nano-liposomes managed to retain a β-carotene 
encapsulation efficiency of 92.95% after 70 days of storage (Hamadou et al. 2020).

15.8  Conclusion

Recently, the trend of using natural dyes instead of chemical dyes was increased, 
this could be related for the harmful impact of chemical dyes. Fungal dyes are con-
sidered the main source of natural colorant, for their easest and fruitful existence. 
Fungal dyes are also known to have several bioactivities and functions including 
antioxidant, anti-cancer, and antitumor. The challenge faced by pigment production 
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of fungi was connected to the presence of toxic components, particularly mycotox-
ins. Forward to this, it is significant to ensure that fungal pigment is free of myco-
toxins before the application for food industries. The trend of natural pigment 
fastness was achieved by their application using encapsulation techniques. This 
could provide more stability and quality for their applications. Otherwise, the fun-
gal pigments were reported to provide safety characteristics for food applications. 
These properties recommend their widespread insertion for food applications.
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16.1  Introduction

Vitamins are essential organic compounds and mainly involved in the multi-meta-
bolic pathways in living organisms, including human. The vitamins are acting as 
coenzymes which support the metabolism and help in the maintenance and proper 
functioning of the body. Vitamins are generally produced by plants and microorgan-
isms, however, animals including human, need to consume them for the growth and 
maintenance of their health. Sometimes, the demand for vitamins is increased in the 
body due to pathogenesis, pregnancy, physical exercises, poor diet, malnutrition or 
in cases of stress and drug abuse (Acevedo-Rocha et  al. 2019; Vandamme and 
Revuelta 2016). Furthermore, the techniques involved in food processing and pres-
ervation have an inverse effect on the quantity and quality of these vitamins 
(Vandamme and Revuelta 2016). Therefore, there is an increase in demand to pro-
duce the vitamins for applications in food, feed, cosmeceutical industry. Also, con-
sumer awareness to have healthy food is a key factor to increase the demand for 
vitamins supplemented foods, and this demand promotes the food technologist to 
produce vitamins from other resources. In modern society, there is a constant 
increase in the demand for healthy foods, so to achieve the target, the food and feed 
industries are facing many challenges at industrial and consumers level.

From a recent report, it is anticipated that vitamin supplement market is expected 
to reach $74.61 billion in 2023 at a CAGR of 6.85%, globally (https://research.
t d a m e r i t r a d e . c o m / g r i d / p u b l i c / m a r k e t s / n e w s / s t o r y .
asp?fromPage=results&docKey=100-203p8765). In this way, microbiological solu-
tions have been tremendously explored for their ultimate bioactive potential to pro-
duce functional and nutraceutical food ingredients. Among all the microorganisms, 
filamentous fungi have excellent potential in the production of vitamins.

Vitamins are currently produced by chemical synthesis, and/or biotechnological 
applications by using microorganisms (Acevedo-Rocha et al. 2019; Abdel-Azeem 
et al. 2021; Yadav et al. 2019b). Through this, biotechnology has become an increas-
ingly incredible solution for fashioning ways to feed the world. In the last decades, 
numerous microorganisms such as bacteria, fungi, yeast and algae have been com-
prehensively researched for their capability to synthesize various types of valuable 
bioactive compounds for food and animal feed applications (Bourdichon et al. 2012; 
Singh and Yadav 2020; Yadav et al. 2019c). In this context, filamentous fungi being 
no exception as they can produce a variety of useful food ingredients like enzymes, 
fatty acids, flavourings, organic acids, pigments & vitamins (Hüttner et al. 2020; 
Kour et al. 2019). Among the biotechnological applications, the use of fungal spe-
cies for the production of vitamins is still a bottleneck and unexplored. From this 
book chapter, we reviewed the literature on various fungal species but a very few 
species involved in the production of vitamins, so there is a need to develop the 
fungal resources, and to explore the techniques to produce vital vitamins. Novel 
genetic engineering tools helped a lot to produce engineered high yielding vitamin-
producing strains which improved the production of various bioactive nutrients, 
including vitamins (Nielsen and Keasling 2016; Rastegari et  al. 2019a, b; Yadav 

P. K. Dikkala et al.

https://research.tdameritrade.com/grid/public/markets/news/story.asp?fromPage=results&docKey=100-203p8765
https://research.tdameritrade.com/grid/public/markets/news/story.asp?fromPage=results&docKey=100-203p8765
https://research.tdameritrade.com/grid/public/markets/news/story.asp?fromPage=results&docKey=100-203p8765


565

et al. 2019a). But still, there is a need to understand the biosynthetic pathway, its 
regulatory steps, technological advancements, and genetic makeup of fungal myce-
lia to enhance the production of vitamins.

16.2  Classification of Vitamins

Vitamins are micro-nutrients playing an essential role to maintain proper function-
ing of metabolism in human health. These organic molecules are essential micronu-
trients required in small quantities for the appropriate functioning of animal 
metabolism. These cannot be synthesized by the animals, either at all or scarcely, 
and so there is a need to obtain these vitamins to fulfill their needs, from other 
resources or diet (Yadav 2020).These are mainly classified into two on the basis of 
their solubility in water, i.e. water-soluble and fat-soluble vitamins. These are as 
follows:

16.2.1  Water-Soluble Vitamins and Their Fungal Sources

The water-soluble vitamins are further divided into two groups: B-vitamins and 
vitamin C (l-ascorbic acid). Figure 16.1 elaborates the structures for all the water-
soluble vitamins with their active forms. Microbial production of all B-vitamins and 
vitamin C using various fungal and yeasts sources has shown in Table 16.1.

16.2.1.1  B-Vitamins

16.2.1.1.1 B1 (Thiamin)

Chemically it is also known as thiamine hydrochloride and is a white crystalline 
powder, slightly hygroscopic in nature; odour resembles yeast and bitter in taste. It 
is completely soluble in water. Vitamin B1 is widely found in the vegetable’s king-
dom. The richest sources of vitamin B1 are yeast, grains, germs and rice bran, whole 
grain, potatoes. Animal tissues like liver, kidney, brain, heart are the sources of 
vitamin B1 (Wu et al. 2020). The structure of vitamin B1 consists of a thiazole moiety.

Vitamin B1 is produced in the human gut, and is also synthesized by the aquatic 
microorganism, especially cyanobacteria (Putnam and Goodman 2020). The analy-
ses of human gut flora microflora predict the bactericides Fragilis, Prevotella copri, 
Clostridium difficile, some Lactobacillus species and Fusarium species are vitamin 
B1 producers that can be implying to intestine for complete vitamin B1 synthesis 
pathway (Yoshii et  al. 2019). Thiamine is a cofactor for several enzymes which 
includes pyruvate dehydrogenase and alpha-ketoglutarate dehydrogenase, which 
play an important role in tricarboxylic acid (TCA) cycle (Abramova et al. 2020). 

16 Fungal Production of Vitamins and Their Food Industrial Applications
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Vitamin B1 deficiency causes lethargy and resulting in beriberi and also affects the 
nervous system and the cardiovascular system (Sharma et al. 2019).

Thiamin is an essential vitamin to accomplish the metabolic activity in all living 
organisms because it is a cofactor for many enzymes in metabolism. Unlike ani-
mals, fungal species such as filamentous fungi and yeasts can synthesize their thia-
min including Aspergillus oryzae, Saccharomyces cerevisiae and 
Schizosaccharomyces pombe, etc. Presence of thiamin primarily regulated the genes 
expression and thiamin transporters, during biosynthesis of thiamin. In the case of 
filamentous fungi, expression of thiamin biosynthesis genes is regulated by TPP 
riboswitches and RNA (located in messenger RNA). However, TPP riboswitches 
are rare in yeast cells, for the biosynthesis of thiamin (Donovan et al. 2018). In a 
study, to improve the productivity of thiamine pyrophosphate (TPP) in Aspergillus 
oryzae, Tokui et al. (2011) genetically improved the strain by overexpressing the 
genes thiA, nmtA and thiP, simultaneously. The resulting strain was responsible for 
accumulating 4-fold higher TPP than the control strain (Tokui et al. 2011). Shimizu 
et al. (2016) disordered thiA gene of the fungus Aspergillus nidulans and reported 
that the hypoxic stress modulates thiA expression through the thiamine riboswitch 
and alters cellular fermentation mechanisms by regulating the activity of the TPP 
enzymes. They demonstrated that under hypoxic stress, the fungus accumulated 
more thiamine (34 pmol mg−1 of thiamine) than under aerobic conditions. In a study, 
pyrithiamine (PT) resistance gene (ptrA) was cloned from a genomic DNA library 
prepared from a PT resistant mutant of Aspergillus oryzae (Kubodera et al. 2000). 
They reported that the introduction of the ptrA gene allowed an A. oryzae industrial 

Fig. 16.1 Chemical structures of water-soluble vitamins

P. K. Dikkala et al.
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strain to grow on the minimum medium containing PT (0.1 mg L−1) on which an 
untransformed strain did not grow. This result indicates that the ptrA is applicable 
as a dominant selectable marker for transformation of A. oryzae.

16.2.1.1.2 B2 (Riboflavin)

Vitamin B2 is also chemically known as riboflavin dominantly found in nature as 
yellow pigments called flavin. The ribose (ribitol) is attached to the alcohol group, 
i.e. flavin ring. The role of riboflavin is an important compound of cellular disable 
because it is the precursor of flavoenzymes flavin mononucleotide and flavin ade-
nine dinucleotide which are the electron carrier involved in the redox reactions 
(Thakur et al. 2016). It is orange-yellow in colour. This vitamin is widely distributed 
in plants as well as in animals in little quantity. Sources of vitamin B2 are milk, liver, 
eggs, leafy vegetables and cheese (Liu et al. 2020). Dried yeast is the richest source 
of this vitamin. It is less water-soluble than thiamine but more stable to heat in acid 
or neutral media. As a prosthetic group of flavin enzymes, it is involved in the reac-
tion of all nutrient’s plants and animals (Shibata et al. 2017). It helps to regulate 
redox processes and thus catalyses the reactions of macromolecules like carbohy-
drates, fats, proteins and nucleic acids. Three groups of microorganisms are capable 
to produce large amount of vitamin B2, such as bacteria (Clostridium acetobutyli-
cum), yeast (Candida), and ascomycetes (Eremothecium ashbyii and A. gossypii) 
(Sharma et al. 2019).

Riboflavin (vitamin B2) vitamin is an essential nutritional component which is 
the precursor of coenzymes FMN and FAD that are involved in various reactions in 
metabolism. Commercial production of riboflavin is generally for feed, food, cos-
metics and medicine. Nowadays, microbial production of riboflavin has increased 
significantly. Biosynthesis of riboflavin starts with guanosine triphosphate and ribu-
lose-5-phosphate and is completed in six enzymatic steps (Fischer and Bacher 
2005). Currently, industrial riboflavin production is achieved through the use of 
recombinant strains of microorganisms like bacteria and fungi. Among fungi, over-
producing strains of A. gossypii and Candida famata are constructed using meta-
bolic engineering approaches to produce riboflavin. In a study, Dmytruk et  al. 
(2014) constructed Candida famata by overexpression of three genes SEF1, RIB1 
and RIB7 coding for a putative transcription factor, GTP cyclohydrolase II and ribo-
flavin synthase, respectively. They reported that under optimized conditions, the 
constructed strain accumulated up to 16.4 g/L of riboflavin in a 7 L laboratory bio-
reactor during fed-batch fermentation. They observed 4.1-fold increase in riboflavin 
production using overexpression of above-mentioned genes in overproducer AF-4 
during shake-flask fermentation in their earlier study (Dmytruk et  al. 2011). 
Riboflavin production has also been reported as 21 g/L and 15 g/L by other studies 
(Heefner et al. 1992; Bigelis 1989).

Similarly, Ashbya gossypii (syn. Eremothecium gossypii) is a highly flavinogenic 
mold of the Saccharomycetaceae family that has been extensively exploited for the 
production of riboflavin. Genetically improved A. gossypii strains have been used 
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since 1990 for the industrial production of this vitamin. In a study, riboflavin over-
producing strain of A. gossypii was constructed by ultraviolet irradiation, to improve 
riboflavin production at industrial scale. After irradiated exposure of 10  min of 
ultraviolet light, a stable mutant of the wild strain was isolated. Riboflavin produc-
tion of the mutant was two-fold higher than that of the wild strain in flask culture. 
The mutant strain was observed with improved riboflavin production upto 6.38 g/L 
and even more about 8.12 g/L under optimized pH (pH 6.0–7.0 using KH2PO4) in 
the later growth phase (Wei et al. 2012). Kato and Park (2012) worked on recombi-
nant strains of A. gossypii, and reported the content of riboflavin up to 13.7, g/L, in 
fermenters. Pichia pastoris strain was reported to overexpress all RIB genes accu-
mulating riboflavin (175 mg/L) in fed-batch fermentation (5L) at 25 °C, 5.0 pH, 
25% ammonium hydroxide, and dissolved-oxygen kept above 20% by controlling 
stirrer speed between 600 and 1200 rpm (Marx et al. 2008). Mutated yeast strains of 
Candida famata were reported to accumulate up to 16.4 g/L riboflavin in optimized 
fed-batch fermentation using a stirred tank bioreactor for 126 h, 28 °C, 1200 rpm, 
5.5 pH (Dmytruk et al. 2011). In P. guilliermondii, chromium ion treatment aug-
mented riboflavin accumulation, and released exogenous riboflavin improved its 
resistance to metal ions (explaining tolerance for bioremediation) (Ksheminska 
et al. 2003). Metabolically engineered Ashbya gossypii MA2 produced 523 mg/L 
riboflavin after 120 h of fermentation (Ledesma-Amaro et  al. 2015). Riboflavin 
fermentation using Eremothecium ashbyii was reported to be 3107.59 mg/L using a 
15 L fed-batch stirred tank fermenter with a feed of glucose (0.5–0.8 g/100 mL), a 
feed flow of 60 g/L yeast extract for 48–96 h (Cheng et al. 2011).

16.2.1.1.3 B3 (Niacin)

Vitamin B3 is commonly called as niacin. There are three active forms of vitamin B3 
which are having role as essential cofactors in metabolism. Recently, the three 
forms of B3, i.e. niacin (NA), niacinamide (NAM) and nicotinamide riboside (NR), 
gained attention in the treatments of age-related diseases (Acevedo-Rocha et  al. 
2019).The amides are very soluble in water so these are preferred therapeutically 
because they do not have any side chain (Yoshii et al. 2019). All are stable in air as 
well as heat acid or alkali. B3 has important functions in our body as a component 
of two important enzymes and is also involved in respiration and breakdown of 
glucose to produce energy and necessary for growth and development (Lloyd-Price 
et al. 2019).

Deficiency of niacin change on skin, gastrointestinal tract and nervous system 
that changes into insomnia, dizziness, irritability, depression later may lead to 
dementia. The disease pellagra is occurred due to deficiency of niacin. Meat is rich 
source mainly organ meat such as liver. Groundnuts are also best source of niacin. 
Cereals are the major sources in the Indian diet. Whole cereal grains and parboiled 
cereals save more niacin than processed (Liu et al. 2020). The fungal sources (mush-
rooms) and brewer’s yeast are the best for niacin.
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S. cerevisiae (yeast) strain able to produce extracellular nicotinamide riboside 
(>8 mg/L nicotinamide riboside) by the native NAD+ breakdown process using nic-
otinamide riboside importer Nrt1 (Belenky et al. 2011). Rather this is a high yield-
ing process with the biocatalytic approach but a little motivation for the bioconversion 
of niacin or niacinamide. In contrast, fermentation of nicotinamide riboside is found 
favourable if market demand arises.

16.2.1.1.4 B5(Pantothenic Acid)

Vitamin B5 is also known as pantothenic acid. Pantothenic acid is widely distributed 
in foods and particularly abundant in animal tissues, pulses and whole cereal grains 
and in fewer amounts in milk (Gominak 2016). It is more stable in solution than dry 
form at pH range of 4–7 and decomposed by alkali or dry heat. Pantothenic acid as 
complex molecule as coenzyme-A containing sulphur-containing compounds 
(highly reactive), adenine, ribose, phosphoric acid etc. attributed to its functional 
role in the body (Watanabe and Bito 2018). Due to lack of these vitamins symptoms 
appear as loss of appetite, indigestion, and abdominal pain, mental depression, 
burning sensation in the feet, insomnia and respiratory infection. Important sources 
of pantothenic acids are animal tissues in the form of coenzyme-A and whole grains 
as well as legumes. Liver, yeast, egg yolk and meat particularly are the beast sources 
(Gonzalez-Lopez et al. 2016).

Pantothenic acid has a vital role in multiple metabolic reactions in all living cells 
and is a precursor of co-enzyme-A (CoA), and acyl carrier protein (ACP) which 
helps in lipid metabolism. The active form of vitamin B5 is pantothenate stabilized 
with calcium salt for commercial form (Leonardi and Jackowski 2007; Gonzalez-
Lopez et al. 2016). Vitamin B5 can be synthesized by bacteria, fungi and plants, but 
not by mammals, including human. Chemical synthesis of B5 is diminishing and 
replaced by bio-catalytically microbial synthesis, at an industrial scale. Nowadays, 
commercial production of B5 is carried out by using microbial biotechnological 
methods. Numerous filamentous fungi of genera Gibberella and Fusarium, which 
show higher activity of the enzyme (coenzyme-A) can synthesize pantothenic acid. 
Yeast cells, including Saccharomyces cerevisiae and Debaryomyces castellii, are 
pretty rich in CoA content and are used to produce the vitamin B5. The yeast, 
Debaryomyces castellii in the nutrient growth media containing glucose, pantoic 
acid and β-alanine favours the production of d-pantothenic acid (Gonzalez-Lopez 
et al. 2016). In microbial cells, the biosynthesis of B5 is starting from metabolic 
intermediates α-ketoisovalerate and aspartate. Expression of panB and panE genes 
is convoluted for the conversion of α-ketoisovalerate into pantothenate. Expression 
of ATP-dependent panC genes helps to combine two pantothenic precursors into the 
final product as vitamin B5 (Stahmann 2019). The production yield of these vita-
mins can be enhanced by achieving genetic modifications in these microbes. 
Shimizu et  al. (2001) isolated vitamin B5 using Fusarium oxysporum mycelia 
incubated with pantolactone solution (700 g/L) for 24 h at 30 °C at controlled pH 
(6.8–7.2).
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16.2.1.1.5 B6(Pyridoxine)

Vitamin B6 or pyridoxine is a water-soluble vitamin found naturally in plants and 
animals. Vitamin B6 is an essential cofactor for numerous enzymatic reactions in its 
phosphate form. Pyridoxal 5” phosphate (PLP) is the effective form of coenzyme 
and most common measures of the bloodstream. Pyridoxine has pharmaceutical and 
numerous food functions. These vitamins can be synthesized by several potential 
stains of microorganisms like Klebsiella sp.,Flavobacterium sp., Pichia guillier-
mondii, Bacillus subtilis, and Rhizobium meliloti, etc. (Watanabe and Bito 2018; 
Yoshii et al. 2019).

In a study, Herrero and Daub (2007) demonstrated the effect of overexpression 
of two genes (PDX1 and PDX2) which involved in the biosynthesis of vitamin B6 
and the production efficiency of vitamin B6. They isolated these genes from patho-
genic fungi (Cercospora nicotianae) and overexpressed in two fungal strains, i.e. 
Aspergillus flavus and Neurospora crassa. They reported the values for B6 varied 
from 4 to 7 ng/mg dry weight, in both the tested fungal species (Aspergillus flavus 
and Neurospora crassa). They concluded that no significant difference was observed 
in B6 content of the two strains tested as compared to their corresponding wild type 
or vector-transformed controls.

Several yeasts strains have been shown to accumulate B6 vitamin, extracellularly 
such as Saccharomyces cerevisiae, Schizosaccharomyces pombe and Pichia guil-
liermondii (Chumnantana et al. 2001). Argoudelis (1999) investigated the produc-
tion of vitamin B6 by using a yeast mutant P-131 and reported that the yeast was 
able to produce higher vitamin B6 content about 446 nmoles/g dried cells (PMP 
30%, PM 22%, PLP 7%, PN 41%) as compared to control strain (23 nmoles/g dried 
cells (PMP 91%, PM 9%). Chumnantana et al. (2001) examined the production of 
vitamin B6 especially pyridoxal 5′-phosphate (PLP) by using Schizosaccharomyces 
pombe leu I strain, extracellularly. They reported that l-leucine (30 mg/L), d-Glu-
cose (1%, w/v) and supplementation of air and ammonium sulphate, significantly 
enhanced the B6 (PLP) production. They observed the highest B6 content (1203 
nmol/g, wet weight) in the cells when menadione (0.09mM) was used in nutrient 
medium, extracellularly.

16.2.1.1.6 B7(Biotin)

Vitamin B7 is water-soluble and sulphur-containing vitamin widely distributed in 
the nature. It is stable at pH 5–8. Biotin helps in metabolization of carbohydrates 
and fats. D-(+)-Biotin (or biotin) is an essential cofactor for carboxylation reactions 
in metabolism of living organisms and has capacity to add or remove carbon diox-
ide. The symptoms of biotin deficiency appear as anorexia, nausea, mental depres-
sion and dry scaly dermatitis. Good sources of this vitamin include liver, kidney, 
egg yolk, groundnuts and some vegetables. The microbial sources of this vitamins 
are intestinal bacteria freely synthesized from malonyl CoA or pimeloyl-Co A 
(Satiaputra et al. 2016; Sharma et al. 2019).
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Biotin is an essential component not only in growth but also help in metabolism 
of microorganisms including yeasts, fungi and bacteria. The fungi and Streptomyces 
yeast can generally accumulate huge amount of biotin in contrast bacteria. Addition 
of pimelic acid can significantly enhance the production of biotin in microbial cells. 
Pearson et  al. (1986) screened 129 different yeasts species for the production of 
biotin vitamin and its vitamers. They reported that Rhodotorula and Sporobolomyces 
produced the highest content of biotin. The filamentous fungi, Ashbya gossypii, 
need many nutrients with biotin as well to produce other vitamin, i.e. riboflavin 
(Demain 1972). Özbas and Kutsal (1991) observed the highest riboflavin (0.6 kg/g) 
and biotin (0.4 μg/L) production using Ashbya gossypii. Similarly, Kojima et  al. 
(1972) produced riboflavin using biotin in nutrient medium (glucose and salt) with 
Eremothecium ashbyii strain. Simultaneous production of biotin and riboflavin was 
reported by Suzuki et al. (2011) using Candida sp. LEB 130 strain. They reported 
the maximum production ratio of biotin and riboflavin was 8.3 μg/mL with the 
minimal nutrient medium containing sucrose 30 g/L, KH2PO4 2 g/L, MgSO4 1 g/L 
and ZnSO4 0.5mL/L. Additionally they reported that the yield of biotin was 2.9-fold 
higher than the control samples. Kalingan and Krishnan (1997) reported the highest 
vitamin production (30 kg/m3) with increased production rate by 48% when used 
Eremothecium ashbyii, as compared to control strain. In a study, Rhizopus nigricans 
strain was utilized for the production of microbial biotin using multi-factorial exper-
imental designs to analyse the effects on production efficiency of biotin. They 
reported about 10.4, 13.9, 5.7, 7.6 and 4.2-fold increases in production of biotin in 
nutrient medium enriched with sucrose and peptone (El-Refai et al. 2010).

16.2.1.1.7 B9 (Folic Acid)

The common name of vitamin B9 is folic acid (folates) generally synthesized by 
microorganism and plants with the help of precursors having mainly three chemical 
sub-compounds, i.e. guanosine 50-triphosphate (GTP), p-aminobenzoic acid and 
l-glutamic acid (Weimann et al. 2011). The folic acid name comes from the Latin 
word foliage or leaf (folium); these vitamins were first isolated from spinach leaves 
and distributed in green leaves. Biological forms of folate are tetrahydrofolate 
(THF), 5-methyl-THF, 5,10-methylene-THF, 5,10-methenyl-THF and 10-formyl-
THF.  Folic acid plays a key role as cofactor in one-carbon transfer reactions, 
involved in biosynthesis and metabolism of amino acids and nucleotides, and deliv-
ers methyl groups to various substrates such as DNA, hormones, proteins, lipids, 
etc. Animals, including human, cannot synthesize their own folic acid, so they need 
the folic acid in their diet, to maintain the biochemical reactions in their metabolism 
(Serrano-Amatriain et al. 2016). Diets deficient in folic acid in man result in poor 
growth, megaloblastic anaemia, macrocytic anaemia during pregnancy, gastrointes-
tinal disturbance and other blood disorders. Consequently, the addition of folic acid 
in the diet to meet the need is increasing nowadays. Good sources of this vitamin are 
the kidney, green leafy vegetables, broccoli and dried whole wheat bread, etc. while 
the microbial sources include yeasts, Bacteroides fragilis, Clostridium difficile, 
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Lactobacillus plantarum, L. reuteri species bulgaricus and Streptococcus ther-
mophilus (Maynard et al. 2018; Yoshii et al. 2019). A few studies have been reviewed 
here with fungal production of vitamin B9.

Bioengineering tools in microbial biotechnology are recently being used to mod-
ulate the genetic makeup of microorganism to enhance the production of these vita-
mins. Yeasts (Saccharomyces cerevisiae) are major producers of folic acid in the 
form of substituted polyglutamates (77.4%) and unsubstituted polyglutamate 
(19.8%) which are quite bioavailable as well (Seyoum and Selhub 1998). Hjortmo 
et al. (2005) analysed the folate content of various strains of yeasts and observed 
that 65% of folate is available in 5 MTHF form. Serrano-Amatriain et al. (2016) 
produced folic acid by using metabolically engineered fungus Ashbya gossypii in 
order to enhance the production. They reported that the overexpression of fol genes 
accelerates the synthesis of folic acid about 146-fold higher (6595 μg/L) than the 
wild type strain and concluded that GTP cyclohydrolase I is the critical step in the 
process. Hjortmo et al. (2008) analysed the effect of growth medium on the produc-
tion of folic acid by the yeast Saccharomyces cerevisiae. They allowed the aerobic 
fermentation for yeast in the synthetic, yeast peptone dextrose and molasses based 
medium, and they reported the highest yield of folic acid (120 μg/g).

16.2.1.1.8 B12(Cyanocobalamin)

Vitamin B12 belongs to a group of cobalt-containing corrinoids known as cobala-
mins. It is also called as antipernicious-anaemia factor. It is composed of a corrinoid 
ring and an upper and lower legend. The upper ligand could be adenosine, methyl, 
hydroxyl or cyano groups which are metabolically active. In human metabolism, 
vitamin B12 is responsible to facilitate the enzymatic acitivity of two enzymes 
((R)-methylmalonyl-A mutase and ado-coalmine catalse) (Shibata et  al. 2017). 
(R)-methylmalonyl-A mutase assists in the metabolism of propionyl coenzyme-A, 
which make compounds like valine, thiamine, methionine and fatty acids of odd-
chain produced after broken down (Sharma et al. 2019). The ado-coal mine cataly-
ses the rearrangement of propionyl CoA, it follows the cycle of citric acid.

Methionine synthesis also needs vitamin B12 in the form of methylcobalamin. 
5-methyltetrahydrofolate used as a methyl donor; this enzyme methylates homocys-
teine to form methionine. Human cannot synthesize vitamin B12, thus it can be 
obtained with the help of microorganisms (biosynthesis of vitamins by probiotic 
bacteria). Vitamin B12 prevents the development of pernicious anaemia in animals 
which can be synthesized by prokaryotic organisms. The production of vitamin B12 
occurs at large scale on industrial level which occurs by microbial fermentation, 
predominantly utilizing Propionibacterium shermanii or Sinorhizobium meliloti, 
Pseudomonas denitrificans. Recently engineers focus their attention to Escherichia 
coli for the production of vitamin B12 (Watanabe and Bito 2018; Liu et al. 2020). 
Fungi are incapable of producing B12 (cobalamin). For higher Basidiomycetes 
fungi, the process of biosynthesis of B12 is not well understood and there are a very 
few studies on fungal production of B12 vitamin. Recent advances in metabolic 
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engineering have been exploited to efficiently modulate many microbial chemical 
factories to produce vitamin B12 using bacteria but there are no studies using fungal 
mycelia. So, there is need to explore the genetic tools to confer the maximum pro-
duction of B12, using fungal cells.

Turło et al. (2008) optimized the submerged fermentation using mycelial cul-
tures of Lentinula edodes for the production of vitamin B12. By modifying the cul-
ture media with cobalamin precursors (cobalt chloride) and methyl donors (betaine, 
methionine and choline), they optimized the process for the growth of mycelia. 
Under optimum condition with Co2+ concentration (40 g/mL), vitamin B12 content 
of L. edodes mycelium was found as 95 g/g of dry weight. They also reported that 
the yield of vitamin B12 in submerged mycelia was 10,000-fold higher than that of 
un-submerged fruiting mycelia. The role of precursors such as betaine and choline 
has been investigated in methionine biosynthesis pathway using Aspergillus nidu-
lans (Kacprzak et al. 2003) and Saccharomyces cerevisiae (Csaikl and Csaikl 1986). 
In a study, MET1 and MET8 mutants of Saccharomyces cerevisiae were overex-
pressed and complemented by Salmonella typhimurium cysG for the production of 
B12 synthesis (Raux et al. 1999). They reported that the mutant MET8 was capable 
to complement the cobalamin cobaltochelatase mutants.

16.2.1.2  Vitamin C

Vitamin C is the six-carbon lactone of alpha-keto-l-gluconic acid and is a derivative 
of carbohydrate, its structure resembles to monosaccharides. Vitamin C is found in 
green leafy vegetables and fruits like citrus fruits but the rich sources are amla and 
guava (Wheeler et  al. 1998). Some microorganisms like Cryptococcus dimennae 
also produce the ascorbic acid and l-ascorbic acid which can be easily synthesized 
by microorganisms on industrial scale which is very cheap and have good demand 
in the market (Hancock et al. 2000). Vitamin C as ascorbic acid is also known as an 
anti-scurvy vitamin (Loewus 1999) and helps to improve the immune system as it is 
a natural antioxidant which impediments some kind of cancers and cardiac-related 
disease. Another important role of vitamin C is improving the absorption of non-
haem iron (Ledesma-Amaro et al. 2013).

Industrial biotechnology has a prominent role in producing vitamin C, industri-
ally. The significant production of vitamin C with a direct microbial fermentation 
step, without undergoing into the intermediate (2-keto-l-gulonic acid (2-KGA)) for-
mation, is nowadays most promising approach. So, novel biotechnological pro-
cesses to convert direct glucose to vitamin C in one step are taking into consideration 
which are desirable. Saccharomyces cerevisiae offers itself as a suitable candidate 
in this concern. Fungi cannot produce vitamin C in their biochemical pathway, 
endogenously, but can produce five-carbon erythroascorbic acid (analogue for vita-
min C). Several fugal genera, i.e. Zygomycetes, Basidiomycetes and Ascomycetes 
can produce d-erythroascorbate, and other C5 analogues of ascorbate, in their bio-
synthetic pathway (inversion pathway) using d-arabinose (Laudert and Hohmann 
2011). In yeasts cells, due to the presence of d-arabinono-1,4-lactone oxidase 
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(ALO) enzyme, they are capable of producing erythroascorbic acid, and help in 
synthesis of l-Asc (vitamin C) (Laudert and Hohmann 2011). Sauer et al. (2004) 
investigated the l-Asc production from Saccharomyces cerevisiae and 
Zygosaccharomyces bailii cells using overexpression of S. cerevisiae enzymes 
(d-arabinose dehydrogenase and d-arabinono-1,4-lactone oxidase) and Arabidopsis 
thaliana plant enzyme (l-galactose dehydrogenase). They concluded that the over-
expressing of these enzymes produced about 100  mg of l-ascorbic acid L−1, by 
utilizing 40% of the total glucose of nutrient medium. They observed that the over-
expression of the enzymes increased the vitamin C content about 3- and 15- fold for 
S. cerevisiae and Z. bailii, respectively. Similarly, Branduardi et al. (2007) produced 
vitamin C (0.4 mg L−1) from d-glucose using S. cerevisiae cells.

16.2.2  Fat-soluble Vitamins and Their Fungal Sources

Bioactive components (secondary metabolites from fungi) are positively influenc-
ing the cells or tissues in the biological system. Fat-soluble vitamins synthesized 
naturally from the different fungal strains are essential for the metabolic actions of 
different living organisms. Figure 16.2 showing the structures of all the fat-soluble 
vitamins. In the field of nutrition, the bioactive components are isolated from the 
essential nutrients which are required for sustainable health (Davies and Ryan 
2012). Even though every vitamin is produced from the natural sources, all fat-sol-
uble vitamins are commercially produced with the chemical process, which are used 
in the different food and pharmaceutical industries.

In this perspective, biotechnological processes play a major role. Vitamins that 
are synthesized from the fungal strains have overcome all the drawbacks in com-
parison with the synthetic processed vitamins (except the cost of production) With 
this perspective, the fermentation and biotechnological processes from the different 
fungal strains from liquid and solid substrate are producing a highly purified sub-
stance (such as vitamins). Microbial production of all fat-soluble vitamins using 
various fungal and yeasts sources is shown in Table 16.1. The fermentation process 
is playing an important role in increasing the production of the biomass and also the 
levels of bioactive components such as vitamin precursors (Gregori et al. 2007). The 
different steps involved to synthesize the vitamins include the identification of natu-
rally vitamin-producing strains; developing the profitable cultural conditions; opti-
mization of the downstream process (to obtain pure product); scaling up of the 
production (De baets et al. 2000; Eggersdorfer et al. 1996; Shimizu 2001; Rosenberg 
et al. 2017). In spite of the internal limitations associated with vitamin titers pro-
duced by  chemical synthesis, the white biotechnology is gaining importance  to 
modify the fungal strains with different biotechnological processes (genetic engi-
neering) to produce fat-soluble vitamins (A, D, E and K) (De baets et  al. 2000; 
Eggersdorfer et al. 1996). Different techniques that are involved include the genetic 
engineering, synthetic and systems biology, metabolomics, fluxomics and genetic 
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engineering. The fungal strains that are used in the laboratory to produce large 
amounts of different kinds of vitamins are in a constructive way.

The basic notion about the vitamins from the fungal strains is that they help in 
biological functions, their dietary intake is discussed at the lab scale and the large 
scale production of vitamins is addressed. Moreover, the best results showed with 
the production of the vitamins with the different fungal strains (Rosenberg et al. 
2017). The fat-soluble vitamins are the secondary metabolites which are produced 
from the enzymatic pathways than the ribosomal mechanisms. The enzymes 
involved in the enzymatic synthesis may be in the free form or in the complex form 
or these are the parts of large multifunctional polypeptides. These are involved in 
many of the enzymatic actions with the peptide synthetases and the polyketide syn-
thases. Whether they are chromosomally borne, or the plasmid borne genes from the 
secondary metabolism are clustered usually, these are not necessarily single operons.

The clusters of different types of genes from fungus are used in the production of 
varieties of antibiotics such as penicillins, cephalosporins and trichothecenes 
(Rosenberg et al. 2017). It is used for biological activity of the compound, which 
performs the retinol activity, majorly as an antioxidant in the plants and animals 
(Zittermann et al. 2014). Vitamin D is available either in the ergocalciferol or cho-
lecalciferol form in different types of fungal strains. Vitamin E is referred to group 
of chemical compounds containing four tocopherols and tocotrienols (DellaPenna 
and Last 2006). The fat-soluble vitamins such as vitamin K and vitamin E from the 
fungal strains are negligible, which is discussed in the further chapters. For the 
E-vitamin, alpha-tocopherol has the major activity, whereas the other toco-chro-
manols have the activity in the range of 0–50% with that of the alpha-tocopherol. 
Even, provitamin D is present in different fungal strains (shiitake mushrooms), 
which is converted into the vitamin D with the use of sunlight and ultraviolet radia-
tion (Outila et al. 1999).

Fig. 16.2 Chemical structures of fat-soluble vitamins

P. K. Dikkala et al.



579

16.2.2.1  Vitamin A

The different forms of vitamin A are retinol, retinal and retinoic acid, and also their 
precursors (carotenoids) play a key role in the growth and development of human 
body, help in maintenance of immune system and good vision (O’Byrne and Blaner 
2013). The microbial engineering process (particularly fungal strain) and their 
involvement improve the metabolic pathway and the cofactor generation. Usually, 
carotenoids (provitamin A) are the organic pigments present in the chloroplasts, 
chromoplasts and other fungal strains. The most commonly present carotenoids are 
lycopene and beta-carotene (precursor of vitamin A). The fungal carotenoids per-
form non-essential functions which are having stress tolerance and physiologically 
active by-products are synthesized (Avalos and Limon 2015).

In the process of fermentation, the different precursors such as beta-carotenes are 
produced from this biomass substrate. Different fungal strains contain vitamin A, 
some involved in the production of provitamins, but not all strains are involved in 
the production of the vitamin A.  Many pathogenic fungal strains (Candida and 
Cryptococcus) are not producing the carotenoids. Carotenoid pathway is not a 
proper pathway in the development of the anti-fungal mechanisms to protect against 
the human beings (Avalos and Limon 2015; Meir and Osherov 2018). The types of 
fungal strains that are effectively used to produce the beta-carotene are Blakeslea 
trispora (filamentous fungi), Pichia pastoris and the yeasts such as Phaffia rhodo-
zyma, Torulopsis candida and Saccharomyces cerevisiae (Verwaal et  al. 2007; 
Araya-Garay et  al. 2012). In the recent times, several metabolic engineering 
approaches are developed to produce different carotenoids from the fungal strains 
(Ye and Bhatia 2012).

The biosynthesis of the beta-carotene usually includes three relatively indepen-
dent modules that include

• Glycolysis
• Precursor synthesis
• Beta-carotene synthesis

From several decades the researchers had been conducting an in-depth study on 
the synthesis of the beta-carotene (Christaki et  al. 2013; Chen et  al. 2017). 
Methylerythritol phosphate pathway is playing a key role in proving the precursor 
substances to synthesis of the beta-carotene in the different microbial strains, par-
ticularly in the bacterial strains. Along with this the galactose regulatory networking 
system is mostly characterized by transcriptional inducing systems. These systems 
are involved in repression and induction of the transcriptional induction systems 
which are regulated by the glucose and galactose. The GAL1 and also GAL 10 are 
galactokinase genes, can be induced in the galactose regulatory network at least of 
1000-fold in the strains of yeast (Saccharomyces cerevisiae). The expression of the 
carotenogenic genes such as ERG19, ERG12 and ERG 20 (diphosphomevalonate 
decarboxylase, mevalonate kinase and FPP synthase) simultaneously supplies the 
palmitoleic acid, oleic acid in the recombinant yeast strains (particularly 
Saccharomyces cerevisiae).

16 Fungal Production of Vitamins and Their Food Industrial Applications



580

By using bidirectional promoters GAL10-GAL1 in rate limiting step mevalonate 
pathway from farnesyl pyrophosphate to geranylgeranyl pyrophosphate, 7.41 mg of 
dry cell weight of beta-carotene was achieved in the strains of yeast (Xie et  al. 
2014). For this, there is a free dynamic control strategy over the repressor/inducer 
mechanisms. These are automatically switched in response to concentration of glu-
cose in the media, which helped in production of beta-carotene in the growth envi-
ronment. With the successive control over the competitive upstream and downstream 
pathways of farnesyl pyrophosphate in the yeast strain (Saccharomyces cerevisiae), 
the carotenoids production was about 20.79 mg with the process of fermentation 
(high cell density) (Xie et al. 2015). Furthermore, the productivity of the vitamin 
precursor always depends on the metabolic pathways including the activity, stability 
and specificity of the enzyme. This results in the low conversion or high conversion 
of the by-products. In this biotechnological process the process of protein engineer-
ing increases the specific properties such as specificity in the substrates. The direc-
tional degeneration and also the rational design are changed with the protein 
engineering (Damborsky and Brezovsky 2014; Zanghellini 2014; Jeschek et  al. 
2016) The energy supply regulation is playing a key role in the synthesis of beta-
carotene (provitamin A). In the terpenoid compounds production, ATP and NADPH 
are two major factors, which are playing a key role in the synthesis of terpenoid 
compounds.

In the production of the terpenoid compounds, ATP and NADPH are the two 
significant cofactors. The central metabolic modulus of some strains of the microbes 
improves the production of beta-carotene (Zhao et al. 2013). In addition to this, the 
controlled nutrition and physiological stresses helped in the production of different 
types of carotenoids. Commercial demand for different carotenoids has attracted 
attention on the development of the appropriate biotechnological strategies, includ-
ing the use of liquid waste substrates as nitrogen and carbon as sources. Yeast strains 
have important growth capabilities which were used to produce high levels of carot-
enoids with different agricultural and industrial wastes (Mata-Gómez et al. 2014). 
With the utilization of the waste from the poultries, pink yeast strains (Rhodotorula 
glutinis) effectively used as a novel substrate in the protection of several carot-
enoids, concentration of the carotenoids that are produced about 92 mg/L (Taskin 
et  al. 2011). From the literature carotenoids particularly, beta-carotenes are pro-
duced from the fungus Blakeslea Trispora (Papaioannou and Liakopoulou-
Kyriakides 2010). The fungus Phycomyces Blakesleeanus is responsible for the 
production of beta-carotene at industrial level (Almeida and Cerda-Olmedo 2008). 
Cerda-Olmedo (2001) reported that the production of carotenoid was more in the 
Phycomyces species (without agitation) in comparison with the Blakeslea Trispora 
strains. Some different authors are also described the production of the carotenoids 
by the Rhodotorula species. According to the researchers Tinoi et al. (2005) and 
Perrier and Dubreucq (1995) the yeast strains are distributed widely in nature and 
they are synthesizing some specific carotenoids such as beta-carotene, torulene and 
also torularhodin in various proportions. The recombinant Saccharomyces Species 
have potential to produce the beta-carotene at the rate of 6.29 mg/g (Yan et al. 2012).
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16.2.2.2  Vitamin D

Plant kingdom produces wide range of sterols, but fungal strains produce sterols 
such as cholesterol (24-desmethylsterol) and also ergosterol (24-demethylsterol) 
(Hartmann 2004). The major sterol from the fungal strain is ergosterol which is 
synthesized through lanosterol. The types of enzymes involved in this process of 
ergosterol pathway in the Saccharomyces cerevisiae are identified. This yeast strain 
is used as a model in the ergosterols production. Ergosterol and cholesterol share the 
pathway until zymosterol formed in the pathway (Lees et al. 1995). Vitamin D is 
produced in fungi and yeast with the exposure of ultraviolet rays (UV-B) on the 
provitamin of the ergocalciferol. Small amounts of ergocalciferol are found in the 
plants contaminated with the fungal strains. Ergocalciferol is produced with the use 
of different fungal strains by the UV-B rays exposure producing ergosterol, whereas 
cholecalciferol is produced on the surface of the skin 7-dehydrocholestrol form.

Both the ergosterol and 7-dehydrocholestrol are the provitamins of vitamin 
D. With the UV-irradiation, ergocalciferol is formed into the ergosterol with differ-
ent types of the fungal strains. Cholecalciferol is formed by the process of chemical 
conversion or irradiation of lanolin with the 7-dehydrocholesterol. The ergocalcif-
erol utilization (in the edible fungal strains) increased the serum concentrations of 
25-hydroxyvitamin D effectively. Different strains of yeast are used in producing 
ergosterol. Biosynthetic pathway of Vitamin D takes place by involvement of the 
methyl group at the C-24 position in sterols structure (Bach and Benveniste 1997). 
Lees et al. (1995) elucidated the production pathway of ergosterol and they identi-
fied that the cholesterol and ergosterol share the pathway till the zymosterol. The 
alkylation process of S. cerevisiae converted the zymosterol to fecosterol, in this 
process the side chain is catalysed by the S-adenosyl methionine sterol methyltrans-
ferase (ERG6) (Bach and Benveniste 1997).

The selection of the high yield ergosterol yeast species is the foremost important 
step in the production of ergocalciferol (Yuan et  al. 2019). The main methods 
involved in preparation of the active cholecalciferol are divided into two kinds 
including the following:

• Thermalisation research method
• P450 enzymes in the microbial reforming process.

Ergosterol is mainly present in the plasma membranes of the different fungal 
strains. It is about 0.03–4.6 %. Particularly in the Saccharomyces cerevisiae it was 
about 7–10%. Pre-vitamin ergocalciferol is synthesized by the light singlet ring 
opening reactions of ergosterol. This is the photochemical reaction. HMG-CoA 
reductase is a speed limiting enzyme in the metabolic synthesis of ergosterols, 
which controls the synthesis of ergosterol. The interruption in feedback inhibition 
route improves the ergosterols production. The transcriptional profiling study of the 
Penicillium digitatum about the citrus green mold on the citrus fruits reveals some 
facts about vitamin D synthesis. The reactions with the citral usually inhibit the 
biosynthesis pathway of the ergosterols (Ouyang et al. 2011). There are no reports 
about the screening of ergosterols with high yields strains with metabolic 
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regulations (Yuan et al. 2019). The accumulated ergosterols are converted into the 
ergosta-5,7-dien3 β-ol with the metabolic engineering in the Saccharomyces cerevi-
siae. By removing the gene erg5, the over expression of the transcriptional factors 
such as upc2-1 and other rate limiting enzymes, i.e. Erg1p, Hmg1p and Erg 11p 
used in co-induction of post-squalene pathway (Ma et al. 2018). Ergosterol produc-
tion by the different types of yeast strains, Saccharomyces cerevisiae fermentation 
is always dependent on the biomass of the yeast cells and the presence of the ergos-
terols in that cells.

Two preferred metabolic conditions such as oxidative fermentative growth on 
glucose and oxidative growth on ethanol are reported by a study. They reported the 
total ergosterol production was increased upto 86% with purity of 2.43%. The total 
ergosterols efficiency was about 103.84 × 10−6 g/L/h (Nahlik et al. 2017). Researchers 
are focused on the different aspects of restriction factors to solve the biological 
preparation of active cholecalciferol. For the production of cholecalciferol, the 
recombinant engineering technology was used to express the gene (for cholecalcif-
erol) to solve the instability and low expression activity of vitamin D. In the vitamin 
D production, the different biotechnological processes (genetic engineering) are 
used in processing of the bacterial species rather than the fungal species.

By using different bacterial species (Streptomyces Griseolus and Pseudonocardia 
Autotrophica) and the successful application of P450 enzymatic reactions, the vita-
min cholecalciferol is changed into 1α,25-dihydroxy cholecalciferol. With site 
directed mutagenesis of CYP105A1 (Streptomyces griseolus) and direct evolution 
of the CYP107 (Pseudonocardia autotrophica) the cholecalciferol hydroxylase 
activity was increased dramatically (Sakaki et al. 2011). Pseudonocardia autotro-
phica (actinomycete) is capable to convert the cholecalciferol vitamin into 1α,25-
dihydroxy cholecalciferol (physiologically active vitamin D) (Fujii et al. 2009). It is 
important to select the optimum electron transport chains (set of electrons) to co-
express with the hydroxylase simultaneously to solve the coenzyme NADH 
(NADPH) problem by the fusion protein construction (Imoto et al. 2011). Moreover, 
the cell catalytic system is used to co-express the coenzyme regeneration system 
which is very efficient in the bio-catalytic synthesis of 25-hydroxy cholecalciferol. 
This is key intermediate for the variety of hydroxylated vitamin D3 derivatives that 
solves the problems in the coenzymes supply in reaction systems. The restriction 
factors of catalytic characters of the different enzymes and the existence of the fun-
gal reforming process in the different recombinant strains improve the cholecalcif-
erol production (Wang et  al. 2019). The yeast species such as Kluyveromyces, 
Saccharomyces cerevisiae, Torulaspora Delbrueckii can produce significant 
amounts of vitamin D (Jäpelt and Jakobsen 2013).

16.2.2.3  Vitamin E

Tocopherols are present in some edible fungal strains. Some microalgal strains 
(green microalgae) are renewable natural sources of vitamin E (Sánchez 2017).
Tocopherol content was increased with biotechnological processes in the higher 
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plants. A very little modification was done in the microalgae genes to increase the 
tocopherols accumulation (Yuan et al. 2019). Limited number of the tocopherols are 
present in the different fungal strains (Heleno et al. 2016). In different fungal hyphae 
mainly mushrooms (Pleurotus ostreatus, Coprinus comatus, Agaricus bisporus and 
Mucor circinelloides) have a little amount of tocopherols are present (Vamanu 
2014). The presence of tocopherols in the different mushroom strains (Heleno et al. 
2010) has shown in Table 16.1.

Tocopherols availability is lesser in the fungal strains as compared with the algal 
strains. In the dried edible mushrooms Pleurotus ostreatus, the large quantities of 
tocopherols were identified and extracted with fluidized bed extraction. Similar 
tocopherols are found in the mycelia of these species. The alpha tocopherols content 
in the plant oils is very low in comparison with algal species. In the algal tocopher-
ols, 97% of the toco-chromanols are present which are having high bioactivity. The 
eukaryotic microalgae producing the vitamin E are Dunaliella tertiolecta, Euglena 
gracilis, Diacronema vlkianum, Nannochloropsis oculate, Tetraselmis suecica and 
Isochrysis galbana.

The production levels of tocopherols in the different algal strains depend upon 
the cultivation conditions, temperature and other factors which were discussed in 
the coming chapters (Mokrosnop and Zolotareva 2014). Major studies showed that 
the recognizable amounts of tocopherols are present, from the different types of 
fungal strains (edible and wild mushrooms), not at the industrial level, whereas in 
the algal species the amount of tocopherol content is more. Euglena Gracilis is the 
best producer of the tocopherols (7.35 mg/g of dry cell weight). A study clearly 
showed that the genetic and metabolic engineering from the Synechocystis species 
showed the fivefold increase in the tocopherol content (Qi et al. 2005). This species 
is very well purposefully used and organized in the biotechnological process to 
produce the tocopherols content.

16.2.2.4  Vitamin K

As we know that vitamin K is a fat-soluble vitamin and occurs in three forms such 
as vitamin K1(phylloquinone), vitamin K2 (menaquinone) and vitamin K3 (menadi-
one) (Shearer and Newman 2008).Different microbes have been cultured to gener-
ate this vitamin in food products, for example, Propionibacterium has been used for 
preparation of cheese with high content of this fat-soluble vitamin (Furuichi et al. 
2007). Menoquinone is produced by a potent producer (Flavobacterium sp.) for 
commercial use.

After the comparison of the distribution of the isoprenoid units such as quinones 
amongst the bacterial and the fungal strains, it is clearly known that the bacteria are 
the major producers of the menaquinone (Tani et al. 1984). MK-7 strain is produced 
from the different bacterial strains, which is in contrast to the vitamin K with the 
fermentation process, which includes the solid state and liquid state fermentation. In 
the solid state fermentation, the water content is about 12–80% (Geleijnse et  al. 
2004; Ebrahiminezhad et al. 2016; Berenjian et al. 2013). The MK-7 production 
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process is a very costly process which is producing very low productivities 
(Berenjian et al. 2015). So that the enhancement of the MK-7 productivity has been 
a major issue.

Menaquinone is a prenylated product from the phylloquinone or menadione, it is 
produced through the Homo sapiens UBIAD1 gene expression (HsUBIAD1). This 
form of vitamin K produces many physiological and pharmacological functions. 
From the studies by Sun et al. (2019) on the methylotrophic yeast cells (Pichia pas-
toris) the attractive expression system has been successfully applied to the efficient 
expression of heterologous proteins (Sun et al. 2019). However, the biosynthetic 
pathway for the menaquinone has not discovered in the Pichia Pastoris. They con-
structed the innovative synthetic pathway in Pichia Pastoris for production of 
menaquinone-4 through the heterogenous expression of the HsUBIAD1. The con-
stitutive promoter, glyceraldehyde 3-phosphate dehydrogenase is the most suitable 
for the expression of HsUBIAD1 for the various reasons. When compared with the 
initial conditions, the yield was increased by 4.37 times (Sun et al. 2019).

16.3  Factors Affecting Fungal Production of Vitamins

As we know that the vitamins are produced by the three ways of production by the 
chemical synthesis, fermentation process and by genetic engineering processes. 
Advantages of vitamins from different fungal strains include that the growth is very 
fast, does not depend on the seasons, these can be scaled up easily and these are not 
competitors for the human food requirements. It is very clear that the fat-soluble 
vitamins are required for both food and medicine (nutraceutical) so it requires an 
effective strategy for the process of the industrialization. To meet the medical 
requirements of the vitamins, they are synthesized from the different varieties of 
fungal strains artificially. With the organic synthesis of vitamins, non-renewable 
chemicals are used which produces hazardous waste materials. Besides sustainabil-
ity concerns, from the last few years in the development of the bioprocess the eco-
nomics is the majorly driving force. The factors which are influencing the production 
of provitamins or vitamins from the fungal strains are majorly:

• Environmental issues
• Regulatory issues
• Technical issues

16.3.1  Environmental Factors

Firstly, the most reliable factors such as physical, chemical and biotic factors with 
their interactions with each other are described in the changing of the environment. 
These changes lead to change in the environment (in both the internal and the 
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external factors). Different types of fungal strains accumulate carotenoids as a part 
of their response to different environmental stresses. Different types of cultural and 
environmental stimulants are used in achieving improvement in the carotenoid pro-
duction. These cultural and environmental strains positively affect the content of 
carotenoids in the different microbial strains (Bhosale 2004).

16.3.1.1  Light and Temperature

In the development and growth of the yeast and the fungal strains light and tempera-
ture are playing an important role. The provitamins are produced in response with 
the white light irradiation in strains of fungus. It has a positive influence on the 
fungal strain. These two factors are the major factors changing the biosynthetic 
pathways, including vitamin biosynthesis (carotene biosynthesis). The concentra-
tion of the different enzymes changes with the temperature change during carot-
enoid synthesis (Hayman et al. 1974). The light intensity and temperature change in 
the different fungal strains, which changes the provitamin synthesis. In the produc-
tion of the provitamin A, the improvement in the volumetric production of the pro-
vitamin A (carotenoids) is usually associated with the direct improvement of the 
growth of the fungal strain. In the carotenoids production, the white light illumina-
tion is playing an important role. The different enzymatic actions are always 
involved in the processing of the carotenoids in the different types of cells. This 
increases the carotenoid biosynthesis (Ausich 1997). Carotenoids production is sig-
nificant in the aerobic mycelium, whereas they are almost undetectable in the yeast 
and anaerobic mycelium (Bhosale 2004). The provitamins content is always directly 
proportional to the amount of light reached to mycelium (Bhosale 2004; Bhosale 
and Gadre 2002).

16.3.1.2  Chemical Compounds (Metal Ions, Salts, Solvents)

Different types of chemical compounds including metal ions, salts, terpenes, ion-
ones, amines, alkaloids and also antibiotics effects involve in the different provita-
min production (Govind et al. 1982). Cations (potassium and magnesium) consist of 
bulk intracellular species. The other ions such as calcium, zinc and different transi-
tion elements are required in the production of carotenoids (Bhosale 2004). 
Chemical stimulators such as methylheptenone, pyridine and also imidazole are 
involved in stimulating the lycopene in the different fungal strains such as Blakeslea 
trispora and Phycomyces blakesleeanus (Bhosale 2004). The addition of different 
solvents such as ethanol, methanol and ethylene glycol in the growth media 
improved the growth of the provitamin synthesis. Supplementation of the ethanol 
improved the synthesis of beta-carotene in the yeast strains (Rhodotorula glutinis) 
(Margalith and Meydav 1968).
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16.3.2  Regulatory Issues

It is one of the major issues which is associated with production of vitamins from 
different fungal strains. These laws and regulations vary with country to country. 
There are two types of European Union regulations involved in the production of 
vitamins from different fungal strains. Different food and the feed additives that are 
produced with the different natural hosts (genetically modified organisms) in the 
closed systems do not come in the regulations as discussed below (Paracchini 
et al. 2017).

 1. The Food Safety Regulation (EC 178/2002) (excluding medicinal products)
 2. The Novel Food Regulation (EC 258/97)

In ‘The Food Safety Regulation’, the commercialization of different types of foods 
and their ingredients are identified and their safety aspects are assured to make fea-
sible to human  consumption. In this perspective, the food and their ingredients 
should consider in the conventional form of food. The characteristics and the com-
position should come under the conventional food (Torregrosa-Crespo et al. 2018). 
In major cases, the vitamins that are synthesized from the fungal strains and from 
the chemical synthesis are identical. The presence of impurities affects the vitamin 
production. For example, aniline is an un-intentional impurity during chemical pro-
duction of riboflavin that is not produced during fermentation process (Zu 
Berstenhorst et al. 2009).

In the chemically produced additives, it is very difficult to find out the presence of 
DNA, even it could be an issue in the different fermented food products. The EFSA 
(European Food Safety Authority) stated that it was mandatory for the food products 
or feed products which does not contain genetically modified materials, the final 
products should be placed in non-genetically modified foods or feed additives 
(Paracchini et al. 2017; EFSA 2011). Different regulatory steps are required to take 
on the replacement of chemical synthesis with microbial synthesis, the fungal strains 
used to produce different types of vitamins, stability of the product and the specific 
impurities presence in the product. The innovative product which is produced should 
be safe at a particular point, which is generally accepted through the toxicity studies 
and proves that this product is very closer to the previously approved product. For 
example, the European pharmacopoeia in the European Union is the principle orga-
nization to certify the safety of a food product before launching in the market. In the 
USA the standard practice is that the FDA should notify the ingredient is generally 
recognized as safe (GRAS). For this the example is that riboflavin biosynthesis by 
the fungal strain (Eremothecium ashbyii) is designated as GRAS (Belenky et al. 2011).

16.3.3  Technical Factors

The major challenges related to vitamin production are the technical applicability, 
high production cost, uneasy extraction & purification of the vitamins from the dif-
ferent fungal strains, selection of the fungal strains, and the lack of different types 
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of tools for the development of different hosts. The intermediates which are pro-
duced during the fermentation process are sometimes poisonous. In the niacin pro-
duction, the fermentation process is the major technical issue, the production cost is 
very low for the niacin with the chemical synthesis. Similarly, in the folic acid 
production the cost of chemical synthesis is very low in comparison with the fer-
mentation process (Chand and Savitri 2016).

The innovative possibilities in developing the fungal strains through the muta-
genesis strategies are depending on the knowledge on the metabolic systems, 
enhancement of the biosynthetic pathways, by the inhibition of the pathways with 
the metabolic engineering or by the stain adaption to improve the cell tolerance to 
environment. The detailed process of biosynthesis pathways was used by the differ-
ent fungal strains to produce different vitamins and other health compounds. The 
different fungal strains involved in the different health compounds production are 
yeasts (Saccharomyces, Candida, Xanthophyllomyces, Yarrowia), fungi (Blakeslea, 
Ashbya, Mortierella, Mucor, Monascus) (Laudert and Hohmann 2011; Borowitzka 
2013; Ledesma-Amaro et al. 2013; Vandamme and Revuelta 2016). The different 
types of pathways that are involved in the metabolic regulations are complex in 
nature. It is difficult to deregulate the process and produce the desired components. 
Some of the vitamins, biological pigments (vitamins, minerals and other compo-
nents) through the fungal strains to reach industrial level are still a challenge 
(Revuelta et al. 2016).

16.4  Industrial Food Applications of Fungal Vitamins

Today the modern society is facing a big issue with the avitaminoses, which was 
very well known in the western world. It occurs still in overpopulated, famine struck 
regions in the worlds and also large population countries in the world. Apart from 
this the essential growth factors, coenzymes for different plants and microorgan-
isms, vitamins and also their relative components are improving the health related 
aids. Now in different varieties of processed foods, cosmetics and also pharmaceuti-
cal companies contain different types of vitamins and their related compounds (pro-
vitamins) (Revuelta et al. 2016; Devi et al. 2020). In the development of the efficient 
bioprocesses, the genetic tools must be involved (fungal/bacterial strains should be 
ready for that process) (Nielsen and Keasling 2016; Calero and Nikel 2018).

In the different food supply areas and in cosmetic areas, the consumers demand 
towards the natural pigments is very high. The advantages over the vitamin biosyn-
thesis with the various fungal strains are that the properties remain unchanged and 
improved with the biosynthetic pathway. The advancements in the genetic engineer-
ing and biotechnological aspects are increasing every day. The rapidity in the pro-
cess of genetic engineering and in biotechnological aspects of the microbes are 
increasing, this helps to produce innovative bioactive components. The use of the 
vitamins which are produced from the different fungal strains is having many ben-
efits which includes the environmental friendly and there are no side effects during 
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the processing of the vitamins. Nutritional importance of different health related 
components are having more technical applications, for example, antioxidants 
(C5-epimer of citric acid, glutathione or GSH, tocopherols and carotenoids), acidu-
lants such as (ascorbic acid or vitamin C) and biopigments (carotenoids in different 
colours, yellow coloured riboflavin and also the monascus pigments).

These are used in the different food, feed, different pharmaceutical and also in 
the nutraceutical industries. Some natural pigments are used in replacement of syn-
thetic pigments and colourants. The fungal carotenoids used in the different colou-
rants production are Blakeslea Trispora producing beta-carotene and 
Xanthophyllomyces dendrorhous produces astaxanthin. The algal carotenoids which 
are produced from the algal species are Dunaliella salina that produces xantho-
phylls and lycopenes. Presently, a few vitamins are produced with the chemical 
synthesis while the others are produced by the extraction process. This process is 
paying high cost for the disposal of waste. So, natural production with different 
fungal strains is playing a key role in the vitamins production. In the consumers also 
the consciousness about the food safety aspects on the different additives is increas-
ing day-by-day. This improved the interest on the substitution of these processes 
(chemical synthesis and extraction process) with the different biotechnological pro-
cesses. Consequently, some of these biotechnological processes for the different 
bioactive components production including vitamins and antioxidants are compet-
ing with the existing chemical processes.

16.5  Concluding Remarks and Future Aspects

The fat-soluble vitamins which are produced from the fungal strains are used in the 
different types of food, feed and also in pharmaceutical industries. For the chemical 
production of the bioactive substances such as vitamins, the cost of production is 
high and it has the problems with the waste disposal. This led to increase in the 
interest with the substitution towards the different biotechnological processes. 
Moreover, the vitamins extraction from the different fungal strains is helpful to 
extract the purest forms of the strains with the process of genetic engineering (bio-
technological processes). In comparison with the chemical synthesis, the produc-
tion of the vitamins from the fungal strains has these following advantages.

• Vitamins produced from the fungal strains are natural.
• Consumers recognize these vitamins very positively.
• The relevance in the bio-electron stereoisomers produced is very specific.
• The vitamins produced from the microbial strains are cheaper in cost.

However, the fungal strain production of the vitamin synthesis is not clear. Some 
of the plant systems are having the greatest potential in the biosynthesis of vitamins. 
The production of vitamins from the different fungal strains is increasing day-by-
day due to its advantages and the progress made till today. Yet, some of the vitamins 
that are produced by this biosynthetic pathway have not been confirmed, for 
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example, phylloquinone. It is very clear that these are considered to be the weakest 
steroids in the terpenoid quinones. Some of vitamins that are produced from the 
different fungal strains are under the process of purification and commercialization. 
In the past decade with the protein and the metabolic engineering, the high yields of 
menaquinone and the vitamin A are obtained. The research in future is relied on the 
metabolic pathways (biosynthetic pathways) of fat-soluble vitamins by the indus-
trial production. At present, the synthetic biological processes should focus on the 
comprehensive analysis of biological molecules, and also how these are generating 
the complex biological processes should be studied.

The synthetic biological process is involving more functions to construct differ-
ent cell factories. With the use of knowledge of the plants it is easy to develop the 
different fungal strains to produce different vitamins. Several strategies had been 
developed to improve the secondary metabolites, which includes the selection of the 
high yield fungal strain, optimization of the environmental conditions and biotech-
nological processes and also genetic engineering. Vitamins are produced sustain-
ably and economically with different combined modern engineering techniques. 
The use of advances in different laboratory techniques such as non-toxic fungal 
strains development, knowledge on biotechnological processes (advancements in 
the genetic engineering processes), biosynthesis regulation at the molecular level is 
allowed to achieve the safe food-grade materials at the higher levels. Besides, to this 
replacement of the chemical processes with the microbial process is encouraged to 
increase awareness about clean and labelled ingredients, increase in the costs for the 
waste disposal and also the shift towards the renewable substances to fulfill require-
ments of the sustainability.
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17.1  Introduction

Mushrooms are ubiquitous as potential source of nutrition, medicinal values, and 
industrially important metabolites. Wild mushrooms are nutraceutically versatile 
compared to commercially cultivated mushrooms owing to nutritional composition, 
desired medicinal attributes, and value-added bioactive compounds (Hobbs 1995; 
Smith et al. 2002; Boa 2004; Karun and Sridhar 2016). They have desirable quali-
ties like adequate protein, fiber, essential amino acids with a low quantity of lipids 
(Sanmee et al. 2003, Kavishree et al. 2008, Pavithra et al. 2018). Besides their nutri-
tional value, they are composed of primary as well as secondary metabolites such as 
chitin, oxalic acids, peptides, steroids, terpenes, and quinones (Alves et al. 2012; 
Devi et al. 2020). Mushrooms have been considered as alternative source of various 
pharmaceuticals and medicinal principles against plant and animal-derived prod-
ucts. According to Maihara et al. (2012) about 2000 species of mushrooms are glob-
ally preferred for consumption.

The Western Ghats of India have been a treasure trove for a wide variety of wild 
mushrooms of traditional, agricultural, and industrial significance (Mohanan 2011; 
Karun and Sridhar 2016, 2017). Similarly, the scrub jungles of southwest India also 
support edible, medicinal, and ectomycorrhizal mushrooms (Sridhar 2018). The 
Hygrocybe (Order, Agaricales; Family, Hygrophoraceae) is a monophyletic genus 
characterized by brightly colored basidiocarps with waxy slimy cap, ring-less stipe, 
and white spores. This cosmopolitan genus has 721 records of about 350 species in 
the Index Fungorum. Assessment of 16 species of Hygrocybe in Europe revealed 
their adaptation to a diverse habitat but prefer grasslands rather than forests 
(Halbwachs et al. 2013). It is also confirmed that the Hygrocybe possesses the capa-
bility to grow in soils with low fertility. The Indian subcontinent comprises about 52 
species of Hygrocybe (Lata and Manimohan 2018). Twenty five species of 
Hygrocybe (with 10 new species) have been described from the Kerala state 
(Leelavathy et al. 2006). A checklist by Farook et al. (2013) documents distribution 
up to 41 species of Hygrocybe in Kerala state. The updated list reveals occurrence 
of 48 species with 17 new species of Hygrocybe in the Western Ghats region 
(Maharashtra and Karnataka, Kerala states) (Table 17.1). Among these, Hygrocybe 
alwisii has been reported often in different parts of the Western Ghats followed by 
H. astatogala and H. conica.
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During a diversity expedition in the scrub jungles of southwest Karnataka, the 
edible wild mushroom H. alwisii was found in large numbers on the litter strata 
(Dattaraj et  al. 2020). A substantial quantity of this mushroom was found in the 
basins of the avenue trees of Polyalthia longifolia. This chapter aims to project the 
nutritional, bioactive, and antioxidant potential of H. alwisii in comparison with 
other wild edible mushrooms occurring in the scrub jungles of southwest India.

Table 17.1 Species of Hygrocybe reported from the Western Ghats of India (*, New species)

Hygrocybe acutoconica (Clem.) 
Singer

Karnataka Senthilarasu and Kumaresan (2016)

Kerala Vrinda et al. (1995); Leelavathy et al. (2006); 
Mohanan (2011)

Hygrocybe alwisii (Berk. & 
Broome) Pegler

Maharashtra Senthilarasu (2014)

Karnataka Ghate and Sridhar (2016a); Karun and 
Sridhar (2016); Senthilarasu and Kumaresan 
(2016); Dattaraj et al. (2020)

Kerala Vrinda et al. (1996b); Leelavathy et al. 
(2006); Pradeep and Vrinda (2007); 
Mohanan (2011)

Hygrocybe anisa (Berk. & 
Broome) Pegler

Kerala Mohanan (2011)

Hygrocybe apala (Berk. & 
Broome) Pegler & R.W. Rayner

Kerala Leelavathy et al. (2006); Mohanan (2011)

Hygrocybe astatogala (R. Heim) 
Heinem.

Maharashtra Senthilarasu (2014); Borkar et al. (2015)

Karnataka Greeshma et al. (2015, 2016); Ghate and 
Sridhar (2016b); Pavithra et al. (2016a); 
Jagadish et al. (2019); Dattaraj et al. (2020)

Kerala Leelavathy et al. (2006); Mohanan (2011)
Hygrocybe atrosquamosa Pegler Kerala Vrinda et al. (1997)
Hygrocybe aurantia Murrill Kerala Leelavathy et al. (2006)
*Hygrocybe aurantioalba Leelav., 
Manim. & Arnolds

Karnataka Greeshma et al. (2015, 2016)

Kerala Leelavathy et al. (2006); Mohanan (2011)
*Hygrocybe aurantiocephala 
Leelav., Manim. & Arnolds

Kerala Leelavathy et al. (2006); Mohanan  (2011)

Hygrocybe atrosquamosa Pegler Kerala Vrinda et al. (1997)
Hygrocybe batistae Singer Kerala Vrinda et al. (2009)
Hygrocybe boriviliensis 
B.D. Sharma, S.D. Deshp. & 
S.G. Pradhan

Maharashtra Sharma et al. (1986)

*Hygrocybe brunneosquamulosa 
Leelav., Manim. & Arnolds

Kerala Leelavathy et al. (2006); Mohanan (2011) )

Hygrocybe caespitosa Murrill Kerala Vrinda et al. (1995)
Hygrocybe cantharellus (Schwein.) 
Murrill

Kerala Vrinda et al. (1995); Leelavathy et al. (2006); 
Mohanan (2011)

(continued)
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Table 17.1 (continued)

Hygrocybe cinerascens (Berk. & 
Broome) Pegler

Kerala Leelavathy et al. (2006); Mohanan (2011)

Hygrocybe coccinea (Schaeff.) 
P. Kumm.

Kerala Mohanan (2003); Florence (2004)

Hygrocybe conica (Schaeff.) 
P. Kumm.

Karnataka Karun and Sridhar (2016); Dattaraj et al. 
(2020)

Kerala Sankaran and Florence (1995); Vrinda et al. 
(1995); Florence (2004); Leelavathy et al. 
(2006)

*Hygrocybe corallina Leelav., 
Manim. & Arnolds

Kerala Leelavathy et al. (2006)

Hygrocybe cuspidata (Peck) 
Murrill

Kerala Leelavathy et al. (2006); Mohanan (2011)

*Hygrocybe deceptiva (A.H. Sm. 
& Hesler) Leelav., Manim. & 
Arnolds

Kerala Leelavathy et al. (2006); Mohanan (2011)

Hygrocybe diversicolor (Petch) 
Pegler

Kerala Vrinda et al. (2009); Mohanan (2011)

Hygrocybe erinacea (Pat.) Singer Kerala Vrinda et al. (1997)
Hygrocybe firma (Berk. & 
Broome) Singer

Kerala Mohanan (2011)

*Hygrocybe globispora Leelav., 
Manim. & Arnolds

Kerala Leelavathy et al. (2006)

*Hygrocybe griseoalbida Leelav., 
Manim. & Arnolds

Kerala Leelavathy et al. (2006)

Hygrocybe hypohaemacta (Corner) 
Pegler

Kerala Vrinda et al. (1996a)

*Hygrocybe indica K.P.D. Latha & 
Manim.

Kerala Latha and Manimohan 2018

Hygrocybe insipida (J.E. Lange) 
M.M. Moser

Kerala Leelavathy et al. (2006)

*Hygrocybe keralensis Leelav., 
Manim. & Arnolds

Kerala Leelavathy et al. (2006); Mohanan (2011)

Hygrocybe konradii R. Haller Aar. Kerala Vrinda et al. (1995)
*Hygrocybe lobatospora Leelav., 
Manim. & Arnolds

Kerala Leelavathy et al. (2006)

*Hygrocybe manadukaensis 
Senthil., Kumaresan & S.K. Singh

Karnataka Senthilarasu et al. (2010a)

Hygrocybe martinicensis Pegler & 
Fiard

Kerala Vrinda et al. (2009)

Hygrocybe mexicana Singer Kerala Leelavathy et al. (2006); Mohanan (2011)
*Hygrocybe natarajanii Senthil. & 
Kumaresan

Karnataka Senthilarasu et al. (2010b)

Hygrocybe nigrescens (Quél.) 
Kühner

Kerala Vrinda et al. (1995)

*Hygrocybe nivosa Berk. & 
Broome) Leelav., Manim. & 
Arnolds

Karnataka( Ghate and Sridhar (2016a, 2016c)

(continued)
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Table 17.1 (continued)

Kerala Leelavathy et al. (2006); Mohanan (2011)
Hygrocybe ocutoconica (Clem.) 
Singer

Maharashtra Senthilarasu and Kumaresan (2016)

Hygrocybe ortoniana Bon Kerala Leelavathy et al. (2006); Mohanan (2011)
*Hygrocybe parvispora 
T.K. Abraham, K.B. Vrinda & 
C.K. Pradeep

Kerala Abraham et al. (1996); Pradeep and Vrinda 
(2007)

Hygrocybe parvula (Peck) Murrill Kerala Leelavathy et al. (2006); Mohanan (2011)
Hygrocybe pratensis (Fr.) Murrill Kerala Leelavathy et al. (2006); Mohanan (2011)
Hygrocybe punicea (Fr.) P. Kumm. Kerala Pradeep et al. (1996); Pradeep and Vrinda 

(2007)
*Hygrocybe rubida Vrinda & 
Pradeep

Kerala Vrinda et al. (2013)

*Hygrocybe smaragdina Leelav., 
Manim. & Arnolds

Karnataka Ghate and Sridhar (2016a)

Kerala Leelavathy et al. (2006); Mohanan (2011)
Hygrocybe subminutula Murrill Kerala Vrinda et al. (1995)
Hygrocybe viridula Lodge & 
Pegler

Kerala Vrinda et al. (1995)

17.2  Mushroom and Processing

The agaric mushroom Hygrocybe alwisii (Berk. and Broome) Pegler is one of the 
interesting edible mushrooms found in the scrub jungles of the southwest of Karnataka 
with a relative abundance of 0.5% (Dattaraj et al. 2020; Yadav et al. 2019b). The fruit 
body of the mushroom is a white to light-yellow waxy cap with prominent umbo and 
gills (Fig. 17.1a–c). Adequate quantity of fruit bodies was gathered in sterile poly-
thene bags from three different locations as replicates. After rinsing, the fruit bodies 
eliminate the soil and dirt, they were blot-dried to remove excess water. After divid-
ing each replicate into two parts, the first part designated as the uncooked sample, 
while the second part subjected to pressure-cooking at a very low amount of water 
(similar to leafy vegetables). The uncooked and cooked samples were oven-dried in 
a hot-air oven (52 ± 3 °C). Immediately on drying, the samples were milled using a 
hand grinder till getting fine to a coarse powder. They were transferred to sterile con-
tainers and preserved in a refrigerator until further analysis.

17.3  Qualitative Assessment

Uncooked and cooked samples of mushroom (5 g) were extracted with water (50 
ml) on a rotary shaker (150 rpm) (24 h) (Banu and Catherine 2015). The extracts 
were centrifuged and supernatants were used for qualitative analysis of different 
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bioactive components (phenols, tannins, phlobatannins, cardiac glycosides, sapo-
nins, terpenoids, coumarins, flavonoids, and alkaloids) following standard methods 
(Trease and Evans 1989, 2002; Safowora 1993; Parekh and Chanda 2007; Soares 
et al. 2013; Rastegari et al. 2019; Yadav et al. 2019a).

17.3.1  Phenols

To the mushroom extract (1 ml), distilled water (2 ml) was added followed by the 
addition of a few drops of 10% FeCl3. The appearance of a blue or green color 
 indicated the presence of phenols.

17.3.2  Tannins

To the mushroom extract (2 ml), distilled water (2 ml) and 2–3 drops of aqueous 
FeCl3 (1%) were added. The appearance of brownish-green, green, blue-black color 
indicated the presence of tannins.

Fig. 17.1 Edible wild mushroom Hygrocybe alwisii occurring in the scrub jungles of southwest 
India: different stages of growth (a), a mature basidiomata (b) and longitudinal section showing 
characteristic gill pattern and hollow stipe (c) (Scale bar: 1 cm)

B. R. Jagadish et al.
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17.3.3  Saponins

To carry out the foam test to the mushroom extract (5 ml), distilled water (5 ml) was 
added, heated, cooled, and shaken vigorously. The formation of froth indicated the 
presence of saponins. To carry out the emulsion test, to the mushroom extract (5 
ml), distilled water (5 ml) was added, shaken vigorously, the froth formed was 
mixed with 3 drops of olive oil and shaken well for the formation of the emulsion as 
a characteristic feature of saponins.

17.3.4  Flavonoids

To the mushroom extract (2 ml), methanol (2 ml) was added and heated, followed 
by the addition of a few drops of concentrated hydrochloric acid. The development 
of red or orange color was considered as evidence for the presence of flavonoids.

17.3.5  Alkaloids

The mushroom extracts (2 ml) were treated with hydrochloric acid (1%) (5 ml), kept 
in a steam bath (20 min) and filtered. The filtrate (1 ml) was treated with 5–6 drops 
of Mayer’s reagent (0.355 g mercuric chloride dissolved in 60 ml distilled water, 5.0 
g of potassium iodide dissolved in 20 ml of distilled water; both the solutions were 
mixed and volume was made up to 100 using distilled water). The formation of 
cream-colored precipitate was an indication presence of alkaloids (Kour et al. 2019).

17.3.6  Terpenoids

The mushroom extracts (5 ml) were mixed with chloroform (2 ml) followed by 
addition of concentrated sulfuric acid. A reddish-brown color formation at the inter-
face was considered a positive test for terpenoids.

17.3.7  Cardiac Glycosides

To the mushroom extract (5 ml), glacial acetic acid containing ferric chloride (a 
mixture of 1 volume of 5% FeCl3 + 99 volume of glacial acetic acid) (2 ml) was 
added followed by addition of concentrated sulfuric acid (1 ml). The formation of 
the brown ring at the interface was considered a positive test for cardiac glycosides. 
A violet ring may appear beneath the brown ring and greenish coloration or ring can 
be seen in the acetic acid layer.
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17.3.8  Coumarins

The mushroom extracts (2 ml) were treated with sodium hydroxide (10%) (3 ml), 
the formation of yellow color indicated the evidence for the presence of coumarins.

17.3.9  Phlobatannins

The mushroom extracts (2 ml) were boiled with hydrochloric acid (1%) (2 ml), the 
formation of red precipitate was considered a positive result for the presence of 
phlobatannins.

17.4  Quantitative Assessment

Uncooked and cooked mushroom samples were further subjected to quantitative 
assessment of total phenolics, vitamin C, and minerals by different methods.

17.4.1  Total Phenolics

The total phenolic content of mushroom samples was assessed according to the 
protocol outlined by Rosset et al. (1982). Fifty mg of the mushroom sample was 
extracted in methanol (50% in distilled water) (5 ml) in a water bath (95 ± 1 °C) (10 
min), centrifuged (1500 rpm) and the supernatant was collected. The above extrac-
tion was repeated; the supernatants were pooled and made up to 10  ml of 50% 
methanol. An aliquot (0.1 ml) of the extract was made up to 1 ml with distilled water 
followed by the addition of 2% Na2CO3 (in 0.1 N NaOH) (5 ml). After a time-lapse 
of 10 min of incubation at room temperature, Folin–Ciocalteu’s reagent (1:2 v/v) 
was added (0.5 ml) and absorbance of the reaction mixture was measured at 725 nm. 
Tannic acid served as standard and the results were expressed as milligram of tannic 
acid equivalents (TAEs) per gram of the mushroom sample (mg TAEs/g).

17.4.2  Vitamin C

The vitamin C content in uncooked and cooked mushroom samples was estimated 
according to the method by Roe (1954) with a slight modification. The mushroom 
samples (5 g) were extracted using TCA (trichloroacetic acid) (5%) (25 ml). 
Aliquots (0.5 ml) of the mushroom samples were made up to 1 ml using 5% TCA 
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followed by addition of chromogen (0.6% CuSO4, 5 ml + 5% thiourea, 5 ml + 2.2% 
of 2,4-dinitrophenyl hydrazine, 90 ml) (1 ml). The mixture was boiled (10 min), 
cooled to room temperature, sulfuric acid was added (65%, 4 ml) and incubated at 
room temperature (30 min). The absorbance was measured at 540 nm using ascor-
bic acid as standard to express vitamin C content in milligram of ascorbic acid 
equivalents per gram of mushroom sample (mg AAEs/g).

17.4.3  Functional Groups

Fourier transform infrared spectroscopy (FTIR) was carried out to follow the func-
tional groups in uncooked and cooked mushrooms samples using Perkin Elmer 
Spectrum 1000 (Waltham, MA 02451 USA) for 4500–500 cm−1 with a resolution 
of 4 cm−1.

17.4.4  Minerals

The energy dispersive spectroscopy (EDS) analysis was carried out (HITACHI 
Norn System 7, USA) for the detection of elemental composition in uncooked and 
cooked Hygrocybe alwisii samples.

17.5  Antioxidant Assay

Antioxidant potentials of mushroom sample were assessed for total antioxidant 
activity, ferrous ion chelation capacity, and DPPH radical scavenging activity by 
standard methods.

17.5.1  Total Antioxidant Activity

The total antioxidant activity (TAA) of the uncooked and cooked mushroom was 
measured according to the method by Prieto et al. (1999) with a few minor modifi-
cations. Aqueous extract of the uncooked and cooked mushroom sample (prepared 
for qualitative assessment of biochemical components) (0.2 ml) blended with a 
reagent mixture (Sulfuric acid, 0.6 M + sodium phosphate, 28 mM + ammonium 
molybdate, 4 mM) (2 ml). The mixtures were incubated at 950C in a water bath (90 
min), after cooling to room temperature; the absorbance was measured at 695 nm 
against a blank (methanol). The total antioxidant activity was expressed as μM 
equivalent of ascorbic acid per gram of the mushroom (μM AAEs/g).
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17.5.2  Ferrous Ion Chelation Capacity

Ferrous ion chelation capacity (FCC) was assessed based on the method by Hsu 
et al. (2003). Aqueous extract of the uncooked and cooked mushroom sample (pre-
pared for qualitative assessment of biochemical components) (1 ml) was treated 
with ferrous chloride (2 mM) (0.1 ml) and ferrozine (5 mM) (0.2 ml). The final 
volume was made up to 5 ml using methanol. The mixture was incubated at room 
temperature (10 min) and absorbance was measured at 562 nm. The reagents with-
out sample extract served as control.

 
Ferrous ion chelation capacity ( ÷% ]� � � �� � �1 100

562 562
As Ac

 (17.1)

(where Ac is the absorbance of the control and as is the absorbance of sample).

17.5.3  DPPH Radical Scavenging Activity

Aqueous extract of the uncooked and cooked mushroom sample (prepared for quali-
tative assessment of biochemical components) was assessed to follow the radical 
scavenging activity by the protocol by Singh et al. (2002). The sample extracts of 
different concentrations (0.2–1.0 mg in 0.2–1.0 ml) were made up to 1ml (using 
methanol). The 2,2-diphenyl-1-picrylhydrazyl (DPPH) (0.01 mM) (4 ml) was added 
and incubated at room temperature (20 min). The reagents without sample extract 
served as control and the absorbance was measured at 517 nm.

 
Free radical scavenging activity [( )/(% )� � � Ac As Ac

517 517 517
� ]]�100

 (17.2)

(where Ac is the absorbance of the control and as is the absorbance of the sample).

17.6  Data Analysis

The variations in bioactive components and antioxidant activities between uncooked 
and cooked mushroom samples were assessed by t-test with Statistica version #8.0 
(StatSoft Inc., 2008).

17.7  Qualitative Components

The preliminary quantitative analysis provided a clue about the presence of various 
components in uncooked and cooked H. alwisii. Among the nine components tested, 
eight were present in uncooked samples, while six in cooked samples. The uncooked 
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and cooked samples were free from phlobatannins, while the cooked samples were 
also devoid of flavonoids and alkaloids. The presence of phenols, tannins, saponins, 
flavonoids, alkaloids, and terpenoids is indicative of the antibacterial activity of the 
uncooked and cooked H. alwisii (Machumi et al. 2010; Aboh et al. 2014). Besides, 
phenols, tannins, saponins, flavonoids, and coumarins are known for antioxidant 
activity (Poumale et al. 2013; Nithya et al. 2016). The cardiac glycosides (or agly-
cones) have a positive impact by increasing the capacity of the heart muscle to pump 
blood (Aldred 2008). Coumarins (1-benzopyran-2-one) are known for several bio-
active properties (e.g., antimicrobial, antiviral, anti-inflammatory, antidiabetic, anti-
oxidant and enzyme inhibition) (Poumale et  al. 2013). Most of the bioactive 
compounds known from H. alwisii by the qualitative test are produced mainly by 
plant species. Further quantitative assessment of these bioactive components in 
H. alwisii provides support to obtain such components by in vitro cultivation.

17.8  Quantitative Components

The total phenolics content of uncooked samples is higher than the cooked samples 
of H. alwisii (p < 0.01) (Fig. 17.2a). Total phenolics is a major component to express 
antioxidant activity in mushrooms. On comparison with other edible wild mush-
rooms, the quantity of total phenolics is higher than Amanita sp., Astraeus hygro-
metricus, Auricularia auricula, and Termitomyces umkowaan, while comparable 
with Lentinus squarrosulus and Termitomyces clypeatus occurring in the southwest 
India (Karun et al. 2016; Pavithra et al. 2016b; Ghate and Sridhar 2017; Greeshma 
et al. 2018).

The content of vitamin C in uncooked samples of H. alwisii is higher than the 
cooked samples (p < 0.05) (Fig. 17.2b). Vitamin C in addition to providing nutri-
tional benefits, it is also known for antioxidant activity in mushrooms. Its content is 
higher than A. hygrometricus, A. auricula, L. squarrosulus, T. clypeatus, and 
T. umkowaan, however lower compared to Amanita sp. occurring in the southwest 
India (Karun et al. 2016; Pavithra et al. 2016b; Ghate and Sridhar 2017; Greeshma 
et al. 2018).

In uncooked samples, the FTIR showed a broad peak with a medium intensity 
corresponding to 3302.27 cm−1 showed the presence belonging to amine group N–H 
stretching vibration and C–H stretching vibration (asym.) at 2918.56  cm−1 
(Fig. 17.3a). The peaks observed at 1596.30 cm−1; 1311.15 cm−1; 1039.65 cm−1 cor-
responded to functional groups C=C stretching vibration; C–H deformation vibra-
tion and C–O stretching vibration, respectively. In cooked samples, the FTIR 
revealed broad O–H stretching vibration (associated) at 3271.93 cm−1 along with 
C–H stretching vibration-asym. at 2923.08  cm−1 (Fig.  17.3b). The sharp Peak 
observed at 1626.92 cm−1 corresponded to C=C stretching vibration. The CH3 bend-
ing (sym.) was observed at 1398.23 cm−1.

The peaks 1312.41 cm−1 1037.10 cm−1 correspond to C–H deformation vibration 
and C–C skeleton vibration, respectively. Biogenic amines (BA) found in 
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mushrooms need to be stabilized as they may intimidate the food product safety. 
Some of the BAs present in food include: tyramine, cadaverine, 2-phenylethyl-
amine, spermine, histamine, spermidine, putrescine, and tryptamine. The presence 
of BAs can elicit hypersensitivity reactions if consumed like itching, rash, vomiting, 
fever, and hypertension. In the present study, only the uncooked sample showed 
presence of BAs as confirmed by FTIR spectra. However, the cooked samples were 
devoid of BAs revealing its safety.

The energy dispersive spectroscopy (EDS) revealed difference in elemental com-
position of uncooked and cooked H. alwisii (Fig.  17.4). The uncooked sample 
showed two major elements (C and O), which account for 98.63% and 1.37% con-
stituted by K.  However, the element C composition reduced after cooking from 
57.91 to 34.74, while the element O composition reduced from 40.72 to 30.44%. 
However, the element N was detected only in cooked samples. Further, presence of 
trace elements like P and K was also recorded, but the percent composition of K 
reduced from 1.37 in uncooked to 0.53 on cooking.

17.9  Antioxidant Potential

The total antioxidant activity (TAA) is significantly higher in uncooked than cooked 
samples of H. alwisii (p < 0.01) (Fig. 17.5a). The total antioxidant activity is com-
parable with Amanita sp., A. hygrometricus, T. clypeatus, and T. umkowaan, while 
lower than A. auricula and L. squarrosulus occurring in the southwest India (Karun 
et al. 2016; Pavithra et al. 2016b; Ghate and Sridhar 2017; Greeshma et al. 2018).

The ferrous ion chelation capacity (FCC) of H. alwisii is also significantly higher 
in uncooked samples (p < 0.01) (Fig. 17.5b). Its activity was also significantly lower 
in cooked compared to uncooked samples of other wild mushrooms like Amanita 

Fig. 17.2 Total phenolics (a) and vitamin C (b) in uncooked and cooked Hygrocybe alwisii 
(n = 3 ± SD; t-test: *p < 0.05, **p < 0.01)
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Fig. 17.3 The FTIR spectra of uncooked (a) and cooked (b) Hygrocybe alwisii
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Fig. 17.4 The EDS spectra showing elemental composition of uncooked (a) and cooked (b) 
Hygrocybe alwisii
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sp., A. hygrometricus, A. auricula, L. squarrosulus, T. clypeatus, and T. umkowaan 
occurring in the southwest India (Karun et al. 2016; Pavithra et al. 2016b; Ghate and 
Sridhar 2017; Greeshma et al. 2018). Its activity is higher than Amanita sp., A. auric-
ula, while comparable to A. hygrometricus, L. squarrosulus, T. clypeatus, and 
T. umkowaan.

The DPPH radical scavenging activity was significantly higher in uncooked than 
cooked samples of H. alwisii in three concentrations (Fig. 17.6) (p < 0.05). Its activ-
ity is higher than other wild mushrooms like A. auricula, L. squarrosulus, T. clypea-
tus, and T. umkowaan, while lower than Amanita sp. and A. hygrometricus occurring 
in the southwest India (Karun et al. 2016; Pavithra et al. 2016b; Ghate and Sridhar 
2017; Greeshma et al. 2018).

17.10  Conclusions and Outlook

The edible wild mushroom Hygrocybe alwisii occurring in the scrub jungles of 
southwest India consists of several bioactive components in uncooked and cooked 
samples. Qualitative tests revealed the occurrence of bioactive components usually 
occur in plant species. It possesses significant quantities of total phenolics as well 
as vitamin C. The FTIR spectra revealed the occurrence of amine residues (N–H) in 
uncooked samples and carboxylic acid (O–H) in cooked samples. In addition, pres-
ence of alkanes (C–H), conjugated alkenes (C=H) was also seen. The energy disper-
sive spectroscopy (EDS) revealed that the mushroom is rich in secondary metabolites 
and elements, which need to be substantiated further using techniques like GCMS 
and HPLC. The antioxidant capacity is higher than or comparable to many edible 
wild mushrooms occurring in the scrub jungles of southwestern India. This study 
provided further evidence that the wild edible agaric mushroom H. alwisii possess 
active nutritional as well as health-promoting components. These features are in 

Fig. 17.5 Total antioxidant activity (a) and ferrous ion chelation activity (b) of uncooked and 
cooked Hygrocybe alwisii (n = 3 ± SD; t-test: *p < 0.05, **p < 0.01)
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line with the assessment of a wide range of structural and functional attributes of 
Hygrocybe conica in Malaysia (Chong et al. 2014). Compared to other mushrooms, 
the genus Hygrocybe has not been researched for nutritional and bioactive princi-
ples. Being cosmopolitan and wide varieties occurring in the Western Ghats of 
India, there is ample scope to tap this resource for nutraceutical industrial purposes.
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8-Trihydroxy-1-Methylxanthone  638
18.6.2  Alternariol (C14H10O5) and Alternariol-(9)-Methyl Ether  641
18.6.3  Oxoglyantrypine, Norquinadoline A (C26H25N5O4), Deoxynortryptoquivaline 

(C28H28N4O6), Deoxytryptoquivaline (C29H30N4O6), Tryptoquivaline 
(C29H30N4O7), and Quinadoline B (C25H21N5O3)  641

18.6.4  Cladosin C (C13H18N2O3)  642
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18.7.4  5-Hydroxy-8-Methoxy-4-Phenylisoquinolin-1(2H)-One (A), 
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 References  646

18.1  Introduction

By defining biopharmaceuticals as therapeutic agents constructed by living organ-
isms, the importance of fungal products is a remarkable point to expand study and 
researches upon them. Fungi can be described as eukaryotic organisms that produce 
spore to proliferate and wait for the desired condition to reproduce as fast as possi-
ble (Razzaghi-Abyaneh et al. 2015). Fungi live in different conditions from soil to 
deep water and could have a symbiotic relationship with variable organisms like 
plants that have made them very special and numerous among eukaryotic organ-
isms. A metabolite can be classified into two groups of primary and secondary 
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where the 1st one is essential for the growth and development of the organism and 
the 2nd one is part of the survival defensive system (Razzaghi-Abyaneh and Rai 
2013; Razzaghi-Abyaneh et al. 2014). If the therapeutic effects of these metabolites 
can prove with bioassays, they will be called bioactive metabolites as well. By the 
isolation and structural identification of these bioactive metabolites, they will be a 
fundamental base of further pharmaceutical procedures to novel drugs (Kensy et al. 
2009). Even though there are differences between the extraction methods but the 
procedures are almost similar to each other. Once the fungi separate from their host, 
identification and separation of diverse strains will follow. To distinguish the metab-
olites several procedures may perform such as thin-layer chromatography, vacuum/
high-performance liquid chromatography, and size exclusion chromatography 
(Zuckerkandl and Pauling 1965).

Fungal productions have gained ground as third biopharmaceuticals by 20% of 
total products (Kensy et  al. 2009; Martínez et  al. 2012; Gholami-Shabani et  al. 
2019; Seyedjavadi et al. 2019). The trace of fungi by humans is noticeable from 
pharaohs to Chinese traditional medicine but in last decades; by a progression of 
biotechnology vast valuable products such as anticancerous, antimicrobial agents, 
vitamin and amino acids, vaccines, immunoregulatory agents and anti-oxidants, 
probiotics and enzymes have been obtained from fungi as biopharmaceutical prod-
ucts. Identification of secondary metabolites of fungi is expanding and their even-
tual therapeutic role is under investigation and by considering the 0.3 hit ratio of 
being commercialized more than 2000 new pharmaceuticals by fungi is going to be 
discovered (Sneader 2005). Here we discuss about valuable fungal and fungal-like 
organisms from different genera and species especially those belong to Aspergillus, 
Penicillium, Cladosporium, Fusarium, Trichoderma, and Streptomyces and their 
bioactive metabolites that have biopharmaceutical applications.

18.2  Antimicrobials from Fungi

Since 1928 by the discovery of penicillin, antibiotic production by fungi has been 
considered as a natural source of obtaining or a valuable inspiration for designing 
further pharmacologically active compounds against mankind's health by saving a 
large number of lives and increase in life expectancy. Even though many antibiotics 
have originated from Actinomycetes, Aspergillus and Penicillium species are the 
next two important sources of antibiotics. About 80% of antibiotics are produced by 
two genus Streptomyces and Actinomycetes. The spread of antibiotic resistance is 
raising danger upon human lives so that discovering and developing new antibiotics 
are fundamentally necessary. So that natural products are considered as a probable 
right therapeutic solution to this problem. The pharmaceuticals are produced from 
secondary metabolites or derived from secondary metabolites or by biotechnologi-
cal procedures. Table 18.1 summarizes natural or derived antimicrobial drug and 
compounds from fungi distributed in cephalosporins (Fig.  18.1) and penicillins 
(Fig. 18.2).
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Table 18.1 Natural antimicrobial drugs and compounds of fungal origin

Compound Chemical group
Therapeutic 
index

Pharmacological 
effect

Commercial 
name

Producing 
organism

Cephalexin Cephalosporins, 
1st generation

Genitourinary 
tract, bone, 
skin, and 
respiratory 
tract 
infections, 
cellulitis and 
otitis media

Binds to one or 
more of the 
penicillin- 
binding 
proteins, which 
in turn inhibits 
synthesis of 
bacterial cell 
wall

Keflex, 
Panixine 
Disperdose

Cephalosporium 
acremonium

Cefazolin Cephalosporins, 
1st generation

Moderate to 
severe 
infections, 
mild infections 
with gram + 
Cocci, 
Uncomplicated 
UTI

A semisynthetic 
compound that 
binds to 
penicillin- 
binding sites to 
arrest cell wall 
synthesis and 
inhibition of 
bacterial 
replication

Kefzol, 
Ancef

Cephalosporium 
acremonium

Cephalothin Cephalosporins, 
1st generation

Parentally 
administrated 
during surgery

Binds to one or 
more of the 
penicillin- 
binding proteins 
that inhibits cell 
wall creation 
procedure

Cephalosporium 
acremonium

Cefaclor Cephalosporins, 
2nd generation

Lower 
respiratory 
tract 
infections, 
otitis media, 
skin and 
urinary tract 
infections, 
bronchitis, and 
pharyngitis

Binds to one or 
more of the 
penicillin- 
binding 
proteins, which 
in turn inhibits 
synthesis of 
bacterial cell 
wall
Gram + and 
activity against 
E. coli, H. 
influenza, 
Klebsiella 
pneumonia

Ceclor, 
Raniclor

Cephalosporium 
acremonium

(continued)
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Compound Chemical group
Therapeutic 
index

Pharmacological 
effect

Commercial 
name

Producing 
organism

Cefuroxime 
axetil

Cephalosporins
2nd generation

Pharyngitis, 
sinusitis, 
bronchitis, skin 
infections, 
Uncomplicated 
UTI—
Gonorrhea and 
severe to 
complicated 
infections

Binds to one or 
more of the 
penicillin- 
binding 
proteins, which 
in turn inhibits 
synthesis of 
bacterial cell 
wall
Beta-lactamase 
inhibitor

Ceftin, 
Zinacef

Cephalosporium 
acremonium

Cefotaxime Cephalosporins, 
3rd generation

Gonococcal 
urethritis, 
preparation for 
surgery

Inhibiting the 
final 
transpeptidation 
step of 
peptidoglycan 
synthesis 
resulting in cell 
wall death
Beta-lactamase 
resistance

Claforan Cephalosporium 
acremonium

Ceftriaxone Cephalosporins, 
3rd Generation

Intra- 
abdominal, 
skin and soft 
necrotizing 
and prosthetic 
joint 
infections—
meningitis

Inhibition of 
cell wall 
synthesis and 
interfering with 
the synthesis of 
peptidoglycan
Beta-lactamase 
resistant
Gram + 
Broad-spectrum 
while lower 
efficacy against 
gram – bacteria

Rocephin Cephalosporium 
acremonium

Cefepime Cephalosporins, 
4th Generation

Pneumonia, 
febrile 
neutropenia, 
UTI, skin and 
intra- 
abdominal 
infections

A zwitterion 
that rapidly 
penetrates 
Gram – cells

Maxipime Cephalosporium 
acremonium

Ceftaroline Cephalosporins, 
5th generation

Skin and skin 
structure 
infections, 
Community- 
acquired 
bacterial 
pneumonia

Beta-lactam 
cephalosporin 
with activity 
against aerobic 
& anaerobic 
Gram-positive 
and aerobic 
Gram-negative 
bacteria

Teflaro Cephalosporium 
acremonium

(continued)

Table 18.1 (continued)
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Compound Chemical group
Therapeutic 
index

Pharmacological 
effect

Commercial 
name

Producing 
organism

Dicloxacillin Penicillins Infections Binds to one or 
more of the 
penicillin- 
binding 
proteins, which 
in turn inhibits 
synthesis of 
bacterial cell 
wall

Penicillium 
notatum

Ampicillin Penicillins Genitourinary 
tract 
infections, 
gonorrhea, 
respiratory 
tract 
infections, 
bacterial 
meningitis

Interfering cell 
wall synthesis 
during 
replication

Ampi, 
Omnipen, 
Penglobe

Penicillium 
notatum

Amoxicillin Penicillins Ear, nose, & 
throat 
infections, 
genitourinary 
tract 
infections, H. 
pylori 
infection, 
anthrax

Amoxil – 
Moxatag - 
Trimox

Penicillium 
notatum

Ticarcillin Penicillins Inhibiting 
biosynthesis of 
cell wall 
mucopeptide 
anti- 
pseudomonal 
penicillin plus 
beta-lactamase 
inhibitor that 
provides 
coverage 
against most 
gram +/− and 
anaerobes

Ticar Penicillium 
notatum

Piperacillin Penicillins UUTI, CAP, 
moderate 
infections, 
uncomplicated 
gonorrhoea, 
Pseudomonas 
infections

Inhibiting 
biosynthesis of 
cell wall 
mucopeptide
Anti- 
pseudomonal 
activity

Piperacillin Penicillium 
notatum

GT-1 (54) 
(LCB10 
0200)

Cephalosporin 
siderophore 
(NP)

PBP (cell wall) Cephalosporium 
acremonium
Under clinical 
trial
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Fig. 18.1 Chemical structure of semisynthetic cephalosporins obtained from Cephalosporium 
acremonium

Fig. 18.2 Chemical structure of natural and semisynthetic penicillins obtained from 
Penicillium notatum

18.2.1  Cephalexin

As the 1st generation of cephalosporin classification, cephalexin (C16H17N3O4S) was 
approved by the Food and Drug Administration (FDA) in 1979. This drug was dis-
covered from sewer examination of Giuseppe Brotzu from Cephalosporium acre-
monium (Crawford et  al. 1952) and isolation by Abraham and Newton upon 
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N-acylation of the side chain and adding d-phenylglycyl to make a semisynthetic 
drug. By the famous commercial name of keflex, cephalexin is available in dosage 
forms of capsules (250, 500, and 750 mg), oral suspensions (125 mg/5 mL and 250 
mg/5 mL), and tablets of 250 and 500 mg. This antibiotic has 90% of bioavailability 
which may take 1 h to reach its peak level in serum. Cephalexin’s chemical structure 
has consisted of a beta-lactam and dihydrothiazine which binds to one or more 
penicillin-binding proteins, inhibiting the synthesis of the bacterial cell wall. 
Produced at the rate of 4000 tons per year worldwide, cephalexin is one of the most 
commonly prescribed medications in the world (Demain 2014).

18.2.2  Cefazolin

As the 1st generation of cephalosporins that interact with bacterial cell wall cefazo-
lin (C14H14N8O4S3) is one of the safest and high efficient antibiotics, reported by the 
World Health Organization (WHO 2019). Likewise other cephalosporins, its beta- 
lactam ring has been fused to six-membered ring containing sulfur and nitrogen 
making this semisynthetic drug bactericidal as well. Cefazolin is a parental antibi-
otic which powders are available from 500 mg to 300 g of active pharmaceutical 
ingredient. By having 86% of protein bonding it can reach its peak plasma level in 
5 min if using intravenously. While having the poor capacity to cross the blood–
brain barrier it is an active antibacterial against skin flora involving S. aureus.

18.2.3  Cephalothin

Cephalothin (C16H16N2O6S2) is the earliest member of the cephalosporin family that 
is a parental, semisynthetic beta-lactam antibiotic. Like other members of the 1st 
generation, it is active against Gram-positive bacteria. Cephalothin provides its 
effectiveness by binding to penicillin-binding proteins (PBP) which is crucial in the 
final stages of assembling bacterial cell walls.

18.2.4  Cefaclor

As 2nd generation of the cephalosporin family this bactericidal antibiotic inhibits 
the cell wall synthesis by binding to PBP. While classified as a group, the 2nd gen-
erations have less Gram-positive effects while showing more Gram-negative effects 
against Proteus mirabilis, Haemophilus influenza, Escherichia coli, and Klebsiella 
sp. Cefaclor (C15H14ClN3O4S) achieves its peak level concentration for about 1 h. It 
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is available in 250/500 mg capsules and 500 mg tablets as well. Cefaclor’s structure 
presents chloro- and 2-amino-2-phenylacetamido groups at 3 and 7 positions of 
cephem structure.

18.2.5  Cefuroxime axetil

While providing oral and parental use, cefuroxime (C20H22N4O10S) is the only mem-
ber of the 2nd generation of cephalosporins that can, respectively, pass the blood–
brain barrier (BBB), and wildly spreads to cerebrospinal fluid (CSF) which could be 
used to treat meningitis. Cefuroxime reaches its peak plasma concentration from 
3 min to 3 h upon the route of administration. Oral suspensions of 125 and 250 mg/5 
mL plus injection powders of 750 mg to 225 g and 250 and 500 mg tablets provided 
desirable dosing forms and strengths to the drug.

18.2.6  Cefotaxime

It is a semisynthetic member of the 3rd generation of cephalosporins having bacte-
ricidal activity. By interfering with the final steps of transpeptidation needed for 
making cross-links among bacterial cell walls, cefotaxime (C16H17N5O7S2) provides 
broad-spectrum activity against Gram-positive and Gram-negative bacteria. The 
specific distribution of drugs has made it proper in the therapy of bone, CSF, pros-
tatic, and humor tissues. Parental solutions and injections are available from 20 mg/
mL to 10 g powder of API.

18.2.7  Ceftriaxone

Having the chemical formula of (C18H18N8O7S3), ceftriaxone is the 3rd generation of 
bactericidal cephalosporins that binds to PBP which may lead to bacterial lysis. 
Like other members of this group, the drug can penetrate the central nervous system 
bypassing the blood–brain barrier resulting in being active against pneumococci, 
meningococci, and penicillin-resistant Neisseria gonorrhea. Ceftriaxone will reach 
its peak plasma level 2–3 h while administrated as intramuscular (IM). Injectable 
drug solution and powder strengths provide 1 g/mL to 100 g of powder fighting 
against most Gram-negative bacteria.
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18.2.8  Cefepime

4th generation is described as extended-spectrum cephalosporins that are active 
against Enterobacter spp., Pseudomonas spp., Serratia marcescens, and Citrobacter 
spp. Cefepime (C19H24N6O5S2) was developed in 1987 that is the best beta-lactam 
against IM use by having complete absorption, on the other hand having poor penetra-
tion from blood–brain barrier (BBB) that makes it ineffective in meningitis. Cefepime 
has 1 and 2 g of powder and infusion solution of dosing forms and strengths.

18.2.9  Ceftaroline

While classically controversial, ceftaroline (C22H21N8O8PS4) is considered as 5th 
generation of cephalosporins. Specific roles of ceftaroline have made it a powerful 
compound against antibiotic-resistant bacteria in vivo such as methicillin-resistant 
Staphylococcus aureus (MRSA) strains, while showing in  vitro activity against 
linezolid-resistant S. aureus and vancomycin-resistant S. aureus. The drug has 400 
and 600 mg vials which need 1 h to reach plasma levels.

18.2.10  Dicloxacillin and a Flashback to Penicillin History

After the discovery of penicillin by Fleming by Penicillium notatum of a plate mold, 
the antibiotic era started and, respectively, followed by Howard Flory and Ernst 
Chain. Moreover, penicillin was successfully tested on animals (1940) and the first 
adult patient (1942). Although natural penicillins cured diseases, by the emerging of 
bacterial resistance to natural penicillins (Penicillin G) researches of developing 
semisynthetic penicillins followed by isolation of 6-aminopenicillanic acid resulted 
in other penicillins that can be sub-classified by the spectrum of activity. The 
narrow- spectrum penicillin class involves penicillin V and G, procaine penicillin, 
and benzathine penicillin. The penicillinase-resistant penicillins or anti- 
staphylococcal penicillins are consisting of oxacillin, cloxacillin, methicillin, and 
dicloxacillin. In short, therapeutic index of this group is limited to methicillin- 
sensitive S. aureus. Subsequently, to other penicillins, dicloxacillin (C19H17Cl2N3O5S) 
makes its antibacterial effect by binding to PBP sites and representing as bacteri-
cidal by inhibition of peptidoglycan cross-linking of the cell wall that activates cell 
wall autolysis. Besides this 250/500 mg capsules have 96% of protein bonding and 
can reach their peak plasma level in 0.5–2 h.
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18.2.11  Ampicillin

The development of broad-spectrum penicillin with desirable bioavailability and 
oral intake led to the synthesis of methicillin and ampicillin (C16H19N3O4S∙3H2O). 
On the contrary to amoxicillin, ampicillin can be used when the potential for oral 
intake is not available. The ampicillin has poor protein bonding (15–25%) and 
30–40% of bioavailability by 1–2 h of reaching to peak plasma level. Additionally, 
it has 250/500 mg capsules, 125/250 mg/5 mL oral suspensions, and 125 mg to 10 
g powders for injection.

18.2.12  Amoxicillin

Amoxicillin (C16H19N3O5S) is a derivative of ampicillin with the same antibacterial 
spectrum. On the other hand, it has a broader spectrum than penicillins with greater 
bioavailability while being well stable against digestive gastric acid. From a chemi-
cal view, it is penicillin in which there is a substituent of 2-amino-2-(4- 
hydroxyphenyl) acetamido group attached to position 6 of penam. While discovered 
in 1958, amoxicillin is one of the most common and universally antibiotics accord-
ing to WHO. In the same way, it is one of the most prescribed drugs for children 
as well.

18.2.13  Ticarcillin

Alongside piperacillin, it is the next generation of penicillins naming extended- 
spectrum penicillins with the molecular formulation of (C15H16N2O6S2).

18.3  Anticancer Compounds by Fungi

In addition to numerous drugs and compounds with anticancer effects, natural 
sources compounds are frontiers among chemotherapeutic agents. Fungal metabo-
lites and natural products are under investigation to find novel medicines curing 
cancers. To elaborate survival and improving the quality of life of cancerous patients, 
developing biotechnological based drugs, and designing analogs of natural metabo-
lites is an urgent necessity. In Table 18.2, a summary list of drugs and compounds 
by pharmacological effect and therapeutic index is sorted. Chemical structures of 
these compounds are shown in Fig. 18.3.
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18.3.1  Doxorubicin

Doxorubicin is an anthracycline antibiotic that is derived from the actinobacterium 
Streptomyces peucetius. Doxorubicin (C27H29NO11) is used in the treatment of many 
human cancers with dosage form of injectable solution (2 mg/mL) and powder for 
injection (10 and 20 mg), that predominantly metabolize by liver with half-life of 
1–3 h. This drug is a cell cycle-nonspecific agent that acts by blocking topoisomer-
ase II activity (Thirumaran et al. 2007). This enzyme is responsible for DNA func-
tions. When topoisomerase is inhibited, the DNA segments cannot perform 
transcription, leading to breaks in the DNA strands and cell death (Papich 2016).

18.3.2  Daunorubicin

Daunorubicin (C27H29NO10) is an anthracycline antibiotic derived from the actino-
bacterium Streptomyces peucetius that is used in the treatment of acute leukemia, 
lymphoma, and breast cancer (Găman et al. 2020). The dosage forms are injectable 
solution (5 mg/mL) and powder for injection (20 mg) which metabolized by liver to 

Fig. 18.3 Chemical structure of natural or semisynthetic anticancer drugs and compounds of fun-
gal origin
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change to daunorubicinol. It has strong cytotoxicity against tumor cells by inhibi-
tion of topoisomerase II activity like doxorubicin.

18.3.3  Mitomycin

Mitomycin C is an alkylating agent derived from Streptomyces caespitosus that is 
used in stomach cancer, pancreas cancer, anal carcinoma (Crooke and Bradner 
1976). Dosage form is just powder for injection (5, 20, and 40 mg) and metabolites 
by liver. The mechanism of action is inhibition of deoxyribonucleic acid (DNA) 
synthesis to prevent replication in transcription.

18.3.4  Bleomycin

Bleomycin (C55H84N17O21S3
+) belongs to a subfamily of glycopeptide antibiotics 

which derived from Streptomyces caespitosus. It was first approved by the FDA for 
squamous cell carcinomas, malignant lymphomas, and testicular cancer treatment. 
Nowadays it has indications such as germinal cell tumors, gestational trophoblastic 
disease, Hodgkin lymphoma, and non-Hodgkin lymphoma treatments. Besides 
these dosage forms as 15 unit and 30 unit powder for injections have 1% of protein 
bonding and can reach their peak plasma level in 2 h. The mechanism of action is 
the induction of DNA strand breaks by making oxidative metallobleomycin 
complexes.

18.3.5  Vincristine

Vincristine (C46H56N4O10) and vinblastine (C46H58N4O9) are vinca alkaloid antimi-
totic drugs that are derived from Fusarium oxysporum. Their indications are treat-
ment of many cancers which are available in table. Half-life of vincristine changes 
from 10.5 to 155 h which is triphasic in vinblastine as 4 min to 24.8 h. Inhibition of 
microtubule polymerization in M and S phases that destroys microtubules in cells 
primarily is the mechanism of these drugs (Beaver et al. 2018; Kong et al. 2018; 
Farrar and Jacobs 2020; Li et al. 2020).

18.3.6  Paclitaxel

Paclitaxel (C47H51NO14) as a member of the taxane family is derived from 
Penicillium raistrickii. It is known as the most successful natural anticancer drug 
available. Although other antineoplastic agents prevent the association of tubulin 
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into microtubules, paclitaxel promotes that association. It blocks the progress of the 
cell cycle, prevents mitosis, and inhibits the growth of cancer cells (Weaver 2014). 
Indications of this drug are Kaposi's sarcoma and cancer of the lung, ovarian, and 
breast, metastatic breast cancer and locally advanced or metastatic non-small cell 
lung cancer (Farrar and Jacobs 2020).

18.3.7  Polyketides

Dothiorelone F (C18H28O5) is a polyketide that has been isolated from endophytic 
fungus Dothiorella sp. obtained from the bark of Aegiceras corniculatum. This 
compound significantly inhibits RAJI cancer cell line with IC50 values 2 μg/mL (Du 
and Su 2014).

Epicocconigrone A (C18H14O9) as another polyketide has been isolated from an 
endophytic fungus Epicoccum nigrum obtained from leaves of Mentha suaveolens. 
According to research, this compound inhibits 50% of proliferation by 72 h at 5 μM 
and 30% cell death at 25 μM (Amrani et al. 2014).

18.3.8  Peptides

PM181110 is a depsipeptide that has been isolated from an endophytic fungus 
Phomopsis glabrate that was in the leaves of the plant Pongamia pinnata (family 
Fabaceae). It was effective against different types of human cancer cell lines with an 
IC50 value of 0.089 μM and a mean IC50 value of 0.245 μM into 24 human tumor 
xenografts.

18.3.9  Lactones

Myrotheciumone A (C9H14O3) belongs to the lactone class that is derived from the 
endophytic fungus Myrothecium roridum in Ajuga decumbens plant. It has a cyto-
toxicity effect against HepG2, SMMC-7721, A549, MCF-7, QSG-7701, HL-7702 
with IC50 values of 5.36, 6.56, 5.88, 7.56, 16.30, 20.69 μM (Lin et al. 2014). Another 
lactone compound is phomopsidone A from endophytic fungus Phomopsis sp 
A123 in mangrove plant, Kandelia candel. It shows a cytotoxicity effect against the 
MDA-MB-435 cell line with an IC50 value of 63 μM. 3-epi-Waol A as a lactone 
compound has been derived from endophytic fungus Libertella blepharis in Oryza 
latifolia plant. 3-epi-Waol A demonstrated cytotoxicity MCF-7, H460 and HCT116, 
cancer cell lines with IC50 values of 22.46, 6.20, and 1.0 μM.

A. H. Askari et al.
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18.4  Lipid-Lowering Agents

Statins are a group of compounds that lower the plasma level of cholesterol by inhi-
bition of 3-HMG-CoA reductase. This enzyme has a fundamental role in the pro-
duction of cholesterol. To chemically summarize statins are a group of organic acids 
that interact by their acidic side to the enzyme. Views show lovastatin can be pro-
duced from two organisms, Aspergillus terreus and Monascus ruber. As an example 
of a commercial procedure, lovastatin is obtained from two fermentation proce-
dures: Liquid fermentation (Aspergillus terreus) and solid-state fermentation 
(Monascus ruber). An equally important note in statins is their efficacy which is 
different from each other as affinity to enzyme active site varies from compound to 
compound (Table  18.3). Chemical structures of these compounds are shown in 
Fig. 18.4.

18.4.1  Lovastatin

Lovastatin (C24H36O5), the first approved statin from FDA has been derived from 
Aspergillus terreus. Love protein in this fungus convinces the correct assembly of 
the nonaketide chain in lovastatin. The mechanism of hypocholesterolemic activity 
of statins is competitive inhibition of HMG-CoA reductase (Manzoni and Rollini 
2002). Mevastatin as the first discovered statin is produced by Penicillium citrinum. 
The mechanism of this drug is lovastatin. Pravastatin is a carboxylic acid compound 
that can be obtained by the biotransformation of mevastatin by Streptomyces car-
bophilus (Manzoni and Rollini 2002).

18.5  Immunosuppressant Agents

Numerous immunosuppressive agents have been obtained from fungi. Cyclosporine 
and tacrolimus both affect as calcineurin inhibitor, a eukaryotic gene that regulates 
an organism's ability to react upon environmental changes and responding to envi-
ronmental stress. Another essential point is the synergy effect of cyclosporine and 
tacrolimus with antifungal drugs which may end to enormous fungicidal action even 
with drug-resistant organisms (Table 18.4). Chemical structures of these compounds 
are shown in Fig. 18.5.

18.5.1  Cyclosporin

Cyclosporin (C62H11N11O12) is a natural cyclic polypeptide immunosuppressant that 
has been derived from Tolypocladium inflatum and Beauveria nivea (De Smet and 
Nussenblatt 1993).Dosage forms are capsule (25, 50, and 100 mg), oral solution 
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Fig. 18.4 Chemical structure of natural lipid-lowering drugs and compounds obtained from fungi

(100 mg/mL), and injectable solution (50 mg/mL) with protein bound of 90% that 
are metabolized to AM1AM9 and AM4N by liver. This drug suppresses cellular and 
humoral immunity (mainly T cells) via calcineurin inhibitor mechanism of action 
(Nakamura et al. 1993).

18.5.2  Tacrolimus

Another calcineurin inhibitor drug is tacrolimus (C44H69NO12) that has been derived 
from Streptomyces tsukubaensis. Immediate release capsules, extended-release cap-
sules and tablets, injectable solution and granules for oral suspension are the dosage 
forms of tacrolimus to prophylaxis of heart, liver, and kidney transplant rejection. 
Tacrolimus has reach protein bonding (99%) and different bioavailability in chil-
dren (7–55%) and adults (7–33 %) by 0.5–6 h of reaching to peak plasma level.

18.5.3  Fingolimod

Fingolimod (C19H33NO2) is as an analog of Sphingosine-1-phosphate approved by 
the FDA in 2010 for the treatment of relapsing forms of multiple sclerosis (MS) 
(Ward et al. 2016). It was derived from Isaria sinclairii (Chiba 2020). Sphingolipids 
have an important role in cell signaling. Fingolimod phosphorylates to fingolimod 
phosphate that binds to the S1P receptor and acts as an antagonist (Oo et al. 2007). 
This process causes the lymphoid tissue to maintain central memory T cells, pre-
venting them from entering into the blood (Brinkmann 2009). Only one dosage 
form of this drug is available as (0.25 mg, 0.5 mg) capsule with reach bioavailability 
(93%) that can reach its peak plasma level in 12–16 h.
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18.5.4  Mycophenolic Acid (MPA)

Mycophenolic acid (MPA) (C17H20O6) is one of the benzofurans immunosuppres-
sive drugs most used worldwide (Ferreira et al. 2020). Because of its low solubility 
the pro-drug mycophenolate mofetil (MMF) and an enteric-coated mycophenolate 
sodium salt (EC-MPS) are used in oral administration (Nowak and Shaw 1995; 
Shaw et al. 2001; Tönshoff et al. 2011). It is a selective, reversible inosine mono-
phosphate dehydrogenase (IMPDH) inhibitor that inhibits guanine synthesis to 
limit lymphocyte proliferation to avoid allograft rejection of the organ (Korecka and 
Shaw 2009).

18.5.5  Mycousnine Enamine

Mycousnine enamine (C19H20O8) is an amide derivative as a new candidate for 
developing immunosuppressive agent produced by an endophytic fungus, 
Mycosphaerella nawae (ZJLQ129). This selective T cell inhibitor compound sup-
presses the expression of the surface activation antigens CD25 and CD69 (Wang 
et al. 2017).

Fig. 18.5 Chemical structure of natural immunosuppressant drugs and compounds obtained 
from fungi
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18.5.6  Curtachalasins 1 & 10

Curtachalasins 1 & 10 are other candidates for immunosuppressant drug develop-
ment. According to research new curtachalasins F–P (1–11), from endophytic fun-
gus Xylaria cf. curta were isolated. The result demonstrated significant selective 
inhibition on B-cell proliferation with an IC50 value of 2.42 μM for compound 1 and 
selective inhibition on T cell proliferation with an IC50 value of 12.15 μM for com-
pound 10.

18.5.7  Fusaperazin F

Fusaperazin F is another new compound that obtained from Antarctic marine- 
derived fungus Penicillium crustosum HDN153086. This new diketopiperazine 
showed cytotoxicity against K562 cell, with an IC50 value of 12.7 μM (Zhang 
et al. 2014).

18.6  Antiviral Agents

Commonly, viral infections are among diseases that probably can affect most peo-
ple worldwide. Despite these new viruses are found while antiviral drugs and vac-
cines acting against them are limited. By considering the vast number of fungal 
production and metabolites, investigating fungal bioactive molecules with antiviral 
effects is a trustable route in drug development researches. In this section, some 
important and new antiviral compounds derived from fungal sources with their class 
and chassis organism have been listed in Table 18.5. Chemical structures of these 
compounds are shown in Fig. 18.6.

18.6.1  Stachybogrisephenone B (C16H15ClO6), Grisephenone 
A, and 3, 6, 8-Trihydroxy-1-Methylxanthone

Enterovirus 71 and coxsackievirus (EV71 & coxsackievirus) are responsible for 
hand, foot, and mouth (HFMD) acute viral disease(He et  al. 2013). The fungus 
Stachybotrys sp produces 3 new sesquiterpenoid and xanthone compounds: stachy-
bogrisephenone B (C16H15ClO6), grisephenone A, and 3, 6, 8-trihydroxy-1- 
methylxanthone. These compounds showed inhibitory activities against in  vitro 
repetition of EV71 with IC50 values of 30.1, 50.0, and 40.3 μM (Qin et al. 2015).

A. H. Askari et al.
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18.6.2  Alternariol (C14H10O5) and Alternariol-(9)-Methyl Ether

Herpes Simplex Viruses (HSVs)serotypes 1 and 2 (HSV-1 and HSV-2) are impor-
tant pathogens in human orofacial infections (HSV-1) and sexually transmitted 
infections (HSV-2) (Whitley 2001). Alternariol (C14H10O5) and Alternariol-(9)-
methyl ether are novel compounds from the endophytic fungus Pleospora tarda. 
They have inhibition activity against HSVs with IC50 values of 13.5 and 21.3 μM 
with the selective index of 26.5 and 17.1 via polymerase or pre-integration steps 
inhibiting (Selim et  al. 2018). Based on another research on Aspergillus terreus 
SCSGAF0162, produced compounds from this marine fungi: 11a- dehydroxy-
isoterreulactone A, arisugacin A, isobutyrolactone II, and aspernolide, had antiviral 
activity against HSV-1 serotype with IC50 values of 33.38, 12.76, 62.08, and 68.16 
μM (Nong et al. 2014).

18.6.3  Oxoglyantrypine, Norquinadoline A (C26H25N5O4), 
Deoxynortryptoquivaline (C28H28N4O6), 
Deoxytryptoquivaline (C29H30N4O6), Tryptoquivaline 
(C29H30N4O7), and Quinadoline B (C25H21N5O3)

H1N1 is a swine-origin influenza virus (S-OIV), A from the Orthomyxoviridae fam-
ily. It is a negative (−) strand RNA virus that the names of subtypes are based on H 
(hemagglutinin) and N (neuraminidase) antigens (Scalera and Mossad 2009). 

Fig. 18.6 Chemical structure of natural antiviral drugs and compounds obtained from fungi
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Oxoglyantrypine and norquinadoline A (C26H25N5O4) as indole alkaloids and 
deoxynortryptoquivaline (C28H28N4O6), deoxytryptoquivaline (C29H30N4O6), trypto-
quivaline (C29H30N4O7), and quinadoline B (C25H21N5O3) as alkaloids from 
Cladosporium sp. inhibit viral envelope and the endosome fusion in H1N1 subtype. 
There inhibitory activity against influenza A (H1N1) revealed with IC50 values of 
85, 82, 87, 85, 89, and 82 μM (Peng et al. 2013).

18.6.4  Cladosin C (C13H18N2O3)

Another compound isolated from a deep-sea-derived fungus Cladosporium sphaero-
spermum 2005-01-E3 is cladosin C (C13H18N2O3) that showed inhibitory activity 
against influenza A (H1N1) virus with an IC50 = 276 μM (Wu et al. 2014).

18.6.5  Isoaspulvinone E (C17H12O5), Aspulvinone E (C17H12O5), 
and Pulvic Acid

According to an analysis of aspulvinones from Aspergillus terreus Gwq-48, a man-
grove rhizosphere soil-derived fungus; isoaspulvinone E (C17H12O5), aspulvinone E 
(C17H12O5), and pulvic acid demonstrated significant anti-influenza A H1N1 virus 
activities, with IC 50 values of 32.3, 56.9, and 29.1 μg/mL (Gao et al. 2013). Isolation 
of a sorbicillin component in Penicillium chrysogenum PJX-17 fungi produced sor-
bicatechols A and B anti-H1N1 compounds with IC50 values of 85 and 113 μM 
(Peng et al. 2014).

18.6.6  Brefeldin A

Brefeldin A (C16H24O4) is a novel compound from Penicillium sp. FKI-7127 showed 
some activities against the dengue virus (DENV), a pathogen for causing dengue 
fever (DF) and dengue hemorrhagic fever (DHF). Brefeldin A inhibited DENV-2 
growth with an IC50 value of 54.6 ± 0.9 nM which makes it to be a candidate for new 
antiviral drug discovery (Raekiansyah et al. 2017).

18.7  Antifungal Agents

Among natural antifungal metabolite producers, fungal sources are an interesting 
source. In many cases, the antifungal metabolites are produced by endophytic fungi 
(i.e., within plants) which may be due to providing the right protection against 
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competitors within the host plant. These metabolites belong to different chemical 
and structural groups as benzofurans, isocoumarins, and xanthones as summarized 
in Table 18.6. Chemical structures of these compounds are shown in Fig. 18.7.

18.7.1  Griseofulvin (C17H17ClO6)

Griseofulvin is an antifungal drug that is produced by Xylaria sp. (Sica et al. 2016). 
It can cure tinea infection by depositing in keratin precursor cells and is tightly 
bound to new keratin. This process increases resistance to fungal invasion. 
Micronized oral suspension (125 mg/5 mL), micronized tablet (500  mg as 
Griseofulvin V) with variable absorption (25–70%), and ultra-micronized tablets 
(125 and 250  mg as Gris-PEG) with complete absorption are dosage forms of 
this drug.

18.7.2  5-(Undeca-3′, 5′, 7′-Trien-1′-yl) Furan-2-ol (A) 
and 5-(Undeca-3′, 5′, 7′-Trien-1′-yl)Furan- 
2- Carbonate (B)

Novel compounds 5-(undeca-3′, 5′, 7′-trien-1′-yl) furan-2-ol (A) and 5-(undeca-3′, 
5′, 7′-trien-1′-yl) furan-2-carbonate (B) were isolated from the endophytic fungus 
Emericella sp. XL029. These alkylated furan derivatives showed antifungal activi-
ties against R. solani, Verticillium dahliae, Harpophora maydis, Fusarium oxyspo-
rum, F. tricinctum, Botryosphaeria dothidea, and Aphelenchoides fragariae 
(compound A) and V. dahliae, H. maydis, F. tricinctum, B. dothidea, and A. fragar-
iae (compound B) (Wu et al. 2018).

18.7.3  Koninginins R and S

Trichoderma koningiopsis YIM PH30002 has been reported to produce 2 new 
polyketide compound: koninginin R and S with antifungal activity against Fusarium 
oxysporum, F. flocciferum (compound R), and F. oxysporum (compound S) (Hu 
et al. 2017).
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18.7.4  5-Hydroxy-8-Methoxy-4-Phenylisoquinolin-1(2H)-One 
(A), 3-O-Methylviridicatin (B) and Viridicatol (C)

Another novel isoquinolone alkaloid compound, 5-hydroxy-8-methoxy-4- -
phenylisoquinolin-1(2H)-one (A), with antifungal activity against Alternaria bras-
sicae, A. alternata has derived from Penicillium sp. R22. This fungus produces 
other quinolinone alkaloid compounds, 3-O-methylviridicatin (B), and viridicatol 
(C) that showed antifungal activities against A. brassicae and Botrytis cinerea 
(compound B) and against A. brassicae, A. alternata, and B. cinerea (compound C) 
(Ma et al. 2017).

18.7.5  Fusaripeptide A

Fusaripeptide A as a cyclodepsipeptide novel compound from Fusarium sp 
revealed antifungal activity against Candida albicans, C. glabrata, C. krusei, and 
Aspergillus fumigatus with IC50 values of 0.11, 0.24, 0.19, and 0.14 μM (Ibrahim 
et al. 2018).

18.8  Conclusion

Fungal biopharmaceuticals have been identified by mankind from centuries. Despite 
this traditional knowledge which was used as remedies, the exact mechanism of 
action was concealed. By isolating the bioactive compounds from natural sources 
and unraveling their mode of action, era of drug design and discovery was started. 
In the same way, scaling up bioactive compounds and expanding the diversion of 
them through semisynthetic chemical science resulted into introducing a vast num-
ber of drugs into health care system. It is apparent that discovery of new fungal 

Fig. 18.7 Chemical structure of natural antifungal drugs and compounds obtained from fungi
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species and/or their pharmacologically active compounds are essential to reach new 
therapeutic agents. Nevertheless, a few metabolites will gain ground and become 
commercialize because several key points should be considered to develop a drug 
with least adverse effects and toxicity while being efficient. This chapter has focused 
on some valuable fungal and fungal-like organisms from different genera and spe-
cies especially those belong to Aspergillus, Penicillium, Cladosporium, Fusarium, 
Trichoderma, and Streptomyces and their bioactive metabolites that have been used 
as biopharmaceutical agents. Since a huge numbers of bioactive fungal metabolites 
remain to be discovered, further studies on finding of novel fungal strains and iden-
tifying their biopharmaceuticals are recommended.
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19.1  Introduction

Color, an appealing feature every individual is attracted to and nature has its own 
color, with which it pleases mankind and other living organisms. Beyond the limits 
of memory, colors have always played a pivotal role in all forms of life in the earth. 
Human life is always fascinated by the colors and it has been used in many aspects 
including foods, clothes, household things, etc. Prehistoric evidences suggest that 
naturally occurring colors are used by humans for esthetic purposes (Rao et  al. 
2017). In this world, usage of colors has been recorded in many ancient cultures 
including European, Chinese, Indian (Mohenjo-Daro and Harappa civilization), and 
central and North America (Aztec and Maya culture) (Aberoumand 2011; Gokhale 
et al. 2004),

Colors also have the power to attract living forms to foods which is associated 
with aroma and nutritional value. Food colors can be of natural or synthetic. Natural 
pigments are mainly derived from plants, animals, and microbes such as fungi, bac-
teria, and algae (Samanta and Agarwal 2009; Abdel-Azeem et al. 2021; Yadav et al. 
2019b). Naturally occurring pigments were initially used for food colors but due to 
the less bio-availability and instability traditional colors were replaced by synthetic 
ones (Rohrig 2016). The discovery by Sir William Henry Perkin (1856), named 
“mauve” pigment led the stepping stone for the era of synthetic dyes (Garfield 2002). 
Over a greater extent, these synthetic dyes are used in textiles, cosmetics and phar-
maceutical industries (Adam Burrows 2009). On the other hand, these synthetic 
colors have adverse effects on environment and human health (Carcinogenic and 
immune suppressive) (Osman et al. 2004; Ratna 2012; Arora 2014). Mainly due to 
less degradation and long-time persistence of artificial or synthetic colors in the 
environment led to the demand for natural pigments.

Over a period of time, natural pigments have been explored from different 
sources including plants, animals, and microorganisms. Pigments produced from 
microorganisms, especially fungi gain special attention, as they are able to produce 
huge amounts of pigments and are considered for safe use (Kirti et  al. 2014). 
Microorganisms produce secondary metabolites which are not required for cellular 
function such as enzymes, pigments have therapeutic potential like anticancer, anti- 
inflammatory, antioxidant, immune modulation etc. (Velmurugan et al. 2010; Devi 
et al. 2020). Basidiomycetous fungi have been known to be used for dying wool and 
silk in ancient cultures (Hernández et al. 2019); however, large scale production for 
commercialization was not feasible. Pigments produced by filamentous fungi have 
inherent potential as they can be easily grown in laboratory and can be produced in 
large scale. These include wide range of fungi originated from different environ-
mental origin such as marine, terrestrial, endophytic, and endolichenic (Dufossé 
et al. 2014). Natural pigments are gaining importance in the industrial sector over 
synthetic ones, lead to the investigation of filamentous fungi for their pigment pro-
duction (biomass and toxin free) (Blumenthal 2004). Industries commercially pro-
duce pigments from filamentous fungi such as Arpink from Penicillium oxalicum 
var. Armeniaca, Ankaflavin from Monascus. sp. (Mapari et al. 2009).
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Fungi belonging to the Monascaceae, Pleosporaceae, Chaetomiaceae, Tuberaceae, 
Nectriaceae, Sordariaceae, Chlorociboriaceae are known to be (Caro et  al. 2017; 
Gmoser et al. 2017; Blanchette et al. 1992) the most promising and predominant 
producers of wide range of pigments of different chemical classes which includes 
carotenoids, quinines, indigo, melanin, phenazines, and violacein (Dufossé et  al. 
2014). More than 50 pigments have been discovered and characterized from the fila-
mentous fungi Monascus, producing yellow (ankaflavin), purple (rubropunctatin), 
orange (monascorubrine) which have been used in food products in China, Japan and 
some Asian countries which possess antibacterial and anti- mutagenic properties 
(Dufosse et al. 2005; Feng et al. 2012). More than 200 fungal species belonging to 
the genera Zygomycetes and Basidiomycetes are reported for carotenoid production 
(Avalos and Carmen Limon 2015). Many species of Fusarium, for example, 
Fusarium avenaceum, Fusarium tricinctum, Fusarium sporotrichioides, etc. are 
reported for the production of a red pigment aurofusarin and Fusarium verticillioi-
des for aurofusarin and bikaverin production (Caro et al. 2017). Anthraquinone is 
the most predominant class pigment used in dyeing industry and was commonly 
produced from fungi Trichoderma, Fusarium, and Aspergillus (Durán et al. 2002).

Pigments are bio-colorants that are produced by various plants and microorgan-
isms. Colorants obtained from microbes are ideal than plants as they are more sta-
ble, have better solubility, high yield, and easy culturing of the producing microbes 
(Rao et al. 2017). Pigments consist of multitude of chemical compounds with varied 
structure having diverse bioactivities (Kim 2013). Microorganisms such as fungi, 
bacteria, and microalgae produce pigments (Joshi et  al. 2003; Choi et  al. 2015; 
Pandey et al. 2018; Ramesh et al. 2019). However, pigments from fungi have numer-
ous advantages, not just as an alternate to synthetic pigments, but also as an value 
added product for bio-refineries (Dufossé et al. 2014; Caro et al. 2012; Mapari et al. 
2010; Gusdinar et al. 2011; Sanchez et al. 2013). Fungi are known to produce wide 
range of pigments that include carotenoids, melanins, azaphilones, flavins, phen-
azines, quinones, monascins, violacein, and indigo (Dufosse 2006).

Microbes produce a variety of pigments that can be used as food colors such as 
carotenoids, flavins, melanins, quinines, monascins, and violacein were widely used 
as potential source for antioxidants, feed additives, major colour intensifiers and food 
ingredients. This chapter will give the detailed overview of pigment producing fungi 
from various sources and its application in industries with their therapeutic potential.

19.2  Biodiversity and Molecular Identification of Fungus

Fungi belonging to various classes were known to be a potential producer of pig-
ments, which includes Zygomycetes, Basidiomycetes, and Ascomycetes. The high-
est amount of carotene production was reported in class Zygomycetes from order 
Mucorales, Phycomyces, and Blakeslea (Avalos and Carmen Limon 2015; Yadav 
et al. 2019a). Mold fungi such as Monascus sp. are known to produce six major 
azaphilone pigments, namely orange colored rubropunctatin and 

19 Natural Pigments from Filamentous Fungi: Production and Applications



654

monascorubramine, purple colored monascorubrin and rubropunctamine, yellow 
colored monascin and ankaflavin (Yang et al. 2015). Basidiomycetes fungi such as 
Agaricus brunnescens produce Tyrosinase (Malmstrom and Ryden 1968); Ustilago, 
Sclerotinia, Sporidiobolus, and Rhodosporidium sp. produce carotene (Avalos and 
Carmen Limon 2015). 

The Ascomycetes genus such as Aspergillus, Penicillium, Aschersonia, and 
Cercospora are also reported to produce efficient amount of carotene (Avalos and 
Carmen Limon 2015). Melanin a dark brown pigment by Aspergillus sp. (Pal et al. 
2014) and Penicillium marneffei (Liu et al. 2014) was reported. Bikaverin is a red-
dish pigment produced by Fusarium fujikuroi (Carmen et al. 2010). γ-carotene and 
neurosporaxanthin have been isolated from Neurospora crassa (Gusdinar et  al. 
2011; Pagano et al., 2015); N. intermedia produces yellow to orange carotenoids 
(Rebecca et  al. 2018). Penicillium marneffei produced azaphilones (Woo et  al. 
2014); anthraquinones were isolated from P. oxalicum var. Americana (Dufosse 
2006). Lycopene was isolated from Fusarium sporotrichioides (Jones et al. 2004). 
Talaromyces purpurogenus and Talaromyces atroroseus synthesized red pigments 
(Fig. 19.1); Cordyceps unilateralis has blood red pigment (Dufosse 2017); orange 

Fig. 19.1 Morphological features of Talaromyces albobiverticillius : (a) Obverse face of fungus 
grown on Potato Dextrose Agar (PDA) media; (b) Reverse face; (c) Red pigment production in 
Potato Dextrose Broth (PDB) medium incubated for 7 days at 24 °C; (d) Conidiophores produced 
on PDA, stained with lactophenol blue). (Venkatachalam et al. 2018)
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pigments by Herpotrichia rhodosticta, Fusarium oxysporum produces red pigments 
(Torres et al. 2016); orange pigments from Fusarium fujikuroi (Avalos and Cerda- 
Olmedo 1987); yellow pigments in Eurotium sp. (Torres et  al. 2016). Neilands 
(1952) reported organo-iron pigment from a Rust Fungus Ustilago sphaerogena. 
Endophytic fungi isolated from various host were known to produce pigments such 
as Lawsone an orange-red dye produced by Gibberella moniliformis (Sarang et al. 
2017); melanin pigment from Spissiomyces endophytica (Suwannarach et al. 2019). 
The marine endophytic fungi such as Halorosellinia (Li et  al. 2009), Eurotium 
rubrum (Xia et  al. 2007), Phaeotheca, and Trimmatostroma  were identified and 
reported to produce huge quantity of pigments. Endophytic fungal strains from the 
leaves of Deschampsia antarctica produced melanin pigment (Rosa et al. 2009).

In psychrophilic fungi pigments are produced to reduce photo-damage, tolerance 
against freeze-thaw cycles, and desiccation (Mueller et al. 2004). Thelebolus micro-
spores isolated from Antarctic Peninsula produces astaxanthin, phoenicoxanthin, 
and β-carotene. Filamentous fungi Penicillium sp. isolated from Himalayan region 
produce carotenoid pigment (Pandey et al. 2018). Friedmanniomyces endolithicus 
isolated from Antarctic region produces melanin that protect cells from UV radia-
tion (Onofri et al. 2004). Pigments produced by these fungi were gaining attention 
to be developed as food colorants, pharmaceutical drugs, cosmetics, and textile dyes 
(Caro et al. 2017) (Table 19.1 and Fig. 19.2).

Table 19.1 Some promising non-carotenoid fungal pigments as potential food colorants

Fungal source Pigment Color Comments References

Ascomycetes

Monascus spp. Monascorubrin Orange Well-known pigments of 
the orient, authorized in 
Japan, heat- and 
pH-stable, give rise to 
water-soluble red 
pigments on reacting 
with amino acids in the 
media

Juzlova et al. (1996), 
Jongrungruangchok 
et al. (2004), Jung 
et al. (2003)

Rubropunctatin Orange
Monascin Yellow
Ankaflavin Yellow
Monascusones Yellow

Anamorphic 
Ascomycetes

Paecilomyces 
sinclairii

Unknown Red at 
pH 3–4, 
violet

Light-stable, high 
production by submerged 
cultivation, chemical 
characterization is needed

Cho et al. (2002a, 
2002b)

At 
pH 5–9 
and pink
At 
pH 10–12

(continued)
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19.3  Phylogenetic Analysis of 18S rRNA ITS Gene Sequence

Molecular identification of eukaryotic fungi isolates based on 18S rRNA marker 
were considered as due to conservation, universal, and relatively stable. The 18S 
rRNA sequence in the eukaryotes, 18S rRNA marker is considered as suitable 
approach for molecular classification of fungal isolates (Kaur et al. 2020). However, 
the 18S rRNA gene molecular marker also has some limitations due to conservation 
in some genera, sequence variations among multiple rRNA operons, and chance of 
horizontal gene transfer of these genes among taxa. Earlier, for delineation of new 
species, 18S rRNA gene similarity value was considered around 97%, whereas 
98.7–99% cutoff value was recommended for different orders (Stackebrandt and 
Goebel 1994; Stackebrandt and Ebers 2006).

19.4  Primers, PCR Amplification, and Sequencing

Based on phenotypic characteristics of isolates specific primers were used for 
molecular identification. The calmodulin gene specific using primers like Cmd5/
Cmd6 were used for PCR amplification and identification of Aspergillus species 

Fungal source Pigment Color Comments References

Penicillium 
herquei

Atrovenetin Yellow Atrovenetin is an 
antioxidant and might 
exert a dual functionality 
as a functional food 
additive, because it 
potentiates the 
antioxidant activity of 
tocopherol (likely 
mechanism: Regeneration 
of tocopherol by 
hydrogen donation)

Robinson et al. 
(1992), Bachmann 
et al. (1986), Ishikawa 
et al. (1991)

Roesleria 
hypogea

Herqueinone Red

Penicillium 
atrovenetum

Norherqueinone Red

Several others Bluish 
green

Penicillium 
oxalicum var. 
armeniaca

Arpink red™ Dark red Commercially produced, 
pH- and heat-stable, 
patented in more than 
120 countries

Sardaryan (2002), 
Sardaryan (2004), 
Sardaryan et al. 
(2004)

Penicillium 
purpurogenum

Purpurogenone Orange- 
yellow

Characteristic 
extracellular red-pink 
pigment depending on 
media

Francis (1996), Buchi 
et al. (1965)

Mitorubrin Yellow
Mitorubrinol Orange to 

red
Penicillium 
persicinum

Unknown Reddish 
pink

High amount of 
exogenous pigment, not 
yet characterized

Wang et al. (2004)

Penicillium 
fagi

Unknown Greenish 
blue

Mostly trapped in 
mycelium, 
uncharacterized

Martinez and Ramirez 
(1978)

Table 19.1 (continued)
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and Penicillium species specific for β-tubulin using primers T10/Bt2b (Toju et al. 
2012). EF-1H/EF-2T primer pair was used to amplify a fragment of the translation 
elongation factor 1 alpha gene (Tef1) for PCR amplification of translation elonga-
tion factor 1 alpha gene (Tef1) and identification of Trichoderma and Hypocreales 
species (Samson et  al. 2014). ITS region were amplified using specific ITS1- F_
KYO2/ITS2 or ITS3_KYO2/ITS4 for uncharacterised fungi, and, when necessary, 
the large subunit rDNA was also amplified using V9G/LR3 primer pair (Toju et al. 
2012; Samson et al. 2014). The EzTaxon server was developed and used for analysis 
of sequenced isolates. EzTaxon provides calculation of multiple sequence align-
ment, pairwise similarity and for the phylogenetic tree construction (Table 19.2).

Fig. 19.2 Biodiversity of fungal isolates with pigmentation (Fouillaud et al. 2017)
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19.5  Genetic Fingerprinting of Fungi

Microbial diversity of exact microbial community can be investigated and studied 
using approaches either partial community analysis using 18S rRNA or single gene 
or whole community analysis through whole genome analysis (Fig. 19.3).

The partial community analysis can be investigated by using polymerase chain 
reaction (PCR) and PCR amplification of a specific gene product from the commu-
nity, which reflects a mixture of gene signatures from a particular group of 
organisms.

The PCR amplification specific targeted genes can be used analyze differences 
between microbial communities through genetic fingerprinting techniques such as 
denaturing gradient gel electrophoresis (DGGE), ribosomal intergenic spacer analy-
sis (RISA), single strand conformation polymorphism (SSCP), terminal restriction 
fragment length polymorphism (T-RFLP), temperature gradient gel electrophoresis 
(TTGE), length heterogeneity PCR (LH-PCR), amplified ribosomal DNA restric-
tion analysis (ARDRA), and based on either sequence or fragment length 
polymorphism.

In addition, molecular markers such as random amplified polymorphic DNA 
(RAPD), D1/D2 regions of large subunit ribosomal RNA (LSU rRNA), internal 
transcribed spacer (ITS) and partial β tubulin genes, Monascus retrotransposon 
(MRT) as well as inter-simple sequence repeat (ISSR) and sequence-related ampli-
fied polymorphism (SRAP) have been used for the Monascus classification and 
phylogenetic analysis, which are free from the effects of variation of cultural condi-
tions on morphological and physiological characteristics, providing alternative 
tools for discrimination of Monascus spp. (Park et al. 2004).

Table 19.2 PCR amplification and the sequencing primers used for the identification of fungal 
isolates

SN Primer name Primer sequence References

1 ITS1-F_KYO2 Forward TAGAGGAAGTAAAAGTCGTAA Toju et al. (2012)
2 ITS2_KYO2 Reverse TTYRCTRCGTTCTTCATC Toju et al. (2012)
3 ITS3_KYO2 Forward GATGAAGAACGYAGYRAA Toju et al. (2012)
4 ITS1 Forward TCCGTAGGTGAACCTGCGG White et al. (1990)
5 ITS2 Reverse GCTGCGTTCTTCATCGATGC White et al. (1990)
6 ITS3 Forward GCATCGATGAAGAACGCAGC White et al. (1990)
7 ITS4-F Reverse TCCTCCGCTTATTGATATGC White et al. (1990)
8 Cmd-5 Forward CCGAGTACAAGGARGCCTTC Samson et al. (2011)
9 Cmd-6 Reverse CCGATRGAGGTCATRACGTGG Samson et al. (2011)
10 Tn10 Forward CGATAGGTTCACCTCCAGAC Samson et al. (2011)
11 Bt2b Reverse ACCCTCAGTGTAGTGACCCTTGGC Samson et al. (2011)
12 EF-728 Forward CATCGAGAAGTTCGAGAAGG Samson et al. (2011)
13 TEF1-LLE-Reverse AACTTGCAGGCAATGTGG Samson et al. (2011)
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19.6  Production and Purification of Fungal Pigments

Characterization of fungal pigments from natural sources involves several chro-
matographic and analytical techniques like thin layer chromatography (TLC), high 
performance thin layer chromatography (HPTLC), high performance liquid chro-
matography (HPLC), liquid chromatography-mass spectrometry (LC-MS), nuclear 
magnetic resonance (NMR), Fourier transform infrared spectroscopy (FTIR), ultra 
performance liquid chromatography-tandem mass spectrometer (UPLC-MS), and 
UV-Vis (Ultraviolet-Visible) spectrophotometer. Bioactive pigments and com-
pounds have been effectively separated in TLC with different solvents system (Feng 
et al. 2012). Dietary carotenoids in some food supplements were separated by TLC 
using solvent system methanol: acetone, 1:1(v/v) (Simonovska et al. 2012).

HPTLC is a chromatographic technique widely used for qualitative and quantita-
tive analysis of the components extracted from bacterial, fungal pigments, and 
carotenoids like lutein, lycopene, and β-carotene were evaluated by HPTLC with 
methanol–dichloromethane (1:1, v/v) as developing solvent system with 0.5% tri-
ethylamine (TEA) (Visalakchi and Muthumary 2009). HPLC with reversed-phase 
C8, C18 or C30 columns is more suitable for isolating carotenoids in samples 
extracted from natural sources were reported earlier (Dugo et  al. 2006). Hence, 
HPLC with reversed-phase C8, C18, or C30 columns is more suitable for isolating 
carotenoids in samples extracted from natural sources.

Single strand
conformation
polymorphism (SSCP),

Denaturing gradient
gel electrophoresis
(DGGE)

Single strand
conformation
polymorphism

Amplified ribosomal
DNA restriction
analysis (ARDRA)

Temperature gradient
gel electrophoresis
(TTGE)

Ribosomal intergenic
spacer analysis
(RISA)

Length heterogeneity
PCR (LH-PCR)

Terminal restriction
fragment length
polymorphism

BOX-PCR

Fungal
pigments

Fig. 19.3 Phylogenetic and genetic fingerprinting of fungi
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Spectroscopic methods such as 1H NMR and 13C NMR are suitable techniques to 
predict the structure of macromolecules or compounds. FTIR method is used to 
trace the functional group of macromolecules. Especially carotenoids like lycopene 
3450, 2924, 2854, 1643, and 1510 cm−1 were attributed to OH, CH2 asymmetrical, 
CH2 symmetrical, C=C of olefin and C=C, respectively (Mohamed et  al. 2011). 
Crocetin C=O (1664 cm−1), C–O (1243 cm−1), O–H (3400 cm−1), C=C (1540 cm−1), 
C–C (1166 cm−1); for β-carotene C=C (1517 cm−1), C–C (1160 cm−1), C=O (1687), 
O–H (3372 cm−1). Moreover, UPLC is a highly sensitive analytical technique for 
effective separation of pigments or compounds (Delpino-Rius et al. 2014).

Structurally correlated molecules and their epoxidized forms can be differenti-
ated by using HPLC/MS-MS (Goupy et al. 2013). Several methods for ionization of 
carotenoids have been used which includes: electron impact (EI), matrix-assisted 
laser desorption/ionization (MALDI), fast atom bombardment (FAB), Electrospray 
ionization (ESI), atmospheric pressure chemical ionization,  atmospheric solids 
analysis probe (ASAP) and atmospheric pressure photoionization (APPI) to analyse 
samples. Samples can be analyzed directly without preparation of sample or chro-
matographic separation via ASAP, Raman spectroscopy and MALDI-TOF-MS as 
well. Hence carotenoids have been efficiently determined by MALDI-TOF-MS 
(Manikandan et al. 2013).

FAB ionization reduces rearrangement and degradation of the structures of carot-
enoid scan. Carotenoid analysis are commonly performed using API coupled with 
MS and it has substituted FAB ionization method (Breemen et al. 2012). Carotenoids 
in spinach leaves have been detected by ASAP (Mcewen et al. 2005). LC combined 
with ESI and APCI has been found to be the most used and APCI has been found to 
be an excellent ionization technique for non-polar and lipophilic 
pigments(carotenoids), whereas polar compounds by ESI technology for ionization 
are mostly used (Allwood and Goodacre 2010). Thus, in the Raman scattering pro-
cess, the energy is exchanged between the incident monochromatic light and the 
scattered molecules. Raman spectroscopy is a non-destructive technique for micro-
bial pigments determination and carotenoids identification in various resources such 
as algae, bacteria, and coral which is effectively employed for halophilic research 
(Jelicka and Oren 2013).

Raman bands mainly correspond to respective vibrational modes,which involve 
motions of the atoms in the chromophore, which is that portion of the molecule 
where the electronic transition were exactly localized. Three intense Raman scatter-
ing modes of carotenoids are defined as υ1-conjugated C=C stretching vibrations, 
υ2-C-C vibrations coupled to C-CH3 stretching or C–H in plane bending and υ3-CH 
stretching modes, of these three, υ band is the most diagnostic features of carot-
enoids (Kushwaha 2014). The chemical composition of the major pigments was 
discussed recently, and new methods for identifying natural dyes used frequently in 
foods were described (Molnar et al. 2010). Raman and NIR Raman spectroscopy 
were used recently for the characterization of natural dyes (Li-Chan 1996; Schrader 
et  al. 1999). Structures and physico-chemical properties of 100 naphthoquinone 
metabolites produced by filamentous fungi were reviewed recently (Medentsev and 
Akimenko 1998).
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19.7  Biotechnological Applications of Fungal Pigments

Fungal pigments are secondary metabolites, based on their chemical structure they 
can be grouped into distinct classes: polyketides, non-ribosomal peptides, terpenes, 
and aminoacid derived chemical compounds. Generally, polyketides are synthe-
sized by polyketide synthases (PKS), are structurally complex which includes 
anthraquinones, naphthoquinone pigments, flavonoids, azaphilone pigments 
(polyketide derivatives), hydroxyanthraquinone pigments, etc. Different species of 
filamentous fungi are known to produce polyketide pigments with varying colors 
like orange, red, yellow, and brown (Dufossé et al. 2014; Gao et al. 2013).

The fungi Fusarium belonging to the Nectriaceae family have been known to 
produce a broad range of pigments with numerous biological activities (Mapari 
et al. 2009). Bostrycoidin, a red pigment (naphthoquinone) was isolated and charac-
terized from Fusarium bostrycoides (Cajori et al. 1954). Aurofusarin (red dimeric 
naphthoquinone pigment) from Fusarium graminearum and bikaverin (red naph-
thoquinone pigment) from Fusarium fujikuroi are the most well studied polyketide 
pigments (Wiemann et  al. 2009; Frandsen et  al. 2006; Frandsen et  al. 2011). 
Aurofusarin produced from Fusarium culmorum is pH dependent, which shows 
color shifts from yellow in acidic and red–purple in alkaline range (Ashley et al. 
1937). A well-known producers of aurofusarin are Fusarium graminearum, 
Fusarium tricinctum, Fusarium acuminatum, Fusarium culmorum, etc. (Samson 
et  al. 2002).The fungi Fusarium lycopersici and Fusarium vasinfectum were 
reported as the first ever producers of pigment bikaverin in cultures (Limón et al. 
2010). The investigation of Fusarium fujikuroi for the production of bikaverin, a red 
naphthoquinone pigment has shown that the production is culture dependent and it 
is repressed when the culture media are alkaline and have high nitrogen content 
(Wiemann et al. 2009; Limón et al. 2010; Rodríguez-Ortiz et al. 2010). The fungal 
polyketide pigment, bikaverin has enormous biological properties including antibi-
otic activity and antitumor potential (Zhan et al. 2007).

Trichoderma is a group of fungi of the family Hypocreaceae are the long familiar 
producers of secondary metabolites with biological activity and are used as biocon-
trol agents and biopesticides (Vinale et al. 2008). Pachybasin, yellow hydroxyan-
thraquinone pigment and chrysophanol, orange pigment are known to be produced 
from several strains of Trichoderma which includes Trichoderma aureoviride, 
Trichoderma viride, Trichoderma harzianum, and Trichoderma polysporum. 
Trichoderma viride and Trichoderma polysporum also produce emodin (yellow pig-
ment) (Caro et al. 2012) and Trichoderma harzianum is reported for the secretion of 
both emodin and pachybasin (Lin et al. 2012). Notably, the two commercial strains 
of Trichoderma harzianum T22 and T39 are widely used as biofertilizers and 
biopesticides (Vinale et al. 2009).

Hydroxyanthraquinone pigments are majorly produced by species of Drechslera, 
Alternaria, and Curvularia belonging to the family Pleosporaceae. Cyanodontin, 
catenarin, chrysophanol, and erythroglaucin are main pigments synthesized from 
Curvularia lunata (Caro et al. 2012). Disperse blue 7 and Acid green 28 are the 
anthraquinone pigments which are extracted from the fungus Curvularia lunata and 
are used as biodyes. Altersolanol A, a yellow-orange pigment is produced from 
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several species of Alternaria including Alternaria solani, Alternaria tomatophila, 
and Alternaria porri (Andersen et al. 2008) and is potentially safe without mycotox-
ins. Various species of fungus Drechslera, e.g., Drechslera phlei, Drechslera 
avenae, Drechslera teres, etc. are reported for the production of several hydroxyan-
thraquinone pigments such as helminthosporium, catenarin, etc. (Caro et al. 2012; 
Durán et al. 2002).

Fungal strains of the family Cordycipitaceae, which includes Beauveria, lecani-
cillium, Isaria, Cordyceps are the most promising producers of the orange to red 
bioactive pigments. Erythrostominone, red naphthoquinone pigments were known 
to be produced from the fungus Cordyceps unilateralis (Unagul et al. 2005). Red 
pigment (hydroxyanthraquinone type) extracted from the cultures of the fungus 
Isaria farinosa is resistant to pH and temperature provides new perspectives for the 
food coloring industry (Velmurugan et  al. 2010). Several species of fungus 
Beauveria has been reported for the production of bassianin and tenellin (Watt et al. 
1977). Tenellin is widely used for the control of agricultural pests such as white 
flies, mites, bugs, etc. Oosporein, a deep red mycotoxin produced by the fungal 
strains Lecaniccilium aphanocladii and Beauveria bassiana has many biological 
activities such as antimicrobial, phytotoxic effects on plant, antifungal, etc. (Vining 
et  al. 1962; Souza et  al. 2015). Skyrin, orange-red pigment discovered from 
Hyperdermium bertonii has the potential for use in agrochemical application which 
has selective toxicity against insects (Goldberg and Rokem 2009). Although pig-
ments isolated from the fungal strains belonging to Cordycipitaceae have bioactive 
potential, these pigments are mostly mycotoxins and their harmlessness needs to be 
tested before using for industrial applications (Fig. 19.4 and 19.5).

Fig. 19.4 Characterization and applications of pigmented fungal from environmental samples
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19.7.1  Edible Filamentous Fungi Monascus 
and its Applications

Monascus spp. have been used traditionally in fermented food products, nutraceuti-
cal and for medicinal purposes for curing dysentery, indigestion, and relieving pain 
(Lin et al. 2008). Monascus spp. belong to family Monascaceae, phylum ascomy-
cota and nine species such as Monascus ruber., M. pilosus M. purpureus, M. flori-
danus, M. pallens, M. sanguineus, M. eremophilus, M. lunisporas, M. argentinensis 
were accepted internationally Hawksworth D L, Pitt J I (1983); Barnard E L (1987). 

The production of secondary metabolites from Monascus spp. and color con-
stituents of Monascus pigments depend on fermentation condition. The secondary 
metabolites from Monascus spp. such as monacolins, γ-aminobutyric acid, dimeru-
mic acid, etc. were reported earlier (Chen and Hu 2005).

In recent years, Monascus pigments showed multiple biological functions, such 
as anticancer properties, antimicrobial activities, anti-mutagenic and potential anti- 
obesity characteristics, etc., Monascus pigments have potential applications in vari-
ous fields (Feng et al. 2012). Japanese professor Akira Endo reported for first time 
Monacolin K or lovastatin, by separation from fermentation products of M. ruber 
fungal isolate (Endo and Monacolin 1979). Monacolin K plays keys role in inhibit-
ing cholesterol synthesis by competitively inhibiting the activity 3-hydroxy-3-meth-
ylglutaryl coenzyme A reductase (HMGR), a rate limiting enzyme in cholesterol 

Fig. 19.5 Biotechnological applications of pigmented fungus
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biosynthesis and lowering cholesterol levels in animal and human blood. The study 
found at major 14 substances with hypolipidemic function in red yeast rice, includ-
ing MK, monacolin J, monacolin L, monacolin M, monacolin X and their acidic 
structures, dehydroMK, dihydromonacolin L and compactin (Li et al. 2004).

Monascus pigments are produced through solid state or submerged fermentation 
method for enhanced production of pigments using substrates like rice and wheat 
meals (either as integral or broken residual cereal) and commercialized Monascus 
pigments as raw fermented powders after extraction with different suitable solvents. 
Stability of Monascus pigments stability depends on temperature the pigment resists 
processing for 30 min at 100 °C (Carvalho et al. 2005). Care must be taken for most 
strains producing citrinin, a yellow nephrotoxic mycotoxin; also, raw biomass may 
contain the anti-hypercholesteremic molecule lovastatin. Pycnoporus sanguineus, a 
ubiquitous wood-growing bioactive  fungus which produces phenoxazine analogs 
with antimicrobial activity. Monascus pigments stability specifically depends on pH 
and temperature; for pH 7–8 in aqueous media, the pigment resists processing for 
30 min at 100 °C but may lose up to 20% tinctorial strength at pH 4. More attention 
is needed for the production of Monascus pigments lovastatin, especially the pres-
ence of citrinin, a yellow nephrotoxic mycotoxin in the raw biomass (Carvalho et al. 
2005) (Table 19.3 and Fig. 19.6).

Table 19.3 Monascus fermentation and optimized media for monacolin K production

SN Microbial strains Optimal nutrients
MK production 
(mg/kg) References

1 Monascus mutant 
KU609

2.5% Soytone, 2.4% 
glucose and 0.26% MgSO4

977.70 Suh et al. (2007)

2 M. purpureus KCCM
60,168

1.32% glucose and 0.20% 
peptone

13,400 Suraiya et al. (2018)

3 M. pilosus KMU108 2.2% ganghwayakssuk and 
3.8% glucose

3007 Lee and Lee (2012)

4 M. purpureus TISTR
3541

2% glycerol, 0.14% 
methionine and 0.01% 
sodium nitrate

5900 Jirasatid (2013)

5 M. purpureus 9901 5% soybean meal and 26% 12,900 Lu et al. (2013)
6 M. purpureus 4 mg/g NH4Cl and 0.2 mg/g 6238.2 Kanpiengjai et al. 

(2018)
7 M. pilosus MS-1 35% water content, 0.6%

(v/w) acetic acid and 0.004
Mol/kg MgSO4•7H2O

18,733 Feng et al. (2014)

8 M. sanguineus 20 g/L soybean, 2.5 g/L
CaCl2 and 25 μL acetic acid

20,040 Dikshit and 
Tallapragada (2016)

9 M. purpureus MTCC 
369

14.32 g/L NH4Cl, 0.76 g/L
MgSO4, 14.65 g/L NaCl 
and
0.54 g/L CaCl2

3403 Kraboun et al. 
(2013)

10 M. ruber 20% glycerol and 3% 
soybean meal

19,8100 Zhang et al. (2018)
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19.7.2  Carotenoids from Filamentous Fungi

Carotenoids are isoprenoid units with linear chain of alternate conjugate double 
bonds with different functional groups at terminal ends. Biosynthesis of carotenoids 
is initiated with five carbon structured isopentyl pyrophosphate as a precursor. 
Spectral characteristics of various carotenes mainly depend on the length of the con-
jugative bonds. Carotenoids are present in various vegetables like carrots, citrus 
peels, and tomatoes. In addition some microalgae, macroalgae, bacteria, and fungi 
species can also produce wide range of carotenoids with structural diversity (Avalos 
et al. 2015). More than seven hundred forms of different structural carotenoids have 
been identified so far, and it is widespread among both prokaryotes and eukaryotic 
organisms. These carotenoids appear in microbial cells as orange, yellow, and even 
red in colors. Carotenoids are naturally occurring pigments with widely used as food 
colorants, feed additives, antioxidants, dyes, and antitumor agents. Carotenoids like 
β-carotene, lycopene, astaxanthin, canthaxanthin, lutein, etc. are natural pigments 
have been used for nutraceutical and industrial applications (Dufoss 2006) (Fig. 19.7).

Carotenoids are lipid soluble polyisoprenoid compounds associated with the 
lipidic fractions sensitive to oxygen, heat, and light. Carotenoids can be divided into 
two main groups, they are (a) carotenes or hydrocarbon carotenoids (composed of 
carbon and hydrogen atoms), and (b) xanthophylls (oxygenated hydrocarbon deriv-
atives contain at least one oxygen function such as hydroxyl, keto, epoxy, methoxy, 
or carboxylic acid groups) (Kirti et al. 2014). Specific names of the carotenes are 
preceded by the Greek letter prefixes that designate the two end groups out of seven 
(β, ζ, Ψ, ε, ҡ, ώ, γ, Φ, and χ). Some carotenoids have the structure consisting of 
more than 40 carbon atoms and derived formally by a loss of part of the C40 struc-
ture. When carbon atoms lost from terminal position of the molecule, they are com-
monly  referred to as apocarotenoids or norcarotenoids (Liang et  al. 2006). 
Carotenoids are linear chain of conjugated double bonds with different functional 
groups at the terminal ends. It is the conjugated double bond system in the 

Fig. 19.6 Distinct morphology of several pigmented Monascus species. (Manan et al. 2017)
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carotenoid structure that acts as the chromophore for wavelength selective (light) 
absorption, giving these compounds an attractive bright yellow to red color.

Many biosynthetic enzymes involved in carotenoid biosynthesis which fall into 
few classes based on the type of reaction they catalyze like the transformation of 
geranylgeranyl pyrophosphate synthase, phytoene synthase, carotene desaturase, 
and lycopene cyclase. Modification of carotenes is further catalyzed by β-carotene 
ketolase and β-carotene hydrolase to generate various C-40 carotenoids.

Each desaturated reaction shifts the absorption maxima towards longer wave-
lengths resulting in different yellow to red colors of carotenoids (Joshi et al. 2003). 
The transformation from trans to cis can be done by acid, heat, oxygen and exposure 
to light (Molnar et al. 2010). Similar to other metabolites, carotenoids have ecologi-
cal functions and protect from photooxidation. Sterols, dolichols, and ubiquinones 
fulfill the essential cell functions, while secondary carotenoids, such as astaxanthin 
and canthaxanthin, are mainly accumulated as a response to environmental stress and 
other abiotic factors (Dufoss 2006). Carotenogenic fungi Neurospora produce mix-
ture of carotenoid like neurosporaxanthin and C35- apocarotenoid (Avalos and 
Corrochano 2013; Estrada et al. 2008). The filamentous fungus F. fujikuroi is well 
known to produce neurosporaxanthin and this fungal strain is very useful to explore 
the regulation and biosynthetic pathway of neurosporaxanthin production, accumu-
lation, and storage in filamentous fungi (Díaz-Sánchez et al. 2011; Prado-Cabrero 
et al. 2007).

Genes involved in carotenoid and isoprenoid biosynthesis undergo both negative 
and positive negative feedback regulatory mechanism based on signaling molecules, 
substrates, and environmental conditions (Baranski and Cazzonelli 2016). 
Carotenoid biosynthesis gene remain silent in normal environment but its gene 

Fig. 19.7 Various applications of fungal carotenoids
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expression is influenced by culture conditions and exploring its biosynthetic path-
way or understanding molecular mechanism can help in large scale production 
(Torres et al. 2016). Filamentous fungus produces various secondary metabolites, 
especially carotenoids in response to external stimuli and signals proteins like 
Heterotrimeric G proteins (G proteins) which triggers upstream regulation of carot-
enoid biosynthesis (Yu and Keller 2005). The carotenoid pathway is initiated by the 
condensation of two geranylgeranyl pyrophosphate (GGPP) molecules by the 
bifunctional enzyme with phytoene synthase and lycopene cyclase activity, N. crassa 
synthesize carotene–phytoene, the main precursor to different carotenoids. Singgih 
et al. 2015 studied and reported carotenogenesis of N. intermedia N-1 in a liquid 
fermentation and identified  five carotenoid  such as  lycopene, neurosporene, 
γ-carotene, β-carotene, and phytoene in the spores.

19.7.3  Melanin from Filamentous Fungi

Melanin is a highly complex, non-digestible, and insoluble dark brown to black pig-
ment produced by some filamentous fungal species (in addition to other microbes 
and plants) under the genera Auricularia, Eurotium, Wangiella, Penicillium, 
Sporothrix, Stachybotrys, Alternaria, Armillaria, Epicoccum, Ochroconis, 
Penicillium, Cladosporium, Magnaporthe, Phomopsis and Aspergillus, Spissiomyces 
(Ellis and Griffiths 1974; Filip et al. 1974; Bell and Wheeler 1986; Hamada et al. 
2014; Pal et al. 2014; Liu et al. 2014; De la Rosa et al. 2017; Martin and Haider 
1969; Rajagopal et al. 2011; Zou and Hou 2017). Fungal melanin has a multifaceted 
molecular structure which is negatively charged, hydrophobic in nature with high 
molecular weight, produced by oxidative polymerization of phenolic and indolic 
compounds (Wheeler and Bell 1988; Huang et al. 2018; Plonka and Grabacka 2006).

Most fungal melanins were synthesized from tyrosine via 3,4-dihydroxyphenyl-
alanine (DOPA) in media. However, in case of Basidiomycotina, they were isolated 
from their cell walls by glutaminyl-3,4-dihydroxybenzene (GDHB) or catechol. 
Similarly, in Ascomycotina and associated Deuteromycotina species, dark-brown 
to black melanins were produced via polyketide synthase pathway from the precur-
sor 1,8-dihydroxynaphthalene (DHN). In addition, few types of extracellular mela-
nins were also produced by fungi, mostly known as “heterogeneous” melanins.

The presence of melanin in fungi has helped them to survive under various abi-
otic stress conditions by showing resistance against heavy metal toxicity, tempera-
ture extremes, UV light damages, hydrolytic enzymes, and antimicrobial drugs 
(Butler and Day 1998; Fogarty and Tobin 1996; Garcia-Rivera and Casadevall 
2001; Dadachova et al. 2007; Gomez and Nosanchuk 2003). Similarly regarding 
biotic stress, it acts as a barrier by protecting them against various enzymes (prote-
ases and hydrolases) and other toxic proteins such as magainins, defensins, and 
protegrins (Nosanchuk et al. 2015) from different bacterial and animal sources. In 
addition, its presence has also been identified to enhance the virulence of certain 
parasitic fungi Exophiala (Wangiella) dermatitidis, Paracoccidioides brasiliensis, 
and Sporothrix schenckii (Gomez and Nosanchuk 2003; Schnitzler et  al. 1999; 
Romero-Martinez et al. 2000).
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A number of studies have been carried out to standardize the culture conditions 
for the production of melanin pigments from fungal species. Regarding tempera-
ture, fungal species such as Monascus purpureus, Monascus sp. J101, and melanin- 
overproducing mutant (MEL1) from Aspergillus nidulans showed highest pigment 
production at three different temperatures at 30, 25, and 28  °C, respectively. 
Generally, fungi produce high melanin pigment at alkaline pH condition, however, 
there are few fungi such as Trametes versicolor and Xylaria polymorpha produced 
maximum pigmentation at acidic pH range (4.5–5.0) (Lisboa 2003; Orozco and 
Kilikian 2008; Kang et al. 2014; Tudor et al. 2013). Reports also suggest that mela-
nin production under dark light with proper aeration increased the intracellular and 
extracellular pigment production in addition to increased biomass (Velmurugan 
et  al. 2010). Regarding carbon and nitrogen, the potential of fungus to produce 
melanin pigments differs based on the sources used. Whereas in Gliocephalotrichum 
simplex, the maximum pigment production was obtained with tyrosine (2.5%) and 
peptone (1%) in culture medium. In Auricularia auricular, a combination of tyro-
sine, soluble starch, CaCO3, peptone, and K2HPO4 showed high melanin pigment 
production. In another study with A. auricular, yeast extract, tyrosine, and lactose 
combination showed significant production of melanin (Sun et al. 2016). Similarly, 
under submerged culture condition, A. auricular obtained maximum melanin yield 
with L-tyrosine, wheat bran extract, and CuSO4 (Zou and Tian 2017). Fungal mela-
nin has a wide range of application in the fields of dermocosmetics, nanotechnol-
ogy, and biomedicine and material science.

Regarding bioelectronics application, melanin is used for the production of con-
tinuous thin films which has been used in chemi-sensors, next generation solar cells, 
and a range of other detectors including superconducting transition-edge bolometers 
(Morresi et al. 2010; Seppa 2001). Melanin is also used to prepare optical lenses or 
filters, which can be used in protective eyewear, windows, ophthalmic devices, cano-
pies, and other such materials for protection against radiation (Gallas and Eisner 2006).

Melanin nanoparticles can be used as biocompatible drug nanocarriers. 
Metronidazole, a very interesting nanocarrier drug release device successfully used 
for the treatment of intestine and colon diseases (Araújo et al. 2014). Melanin has 
also been used to treat disorders of the immune system including malignant cancer 
tumors, diseases of blood origin, and disorders. It has also been used for treating 
genetic disorders such as Parkinson’s disease and Alzheimer’s disease (Berliner 
et al. 1998). In addition, melanin can also be used for the development of stem cells 
and in tissues repair engineering (Pezzella et al. 2015). In cosmetic industry, mela-
nin is used as an ingredient in hand and face creams, body lotions, foundation make-
ups, or anti-aging ointments, as it acts as an effective antioxidant by protecting the 
skin against the ultraviolet rays and photoinduced skin damages (Pawelek and Platt 
1998). These melanin pigments are also been used for hair dyeing and improvement 
in hair recoloration without any side effects (Dlschia et al. 2013).

Melanin-mediated synthesis of silver nano particles shows broad-spectrum antimi-
crobial activity which can be used in effective paint additives and in food packaging 
industries (Apte et al. 2013). Melanin acts as an effective biosorbent due to its enhanc-
ing biomass-metal interaction leading to increased biosorption capacity for removal 
of rare earth metals from waste water. They are used for bioremediation process in the 
contaminated sites, to recover the heavy metals and radionuclides (Caporalin 2011).
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19.7.4  Fungal Pigments as Ecofriendly Textile Dyes

Natural dyes from microbial sources gained more attention due to various applica-
tions, especially in the textile industry due to degradable in nature and prevent from 
environmental pollution when compared to synthetic dyes (Mansi and Gaurav 2016; 
Selvi 2014). Velmurugan et al. 2010 reported application of fungal Monascus pig-
ments in dyeing cotton yarn effectively. The application of natural dyes in different 
fabrics with broad spectrum of antimicrobial activities against pathogens has been 
investigated and reported such as red colored prodigiosin from Serratia marcescens, 
purple pigmented bioactive compound violacein from Chromobacterium violaceum 
(Dura et al. 2012; Tobie 1934) (Fig.  19.8).

Fig. 19.8 Applications of fungal pigments in textile dyeing (Velmurugan et al. 2010). a) Growth 
of pigment producing fungi in liquid medium. b) Extraction of fungal pigments. c) Cotton yarns 
dyed with fungal pigments
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19.8  Conclusion and Future Prospects

Fungal based pigments offer several advantages like solid state fermentation, higher 
yields, no seasonal variations and strain improvements for enhanced production of 
pigment production. Enhanced production of fungal pigments can be optimized 
using cheaper substrate or alternative media selection, pH, and temperature. Even 
though more careful attention is needed to avoid the presence of fungal mycotoxin 
like citrinin, which cause severe harmful effects to human being. Commercialization 
of edible fungal pigments can be further improved by improving shelf life of sec-
ondary metabolites through polymer encapsulation, green extraction, cheap organic 
substrate and designing novel fermentor designs to enhance production. In addition, 
fungi produce vast array of pigmented metabolites as compared to plants and other 
eukaryotic organisms. Fungal based pigments can be used widely for food colo-
rants, nutraceuticals and pharmaceutical industry, which are sustainable and eco-
friendly in nature. Genome mining and metabolic engineering of pathways of 
pigmented fungus can be used in the near future for industrial scale production 
of natural pigments.
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20.1  Introduction

Bioprospecting is defined as a systematic and cataloged search for useful products 
derived from bioresources including plants, microorganisms, animals, etc. along 
with their associated traditional knowledge (Pandey et al. 2020). Humans have been 
capitalizing on naturally derived products for thousands of years. Even though as 
cutting edge technologies have practically revolutionized drug discovery, modern 
therapeutics is still largely dependent on compounds derived from natural products. 
There are ample natural resources including mushrooms, still lying unfathomed and 
underexploited. The enormity of global fungal diversity is estimated to be between 
2.2 and 3.8 million (Hawksworth and Lücking 2017), but only 1,20,000 species 
have been elucidated so far. This number keeps on spiking with the addition of new 
taxa by reports coming from less explored and uncharted regions across the globe, 
so it is coherent to anticipate that the application of new technologies to the investi-
gation of the currently unidentified and vast majority of mushroom species will 
yield many more benefits for humankind.

As the Father of Medicine, Hippocrates said more than 2000 years ago “Let food 
be thy medicine and medicine be thy food.” To place this in perspective, mushrooms 
have plethora of medicinal food, drug, and mineral attributes, hence they are price-
less asset for the human basis in the world. In addition to this, they also help in the 
bioconversion of waste organic materials of great benefit to both man and nature 
(Zhu et al. 2013). Mushrooms have been held dear as edible and medical provisions 
for humankind. As a protein-rich food it may be an enticing alternative to conven-
tional protein sources and of great prominence to vegetarians (Cheung 2013; Yadav 
et  al. 2019a). The nutritional value of mushrooms derives from the considerable 
amount of proteins, vitamins and minerals (iron, zinc, selenium, sodium), essential 
fatty acids, chitin, fibers (Painuli et al. 2020). Although many hundreds of species of 
edible mushrooms dwell in the wild, less than 20 species are used extensively as 
food and only 8–10 species are regularly cultivated to any significant extent and are 
consumed either in fresh or processed form (Ghorai et  al. 2009; Abdel-Azeem 
et al. 2021).

Mushrooms portray a largely untapped medicine cabinet of many as yet unknown 
therapeutics (Aly et al. 2011; Kour et al. 2019). Since archiac times, mushrooms 
have been used as a primary source of medicines. Natives and ancestors knew the 
traditional importance of edible and wild mushrooms and great deal of research has 
been carried out and is increasingly being undertaken to identify and characterize 
mycochemicals and to delineate their actions and mechanisms, due to the growing 
interest in the use of mushroom based products in treating various ailments includ-
ing as adjuvants in traditional therapies (Venturella et  al. 2021). Mushrooms are 
stockpiles of several bioactive constituents including polysaccharides, complexes 
(polysaccharide-protein and polysaccharide-peptide), proteases, polyphenols, ter-
penoids, steroids, polyketides, ribonucleases, lectins etc. that evinces splendid phar-
macological activities such as metabolic activation, maintenance of homeostasis 
and immune balance, decreasing cholesterol levels, as anti-oxidants with 
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revitalizing and energy-boosting properties, and their role in the prevention and 
improvement of life-threatening diseases such as cancer, neurodegenerative disor-
ders, diabetes, and metabolic syndrome (Roupas et al. 2012; Sánchez 2017; Zeb and 
Lee 2021; Singh and Yadav 2020; Yadav et al. 2019b). A large number of mushroom 
species including Agaricus bisporus, A. blazei, Agrocybe cylindracea, Coprinus pli-
catilis, Collybia dryophila, Collybia radicata, Collybia peronata, Coriolus versi-
color, Cordyceps sinensis, C. militaris, Fomes fomentarius, Ganoderma lucidum, 
Inonotus obliquus, Lentinus edodes, Pholiotina appendiculata, Pleurotus ostreatus, 
Suillus bovinus, Tremella fociformis, Tricholoma mongolicum, Leucopaxillus 
giganteus are being unraveled extensively for their pharmaceutical utility. This 
upholds their candidature as natural resources for novel drug discovery. More 
recently, several species are used as dietary supplements (DSs), prebiotics, func-
tional foods, and nutraceuticals (Elkhateeb 2020; Nowak et al. 2018).

During the last few decades, consumption and cultivation of mushrooms that are 
considered to have potential in the functional food market have burgeoned enor-
mously (Badalyan and Singh 2014). There has been ongoing research to scrutinize 
the elemental advantages of mushrooms including identification of new metabo-
lites, which could be used as multispectral therapeutics. These have evoked interests 
to bioprospect mushrooms for nutritional, pharmaceutical, and nutraceuticals value 
(Yadav 2020). Keeping in view the growing insistence in exploring the natural 
resources with health-promising effects as nutraceuticals and pharmaceuticals, we 
endeavored to highlight the significance of macrofungi in human health.

20.2  Nutritional Composition of Mushrooms

Mushrooms have been associated with humankind since ages with profound bio-
logical and economical impact. Diverse species of wild mushrooms have been 
hunted and consumed by man from ancient times for delicacy, taste, and pleasing 
flavor. Mushrooms are highly nutritious with well-balanced proteins, vitamins, car-
bohydrates, minerals, low fat concentrations, trace elements, and fibers. There are 
approximately 1400 known species of mushrooms among which 2000 have been 
categorized to be safe for human consumption and around about 650 of these have 
medicinal properties. Protein is an important constituent of mushrooms (Agrahar- 
Murugkar and Subbulakshmi 2005; Wani et al. 2010). The composition of the sub-
stratum, harvest time size of pileus, and species of mushrooms greatly defines the 
content of protein in the mushrooms. Pleurotus sp. has been documented to consist 
of about 8.9% and 38.7% protein on dry weight basis (Thatoi and 
Singdevsachan 2014).

Lipid content is estimated to be less than 5% on dry weight basis in edible mush-
rooms. The fatty acid profile generally favors unsaturated fatty acids particularly 
linoleic acids. The level of linoleic acids is low and contributes to flavor of the 
mushrooms (Yilmaz et  al. 2006). Agaricus bisporus, Lentinula edodes, and 
Pleurotus ostreatus have been reported to contain 2700–4700  mg of potassium, 
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500–1400 mg of phosphorus, 20–200 mg of magnesium, 4.7–9.2 mg of zinc, and 
0.50–3.5 mg of copper on dry weight basis (Cheung 2010). The information regard-
ing the vitamin content of wild mushrooms is limited but cultivated ones have been 
shown to contain folates, niacin, and riboflavin varying between the range 0.30 and 
0.64, 31 and 65 and 1.8 and 5.1  mg/100  g of dry weight, respectively (Mattila 
et al. 2001).

Carbohydrates typically account for the existing component of fruiting bodies 
with glucose, mannitol, and trehalose being the main representatives of monosac-
charides, their derivatives and oligosaccharide groups, respectively (Kalač 2009). 
Mannitol is important for volume growth and firmness of the fruiting bodies and 
differs widely. The values 13.7%, 6.5%, and 1.0% were found in Lactarius delicio-
sus, Agaricus arvensis, and Tricholoma portentosum (Barros et al. 2007) and 0.2%, 
0.8%, 11.7%, and 13.9% of dry matter in Lycoperdon perlatum, Lepista nuda, 
Ramaria botrytis, and Cantharellus cibarius, respectively (Barros et  al. 2008). 
Khan et al. (2008) studied nutritional profile of P. cystidiosus, P. florida, P. geesta-
ranus, P. highking, P. ostreatus, and P. sajor-caju. P. sajor-caju showed highest 
content of protein, viz. 24.5 g/100 g of dry weight, P. cystidiosus showed highest 
lipid content of 5.5 g/100 g dry sample, P. geestaranus showed carbohydrate con-
tent of 45.9  g/100  g dry sample, P. highking showed highest fiber content of 
30.3 g/100 g dry sample and total ash content of P. florida was 8.3 g/100 g dry 
sample highest among all the studied species.

The study of Khan et al. (2009) reported protein, carbohydrate, total lipid, crude 
fiber, and total mineral contents in different oyster mushrooms in different ranges 
per 100 g of the mushroom species. The study suggested that these mushrooms may 
be used as low energy, healthy food stuff with protein supplementing properties. 
The study of Khan and Tania (2012) suggested the nutraceutical potential of mush-
rooms belonging to genus Pleurotus due to their rich nutritional composition which 
includes essential amino acids, essential fatty acids, polysaccharides, dietary fibers, 
and proteins. Palazzolo et al. (2012) suggested Fistulina hepatica, Infundibulicybe 
geotropa, Laetiporus sulphureus, Macrolepiota procera var. procera and Suillus 
granulatus to be source of nutritional elements for the human diet. Ahmed et al. 
(2013) evaluated yield and chemical composition of P. highking, P. ostreatus, and 
P. geesteranus among which P. geesteranus showed better chemical composition, 
especially in terms of protein and mineral contents. Sudheep and Sridhar (2014) 
studied the nutritional qualities of Termitomyces globulus and Agaricus abruptibul-
bus. The study showed high quantity of crude protein, crude fiber, calorific value, 
and low quantity of crude lipid in both the mushrooms. The contents of K and Se 
were observed to be high, while Na, Ca, and P contents were low. The essential 
amino acids except leucine, lysine, and tyrosine were comparable to soybean and 
wheat. Oleic acid constituted a major unsaturated fatty acid and which also showed 
a significant increase in cooked A. abruptibulbus.

The study of Liu et al. (2016) reported high crude protein content, total carbohy-
drate, and low crude fat contents in different mushroom species of Southwest, 
China. Mushrooms also showed the accumulation of copper, magnesium, potas-
sium, sodium, and zinc from the soil.
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20.3  Bioactive Compounds from Mushrooms

20.3.1  Immunomodulating Compounds

Immunomodulators are key parts for the human wellbeing and health ventures, mir-
roring the way that the immune system is the main boundary for illness avoidance. 
In any living being, the insusceptible immune framework creates a wide scope of 
immunomodulators to keep up homeostasis inside the body (El Enshasy and Hatti- 
Kaul 2013). In clinical practice, immunomodulators are generally characterized 
into immunosuppressants, immunostimulants, and immunoadjuvants. The role of 
immunomodulator has expanded quickly in the course of recent years due to wide- 
running clinical applications for incitement and concealment of the safe immune 
system (Fig. 20.1). They are even utilized as prodrugs or prophylactic medication 
for prevention of infections and other diseases (Ayeka 2018).

Fig. 20.1 Depicts the bioactive compounds from industrially important mushrooms

20 Bioprospecting of Industrially Important Mushrooms



684

Synthetically incorporated mixtures and monoclonal antibodies of anti- 
proliferative and anti-metabolic drugs produce the most elevated incomes among all 
classes of immunomodulators. As of late, there has been developing interest in char-
acteristic immunomodulators as options in contrast to the presently utilized sub-
stance medicates that have a health risk (Shukla et al. 2014). Mushrooms are among 
the most fascinating having wide range of compounds for drug applications and are 
main parts of conventional medication around the world. Approximately 700 mush-
rooms are reported for their medicinal value. Mushrooms are alternative for current 
drug used as immunomodulator as they provide safe enhancement of immune sys-
tem (Ooi and Liu 1999). Various mushrooms have showed significant increase of 
immune cells in vivo and in vitro studies. Mushrooms have reported actives for both 
inborn and adaptive immune system (Minato 2010). They multiply and enact intrin-
sic safe framework parts like characteristic executioner (NK) cells, neutrophils, and 
macrophages, and animate cytokines articulation and discharge. These cytokines 
thusly actuate versatile insusceptibility through the advancement of B cells for anti-
bodies creation and incitement of T cell separation to T assistant (Th) 1 and Th2 
cells, which intervene cell and humoral insusceptibilities, separately (Wasser 2017).

The organic solvent extracts of Ganoderma lucidum inhibited the release of IL-8, 
IL6, MMP-2, and MMP-9 in cancer cells. Also significant decrease in the viability 
of melanoma and triple negative breast cancer was shown by this mushroom. 
Polysaccharides separated from Ganoderma lucidum have been demonstrated to be 
immunomodulating through anti-tumor activity (Ikekawa 2001). A human prelimi-
nary including 34 progressed stage disease patients explored the impacts of a 
12-week oral supplementation of Ganopoly (G. lucidum polysaccharide remove) of 
a sum of 1800 mg split into 3 day by day doses. At the finish of the 12 weeks, there 
was a significant reduction in plasma TNF and interleukin-1 (IL-1) and a high 
increase in the mean natural killer cell movement contrasted with pattern, showing 
an improved invulnerable reaction (Gao et al. 2003). Human hepatoma Hep3B cell- 
transplanted mice when administered with Phellinus linteus mushroom extract 
daily for 8 weeks had shown a significant increase in T cell numbers; IL-12, IFN-c, 
and TNF-a secretion along with reduction in tumor size (Huang et al. 2011a).

Methanolic extracts of Phellinus adamantinus had shown a strong cytotoxic 
effect against EAC cells (Rajeshwari and Kriushnapriya 2011). Piptoporus betuli-
nus also known as Birch bracket or birch polypore is cultivated in many Western and 
Asian countries due to its medicinal properties. Dried fruiting bodies fraction of 
P. betulinus was evaluated for their anti-cancer properties and found to have an 
effect against human lung carcinoma (A549), colon adenocarcinoma (HT-29), and 
rat glioma (C6). This fraction showed decrease in the proliferation of tumor cells 
along with induction of morphological changes in cancer cell lines (Lemieszek 
et  al. 2009). Phellinus baumii is a folk medicinal mushroom also called as oak 
bracket has cytotoxic activity against human melanoma cells A375 (Yang et  al. 
2020). Suillus placidus also known as slippery white mushroom, methanolic extract 
of this mushroom had shown growth inhibition of MCF-7 cell lines. This extract 
induces apoptosis and increases the p53 level. Thus it can be used in curing breast 
cancer (Vaz et al. 2012). In another study, Funlia trogii called Trametes trogii had 
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also shown anti-cancer activity. The aqueous extract of this mushroom had shown 
anti-cancer activity against HT29, LNCaP, PC3, MCF-7, and MDA-MB-231 tumor 
cells (Rashid et al. 2011). Pyropolyporus fomentarius also known as tinder polypore, 
petroleum ether fraction of this mushroom had shown cytotoxic activity against 
murine sarcoma S180 cells. This mushroom had also reported to shown apoptosis in 
leukemia L1210 cells (Li et al. 2016).

Fomitopsis pinicola also known as red belt conk mushroom had also known to 
have anti-cancer activity. The ethanolic and methanol extracts of this mushroom had 
shown anti-cancer activity against HeLa and Hep3B cancer cell lines (Choi et al. 
2007). Karst chloroform extract of this mushroom had shown suppression of prolif-
eration on S180, HL-60, K562, 09375, Eca 109, and MMC-7721 cell lines (Gao 
et al. 2017). Irpex lacteus also called as white tooth mushroom had been reported to 
use for the treatment of chronic glomerulonephritis in traditional Chinese medicinal 
system (Han et al. 2020). Hot water extract of this mushroom contains seven water- 
soluble polysaccharide fractions. These fractions had shown significant inhibition 
effects on human hepatocellular liver carcinoma (HepG2) and Henrietta lack (HeLa) 
tumor cells with IC50 values of 60.95 and 99.95 μg/mL, respectively. These find-
ings suggest that the polysaccharide fractions of I. lacteus have significant anti- 
tumor activities (Na et al. 2012).

G. frondosa had shown indirect cytotoxicity against HepG-2 cells along with 
inhibition of Heps cells growth. This compound stimulated tumoricidal activity 
along with production of various other factors such as interleukin-1β, NO, and 
TNF-α. It was concluded that the anti-tumor activity of GP11 polysaccharide was 
due to the enhancement of the host immune system by the TLR-4-mediated up- 
regulation of the production of nitric oxide and TNF-α (Mao et al. 2015). Agaricus 
blazei is the most studied medicinal mushroom and β-(1–6) and β-(1–3) glucan have 
been isolated from A. blazei. A. blazei had shown the increase of interferon (IFNγ) 
and synthesis of antibodies especially IgE and reduction of histamine from mast 
cells (Hetland et al. 2011). Triterpenes isolated from fruiting bodies of Fomitopsis 
pinicola and F. officinalis were evaluated against MCF7, HeLa, HepG2, A549 cell 
lines. In this study, these triterpenes had shown significant effect of cancer cells by 
inhibition of VEGF expression, cytokines IL4, and IFN gamma tumor factor (Shi 
et al. 2017).

Lectin is a polysaccharide isolated from Volvariella volvacea and Pleurotus have 
shown immunomodulating effect and also have anti-tumor properties (Devi et al. 
2013). Lectin isolated from other mushroom has shown the activity of interferon 
(IFN)-γ and other cytokines, activated through up-regulation of inducible nitric 
oxide synthase (NOS), interleukin (IL)-1β, and transforming growth factor-b (Singh 
et al. 2010). Ganoderic acids isolated from Ganoderma sp. have also reported as 
excellent immunomodulator and showed the activation of nuclear factor (NF)-kB 
pathway and mitogen-activated protein kinases (Liang et al. 2019). Compound PKS 
purified from Trametes versicolor was administered in thirty patients having cT3/T4 
adenocarcinoma of rectum and the result showed a significant increase of NK cell 
counts along with decrease of serum immunosuppressive acidic protein level in the 
cancer patients (Sadahiro et al. 2010). Adjuvant effect of PKS in cancer patients was 
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studied in year 2007 through randomized controlled trials on 4037 patients. The 
result indicated a significantly improved survival of cancer patients with the addi-
tion of PKS. Fifteen preclinical trials of the compound supported the anti-cancer 
activity of PKS through immunomodulation (Oba et al. 2007). In another study PSK 
had shown the increase in secretion of IL-2 and lymphocyte-activated killer (LAK) 
(Jiménez-Medina et al. 2008).

GL-B a polysaccharide isolated from G. lucidum has reported to induce immune 
response by secretion of TNF-α and INF γ and inhibit the growth of Sarcoma 180 
cells (Zhang and Lin 1999). Fraction D of polysaccharide isolated from maitake 
mushroom (G. frondosa) had shown anti-cancer activity. When human breast cancer 
cells (MCF7) were treated with maitake (D-fraction) extract at different concentra-
tions, significant decrease in cell viability of cancer cell line has been observed. 
There was a significant increase in the apoptotic activity in dose-dependent manner 
due to up-regulation of BAK-1 and cytochrome c transcripts (Soares et al. 2011). In 
a similar study, D-fraction of polysaccharides has also shown direct effect on canine 
and human tumor cancer cell lines. Grifolin, a compound extracted from the fresh 
fruiting bodies of Albatrellus confluence, had shown to inhibit growth of some can-
cer cell lines in vitro by upregulation of death associated protein kinase 1 DAPK1 
(Luo et al. 2011). Polysaccharide GFP isolated from G. frondosa has reported to 
increase in TNF-, IL-6, IFN, MIP-1, and MIP-2 levels (Chen et al. 2012). GFP-A 
compound also purified from G. frondosa has shown the activation IL-1β, IL-2, 
IL-6, IFN-γ, and T cells (CD4+ and CD8+) (Xiao-Lei et al. 2015). β-glucan is poly-
saccharide isolated from various mushrooms and had been used as commercial 
immunostimulant products. It consists of glucose monomers forming polymer by 
β-glycosidic bonds (Ngwuluka et  al. 2016). Lentinan and schizophyllan isolated 
from shiitake (L. edodes) and Schizophyllum commune, respectively, are two main 
glucan isolated and have used as immunomodulators in cancer patients (Li et al. 
2019a). Fungal immunomodulatory proteins (FIPs) are other group of bioactive 
compounds obtained from edible mushrooms like G. lucidum, Pleurotus citrinopi-
leatus, Flammulina velutipes, and Auricularia polytricha. These bioactive com-
pounds activate the production of IL-4, TNF-α, and lymphotoxin (Liu et al. 2020).

20.3.2  Proteins and Peptides

Proteins and peptides have myriad of vital functions and processes in the body, 
essential for life. These include cell adhesion ligands, signaling molecules, anti- 
coagulants, high-affinity effectors, and catalysts. There are more than 20,000 func-
tionally distinct proteins and peptides. During the last decades, the potential of 
mushroom proteins for human health has attracted the interest of the scientific com-
munity. Further, there is a great opportunity to innovate and utilize these molecules 
and pathways for benefit of the patients. Mushrooms produce many bioactive pro-
teins and peptides with pharmaceutical potential that act as significant bioactive 
nutraceuticals in mushrooms with multiple health benefits. These primarily include 
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lectins, fungal immunomodulatory proteins (FIPs), ribosome inactivating proteins 
(RIPs), ribonucleases, and laccases. Of all the mushroom proteins, lectins are prob-
ably the most extensively investigated group of mushroom compounds with multi-
directional health-promoting effects including antiproliferative, anti-tumor, 
immunomodulatory, anti-fungal, HIV-1 reverse transcriptase inhibitory activities 
(Hassan et al. 2015; Wang and Ng 2000b). Lectins are nonimmune proteins that 
hydrophobically bind to specific carbohydrates inducing cell agglutination; include 
polysaccharide-protein and polysaccharide-peptide complexes (Santos et al. 2014). 
Diversity of bioactivity is attributed to lectins isolated from mushrooms like 
Agaricus species, Amanita pantherina, Boletus satanas, Coprinus cinereus, 
Ganoderma lucidum, Flammulina velutipes, Grifola frondosa, Hericium erinaceus, 
Lactarius deterrimus, Laetiporus sulphureus, Pleurotus sp., Volvariella volvacea, 
Tricholoma mongolicum and has been accepted for clinical application in immuno-
modulating and cancer therapy (Sonawane et al. 2014). The lectins produced by the 
species Ganoderma carpense and Pleurotus ostreatus have shown anti-proliferative 
activity on tumor cells (Ngai and Ng 2004). Wu et  al. (2011) isolated a protein 
extract from P. ostreatus that exhibited a therapeutic effect towards the SW 480 and 
monocytic leukemia THP-1, colorectal cancer cell line by inducing their apoptosis. 
Lectins from Pleurotus citrinopileatus exhibit anti-neoplastic and anti-viral effects 
(Li et al. 2008). In addition, the proteins of P. eryngii and P. ostreatus, eryngin and 
pleurostrin show anti-bacterial and anti-fungal properties (Erjavec et al. 2012).

Fungal immunomodulatory proteins are a novel family of protein immunomodu-
lators, obtained from mushrooms in the recent years. FIP LZ-8 was the first fungal 
immunomodulatory protein that was isolated from Ganoderma lucidum. Since then, 
number of mushrooms FIPs has been extracted from Ganoderma lucidum, 
Ganoderma microsporum, Poria cocos, Flammulina velutipes, Volvariella volva-
cea, Antrodia camphorata, Trametes versicolor, etc. with immunomodulatory activ-
ity. They also prevent the invasion and metastasis of tumor cells and thus can be 
used as adjuvants for treating tumor (El Enshasy and Hatti-Kaul 2013; Lin et al. 
2010). Bioactive protein “RIPs,” a category of enzymes extracted from several 
mushroom species including Pleurotus tuber-regium, Flammulina velutipes, 
Lyophyllum shimeji, Calvatia caelata, and Hypsizygus marmoreus (Lam and Ng 
2001; Wang and Ng 2001) are capable of inactivating ribosomes, inhibiting the 
HIV-1 reverse transcriptase activity and fungal proliferation (Puri et al. 2012). Like 
RIPs, laccases also belong to the enzyme category with a huge potential for biotech-
nological and biomedical applications (Agrawal et al. 2018). Also known as green 
tool in the field of biotechnology, they are mainly isolated from Pleurotus eryngii, 
Pleurotus ostreatus, Tricholoma mongolicum, and Clitocybe maxima. Well known 
for their anti-viral and anti-proliferative activity, in the human body this protein can 
confer activity against HIV (Wang and Ng 2006a).

Ribonucleases, another bioactive protein isolated, purified and characterized 
from the fruiting bodies or mycelia of a variety of mushroom species including 
Boletus griseus (Wang and Ng 2006b), Hypsizygus marmoreus (Guan et al. 2007), 
Pleurotus pulmonarius (Ye and Ng 2002), Pleurotus ostreatus (Ye and Ng 2002), 
Volvariella volvacea (Wang and Ng 1999), Ganoderma lucidum (Wang and Ng 
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2004), Clitocybe maxima (Wang and Ng 2004), display multitude of biological 
activities other than ribonucleolytic activity such as anti-mitogenic, immunosup-
pressive, anti-bacterial, anti-fungal, antiproliferative, HIV-1 reverse transcriptase 
inhibiting, translation inhibitory and angiogenic activities (Jose Alves et al. 2013).

20.4  Industrially Important Mushrooms and their 
Nutraceutical Potential

Mushroom cultivation has a long tradition especially in Asian countries like China 
and Japan where it started centuries ago. Edible mushrooms constitute an important 
part of human diet in many countries around the globe. Approximately 12,000 spe-
cies of fungi have been reported as mushrooms, of which 2000 species are docu-
mented as edible or medicinally (O’Neil et  al. 2013). Among the 2000 edible 
mushroom species found across the world, only 35 are grown on a commercial scale 
and 20 are cultivated on an industrial scale (Akwaowo et al. 2000). According to 
different usages by the consumers, the commercial mushroom species are divided 
into edible mushrooms such as Agaricus bisporus (button mushroom), the most 
extensively cultivated mushroom worldwide, Lentinus edodes (shiitake), Pleurotus 
sp. (oyster mushrooms), Auricularia auricula-judae (wood ear mushroom), 
Flammulina velutipes (winter mushroom), and medicinal mushrooms mainly 
Ganoderma lucidum, Cordyceps sp., Poria cocos, Trametes versicolor, Grifola 
frondosa, etc. The edible class of mushrooms has shown potential functional and 
medicinal properties.

20.4.1  Agaricus

Agaricus is a genus of saprobic mushrooms that includes economically and com-
mercially important species such as A. bisporus, the button mushroom (Savoie et al. 
2013). It is the most extensively cultivated species of edible mushroom accounting 
for 31.8% of the world market (Thawthong et al. 2014). It is the predominant mush-
room cultivated in Western countries and the cultivation area is expanding fast in 
China (Zhang et al. 2014). Also, it is the most important mushroom of commercial 
significance in India (Maheshwari 2013) as most species are edible, some are deli-
cious and largely palatable, and others have considerable medicinal properties. 
There is an increasing number of scientific reports which confirm the significant 
ecological, high dietary value, and a wide range of biologically active health-giving 
elements of mushrooms of the genus Agaricus (Dai et al. 2009). The high-quality 
nutrients like carbohydrates, proteins, lipids, dietary fibers, minerals, and vitamins 
present this mushroom as potent healthy food. Moreover, due to the presence of 
high amount of some active ingredients such as polysaccharides (including acidic 
424 polysaccharides), lipopolysaccharides, essential amino acids, vitamins (C, 
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B12, D), anti-oxidants (folate, ergothioneine, polyphenol), peptides, glycoproteins, 
nucleosides, triterpenoids, lectins, fatty acids and their derivatives, these mush-
rooms have always been appreciated to have anti-microbial, anti-cancer, anti- 
diabetic, antihypertensive, anti-inflammatory, hypocholesterolemic, 
hepatoprotective and anti-oxidant activities (Atila et  al. 2021; Bhushan and 
Kulshreshtha 2018; Mattila et al. 2001).

Significant attention has been laid on the immune modulating and anti-tumor 
properties of A. bisporus (Chen et al. 2006; Karunarathna et al. 2016). However, 
studies into the anti-cancer effects of Agaricus bisporus are limited. Much of the 
research has focused on the anti-cancer effects of carbohydrate fractions of this spe-
cies. For example, lectins isolated from the white button mushroom have been 
shown to increase the sensitivity of lung, colon, and glioblastoma cancer cells to 
chemotherapeutic drugs (Goto et al. 2002), inhibit colon cancer cell proliferation 
(Yu et al. 1993), and enhance cellular anti-oxidant defense mechanisms (Shi et al. 
2002).These lectins have also been shown to lower blood glucose and cholesterol 
(Jeong et al. 2010a; Ismaya et al. 2020). It also suggests that a high intake of button 
mushrooms may promote innate immunity against tumors and viruses (Adotey et al. 
2011; De Silva et al. 2012; Sinha et al. 2020).

Another species, Agaricus subrufescens, the almond mushroom, is presently cul-
tivated in different countries for use as foods and nutraceuticals. It produces various 
bioactive compounds with many health-promoting properties such as cytokine 
induction activity, lymphocyte activation properties, anti-cancer and tumor suppres-
sive effects, anti-microbial, anti-mutagenic, anti-clastogenic properties, anti- allergic 
effect, anti-genotoxic activity, and biological responses on the immune system (de 
Oliveira et al. 2002; Luiz et al. 2003; Wisitrassameewong et al. 2012).

Agaricus blazei popularly known as “sun mushroom” is an immensely popular 
edible medicinal mushroom native to Brazil and it has been cultivated mainly in 
Japan, particularly due to traditional beliefs that it has anti-tumor properties, and the 
ability to stimulate the immune system. A. blazei nutraceuticals, which are com-
mercially available mainly in the form of tablets or teas containing pulverized dried 
fruiting bodies, or liquid extracts are widely used in China and Japan, and are 
exported to many other countries around the world. The majority of scientific 
research carried out on A. blazei has demonstrated that their polysaccharides and 
polysaccharide-protein complexes are the active agents for the purported anti- 
cancer properties. Various in vivo and in vitro studies have reported effectiveness of 
polysaccharides from A. blazei against sarcomas or cancers of connective tissue 
(Gonzaga et al. 2009; Hetland et al. 2016; Itoh et al. 1994; Kawagishi et al. 1989; 
Mizuno et al. 1990; Jiang et al. 2018). In addition, clinical studies in humans have 
reported the role of A. blazei in reducing the adverse side effects of chemotherapy 
(Ahn et al. 2004; Okamoto 2007). Furthermore, many studies have reported that this 
fungus can be used as a healthy food for the prevention of a range of illnesses 
including diabetes, arteriosclerosis, and chronic hepatitis (Biedron et  al. 2012; 
Varghese et al. 2019). In addition, powdered formulations from A. blazei with pro-
teins, carbohydrates, and unsaturated fatty acids can be used in low-calorie diets and 
have shown high anti-oxidant activity with high content of tocopherols and phenolic 
compounds (Carneiro et al. 2013).
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20.4.2  Lentinus

Lentinus edodes commonly known as the “shiitake mushroom” is the second most 
popular edible mushroom cultivated worldwide after Agaricus bisporus (Bisen 
et al. 2010). Large-scale commercialization of L. edodes is due to its flavor, aroma, 
taste, and several nutritional and medicinal attributes. More than 130,000 tons of 
L. edodes are produced annually, of which 45% is sold fresh, the rest being sold 
dried. Commercially it is available in many forms such as a sugar-coated tablet, 
capsules, concentrate, powdered extract, syrup, tea, wine, or elixirs, as a medicinal 
dish or may be injected as a solution (1 mg/vial) and are at hand in most Asian 
countries and are increasingly accessible in USA, New Zealand, Australia, and 
Europe. L. edodes is among the most valuable medicinal mushrooms studied since 
Ming Dynasty (1369–1644), has a long history in oriental folklore for treatment of 
diseases involving depressed immune system, tumors, flu, cardiac diseases, hyper-
tension, obesity, problems related to sexual dysfunction and aging, diabetes, hepatic 
diseases, bronchial inflammation, and environmental allergies (Kües and Liu 2000). 
It is a source of several well studied polysaccharides, viz. LEM (a glycoprotein from 
Lentinus edodes mycelia), LAP (a glycoprotein from L. edodes culture media), and 
Lentinan, a β-D glucan extracted from both the fruiting body and mycelium. LEM 
also contains various nucleic acid derivatives; vitamin B compounds (B-1 and B-2), 
ergosterol, and eritadenine (an anti-cholesterolemic agent) (Breene 1990). Again, 
both LEM and LAP possess immunostimulatory effects (Mizuno and Zhuang 1995). 
Chihara et  al. (1970) first isolated and studied lentinan and reported that it has 
appreciably stronger anti-tumor effects than other mushroom polysaccharides. It 
was reported to have prolonged the survival of patients with gastric and colorectal 
carcinoma. Both lentinan and LEM possess strong anti-tumor activity by enhancing 
various immune system functions rather than affecting the tumor cells (or viruses) 
directly. In Japan, lentinan is currently classified as a medicine, whereas LEM and 
LAP are considered food supplements (Wasser 2005). Lentinan is often used to help 
support immune function in immunocompromised cancer patients during chemo-
therapy. It is also known to lower the exhausting effects of the chemotherapy such 
as hair loss, nausea, and lowered immune status to a great extent.

Additionally, L. edodes has also been reported to harbor components that are 
effective against hypertension, hyperlipidemia and cardiovascular complications, 
hepatic disorders, act as anti-oxidants, inhibit blood aggregation and cancer 
(Friedman 2016; Fukushima-Sakuno 2020; Ma et  al. 2018). Further, the protein 
Lentin present in L. edodes employs anti-fungal activity against Botrytis cinerea, 
Mycosphaerella arachidicola, and Physalospora pyricola. This protein also has an 
inhibitory activity on reverse transcriptase of HIV1 and multiplication of leukemia 
cells (Ngai and Ng 2003). Moreover, L. edodes possesses anti-atherosclerotic bio-
functionality that can be used as functional food-based therapeutics against cardio-
vascular diseases (Rahman et al. 2018).
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20.4.3  Pleurotus

The mushrooms of the genus Pleurotus rank second in the world mushroom market 
which belongs to a group known as “white rot fungi” (Tsujiyama and Ueno 2013)
and produce oyster shaped mushrooms, accordingly they are called as oyster mush-
rooms. It is an edible mushroom that grows saprophytically on logs and tree stumps 
in shelf like pattern (Johnny and Okon 2013) and enjoys a worldwide distribution 
from temperate to tropical areas. Various species of Pleurotus are commercially 
cultivated on non-composted lignocellulosic agro wastes (Johnny and Okon 2013) 
such as P. ostreatus (oyster mushroom), P. eryngii (king oyster or Cardoncello), 
P. pulmonarius (phenix mushroom), P. djamor (pink oyster mushroom), P. sajor- 
caju (Indian oyster), P. cystidiosus (abalone oyster), P. citrinopileatus (golden oys-
ter mushroom), and P. cornucopiae (Knop et al. 2015; Pérez-Martínez et al. 2015; 
Knop et al. 2015; Zhang et al. 2017). Pleurotus sp. are renowned for—nutrition, 
taste, and physiological functions thus possessing both sensory characteristics and 
outstanding nutritional profile (Bhardwaj et al. 2020). They contain amino acids, 
carbohydrates, lactones, and terpenes, that provides the fruiting body and mycelial 
biomass with valuable aromas and flavor characteristic (Smiderle et  al. 2012). 
P. ostreatus is used in soup preparation, stir-fry recipes or eaten stuffed. Another 
species of culinary value is P. eryngii (DC.) Quél. is considered best for vegetarian 
dishes, being served sautéed, grilled, braised, stewed, or boiled (Reis et al. 2012). 
Oyster mushrooms contain very lower amount of carbohydrates, sugars, and no or 
lesser amount of cholesterol, good amount of dietary fiber, and high value proteins 
which include most of amino acids, minerals, and vitamins (Ahmed et  al. 2013; 
Kumar 2020).

Different bioactive metabolites including glycoproteins, peptides, polysaccha-
rides, lipids phenolics, and hydrolytic and oxidative enzymes are known from 
Pleurotus sp. that possess numerous pharmaceutical properties. Two of the most 
potent bioactive compounds derived from Pleurotus sp. are the immune stimulant 
polysaccharides and the natural statins, the latter are hypocholesterolemic that too 
with milder side effects and higher activity than the synthetic ones (Inácio et al. 
2015). The polysaccharide-rich extracts by triggering the complement system also 
act on innate immunity via the pathway of adaptive immunity and by stimulating 
macrophage function. Methanolic extracts of Pleurotus species were reported to 
inhibit the growth of Staphylococcus aureus, Bacillus megaterium, Klebsiella pneu-
moniae, E. coli, Candida glabrata, C. albicans, and species of Trichophyton and 
Epidermophyton to different degrees (Akyuz et al. 2010). Also, fruiting bodies of 
Oyster mushrooms have been reported to possess a novel ubiquitin-like protein hav-
ing HIV-1 reverse transcriptase inhibitor activity (Wang and Ng 2000b). Further a 
laccase extracted from Pleurotus ostreatus inhibits the replication of HCV (hepatitis 
C virus) (M EL-Fakharany et al. 2010). In addition, Roy et al. (2020) highlighted 
that the extracts from Pleurotus sp. can be used as an alternative natural anti-human 
cytomegalovirus (HCMV) compounds.
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The presence of a large number of bioactive components in oyster mushrooms 
makes them able to possess potential antihypertensive, anti-diabetic, anti-obesity, 
anti-aging activities in addition to the hepatoprotective action (Chaturvedi et  al. 
2018; Patel et al. 2012; Selegean et al. 2009; Zhang et al. 2020). Fruiting bodies of 
oyster mushrooms contain higher degrees of anti-oxidants and are the important 
source of vitamins and selenium content which are potent natural anti-oxidants in 
biological systems (Sifat et al. 2020). This property is due to the presence of pleuran 
(the best known β-glucan), a polysaccharide isolated from P. ostreatus (Atri et al. 
2012). It is composed of D-glucose molecules linked with bonds of the type (1, 3)-β 
and (1 →  6)-β-glucans. The compound exhibits anti-inflammatory activities and 
anti-neoplastic properties against various cells, including colorectal cancer cells 
HT-29, prostate cancer cells, and breast cancer cells (Martin and Brophy 2010; 
Sarma et al. 2018). In addition, the two-water soluble heteropolysaccharide frac-
tions, PSPO-1a and PSPO-4a isolated from P. ostreatus have been reported to 
exhibit the stronger DPPH and superoxide anion radical scavenging activity. Also, 
the bioactive components like β-glucan, vitamin C, and phenolics present in differ-
ent species of Pleurotus increase the activity of anti-oxidant enzymes, viz. superox-
ide dismutase, catalase, etc. which are responsible for the fall off of hepatic cell 
necrosis (Bobek et al. 1997; Fu et al. 2002). Similarly, Sumy et al. (2010) reported 
the hepatoprotective effect of Pleurotus florida against paracetamol induced liver 
damage in Wistar albino rats. Dietary supplements of P. ostreatus have been found 
to reduce the accumulation of cholesterol in the serum and liver of adult humans and 
diabetic patients to a considerable extent (Jayakumar et al. 2006).

20.4.4  Auricularia

Auricularia Bull. is a very important genus of wood-decaying fungi with gelatinous, 
ear- to shell-shaped fruiting bodies. It is a key genus accounting for approximately 
17% of world’s mushroom production and is the third most cultivated mushroom 
genus after Lentinus (22%) and Pleurotus (19%) (Royse et al. 2017). Species from 
the genus Auricularia have been the subject of research into possible medicinal appli-
cations since 1960s, in large part, due to their anti-tumor activity (Sekara et al. 2015). 
They have been highly valued in Asian cuisine and in natural medicine for ages. The 
bioactive compounds of Auricularia species are known for their anti- tumor, anti-
coagulant immunomodulating, and anti-oxidant properties (Ma et al. 2018).

The genus Auricularia comprised of eighteen species (Bandara et al. 2017b) that 
are recognized worldwide, having intercontinental to cosmopolitan distributions of 
which Auricularia auricula-judae, A. cornea, A. delicata, A. fuscosuccinea, A. heim-
uer, A. thailandica, and A. villosula have been reported as edible species (Bandara 
et al. 2019). Auricularia cornea and A. heimuer are commercially cultivated in dif-
ferent countries including Vietnam, Thailand, Philippines, Malaysia, Indonesia, and 
China (Bandara et al. 2020; Chang and Lee 2004; Duc 2005; Irawati et al. 2012; 
Reyes et al. 2009; Thongklang et al. 2020; Wu et al. 2014). In 2017, China produced 
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approximately 6.3 billion kg of Auricularia which made it the second most widely 
cultivated mushroom in that country. In fact, Auricularia auricula-judae has a his-
tory of ~2100 years of cultivation in China (Yao et al. 2018).

The East Asian culture has valued these Auricularia mushrooms for their gelati-
nous texture and characteristic flavor. These mushrooms readily rehydrate from a 
dried state in soups and sauces, imparting meals with a unique slippery and pleasant 
crunchy texture. Nutritionally, dried Auricularia contains carbohydrates 
(79.9–93.2%), crude proteins(6.5–13%), total soluble sugars (9.9–17.9%), crude fat 
(0.48–4.5%), crude fiber (3.5–12.5%), macro- and micro-elements such as Ca, Cu, 
Cr, Fe, Mg, Mn, Ni, K, P, Na, and Zn and have been shown to have a 50% higher 
fiber content than do the other edible mushrooms (Bandara et al. 2017a; Shin et al. 
2007). Reports on the medicinal potential and pharmacological properties of iso-
lated compounds or different solvent extracts from Auricularia have shown the anti- 
coagulant, anti-inflammatory, anti-oxidant, anti-tumor, anti-viral and 
immunomodulatory, hypoglycemic, and hypolipidemic as well as anti-hyper cho-
lesterolemic activities (Sun et al. 2010; Damte et al. 2011; Oli et al. 2020; Reza 
et al. 2015; Zhao et al. 2015). Zhao et al. (2018) reported that Auricularia mush-
rooms have the ability to modulate intestinal microbial community composition. 
Further, Auricularia auricular-judae increased the abundance of Bifidobacteriales 
and Bacteroidales while decreased the abundance of Fusobacteriales, two of the 
most important probiotics.

Auricularia polysaccharides with (1 → 3)-β-D glucan molecules have anti-tumor 
properties which is mediated through cancer cell apoptosis (Meng et  al. 2014). 
Auricularia extracts have been used in anti-gastrointestinal cancer therapy such as 
treatments for colorectal, stomach, liver, pancreatic, and esophageal cancer. Yu et al. 
(2014) reported the anti-cancer activities of Auricularia polytricha. In another 
report polysaccharides from Auricularia have been shown to inhibit S80 Sarcoma 
cancer transplanted in mice. Fermentation followed by hot water extraction of 
A. auricula-judae produces Huaier cream. Huaier granule is formed by mixing 
Huaier cream with powdered sugar, dextrin, and auxiliary materials. Huaier gran-
ules possess anti-cancer, anti-oxidant, and anti-coagulant activities and are effective 
against esophageal, pancreatic, gastric, and colorectal and hepatocellular cancers 
(Ma et al. 2018). Cai et al. (2015) reported that hot water extracted polysaccharides 
from Auricularia auricula-judae inhibited the activities of S. aureus and E. coli. 
Additionally, high degree of deacetylation of Auricularia chitosan polysaccharides 
reduced the growth of E. coli and S. aureus (Chang et al. 2019). Sulfated AAPt (total 
A. auricula polysaccharides) has been shown to inhibit the activity of Newcastle 
Disease Virus on cultured chicken embryo fibroblasts measured using MTT 
[3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] assay, provides 
evidence for its anti-viral activity (Nguyen et al. 2012a). In a study conducted by 
Nguyen et al. (2012b), it was reported that sulfated polysaccharides (AAPt) from 
A. auricula-judae showcase immunoenhancing activity. Similarly, in a submerged 
culture of A. auricula-judae, exopolysaccharides (CEPSN-1 and CEPSN-2) with 
(1  →  4)-α-D-glucose back bones demonstrated immunomodulatory activities 
(Zhang et al. 2018).
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20.4.5  Flammulina

Flammulina velutipes also named golden needle mushroom (China) and enokitake 
(Japan) is one of the most popular edible mushrooms commonly available in the 
market or groceries stores sold in vacuum packages. It is found throughout the 
north-temperate regions including Asia, North America, and Europe (Ingold 1980). 
It has long been recognized for its nutritional value and delicious taste. As a culinary 
and medicinal mushroom, F. velutipes has been cultivated and widely used as a 
restorative drug and as a tonic food in China since 800 A.D (Yang et  al. 2012). 
Currently, F. velutipes due to its desirable taste, aroma, and high nutritional value is 
among the four most widely cultivated mushrooms globally. It is a highly nutritious 
food being rich in proteins, vitamins, carbohydrates, and crude fiber. Many bioac-
tive constituents from different families have been isolated from different parts of 
the mushroom such as polysaccharides (especially Beta-glucan), sterols, fungal 
immunomodulatory protein, FIP-fve, ribosome inactivating proteins such as flam-
min, velin, velutin, and flammulin which have been reported to possess many 
health-promoting properties such as anti-cancer and anti-tumor activities, antihy-
pertensive and hypocholesteromic activity, anti-atherosclerotic and thrombosis 
inhibition, anti-aging and anti-oxidant properties, ability to aid with restoring mem-
ory and overcoming learning disabilities, anti-inflammatory, anti-proliferative, anti- 
bacterial, ribosome inactivation, and melanosis inhibition (Chang et al. 2014; Lee 
et al. 2013; Ng and Wang 2004; Rahman et al. 2015; Tang et al. 2016; Wang and Ng 
2000a; Yang et al. 2015; Yi et al. 2013; Zhao et al. 2020). This mushroom is also 
well known for its curative properties for liver diseases and gastroenteric ulcers 
(Tang et al. 2016).

20.4.6  Huitlacoche

Corn smut or boil smut are the young, fleshy, edible galls produced mainly in the 
ears of the plant host Zea mays when they are infected by the dimorphic fungus, 
Ustilago maydis (Valverde et  al. 2012). Huitlacoche or Cuitlacoche is the Aztec 
name given to these ear galls that has been used traditionally as human food being 
highly priced as an interesting dish or condiment in Mexico and some other Latin 
American countries since pre-Columbian times (Vanegas et al. 1995). Huitlacoche 
or cuitlacoche comes from the word Nahuatl (the language of the Mexicas or Aztecs) 
“cuitlacochin” or “cuitlacuchtli” that means “degenerate corn on the cob” (Juárez-
Montiel et al. 2011). The popular press in the USA has termed Huitlacoche as the 
“Maize Mushroom,” “Mexican Truffle,” “Maizteca Mushroom,” or “Caviar Azteca” 
(Valverde and Paredes-López 1993). Recent interest in developing Huitlacoche as a 
cash crop has increased due to emerging acceptance of Huitlacoche by the North 
American public who notice it as a gourmet food item that is a part of a growing 
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market for haute Mexican cuisine. Its edible popularity has gained wider accep-
tance, and has expanded to other countries like Japan, China, and some of the 
European community as France, Spain, and Germany where it is now consumed as 
an exotic delicacy. It is currently a culinary delight of international chefs and has 
now been introduced into the “nouveau cuisine” of luxury restaurants as it offers a 
very unique flavor, aroma, and organoleptic characteristics (Lizárraga-Guerra et al. 
1997; Aydoğdu and Golukcu 2017). In addition to its unique flavor, Huitlacoche has 
been identified as a high-quality functional food due to its attractive characteristics, 
nutritional value, and nutraceutical potential.

The nutritional value of this mushroom is of great importance for human diet. 
Being rich in protein, Huitlacoche could be suggested as an alternative protein 
source for vegetarian diets. (Valverde and Paredes-López 1993) reported that pro-
tein content ranged from 11.5% to 16.4%. In addition, Huitlacoche contains all the 
essential amino acids, lysine (6.3–7.3 g/100 g protein) being the most abundant. 
Other abundant amino acids include serine, glycine, aspartic and glutamic acid. 
Further, fatty acids, oleic and linoleic acids (54.5–77.5%) are present in consider-
able amount adding to its nutritional attributes (Valverde et al. 2015).

Lizarraga-Guerra and Lopez (1998) identified 16 carbohydrates in Huitlacoche. 
The most abundant monosaccharides, glucose and fructose, are followed by 
glycerol, sorbitol, and mannitol. Valdez-Morales et  al. (2010) reported eight 
monosaccharides and eight alditols in Huitlacoche, with glucose and fructose 
being the most abundant carbohydrates. Further, Huitlacoche contains also 
homoglycans and heteroglycans as found in other edible mushrooms. 
Considerable amount (11% of the total dry matter) of crude cellulose and a very 
low crude fat (1.8%) (dry basis) was detected from the Huitlacoche by (Aydoğdu 
and Golukcu 2017). However, Vanegas et al. (1995) reported that fat content of 
Huitlacoche ranged from 2.7% to 6.5% (dry basis). Low fat content of Huitlacoche 
means that it has low-calorie and accordingly it is useful as a low-calorie diet for 
human. β-glucans content in Huitlacoche is higher (20-120 mg/g of Huitlacoche, 
in dry weight) than that reported in corn (0.5–3.8 mg/g) and is similar to other 
edible mushrooms (Valdez-Morales et al. 2010). β-glucans stimulate the comple-
ment system and improve the response of the macrophages and killer cells. Other 
compounds reported in the fungus are anti- oxidants which are useful for prevent-
ing diseases such as arteriosclerosis. Valdez- Morales et al. (2010) also reported 
anti-mutagenic activity in Huitlacoche but without identifying the compound 
exhibiting the potential. As a consequence of this, it has been included in what 
are now known as nutraceuticals (León-Ramírez et al. 2014; Martinez-Medina 
et al. 2021).

Huitlacoche has been marked as a high-quality nutraceutical having numerous 
nutritional traits and even superior bioactive substances than other mushrooms. 
Since, it has been gaining acceptance in international cuisines mainly due to its 
extraordinary flavor and unique quality, further studies are required to promote its 
nutritional and health benefits as well as its production, storage, and trade.
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20.4.7  Ganoderma

Ganoderma P.  Karst. is a group of wood degrading, dark mushrooms with hard 
fruiting bodies having a glossy exterior and a woody texture. This genus is com-
prised of more than 200 species; however, only G. lucidum and G. sinense (GS) are 
recognized in the Chinese Pharmacopoeia as “Ling-zhi” having similar pharmaco-
logical effects (Xie et al. 2012). In Chinese, “Lingzhi” is designated as G. lucidum 
or red “Lingzhi,” whereas “Zizhi” as G. sinense or purple “Lingzhi.” It is also known 
as “Reishi,” “Munnertake,” or “Sachitake” in Japan and “Youngzhi” in Korea 
(Bulam et al. 2019; Zeng et al. 2018; Zhang et al. 2019; Kumar and Yadav 2019). 
Ancient Chinese believed that it could cure various diseases and worshipped it as 
“Mushroom of Immortality,” “Herb of spiritual potency,” and “Celestial Herb” that 
symbolizes happiness, sanctity, success, goodness, and longevity (Lin 2009).

Reishi mushrooms are unique in that its pharmaceutical rather than nutritional 
value is paramount and are commercialized under different nutraceutical brands, 
crude drugs, dietary supplements, health drinks and powders, teas, as well as spe-
cific functional agents (Bijalwan et al. 2020; Galor et al. 2011; Jong and Birmingham 
1992). The pharmacologically active products prepared from different parts of the 
mushroom including mycelia, spores, and fruiting body are marketed worldwide as 
traditional medicines as well as dietary supplements in the USA (Yuen and 
Gohel 2005).

Ganoderma is a genus of highly prized vitality-enhancing herb that has been 
used particularly in China, Japan, and Korea for more than 2000 years to improve 
longevity and health (Cheng et al. 2013). Ganoderma lucidum comprises probably 
400 different biologically active constituents which have been proved to have sev-
eral therapeutical properties (Ahmad 2018; Hapuarachchi et al. 2016). The bioac-
tive constituents are reported to be responsible for the anti-tumor, immunomodulatory, 
anti-cancer, anti-inflammatory, anti-oxidant, anti-hypertensive, immunodeficiency, 
anti-diabetic, anti-viral, anti-bacterial, anti-fungal, anti-atherosclerotic, anti-aging, 
anti-androgenic, anti-hepatotoxic, radical scavenging property, neuroprotection, 
sleep promotion, cholesterol synthesis inhibition, hypoglycemia, inhibition of lipid 
peroxidation, hepatoprotective properties, maintenance of gut health, prevention of 
obesity, and stimulation of probiotics (Baby et al. 2015; Bishop et al. 2015; Cao and 
Yuan 2013; Cheng et al. 2012a, b, 2011; De Silva et al. 2013; González et al. 2020; 
Wang et  al. 2020). Traditional preparations from Ganoderma have been used as 
functional food to prevent and treat anorexia, arthritis, asthma, bronchitis, cardio-
vascular problems, constipation, diabetes, dysmenorrhea, gastritis, hypercholester-
olemia, hypertension, insomnia, migraine, nephritis, neurasthenia, neoplasia, and 
tumorigenesis (Cheng et al. 2010; Paterson 2006; Tan et al. 2015; Wang et al. 2012).

The polysaccharides or glycans extracted from both G. lucidum and G. sinense 
have been developed into clinical drugs and recorded in Chinese Pharmacopeia of 
2015 (Chan et al. 2017; Zhou et al. 2014). G. lucidum polysaccharide (GLPS) has 
been developed into a drug named “Ji 731 Injection” in China since 1973 which has 
been approved by the Chinese FDA as “Polysacharidum of G. lucidum Karst 
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Injection in 2000”, which is applied intramuscularly. It is one of a few non- hormonal 
drugs used for treating neurosis, polymyositis, dermatomyositis, atrophic myotonia, 
and muscular dystrophy in China during the past 40 years. In contrast, G. sinense 
polysaccharide (GSP) tablet has been approved in China by the State Food and Drug 
Administration (SFDA) in 2010 for treating leukopenia and hematopoietic injury 
caused by concurrent chemo/radiation therapy. β-glucan, an established immunos-
timulating polysaccharide, is one of the components in GSP (Zhang et al. 2019).

Triterpenes such as ganoderic acid T, ganoderic acid D, and ganoderiol F exhibit 
significant anti-cancer properties. Various in vitro as well as in vivo studies reported 
that ganoderic acid T prevents tumor invasion and produces anti-cancerous results 
by inhibiting matrix metalloproteinase-9 expression (Chen et al. 2010). In another 
in vitro study, ganoderiol F has revealed cytotoxic effect against Lewis lung carci-
noma, T-47D cell lines, and sarcoma-180 (Gao et al. 2002; Min et al. 2000). Nithya 
et al. (2015) reported that G. lucidum through its anti-oxidant and enzymatic action 
has potential effect against mammary carcinoma.

Polysaccharides, polysaccharide-peptide complex, triterpenes, and phenolic 
components of G. lucidum have been shown to exhibit various anti-oxidant proper-
ties (Kan et al. 2015; Obodai et al. 2017). Polysaccharide components of G. lucidum 
have been reported to possess various anti-microbial properties (Smania et al. 2007). 
Aqueous extract of the carpophores of Ganoderma lucidum has been reported to 
inhibit 15 different types of gram-positive and gram-negative bacteria. Methanol 
extract of G. lucidum exhibited anti-microbial action against E. coli, S. aureus, 
B. cereus, E. aerogenes, and P. aeruginosa (Gaylan et  al. 2018; Siwulski et  al. 
2015). Ganodermin obtained from mycelium inhibited growth of Fusarium oxyspo-
rum, Botrytis cinerea, and Physalospora piricola. Ganoderma lucidum toothpaste 
exhibited anti-fungal results against Candida albicans (Nayak et al. 2010).

20.4.8  Cordyceps

An entomopathogenic fungus, Cordyceps sinensis (CS) is a rare and exotic medici-
nal mushroom which has been known to have numerous pharmacological and thera-
peutic implications to promote human health and longevity. It has been recognized 
as the most famous tonic and health supplement in traditional Chinese medicine 
(TCM) for centuries. It is also known as “Dong Chong Xia Cao,” which means 
“winter worm summer grass” in China (Li et al. 2006a, b). It is also called as cater-
pillar fungus as it parasitizes Lepidopteran larvae. It is widely distributed in China, 
Tibetan Plateau, Bhutan, Nepal, and north east regions of India at an altitude of 
3500–5000 meters above sea level. Both dead larva and fruiting body have been 
used as a traditional medicine and health supplement for hundreds of years for “lung 
invigoration and kidney nourishment” in China and other Asian countries (Dong 
and Yao 2008; Kuo et al. 1994).

Cordyceps have been reported to contain numerous bioactive components such 
as proteins, fat, carbohydrates, exopolysaccharides, cordycepin, phenolic 
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compounds, polysaccharides, cordycepic acid, adenosine, proteoglucans, terpe-
noids, amphenol, steroids, ergosterol, lectins, etc. (Ashraf et  al. 2020; Elkhateeb 
et al. 2019; Tuli et al. 2013; Yue et al. 2013). Of these, main active constituent which 
is more widely studied for its medicinal potential/value along with its nutraceutical 
potential comprises a novel bio-metabolite called as Cordycepin (3′deoxyadenosine) 
which has a very wide variety of pharmacological actions such as anti-oxidant, 
immunological, hypolipidemic, anti-inflammatory, hepatoprotective, nephroprotec-
tive, anti-apoptotic properties, anti-cancer, anti-microbial, anti-viral, and hypogly-
cemic properties (Guo et al. 2020; Jordan et al. 2008; Kuo et al. 2007; Lo et al. 
2006; Nakamura et al. 2003; Qin et al. 2019; Yamaguchi et al. 1990).

Moreover, various mechanisms have been reported for the pharmacological 
actions of cordycepin such as inhibition of DNA and RNA synthesis, post- 
transcriptional processing of hnRNA and activation of adenylate cyclase, inhibition 
of chemotaxis and particular protein synthesis of macrophage cell lines, anti- 
tumorigenic activity on some cell lines, and enhancement of cell differentiation 
(Guo et al. 2020). Nutritionally potent Cordyceps are considered a powerhouse of 
energy, because of their ability to revitalize several organ systems. Various pharma-
ceutical as well as nutraceutical preparations made from Cordyceps dry powder are 
marketed (Kopalli et al. 2019). The Chinese Pharmacopoeia records that the main 
functions of C. sinensis are replenishing the kidney, soothing the lung, staunching 
bleeding, and dispersing phlegm. It can also be used to treat continuous cough 
caused by fatigue, asthma, hemoptysis, impotence, spermatorrhoea, and aches in 
abdomen and knee.

Another species, Cordyceps militaris is phylogenetically related to Cordyceps 
sinensis and has been reported to have the similar biochemical components as 
C. sinensis. Both C. sinensis and C. militaris are traditionally used mushrooms to 
improve lung functions and regulate the immune system in China. However, C. mili-
taris is less expensive and more easily available than C. sinensis and has been 
reported to possess multiple health benefits, including anti-tumor, immunomodula-
tory, anti-inflammatory, anti-oxidative, and antibiotic effects (Hsu et al. 2017; Jeong 
et al. 2010b; Jin et al. 2018; Lee et al. 2019; Oh et al. 2011; Park et al. 2009; Wang 
et  al. 2013; Wong et  al. 2011; Zeng et  al. 2017). According to a recent report, 
C. sinensis and C. militaris can be effective agents for the prevention and treatment 
of COVID-19. Moreover, they can also be used either to maintain the lung functions 
after overcoming the disease.

20.4.9  Poria Cocos

Poria cocos (Polyporaceae) or Poria, referred to as “Fuling” in Chinese and Hoelen 
in Japan is a fungus that has been used in clinical Chinese medicine for thousands 
of years. The dried sclerotia of P. cocos has frequently been used as a tonic to benefit 
the internal organs and is one of the most important crude drugs in traditional 
Oriental medicine with a wide range of applications in ameliorating phlegm and 
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edema, relieving nephrosis and chronic gastritis and improving uneasiness of minds 
(Nie et al. 2020; Xia et al. 2014). It is an ingredient in biscuits, bread, cakes, tea, 
soups, and dishes in China, Korea, India, and other southeast Asian and European 
countries (Zhu et al. 2018). Pharmacological studies reveal that polysaccharides and 
triterpenes are the two major components in Poria cocos with a broad range of bio-
logical activities including diuretic (Feng et al. 2013), anti-tumor (RuiDian et al. 
2010), anti-bacterial (Wang et al. 2013), anti-inflammatory (Lee et al. 2014), anti- 
oxidant, cytotoxic (Zhou et al. 2008), anti-emetic (Tai et al. 1995), anti- hyperglycemic 
(Li et al. 2010), anti-hemorrhagic fever effects (Li et al. 2019b). PCP based product 
named “compound polysaccharide oral solution” was developed and sold as an over 
the counter health supplement since 1970s. In 2015, “Polysaccharidum of Poria 
cocos oral solution” was approved as a drug by Chinese Food and Drug 
Administration for treating multiple types of cancers, hepatitis, and other diseases 
alone or during chemo- or radiation therapy for patients with cancer.

20.4.10  Grifola Frondosa

Grifola frondosa, a Basidiomycetes fungus that belongs to the family Grifolaceae, 
order Polyporales, is a premier culinary as well as a medicinal mushroom com-
monly known as Maitake, “hui-shu-hua,” king of mushrooms, sheep’s head, hen-of- 
the-woods and cloud mushroom. It is increasingly being recognized as a potent 
source of polysaccharide compounds with dramatic health-promoting potential 
(Mayell 2001; Wu et al. 2021).

The first large-scale commercial production was developed in Japan in 1981 
(Takama et al. 1981). Ten years later, USA and China also began large-scale artifi-
cial cultivation. It is a widely consumed edible and medicinal fungus. Its fruiting 
bodies are rich in a variety of nutrients, such as proteins, carbohydrates, dietary fiber 
vitamin D2 (ergocalciferol), and minerals with low fat content and caloric value (He 
et  al. 2017). Due to its delicious and special taste, the umami or palatable taste 
which is mainly attributed to its high trehalose, glutamic and aspartic amino acid, 
and 5′ -nucleotide content, G. frondosa is not only used as a food ingredient, but 
also as a flavoring substance (Huang et al. 2011b). G. fondosa has been used for 
several decades due to its significant pharmacological properties. Numerous nutra-
ceutical preparations of G. frondosa are emerging in different forms of capsules, 
tablets, and additives to food formulations (Gregori et al. 2016).

In addition to the fruiting body, there is also an increasing demand for G. fron-
dosa mycelium and its bioactive metabolites. The major bioactive component has 
been found to be β-glucans (He et al. 2018; Zhao et al. 2017). The D-fraction, a 
β-glucan complex with about 30% protein has been widely studied after its discov-
ery by Nanba’s group in the late 1980s (Hishida et al. 1988). It has been commer-
cially developed into complementary medicine and health care products against 
breast and prostate cancers. In addition to the D-fraction, there are many other bio-
active polysaccharide fractions that are obtained from G. frondosa, such as the 
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MD-fraction (Nanba and Kubo 1998), X-fraction (Kubo et  al. 1994), Grifolan 
(Adachi et al. 1994), MZ-fraction (Masuda et al. 2006), and MT-α-glucan (Hong 
et al. 2007) which often in combination with whole maitake powder, have shown 
promising bioactivities including immunomodulation, anti-oxidation, hepatopro-
tection, anti-diabetic, anti- inflammation and as an adjunct to cancer and HIV ther-
apy (Chen et al. 2018; Hetland et al. 2021; Valverde et al. 2015).

They may also provide some benefit in the treatment of hyperlipidemia, hyper-
tension, and hepatitis. “Hui Shu Hua Capsules” approved by SFDA are Maitake 
glycan-based drugs (β-glucan is the main component of maitake glycan) with no 
less than 40% maitake glycans isolated from cultured mycelium of G. frondosa. 
This drug is clinically used against cancer, polycystic ovary syndrome, and impaired 
glucose tolerance conditions (Deng et al. 2009; Ren et al. 2002; Chen et al. 2020). 
Additionally, maitake glycans are also used for cosmetic purposes (Lee et al. 2003).

20.4.11  Trametes Versicolor

Coriolus versicolor (L.) Quél. which is now known by its accepted scientific name 
as Trametes versicolor (L.) Lloyd (family Polyporaceae) is the most common wood 
rotting species on dead hardwoods (Hobbs 2004). This species, whose folk names 
are Turkey Tail in western cultures, Yun-Zhi (cloud-like mushroom) in China, or 
Kawaratake (mushroom by the river bank) in Japan, is thought to have had a long 
history of use in traditional medicine, particularly in Asia (Chu et al. 2002; Hobbs 
1995). Turkey tail is one of the most potent and the best studied of all medicinal 
mushrooms, including shiitake (Lentinus edodes), and reishi (Ganoderma lucidum) 
(Hobbs 2004). Two polysaccharides, polysaccharopeptide (PSP) and 
Polysaccharopeptide Krestin (PSK), isolated from T. versicolor are effective immu-
nostimulants which are used to supplement chemotherapy and radiotherapy of can-
cers and various infectious diseases (Habtemariam 2020; Jiménez-Medina et  al. 
2008). Furthermore, it seems that these polysaccharides may also act as prebiotics 
by stimulating the growth and/or activity of probiotic bacteria in the colon (Yu 
et al. 2013).

Additionally, strong anti-viral effects of some polysaccharopeptides isolated 
from T. versicolor and significant anti-oxidant activity of Trametes sp. fruiting body 
extracts have been reported (Hsu et al. 2013; Que et al. 2014) due to the production 
of Polysaccharide Krestin (PSK) which is an approved drug paid for by National 
Health Care in Japan and various polysaccharide-peptide complexes, compounds 
which reduce cancer metastases, stimulate the production of interleukin-1 in human 
cells, and also display anti-fungal and anti-neurodegenerative effects (Arockiasamy 
et al. 2008; Deng et al. 2013; Knežević et al. 2018; Lin et al. 2003). Till date, about 
thirteen different types of T. versicolor based drugs and health products are avail-
able in various commercial and clinical brands which are authorized by the China 
State Food and Drug Administration (Dou et al. 2019) (Fig. 20.1).
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20.5  Conclusion and Future Perspective

Mushrooms, with high level of biodiversity are palmary and creditable sources of 
nutrition and bioactive compounds with pharmaceutical attributes which is cur-
rently alluring scientific research worldwide. Neoteric approaches and techniques 
are providing effectual ways to identify utile chemical compounds and synthesize 
them readily while upholding the biodiversity of our planet. The collated informa-
tion and suggested research have lucidly expounded that a number of mushrooms 
have been investigated, nevertheless a significant number of novel species still 
remain unexplored inhabiting various niches which need to be unraveled. In this 
context, the scientific community, society, and all concerned bodies should operate 
in concert and bolster their relationships in a shared vision for the effective conser-
vation, bioprospecting and fair and equitable sharing of benefits out of the use of 
these genetic resources. Since bioprospecting, of mushrooms heavily entrusts on the 
knowledge of local healers and practitioners. So participation and collaboration of 
traditional healers are highly solicited. Since mushroom biodiversity is crucial to 
mankind, additional work should also be carried out on indigenous mushrooms with 
a huge potential to be commercialized as food source or to be used as a source of 
functional ingredients. Furthermore, comprehensive research, interdisciplinary col-
laboration, involvement of the pharmaceutical industry, time and money are impera-
tive to delve into this potential not only in the form of dietary supplements but also 
in the form of approved drugs.
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21.1  Introduction

Xylaria Hill ex Schrank (Class, Sordariomycetes; Subclass, Xylariomycetidae; 
Order, Xylariales) is the largest ascomycetous genus in the family Xylariaceae. 
Being cosmopolitan genus distributed worldwide (Li et al. 2017). Kirk et al. (2008) 
have predicted the global existence up to 300 species of Xylaria. The Index 
Fungorum documented up to 817records of Xylaria (accessed on May 17, 2020). 
The main distinguishing features of Xylaria include characteristic carbonaceous 
erect cylindrical-clavate-globoid-irregular multi-perithecial stromata (Roger 1979; 
Trierveiler-Pereira et al. 2009). Other specific morphological traits are stromal fea-
tures (shape, size and pigmentation), nature of ascus (apical apparatus) and asco-
spore characters (shape, size and surface ornamentation) (Whalley 1996; Stadler 
2011; Maharachchikumbura et al. 2016).

A wide difference has been seen in the morphology and size of stromata of 
Xylaria. For instance, tiny hair-like stromata (~0.5 mm diameter in X. filiformis) to 
bulb-like stromata (~55  mm diameter in X. acuminatilongissima) (Rogers and 
Samuels 1986; Latha et  al. 2015). Besides, they preferentially grow on different 
substrates like dead tree trunk, stubs, woody litter, bark, leaf litter, soil, termite 
mound, fruits, and seeds (Roger et al. 2008; Karun and Sridhar 2015; Ju et al. 2018). 
In addition to dead plant substrates, Xylaria is also known to perpetuate as endo-
phytes in a wide range of live tissues (e.g. trees, palms, orchids, aroids, bromeliads 
and liverworts) (Bayman et al. 1998; Davis et al. 2003; U'ren et al. 2009; Linnakoski 
et al. 2012; Rajulu et al. 2013; Jin et al. 2017). To overcome uncertainty among 
several closely resembling species of Xylaria, phylogenetic studies have been 
undertaken using different sequences (ITS, α-actin, β-tubulin and rpb2) and resolved 
that Xylaria is a paraphyletic genus (Lee et al. 2000; Hsieh et al. 2010).

Xylaria is well known for their potential to control pathogens (bacteria and 
fungi), production of enzymes, cytotoxic potential, biologically potent metabolites, 
and antioxidant activities (Table 21.1). Different species of Xylaria are useful for 
medicinal and industrial applications (Tudor et al. 2014; Divate et al. 2017). They 
are also the target species for ethnomedicinal applications by traditional healers as 
well as tribals (Latha et al. 2015). Xylaria is known for anticancer and cytotoxic 
potential (Schüffler et al. 2007; Ramesh et al. 2015; Ahmed and Jahan 2017). They 
produce many value-added natural products and bioactive metabolites (e.g. alka-
loids, cytochalasins, xylaramide, xylarin and xyloketals) (Boonphong et al. 2001; 
Lin et al. 2001; Ma et al. 2013; Rajulu et al. 2013). Xylaria possesses broad spec-
trum of antibacterial and antifungal properties (Ramesh et  al. 2012, 2014, 2015; 
Elias et al. 2018; Devi et al. 2020).

Xylaria hypoxylon and X. polymorpha capable to inhibit the bacterial plant 
pathogen Xanthomonas campestris in mango (Thirumalesh et al. 2014). They also 
produce antifungal compound called piliformic acid to control the fungal pathogen 
Colletotrichum gloeosporioides (Elias et al. 2018). Xylaria hypoxylon and X. poly-
morpha have been assessed for their proximal and bioactive components by 
Adeduntan (2014) (Table  21.2). They possess highest quantity of crude fibre 
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Table 21.1 Bioactive metabolites of four Xylaria species

Compound 
class Metabolite Activity Reference

Xylaria 
escharoidea

Antimicrobial 
compound

4,8-dihydroxy-3,4- 
dihydronaphthalen- 1(2H)-
one

Antibacterial and 
anti-Candida

Nagam et al. 
(2020)

Xylaria 
hypoxylon

Cytochalasins 19,20-Epoxycytochalasin Q Prevent 
microfilament 
polymerization, 
inhibit cell motility, 
inhibit phagocytosis 
and depolymerize 
actin filaments

Espada et al. 
(1997)Deacetyl-19,20- 

epoxycytochalasin Q
18-Deoxy-19,20- 
epoxycytochalasin Q
19,20-Epoxycytochalasin C
19,20-Epoxycytochalasin R
18-Deoxy-19,20- 
epoxycytochalasin R
Cytochalasin R
19,20-Epoxycytochalasin D
19,20-Epoxycytochalasin N
Cytochalasin Q

Polyketide 2-hexylidene-3- 
methylsuccinicacid 
(piliformic acid)

Antibacterial and 
antifungal

Chesters 
and 
O’Hagan 
(1997)

Pyranone 
derivatives

Xylarone Cytotoxic Schüffler 
et al. (2007)8,9-Dehydroxylarone

Naphthalene 
derivatives

Xylariol A Cytotoxic Gu and 
Ding (2008)Xylariol B

Xylaria 
longipes

N-containing 
compound

Xylaramide Antifungal Schneider 
et al. (1996)

Phenolic 
derivative

Tyrosol Antioxidant

Xylaria 
polymorpha

Benzofuran 
derivative

Xylaral Antifungal Gunawan 
et al. (1990)

Polyketide 2-hexylidene-3- 
methylsuccinicacid 
(piliformic acid)

Antibacterial and 
antifungal

Chesters 
and 
O’Hagan 
(1997)

Polyketides Xylarinic acid A Antifungal Jang et al. 
(2007)Xylarinic acid B

Diterpenoids 15-Hydroxy-16-(a-d- 
mannopyranosyloxy)
isopimar-7-en-19-oic-acid

Antibacterial and 
antioxidants

Shiono et al. 
(2009)

16-(a-d- 
Mannopyranosyloxy)
isopimar-7-en-19-oic acid

Shiono et al. 
(2009); Yan 
et al. (2011)

16-(a-d-Glucopyranosyloxy)
isopimar-7-en-19-oic acid

Phenolic 
derivative

Xylarinol B Photocatalytic Lee et al. 
(2009)
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followed by crude protein, lipids, and ash. Among the four bioactive compounds, 
phytate was the highest followed by flavonoids (Singh and Yadav 2020).

Xylaria produces several multifunctional enzymes (e.g. cellulases, laccases, 
lignocellulases and xylanases) and pigments (e.g. melanin, phlegmacin and wood 
colouring agents) of biological, industrial and bioremediation significance (Wang 
et al. 2005; Robinson et al. 2011; Nghi et al. 2012; Chaurasia et al. 2014; Tudor 
et al. 2014; Abdel-Azeem et al. 2021). Enzymes like polyphenol oxidase (lac-
case) from X. polymorpha have been purified by Chaurasia et al. (2014) at ambi-
ent room temperature without stringent reaction conditions as well as expensive 
reagents. Xylaria polymorpha was cultivated by solid substrate fermentation 
using wheat straw to produce multifunctional enzyme called GH78 protein, 
which has the capacity to efficiently degrade lignocelluloses (Nghi et  al. 
2012).Antioxidant potential of some Xylaria has also been investigated recently 
(Yue et al. 2013; Fernando et al. 2016; Rebbapragada and Kalyanaraman 2016; 
Zhou et al. 2018).

Xylaria is the one widely distributed genus throughout the Indian subcontinent 
(Debnath et al. 2018). Deccan Plateau of the Indian subcontinent possesses nearly 
60 species of Xylaria, which accounts up to 10% of known species worldwide 
(Kshirsagar et al. 2009; Hsieh et al. 2010; Mohanan 2011; Patil et al. 2012; Ramesh 
et al. 2012; Karun and Sridhar 2015; Latha et al. 2015; Patel and Krishnappa 2017; 
Dattaraj et al. 2020; www.fungifromindia.com). Xylaria hypoxylon and X. longipes 
are widespread in different regions of the Western Ghats and the west coast of India. 
Xylaria hypoxylon has been reported to occur on a wide range of substrates like 
decaying wood, logs, twigs, bark, leaf litter, pods and seeds. Xylaria escharoidea 
grows mainly in association with termite mounds, while X. longipes also known to 
be associated with termite mounds and capable to establish on mainly on woody 
substrates (rotting stubs, logs and twigs). Xylaria polymorpha prefers to grow 
mainly on decaying wood, logs and bark.

Table 21.2 Nutritional composition and bioactive components of two Xylaria species 
(Adeduntan 2014)

Nutritional composition (%)
Xylaria hypoxylon Xylaria polymorpha

Crude protein 6.44 7.77
Crude fibre 36.81 29.16
Total lipids 2.46 1.87
Ash 3.26 1.52
Bioactive components (mg/g dry mass)
Tannins 0.04 0.07
Flavonoids 1.69 1.18
Phytate 4.12 9.88
Oxalate 0.32 0.63

B. R. Jagadish et al.
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Spectroscopic techniques have been employed to understand the versatility of 
metabolites and molecular structures of various biological samples as future diag-
nostic tools (Sahu and Mordechai 2016). In addition, Fourier transformed infrared 
(FTIR) spectroscopy is another effective tool to understand the overall chemical 
composition of biological samples in the mid-infrared wavelengths (4000–400 cm−1). 
The metabolic fingerprint created by FTIR represents authentic quality of biological 
samples (Cheng et al. 2010; Vodnar et al. 2010; Erwanto et al. 2016). The current 
chapter aims to review the metabolites, proximal properties, bioactive components, 
elemental composition by EDS spectra, functional groups by FTIR and antioxidant 
potential of four dominant Xylaria spp. (Xylaria escharoidea, X. hypoxylon, X. lon-
gipes and X. polymorpha) occurring in different substrates and habitats in the scrub 
jungles of southwest India.

21.2  Sporocarps of Xylaria and Processing

During macrofungal diversity surveys in the scrub jungles of the southwest of 
Karnataka (12°48′N, 74°55′E; 115 masl), several species of Xylaria inhabiting dif-
ferent habitats were recorded. Mature whole sporocarps of commonly occurring 
Xylaria species inhabiting in termite mound (X. escharoidea), woody litter 
(X. hypoxylon), wood stub (X. longipes) and dead bark (X. polymorpha) were col-
lected from three locations (as replicates), brought to the laboratory and cleaned to 
eliminate debris using a soft brush. Each replicate sample was oven-dried (55 ± 3 °C) 
until attaining constant weight, powdered and preserved in glass vials for analysis.

21.3  FTIR and EDS Analysis

The Fourier transformed infrared spectroscopy (FTIR) analysis was performed to 
follow the functional groups present the sporocarps of Xylaria spp. using Perkin 
Elmer Spectrum 1000 (Waltham, MA 02451 USA) at the wavelength range 
4500–500 cm−1 with a resolution 4 cm−1.The energy dispersive spectroscopy (EDS) 
analysis (HITACHI Noran System 7, USA) was carried out to detect the elemental 
composition of sporocarps.

21.4  Antioxidant Assays

Methanol extract of Xylaria powder was prepared by extraction of 0.5 g powder in 
30 ml methanol and shaken on a rotary shaker (150 rpm, 48 h). The mixture was 
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centrifuged to collect the supernatant in pre-weighed Petri plates followed by dry-
ing at laboratory temperature (25 ± 3 °C). The dry weight of the extract was deter-
mined gravimetrically and dissolved in methanol to obtain the required concentration 
(1 mg/ml) to test the antioxidant activity. Three assays of antioxidant activity evalu-
ated were: (a) Mo(VI) to Mo(V) reduction by antioxidant compounds as total anti-
oxidant activity (TAA); (b) Fe(III) ion to Fe(II) ion reduction as Fe2+ chelation 
capacity (FCC); (c) the DPPH radical-scavenging activity.

21.4.1  Total Antioxidant Activity

The total antioxidant activity (TAA) of sporocarps of Xylaria was assessed accord-
ing to the method by Prieto et al. (1999). The sporocarp extracts of Xylaria in meth-
anol (0.1 ml) were mixed with reagent mixture (Sulphuric acid, 0.6 M + sodium 
phosphate, 28 mM + ammonium molybdate, 4 mM) (1 ml). Incubated the mixture 
in a water bath (95 °C; 90 min) and cooled to room temperature to measure the 
absorbance (695 nm) against methanol as blank. The TAA was expressed as μM 
equivalent of ascorbic acid per gram dry mass of sporocarps (μM AAEs/g).

21.4.2  Ferrous Ion-Chelation Capacity

The ferrous ion-chelation capacity (FCC) of sporocarps was assessed by the method 
outlined by Hsu et al. (2003). The sporocarp extracts in methanol (1 ml) were treated 
with a mixture of ferrous chloride (2 mM) (0.1 ml) and ferrozine (5 mM) (0.2 ml) 
followed by making up the final volume to 5 ml with methanol. After incubation of 
mixture at room temperature (10 min), the absorbance was measured at 562 nm. 
The reagents devoid of the sample served as control.

 562 562Ferrous ion chelation capacity % 1 ( / ] 100As Ac− = − ×
 (21.1)

(where, Ac, absorbance of control; As, absorbance of sample)

21.4.3  DPPH Radical-Scavenging Activity

Methanol extracts of sporocarps were assessed to follow the DPPH (2, 2-diphenyl- 1-
picrylhydrazyl) radical-scavenging activity using the protocol by Singh et al. (2002). 
The sporocarp sample in different concentrations (0.2–1.0  ml; 0.2–1.0  mg) was 
made up to final volume 1 ml in methanol. The DPPH (0.01 mM) (4 ml) was added 
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followed by incubation at room temperature (20 min) and the absorbance was mea-
sured (517 nm). The reagents without the sample served as control.

 
Free radical scavenging activity [( (� � � �% ) / )Ac As Ac

517 517 517
� ]]�100

 (21.2)
(where, Ac, absorbance of control; As, absorbance of sample)

21.4.4  Data Analysis

The TAA, FCC, and DPPH radical-scavenging activities between four species of 
Xylaria were assessed by one-way ANOVA (SigmaPlot # 11; Systat Software 
Inc. USA).

21.5  FTIR Spectra

The FTIR spectra provided a broad metabolic fingerprint of Xylaria spp. The band 
between wavelengths 3500 and 3200 cm−1 mainly represents the O–H stretching 
caused by strong water absorption as seen in X. escharoidea and X. longipes (Hirri 
et al. 2016) (Figure 21.1a, b). The region of wavelength 3100–2800 cm−1 is mainly 
related to fatty acids and the absorption peak at 2921.6274  cm−1 in X. longipes 
expresses stretch of methylene group of lipid as seen in Boletus sp. (Zhao et  al. 
2015). The bands observed between wavelengths 1200–950  cm−1 correspond to 
polysaccharides in the form of chitin. As chitin is the main structural polysaccharide 
in mushrooms, the region at wavelength 1200–950 cm−1 mainly corresponds to the 
absorptions of carbohydrate (Qi et al. 2017). Similar strong peaks were seen among 
the four Xylaria between the wavelengths 1085 and 1030 cm−1 correspond to C–C 
stretching, which is attributed as structure of chitin.

The spectra of X. escharoidea reveal a broad peak at wavelength 3312.90 cm−1 
indicating concentration-dependent intermolecular hydrogen bond and C–H defor-
mation vibration at wavelength 1029.69  cm−1, respectively (Figure  21.1a). The 
broad peak of X. hypoxylon with a medium intensity corresponding to 3327.19 cm−1 
shows the presence of an amine group for NH2 stretching vibration (Figure 21.2a). 
The absorption peaks at 1375, 1644.99 and 1039.36 cm−1 correspond to C–H defor-
mation vibration (sym.), C=C stretching vibration and C–O stretching vibration, 
respectively. The spectra of Xylaria longipes revealed absence of amine group (NH) 
as well as concentration-dependent intramolecular hydrogen bonding (Figure 21.1b). 
Similarly, the spectra of X. polymorpha reveal peaks at 3302.94  cm−1 and 
2169.91 cm−1 indicating NH2 stretching vibration and azide N3-groups, respectively 
suggesting the presence of amine group (Figure 21.2b). The absorption peak at 1628 
and 1038.74 cm−1 corresponds to C=C stretching vibration and C–C skeleton vibra-
tion, respectively.

21 Bioactive Attributes of Xylaria Species from the Scrub Jungles of Southwest India



724

Fig. 21.1 The FTIR spectra showing various functional groups in Xylaria escharoidea (a) and 
X. longipes (b)
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Fig. 21.2 The FTIR spectra showing various functional groups in X. hypoxylon (a) and X. poly-
morpha (b)
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21.6  EDS Spectra

Among the four Xylaria, the EDS spectra of X. escharoidea showed as high as eight 
distinct elemental compositions (Figs. 21.3 and 21.4). In X. hypoxylon and X. lon-
gipes five elemental compositions exist, while in X. polymorpha four different ele-
ments were seen (Table 21.3). Among the Xylaria, the carbon content was highest 
in X. polymorpha (63.45%) followed by X. hypoxylon (32.89%), X. escharoidea 
(28.68%) and X. longipes (23.20%). Similarly, the elemental oxygen was highest in 
X. longipes (51.61%) followed by X. escharoidea (36.81%), X. polymorpha 
(35.68%) and X. hypoxylon (31.95%). The N element was confined to X. hypoxylon 
(35.08%) as well as X. escharoidea (33.56%). The X. escharoidea had the highest 
rate of absorption of P, S, K along with Al and Si suggesting the possibilities to use 
this species as bioindicator of heavy metals (Figure 21.3a). The X. longipes showed 
absorption of Cu suggesting its role in metabolic pathways as well as possibilities 
of Cu bioremediation (Figure  21.3b), while unlike X. hypoxylon (Figure  21.4a), 
X. polymorpha (Figure 21.4b) showed the highest specific absorption of K and Ca.

21.7  Antioxidant Potential

21.7.1  Total Antioxidant Activity

Total antioxidant activity of X. hypoxylon was highest followed by X. escharoidea, 
X. polymorpha and X. longipes (Fig.  21.5a). Although the TAA was highest in 
X. hypoxylon, other antioxidant activities were relatively low, while it was opposite 
for the X. escharoidea and X. polymorpha (Figs. 21.5b and 21.6).

21.7.2  Ferrous Ion-Chelation Capacity

The FCC was highest in X. escharoidea followed by X. polymorpha, X. hypoxylon 
and X. longipes (Figure 21.5b). The FCC of X. escharoidea and X. polymorpha was 
higher than the activities of purified water-soluble intra- and extra-cellular polysac-
charides of termite mound inhabiting X. escharoidea in China (Yue et al. 2013). The 
FCC of X. hypoxylon and X. longipes is comparable with termite mound inhabiting 
X. escharoidea of China. However, the FCC of water-soluble intra-cellular polysac-
charides of X. escharoidea of China was weaker compared to another termite mound 
inhabiting Xylaria gracillima in submerged cultures (Li and Wen 2008).
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Fig. 21.3 The EDS spectra showing elemental composition of Xylaria escharoidea (a) and X. lon-
gipes (b)
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Fig. 21.4 The EDS spectra showing elemental composition of X. hypoxylon (a) and X. poly-
morpha (b)
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Table 21.3 Mineral composition of Xylaria spp. (g/100 g dry mass)

Xylaria escharoidea Xylaria hypoxylon Xylaria longipes Xylaria polymorpha

Phosphorus 0.30 – – –
Sulphur 0.30 – – –
Potassium 0.50 0.10 – 1.40
Copper – – 59.20 –
Aluminium 0.50 – – –
Cobalt – – – 1.20
Silicon 0.50 0.10 – –

Fig. 21.5 Total antioxidant activity (a) and ferrous ion-chelation capacity (b) of Xylaria escharoi-
dea, X. hypoxylon, X. longipes and X. polymorpha (n = 3 ± SD)
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21.7.3  DPPH Radical-Scavenging Activity

The DPPH radical-scavenging activity was highest in X. polymorpha followed by 
X. escharoidea, X. longipes and X. hypoxylon (Fig. 21.6). The radical-scavenging 
activities of methanol extract of X. escharoidea and X. polymorpha are higher com-
pared to the activities of purified water-soluble intra- and extra-cellular polysaccha-
rides of termite mound inhabiting X. escharoidea of China (Yue et  al. 2013). 
However, the hydroxyl radical-scavenging activity of water-soluble intra-cellular 
polysaccharides of X. escharoidea of China was weaker compared to another ter-
mite mound inhabiting Xylaria gracillima in submerged cultures (Li and Wen 
2008). The DPPH radical-scavenging activities of X. escharoidea and X. polymor-
pha are comparable to Xylaria feejeensis of Sri Lanka (Fernando et  al. 2016). 
According to Fernando et al. (2016), the total phenolics and flavonoid contents of 
X. feejeensis are responsible for the potent antioxidant activity.

Rebbapragada and Kalyanaraman (2016) studied the DPPH radical-scavenging 
activity of endophytic X. feejeensis of the commercial tree Tectona grandis at differ-
ent conditions (culture media, time of incubation, temperature and pH). The activity 
was highest in two culture broths (potato dextrose and potato dextrose yeast extract) 
during 15-25 days of incubation (temperature, 20-35 °C; pH, 5–7). The activities of 
X. escharoidea and X. polymorpha are comparable to the optimum conditions set 

Fig. 21.6 The DPPH radical-scavenging activity of Xylaria escharoidea, X. hypoxylon, X. lon-
gipes and X. polymorpha (n = 3 ± SD)
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for X. feejeensis (Rebbapragada and Kalyanaraman 2016). However, the radical- 
scavenging activities of X. hypoxylon and X. longipes are comparable with activities 
of X. feejeensis in two broths (Czapek-Dox broth and Sabouraud dextrose broth) 
during 5–10  days incubation, higher temperature (40  °C) as well as pH (8–9) 
(Rebbapragada and Kalyanaraman 2016).

21.7.4  One-Way ANOVA

One-way ANOVA revealed significant differences in TAA, FCC and DPPH activity 
among four Xylaria spp. with Holm-Sidak method (p < 0.001). Significant differ-
ences in the TAA were seen between X. hypoxylon vs. X. escharoidea, X. longipes 
and X. polymorpha (p < 0.001). Significant differences in the FCC were also seen 
among all the species of Xylaria (p < 0.001). Significant differences in the DPPH 
activity were seen in X. hypoxylon vs. X. polymorpha and X. longipes, so also 
between X. escharoidea and X. hypoxylon (p < 0.001) but not for other combina-
tions. This reflects that the Xylaria spp. studied possess potent antioxidant potential 
of health importance.

21.8  Outlook and Prospects

Xylaria being one of the largest ascomycetous genera with worldwide distribution 
provides excellent avenues to evaluate morphological, phylogenetic, bioactive com-
pounds and therapeutic properties. Xylaria escharoidea, X. hypoxylon, X. longipes 
and X. polymorpha assessed are predominant in the scrub jungles of southwestern 
India. Xylaria escharoidea is a common inhabitant in almost all the termite mounds 
in scrub jungles. In some of termite mounds, along with X. escharoidea fruit bodies 
of edible termitomycete, Termitomyces umkowaan is also seen. It is interesting to 
evaluate the specific association of X. escharoidea with termites. Do the termites 
deliberately grow or accommodate X. escharoidea (similar to T. umkowaan) for 
their benefits like prevention of invaders by their metabolites or to supply nutrients 
or for dissemination through termites? Xylaria hypoxylon is common on the twigs 
than logs and stubs, it also grow on the soil as well as compost, while occasionally 
on fallen seeds in scrub jungles, thus it is likely endophytic in seeds for horizontal 
transmission. Among the four Xylaria spp. X. hypoxylon possesses the highest num-
ber of metabolites (apoptotic, antimicrobial and cytotoxic) followed by X. polymor-
pha (antioxidant, antimicrobial and photocatalytic) (see Table 21.1). These species 
are also known for high quantity of crude fibre, high quantity of phytate, moderate 
quantities of crude protein and flavonoids (see Table 21.2).Owing to presence of 
high quantity of phytate, X. polymorpha seems to be consistent in total antioxidant 
activity, ferrous ion-chelating capacity and DPPH radical-scavenging activity (see 
Figs. 21.5 and 21.6). Some of the recent developments on fermentation of Xylaria 
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include submerged fermentation to generate biomass of Xylaria spp. by Ramesh 
et al. (2014) to control drug-resistant bacterial pathogens, while solid substrate fer-
mentation of X. polymorpha was carried out to generate multifunctional lignocel-
lulases by Nghi et al. (2012). Similarly, optimum cultural conditions on semi-defined 
nutrient media have been achieved by Ahmed and Jahan (2017) to study the cyto-
toxic and other bioactive compounds by X. hypoxylon.

Functional group and elemental composition analysis of four Xylaria spp. occur-
ring in the scrub jungles of southwest India revealed rich in secondary metabolites 
as well as elemental composition. However, the FTIR spectral fingerprints cannot 
recognize metabolites directly by visual inspection owing to a large number of vari-
ables, thus needs further sophisticated analysis. As macrofungi are always rich in 
proteins and carbohydrates, they serve as important source of secondary metabolites 
of pharmaceutical significance and demands validation by other spectroscopic anal-
ysis (e.g. GC-MS, LC-MS, HPLC and NMR). Based on the earlier studies on 
Xylaria and the present study, it is predicted that the antioxidant properties of 
Xylaria are dependent on the species, habitat and geographic location. One-way 
ANOVA of three antioxidant properties among the four Xylaria species studied 
revealed a significant difference among them. Considering the abundance of Xylaria 
spp. in varied habitats of the scrub jungles of southwest India, further studies on 
their bioactive components and therapeutic potential will be highly beneficial.
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22.1  Introduction

With increasing number of groups (high risk) exposed to invasive fungal infections, 
the importance of clinical intervention or treatment methods is the highly imminent 
for the cancer patients undergoing chemotherapy, transplantation of bone marrow, 
and other diseases caused due to chronic immune-deficiency (De Amorim et  al. 
2013, Edwards Jr and John 2012). Invasive fungal infections can attack patients on 
continuous antibiotics intake and intravenous catheter treatment in premature 
infants, respectively (Schaller 1975). Even immune-compromised patients suffering 
with haematologic malignancies are highly sensitive to invasive fungal infections 
(Medici and Del Poeta 2015). It has also been noted that the infants with very low 
birth weight are highly sensitive to fungal infections (invasive) and may require 
prolonged anti-mycotic treatment or post-natal steroid therapy. Aspergillus spp., 
Candida spp. and Zygomycetes are prime fungal culprits responsible for invasive 
fungal infections in human system (Hsieh et al. 2012). It has been noted earlier that 
the main causative agent of nosocomial bloodstream infection once spread in USA 
and European countries was Candida species. It was observed that invasive candi-
diasis despite experimental clinical therapy, the mortality rate was around 40% 
(Barchiesi et al. 2016).

Cryptococcus neoformans is seen as the most opportunistic fungal infection 
affecting HIV patients coupled with high mortality rate. A significant decrease rang-
ing in 90–92% has been observed in HIV infection patients, once they are treated 
with anti-retroviral therapy. Furthermore, it has been noticed during clinical inves-
tigations in half of the total mortality cases due to invasive fungal infections (IFI).

Considering an ever increasing population of patients with weak immune sys-
tems and further exposed with immune-suppressive treatments in certain chronic 
diseases, we are experiencing a new kind of ever increasing, life-threatening infec-
tions mostly from fungal family. In reference to the above concern, vaccine against 
invasive fungal diseases, an ever growing medical attention in the recent years, has 
increased in the recent years. Due to rapid surge in medical complications arisen 
due to invasive fungal complications, during patient’s treatment for any complica-
tions such as diabetes, cancer or HIV/AIDS, there is a great demand to invest in 
immunological tools or integrate with chemotherapeutics, thereby minimizing the 
use of antibiotics and subsequently reducing antibiotic resistance.

22.2  History of Vaccines

It has been reported that the use of vaccination was observed for the first time by 
Thucydides in 430  BC and people during that period were able to survive from 
lethal contagious diseases. In China, during the period of Middle Ages the people 
use to practice a procedure known as variolation, in which air dried pustules of 
smallpox were used and healthy people were exposed to them. It was observed that 
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this practice was very dangerous though effective also. Later, Jenner discovered that 
inoculation of agent which was responsible for the mimicking of the disease like 
pustule derived from cowpox was an efficient way rather than exposing the people 
directly to the disease. After a century, the microbial origin of infectious diseases 
was discovered and Pasteur opened up a new way in the development of vaccine. He 
isolated the agent or micro-organisms responsible for causing a particular disease 
and converts them into dead or attenuated forms so that they lose their ability to 
cause disease but can mimic the infectious agent (Rappuoli et al. 2014). Later in 
1940s, in-vitro cultures of viruses were grown on animal cells to develop vaccines 
against several diseases like poliomyelitis, mumps, varicella, measles, rubella, hep-
atitis A, influenza and rotavirus.

22.3  Evolution of Vaccines

Recently, more sophisticated technologies having efficient way to mimic the disease 
causing agent and to induce the immunological response (Rappuoli et  al. 2014). 
Currently, different types of vaccines are being used like live attenuated vaccines, 
sub-unit vaccines or recombinant vaccines which are synthesized in the 
laboratories.

Due to the development of such vaccines, the eradication of diseases like small-
pox is possible. But lately the vaccines against lethal viral or bacterial disease were 
getting more popularity and there were no vaccines available against fungal dis-
eases. The reason behind this was lack of market appeal, absence of better quality 
vaccine formulations and expensive clinical investigations.

As the time passes by and the medical need of vaccines against fungal diseases 
increased rapidly and catches the attention of both investigators and representatives 
of various industries. With the advancement in biotechnology field, the develop-
ment of vaccines against fungal pathogens took place. There is huge difference 
between how vaccine industry sees the fungal vaccines back then and now. The 
combination of increase in medical need and advanced technologies results in the 
formation of novel fungal vaccines which are not only capable of preventing us 
from lethal diseases but also prevents their occurrence and improves the quality of 
our life (Cassone and Casadevall 2012).

22.4  Microbiome Impact on the Fungal 
Infection Pathophysiology

With the evolution of our scientific developments, we have witnessed an in-depth 
understanding of a host’s health status is greatly affected by the composition of 
microbiome residing inside (Pflughoeft and Versalovic 2012). Their population is 
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highly controlled by diet and can influence colonization of mucosae with fungi 
(Fig.  22.1). In the recent experimental study on mice, it was observed that the 
dietary coconut oil helped to control the colonization of Candida albicans of the 
gastrointestinal tract (Gunsalus et al. 2016). The qualitative and quantitative aspects 
of microbiome are also greatly influenced by fungus colonization especially 
Candida. For example, hydrogen peroxide and bacteriocins produced by 
Lactobacillus (Kennedy and Volz 1985) reduces fungal adhesion and growth 
(Noverr and Huffnagle 2004). Similarly Pseudomonas aeruginosa inhibits Candida 
albicans hypha formation thereby restricts tissue infiltration and future infection 
(Hogan et al. 2004). Furthermore, Enterococcus faecalis inhibits morphogenesis of 
Candida albicans hyphae in the host gut system.

Candida colonization is not only affected by microbiome composition but also 
alter the immune response as well upon fungal infection (Romani et al. 2015; Oever 
and Netea 2014; Kolwijck and van de Veerdonk 2014) (Fig. 22.1). Several immune 

Fig. 22.1 Fungal growth physiology and specific innate immune response under direct and indi-
rect microbiome influence. Production of chemokine and cytokines is stimulated upon invasion of 
Candida into host system thereby activating tissue microphages. Furthermore, neutrophils and 
monocytes are recruited to ingest and kill the invading pathogens. Helper T cells are activated by 
antigen presenting cells, which aids in elimination of pathogens.; CCL2 chemokine (C–C motif) 
ligand 2; ROS reactive oxygen species, NK natural killer cell, CCR2 chemokine receptor type 2
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alterations have been observed, including enhanced fluxing of macrophage and den-
dritic cell precursors during experimental observation on mice treated with short 
chain fatty acid propionate (Trompette et al. 2014). Tryptophan is used as energy 
precursor by Lactobacilli residing in the gut microsystem and produces 
indole-3-aldehyde.

Aryl hydrocarbon receptor is stimulated upon exposure to indole-3-aldehyde, 
which further induces natural killer protein, which acts as a protective agent against 
Candida colonization and infection, respectively (Zelante et al. 2013). Hence it can 
be strongly concluded that the microbiome’s bacterial components can influence the 
immunological response in the gastrointestinal and respiratory tract, respectively. In 
an immune-compromised host system, the pathogenic microbes especially the skin 
fungi can enormously expand and colonize (Huffnagle and Noverr 2013). In an 
experimental study, it was observed that the mice treated with antibiotics had altered 
gut microbiome that overlapped with outgrowth of commensal Candida species in 
the gastrointestinal track (Kim et al. 2014). Simultaneously, it is also observed that 
in Dectin-1 deficient mice model, there is an increased probability of altered gut 
microbiome with high susceptibility to experimental colitis (Iliev et al. 2012).

22.5  Need of Fungal Vaccines

To the healthy population, the infections caused by these opportunistic fungi remain 
a substantial threat particularly to immunocompromised hosts (Flavia De Bernardis 
et al. 2012). The prime targets of fungal infections are the patients having broad 
spectrum of anti-bacterial therapy, exposed to invasive procedures, undergone organ 
transplantation or taking anti-cancer drugs (Swaleha Zubair et al. 2017). Even pre-
mature infants are at high risk from suffering from fungal infections and are referred 
as high risk groups.

To treat severe diseases like cancer, the patient has to undergo a very complex 
and critical type of treatment which can increase the survival rate but on the other 
hand disrupts the natural barriers of the body and reduces the immunity of the indi-
vidual. This makes the patient vulnerable to agents or micro-organisms responsible 
for fungal infections. The problems mentioned above emerge the need to develop 
the fungal vaccines.

22.6  Challenging Vaccine Targets

The concept of vaccination or the development of fungal vaccine is one of the most 
interesting and challenging tasks in the medical fraternity, in the current scenario. 
Many fungal diseases pose a severe obstacle to the concept of vaccination, at least 
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in its active immunization modality. Diseases such as coccidioidomycosis, aspergil-
losis and candidiasis are the most common fungal infections which typically occur 
in the immunocompromised host system (Fig. 22.2).

The patients who are ineligible for the active immunization due to some immu-
nological deficit are prone to maximum fungal lethality and increased mortality. 
The above venerable status is the most influential determinant of vaccine efficacy, 
despite infection diagnosis and its effective treatment (Atkinson et al. 2002). It is 
observed that only efficacy trials with a formulation antigenic in nature have been 
proven safe and immunogenic in animals. In the case of passive vaccination with 
antibodies, the hosts complement and phagocytic assets are more relevant because 
the specific antibodies owe their effectiveness to opsonisation and/or complement 
fixation. As per invasive fungal infections are concerned, in case of Aspergillosis, 
there exist a number of target populations for vaccination. Mainly (a) bone mar-
row transplant of patient pre- and post-engraftment, (b) solid organ transplant, 
inpatients, who could be immunized to develop suitable engraftment, (c) acute 
myeloid leukaemia patients post-cytostatic chemotherapy in immunocompro-
mised state, (d) inflammatory bowel disease patients untreated with TNF blockers 
or corticosteroids, which are generally immune-suppressors, (e) patients under-
gone critical gastrointestinal surgery (Wormley et al. 2007; Barchiesi et al. 2016; 
Borghi et al. 2014).

Fig. 22.2 Illustration of fungal sensing and processing signalling pathway. Production of pro- 
inflammatory cytokines and soluble mediators is initiated on activation of transcription factors 
(TFs) through phosphorylation of cytoplasmic tyrosine kinases (CTKs) and protein adaptors, 
respectively
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22.7  Immunological Basis of Fungal Vaccine

Dual immunological mechanisms for achieving protection are one of the most 
intriguing aspects related to fungal vaccines. The main mechanisms are-Th1 and 
Th17 based response and antibody mediated immunity. Although, for the final pro-
tective outcome, there is a cooperation of other immunological mechanisms. For 
both formulation of vaccine and for establishment of protection during the clinical 
trials, the distinction remains substantial. In T cell based mechanisms, the protec-
tion is mediated indirectly, which means initially the induction of inflammatory 
response takes place that further recruits the soluble effectors such as, cytokines, 
anti-microbial peptides, chemokines and cellular effectors such as neutrophils, mac-
rophages. At the site of infection, these effectors eliminate or control the fungal 
pathogen.

In second mechanism, the protection is mediated by antibodies via opsono-
phagocytosis and complement activation but is dependent on the number of phago-
cytes and activation state. It also involves neutralization of factors like adhesins or 
enzymes, hindering the escape of fungal pathogen from the immune system of host 
or direct elimination or killing of fungus. The studies show that specific antibodies 
for C. neoformans modulate the metabolism of invaded fungi. This opens other 
mechanism through which humoral immunity can change the result of infection 
caused by fungus. The mechanism mentioned above shows the importance of vac-
cines in protecting prospective immunocompromised host system with malfunc-
tioned cellular effectors.

Protection against Candidiasis through vaccines is provided through interaction 
of Th17 cells with Th1 cellular response. This happens mostly against aspergillosis 
and endemic mycoses. In the natural history of fungal infections, this mechanism 
has a counter part where cytokines and receptors important for Th1 and Th17 
responses are affected by DNA polymorphisms to influence different types of 
mucosal candidiasis and aspergillosis.

In the field of vaccines for humans, the vaccine made of the basis of Th1/Th17 
response is a novel preparation. The existing vaccines work on the principle of 
attaining protection by neutralizing bodies. But this immune-protective mechanism 
has drawback also, which is the requirement of capacity to activate and recruit the 
phagocytes, as in immune-compromised patients the phagocytes are deficient in 
number and can cause inflammatory disease like vaginal candidiasis and mucosal 
infections. In fungal vaccines, Th17 cells play a very intense role by interacting with 
subsets of CD4 cells and other antibodies. T lymphocytes generate both IFN-g and 
IL-17, the cytokine signatures of Th1 and Th17 cells, respectively, against the 
C. albicans. In vaccines that rely on Th17 for protection, antibodies can predict the 
achievement of protective state.

Most of the historic achievements in the field fungal vaccine are based on the 
neutralization by antibodies. But this field has been neglected for so long by the 
fungal vaccinologists due to lack of evidence to prove the role of antibodies against 
fungal infections. The cryptococcal vaccine is the exception involving capsular 
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polysaccharide antibodies. In the pathogenic species of fungi like C. albicans and 
C. neoformans, there is no proof of the existence of factors like, capsule, virulent 
enzymes, adhesins, which are responsible for mediating virulence of fungi and pro-
moting the disease. By neutralizing the virulence factors, antibodies act as media-
tors of vaccine-induced protection. In humans, antibodies are not the main 
component of pre-existing immunity. To induce the adaptive immunity by glycol- 
conjugate vaccines, new technological improvements should be done to enhance the 
broad-spectrum protective efficacy of the vaccine and its anti-fungal conjugates.

22.7.1  Immunological (Antigen–Antibody) Interaction 
in Fungal Infection

The external physical barrier which safeguards the host body continuously from 
intruding pathogens in the aerosols is basically composed of skin, mucosal epithe-
lial surfaces, gastrointestinal and gastrourinary tract, respectively (Borghi et  al. 
2014). Pathogenic and non-pathogenic fungal spores suspended in aerosols are pre-
dominantly checked by the host’s epithelial cell system, through their effective anti- 
fungal response (Dühring et al. 2015; Dambuza et al. 2017).

Immune responses referred to as pathogen associated molecular patterns 
(PAMPs) are initiated spontaneously as soon as the host recognizes any component 
of fungi, specifically recognized by pattern recognition receptors(PRR) (Fig. 22.2). 
The vast majority of PRRs includes dendritic cells, macrophages, NOD-like recep-
tors, etc., which plays a crucial role in host’s innate immunity (Patin et al. 2019). 
Toll-like receptors (TLR) and Dectins are the prominent PRRs which play a signifi-
cant role in detecting the intruding fungal moiety in the host system. Hyper expres-
sion of gene coding toll-like receptor proteins has been screened in experimental 
trials in mice infected with systemic candidiasis immunocompromised using 
cyclophosphamide- dependent (Morovati et al. 2016). Some experimental trials in 
the recent past have also proved that toll-like receptors 2 are non-responsive in 
immunosuppressed mice models (Dehghan et al. 2018).

In an innate immunological host’s combat system, the phagocytic cells, the den-
dritic cells and the macrophages, respectively, are able to recognize and target the 
fungi’s primary stages of infection with the help of their specific PRRs and start 
killing and phagocytising them through their intracellular anti-microbial secretions 
fluxed with oxygen free radicals. The induction and release of cytokines (CD4+ T 
cells) are increased during phagocytosis (Salazar and Brown 2018; Romani 2011; 
Roy and Klein 2012). Simultaneously factors such as defensins, anti-fungal pep-
tides or mannose binding lectins promote opsonisation of fungal moiety, which 
serves as an additional defence immunological mechanism (Borghi et  al. 2014; 
Romani 2011; Hajishengallis et al. 2017).

Opsonophagocytosis is a very peculiar process of phagocytic cells through which 
it effectively eliminates pathogens from the host’s system, through recognition of 
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beta-1,6-glucans complement particles, expressed on the fungal surface by a spe-
cific receptor protein, known as complement receptor 3, majorly expressed on 
immune cells such as macrophages and neutrophils (Romani 2011). Simultaneously, 
the helper T cells (TH -17) are induced by the secretion of defensins and collectins 
during the opsonisation process of fungal moiety (Fig. 22.3) (Polesello et al. 2017).

When the external epithelial system fails as effective barrier or the first line of 
defence and the pathogens gets success to intrude into the host’s system, the immune 
system reboots the whole process through a new way through the stimulation of 
antigen presenting cells and successive production of cytokines, to target and elimi-
nate the fungal particles intruded inside. During this process the immune factors 
such as PRRs and PAMPs play their specific roles, as they did earlier, as first line of 
defence. The downstream protein adaptors are triggered as soon as they are con-
nected to the cytoplasmic stimulatory domain of PRRs, leading to upregulation of 
transcription factors and release of cytotoxic cytokines. In this immunological 
response, the activation and production of interleukin-1 beta from pro-interleukin-1 
beta, respectively, are triggered by the release of Caspase-1 and Caspase-8. 
Inflammasomes, a cytokine secretion, stimulates Dectin-1, is solely responsible for 
the activation of caspase molecules, which conducts the above-mentioned process. 
Subsequently, the antigen presenting cells process the fungal antigen and produce 
before the naïve T cells. These T cells are formed specifically from the cytokine post 

Fig. 22.3 Fungal antigens induce immune response in the host system
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PAMP-PPR interaction. For example, the helper T cell, TH-1 is activating by the 
exposure of interleukin-6 and interleukin-23 thereby inducing TH-17 cytokines such 
as interleukin-17 & 21, respectively.

Fungal antigens are targeted by B immune cells predominantly through two dif-
ferent ways. The first one is through targeting on non-protein antigens by indepen-
dent T cells. This is the very fact that no memory response is auto saved in the 
immune system for the respective antigenic protein due to the absence of T cell 
response, which eventually leads to production of low-affinity IgM isotype antibod-
ies. Secondly, the antibody producing B cell lymphocytes responds to fungal anti-
gens as soon as it is presented by antigen presenting cells (MHC Class 2) to the 
CD4+ helper T cell, which play a major role in adaptive immunity. Antigen presen-
tation to the B cells, trigger specific immune signals, resulting in production of 
antigen specific antibody production, which delivers high affinity and increased 
shelf life. Simultaneously, during this process, immunological memory is created in 
the host’s system which helps in antigen tackling in future attack.

22.7.2  Acquired Immunological Response against 
Fungal Antigen

Adaptive or acquired type of immunity is developed in the host system through 
exposure of antigen captured by antigen presenting cells (Major Histocompatibility 
Complex, MHC class I & II) and brought before B cell lymphocytes through CD4+ 
and CD8+ helper T cells, which reads the antigenic protein and activates production 
of the fungal antigen specific antibodies. Furthermore the immunological memory 
is developed in the host’s immune system (Dehghan et al. 2018; Verma et al. 2017; 
Snarr et al. 2017) (Fig. 22.3). CD+4 T cells differentiation is favoured through anti-
gen presenting cells binding to TH -helper T cells type 1 thereby promoting release 
of cytokines, cytotoxic to intruding fungal pathogens. TH -helper T cells type 1 
development requires factors like STAT1/STAT4 while TH -helper T cells type 17 
requires STAT3/ROR-γt transcription factors (Borghi et  al. 2014; Salazar and 
Brown 2018; Romani 2011; Conti et al. 2018) (Fig. 22.3).

The CD+4T cells get differentiated to the TH-1 cells, upon the secretion of 
interleukin- 12(IL-12) from antigen presenting cells, specifically the Dectins 
(Romani 2011). Gamma-interferon (IFN-γ) and IL-17 served the purpose of protec-
tion against inflammatory response, which is specifically secreted by helper T cells 
type1 (Górski 1984; Carvalho et al. 2012). Stimulation of phagocytes incites secre-
tion of interferons (IFN), especially IFN-γ, which promotes cell mediated immunity 
in the host system. Furthermore, cytokines like interleukin-17 and interleukin-22 
initiates neutrophilic response thereby releasing peptide toxins, like defensins, bear-
ing anti-microbial property, at the infection site (Matsuzaki and Umemura 2018). 
The regulatory Treg cells, like Foxp3+/CD4+ T cells, supress the inflammatory 
responses through the release of transforming growth factor (TGF)-β (Iannitti 
et al. 2012).
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22.8  Fungal Vaccines

In the last few years, a numerous amount of candidates for fungal vaccine have been 
reported. To check its safety, immunogenicity and efficacy of the vaccine, they are 
being refined and tested on animal models and later on humans (Table 22.1).

Table 22.1 Fungal vaccine candidates

Fungal species Vaccine candidate Immunity Model

Aspergillus Asp 16 f Th1 Murine
Aspergillus Asp 3 f Th1 Murine
Aspergillus Pep1p, Gel1p, Crfl, glucans Th1 Murine
Aspergillus, Candida Cell wall glucanase, Crfl Th1 Murine
Aspergillus, Coccidioides, 
Cryptococcus, Candida

Heat killed Saccharomyces cerevisiae Th1, Th2, 
Th17, 
antibodies

Murine

Blastomyces Attenuated mutant Th1, Th17 Murine
Candida Agglutinin-like sequence adhesins Th1, Th17, 

antibodies
Murine/
Simian

Candida Hyr1p Antibodies Murine
Candida Secreted aspartyl proteinase protein, 

Sap2p PEV-7
Antibodies Murine

Candida, Cryptococcus Laminaran Antibodies Murine
Candida Mannan linked to human serum 

albumin
Th1/antibodies Rabbit

Candida Live attenuated T cells Murine
Candida Fba peptide Antibodies Murine
Coccidioides Attenuated mutant Th1, Th17, Th2 Murine
Coccidioides T cell epitopes

Antigen 2/proline rich Ag(Ag2/PRA)
Th1, Th17, Th2 Murine 

simian
Cryptococcus Glucuronoxylomannan capsule

Galactoxylomannan protein
Antibodies Murine

Cryptococcus Peptide mimotopes of GXM capsule 
(P13)-linked to tetanus or diphtheria 
toxoid

Antibodies Murine

Histoplasma Live, heat killed Th1, Th17 Murine
Histoplasma Cell wall membrane fractions/HSP Th1 Murine
Paracoccidioides RPb27 Antibodies Murine
Paracoccidioides HSP60 Th1 Murine
Paracoccidioides P10 Th1 Murine
Pneumocystis 55 kDa DNA/p-55 Antibodies Murine
Pneumocystis Kexin Antibodies, 

CD8+ T cell
Murine

Source: Som G. Nanjappa and Klein (2014)
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22.9  Development of Vaccines against Opportunistic 
Fungal Pathogens

Recently, we have witnessed the global rise of dangerous fungal infection particu-
larly related to high risk groups including premature infants, cancer patients, dia-
betic patients or immunocompromised patients. But the improved technology in 
medical field has made it possible to recognize and diagnose fungal infections more 
efficiently. In patients undergoing invasive surgical procedures, using prosthetic 
treatment devices, such as Catheters, due to excessive administration of nutrition 
through parenteral routes, invites entry of fungal pathogens inside the body in sub-
stantial amount. It can also lead to defects in the defence mechanism of an individ-
ual. It is observed that in 30% cases, the fungal infection may lead to the death of 
the patient.

According to certain reports, the chance of an individual getting resistant of anti- 
fungal agents is less than getting resistant to anti-bacterial agents. The incorrect 
prescription or over use of these anti-fungal agents is the probable reasons behind 
resistance. Recently, extensive increase has been seen in the number of drug resis-
tant Candida species, a type of fungal species. Since 1980s, approximately 500% 
increase in the occurrence of infections of bloodstream because of Candida species 
has been observed. The majority of the systemic fungal infections are caused by 
Candida species, Aspergillus species and Cryptococcus species. In leukemic, 
approximately 25% cases lead to death of the patient due to systemic fungal infec-
tions. Severe infections caused by fungal agents can cause 5–10% deaths of patients 
undergoing transplantation of organs like liver, pancreas or liver. After birth, 13% of 
infant having lower body weight are at high risk of getting affected from acquired 
fungal sepsis. The factors responsible for the establishment of the fungal pathogens 
inside the host are immune-suppression, dysfunction of T cells or B cells, diabetic 
condition, AIDS, organ transplantation, high dosages of corticosteroids, cytotoxic 
chemotherapy and persistent intake of antibodies or long-term hospitalization.

Generally, the fungal species that can survive at room temperature are exposed 
continuously to the host in order to establish different interactions from symbiotic 
to pathogenic. There are many fungal species which may act as primary pathogens 
and infect the immunocompetent hosts. In case of immunocompromised patients, 
the pathogen damages the immune system completely and spores or conidia of fun-
gal agent invade inside the body and the infection progresses further.

22.10  Candida Species

The Candida pathogens show commensal interactions and the infections caused by 
these species is the foremost cause for occurrence of nosocomial bloodstream infec-
tions, and tentatively around 52–63% infections are caused by C. albicans itself. 
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Infections are caused by C. albicans. Since the last three decades, this species has 
been considered as the major human pathogen. It is observed that in case of immu-
nocompromised mammalian hosts, Candida albicans is a life-threatening pathogen 
and can cause severe diseases.

According to the reports of Banerjee and colleagues, the rate of candidemia 
ranges between 0.28 and 0.61 in each 1000 discharges in a hospital under National 
Nosocomial Infection Surveillance system. This report shows fivefold increase in 
the rate of candidemia among the members National Nosocomial Infection 
Surveillance system and even after years the number keep on increasing. This spe-
cies is the sixth most common type of pathogen that has been isolated and fourth 
most prevalent in the bloodstream. The factors which control the exponential rise in 
the isolation of Candida species are prolonged exposure of patient to broad- 
spectrum antibiotics, usage of intravascular catheter devices, development of AIDS, 
organ transplantation protocols. With the advancement of medical technologies, we 
have observed the large number of opportunistic infections in patients in critical 
condition. It has been estimated that in future times, the infections caused by 
Candida species would become more pre-dominant.

22.10.1  Most Common Types of Infections Caused by 
C. albicans

22.10.1.1  Oropharyngeal Candidiasis

It is commonly known as oral thrush and is the most common type of infection 
which occurs in oral cavity involving mucosal buccal membranes. Generally, it 
occurs in infants and patients affected by AIDS. When the person is having this 
infection then white adherent patches would appear and the membrane gets eroded.

22.10.1.2  Vaginal Candidiasis

It is also known as vulvovaginitis. In features it somewhat resembles with thrush 
except the irritation, extreme itching and discharge accompanying it. The establish-
ment of this particular infection occurs when the loss of normal bacterial flora takes 
place due to excessive anti-biotic therapy. The role of normal bacterial flora is to 
maintain the required acidic pH inside the vagina in order to inhibit the growth of 
C. albicans and also hinders the formation of pseudo hyphae which may lead to the 
establishment of the infection. Generally, skin infections occur at most or warm 
parts of the body like axilla, groin and infra-mammary folds. Diabetes and obesity 
are considered as pre-disposing conditions for topical (skin) infections caused by 
fungal pathogen.
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22.10.1.3  Chronic Mucocutaneous Candidiasis

It is a type of immune-deficiency disease. It presents debilitating, persistent and 
refractory infections. This infection can be mild or lethal for the patient. It occurs in 
mucosal membranes, skin or nails.

22.10.2  Secondary Infections

Fungemia is a very common type of fungal infection present in immunosuppressed 
individuals. It shows the presence of fungal agents in the bloodstream. This infec-
tion is not localized to any particular organ or site. Through the bloodstream it gets 
distributed in the whole body. Candida albicans is fungal organism which is ubiq-
uitous in nature. It often colonizes at mucosal surface and skin and does not cause 
any disease. When the defence or immune mechanism of the host gets impaired then 
this organism becomes pathogen. Usually, cell mediated immunity protects the host 
from fungi and controls the infection. The deficiency of cell mediated immunity 
offers an opportunity to the fungi to spread the infection. It is difficult to demon-
strate the humoral immunity but it can be done by either correlating titres of anti-
bodies with protection or by transferring the immune sera. Although due to 
inconsistent results, the notion that antibodies play the role of protection against the 
fungi was in controversy.

There were certain studies which proved that cell mediated immunity is the pri-
mary defence mechanism along with that antibodies also play important role in the 
removal of intracellular fungi pathogens completely. The innate immune system of 
an individual recognizes a variety of micro-organisms and helps in initiating and 
modulating some adaptive responses which are delivered by the T cells as well as B 
cells due to its interaction with antigen presenting cells. As soon as the recognition 
of the pathogen is done then the body starts activating the immune response and 
both these events are accomplished by pattern recognition receptors. These recep-
tors recognize the pathogen associated molecular patterns, which are the conserved 
microbial chemical signatures. The skeletal elements and matrix components of cell 
wall of Candida albicans are recognized by the innate immune system. The outer-
most part of the cell wall consists of mannoprotiens and mannans. The first step in 
the recognition of C. albicans done by the immune system of host is to recognize 
mannans.

By the induction of particular cytokine profiles, a degree of specificity is observed 
in the innate response by the pattern recognition receptors. Several opsonic and non-
opsonic receptors mediate the phagocytosis of C. albicans. The alternative pathway 
mediates the complement activation and complement binding process. For the che-
motaxis and opsonisation of the C. albicans, complement activation is necessary. 
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The uptake of fungal agent is not mediated by toll-like receptors, but they are 
involved in the presentation of antigen and phagosome maturation. We can use both 
oxidative and non-oxidative mechanism for the killing of Candida albicans. On 
invasion of fungi, in response Dectin-1 receptor induces the respiratory burst 
response and this activity is further enhanced by the toll-like receptor signalling. 
Respiratory burst results in the formation of toxic oxidants and also activates the 
granule proteases which can kill Candida albicans.

The formation of various cytokines and chemokines is induced by Dectin 1, 
including macrophage inflammatory protein 2, TNF-α, macrophage inflammatory 
protein 1α, granulocyte colony-stimulating factor, granulocyte macrophage colony- 
stimulating factor, interleukins-10, IL-2, IL-6, IL-1α, IL-1β, and IL-23. NF- κB or 
MAPK pathway gets activated by the toll-like receptors and also stimulates the 
formation of pro-inflammatory cytokine. According to recent studies, there are cer-
tain surface components of the fungal pathogen which occupies different toll-like 
receptors, particularly toll-like receptor 4 and toll-like receptor 2 which plays 
important role in protecting the fungus.

The antibody formation against the virulent traits of fungi and the ability to tip 
the protective enhancer balance towards the former which is likely to have convinc-
ing response by the defence system against Candida species. According to some 
studies it is evident that specific antibodies against Candida species can perform 
this task by deactivating the factors responsible for virulence and therefore sup-
presses the potential fungal pathogen.

For a hyphal cell wall moiety, a specific monoclonal antibody inhibits germ tube 
formation. A study demonstrated the adherence inhibition of C. albicans to polysty-
rene by using monoclonal antibodies against antigens of cell wall of C. albicans. 
Other study showed the ability of monoclonal antibodies directed to stress manno-
protein present in the outer cell wall of C. albicans to perform three distinct activi-
ties, i.e. inhibition of adhesion, inhibition of germination and direct killing. These 
activities work against the pathogen and induce protection. The above-mentioned 
studies prove that antibodies may show some therapeutic effects and play role under 
natural of infection. Experimentations on animal models were also conducted to 
prove the protective role of antibodies.

In order to have effective protection, opsonisation and complement deposition 
are important factors in both types of vaccination models, i.e. active and passive 
models. To exert their antibiotic activity, antibodies need the presence of cellular 
effectors. But in case of immunocompromised patients, this can be a limiting factor. 
After the vaccination process, antibody production takes place by inhibiting enzyme 
activity and toxicity. There are many relevant antibodies that can neutralize the cog-
nate adhesins. It is one of the virulent traits of various fungi.

The infectious dichotomy of mucocutaneous and disseminated form of candidia-
sis has led to very simple explanation of immunological response. T cell immunity 
is required to prevent mucocutaneous candidiasis and to avoid disseminated disease, 
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proper neutrophil functioning is required. The above observations were made on the 
basis of studies conducted on patients suffering from chronic mucocutaneous can-
didiasis. But these studies are limited in number, but in patients with rare anomaly 
of thymic aplasia which can reduce the population of T cells but results in predicting 
that with congenital thymic aplasia chronic mucocutaneous candidiasis can be 
induced in mice. In results, mice resisted the induction of mucosal disease and 
exhibits enhanced resistance towards disseminated candidiasis. Against mucosal 
candidiasis, T cells induce the immune response inside the host system. But in 
women with normal thymic functions, bouts of the vaginal candidiasis suggest that 
non-T cell factors play role in inducing the immune response. The models of muco-
sal candidiasis having high severity levels are not that much satisfactory and are 
very complicate the sorting out of immunological defects than the patients of 
chronic mucocutaneous candidiasis. In experimental studies on mice, the host 
defence against disseminated candidiasis is Thl-dependent cell mediated immunity. 
Like humans, mice are also susceptible to lethal disease when rendered 
neutropenic.

The anti-fungal treatment against candidiasis consists of a limited armamentar-
ium primarily of less number of strategies depending on the differences between the 
eukaryotic cells of fungi and mammals. Since the last three decades in the treatment 
of fungal infections, we have witnessed the emergence of various efficient strate-
gies. The treatment includes intake of amphotericin B formulations which targets 
the membrane ergosterol and made membrane spanning channels, various deriva-
tives of azole having broad-spectrum activities like voriconazole, fluconazole, itra-
conazole, posaconazole and allylamines which can target the synthesis of ergosterol, 
inhibitors of cell wall echinocandins which include micafungin, caspofungin. These 
inhibitors can interfere with the synthesis of polysaccharide of cell wall, p-1, 
3- glucan, flucytosine, which is an anti-metabolite of DNA or RNA synthesis.

The therapy success rates against mycoses, such as candiasis, are relatively very 
low and is very much restricted to issues like, toxicity and drug resistance respec-
tively. There are many reasons which can make this disease fatal, such as, chal-
lenges during diagnosis, resistance of pathogen towards the drug and poor 
immunologic condition of patient respectively. Majority of patients suffering from 
muco-cutaneous diseases does not respond to anti-fungal drugs or medicines. But in 
patients undergoing invasive medical procedures, candidiasis can be prevented. For 
significant reduction of C. albicans population, anti-fungal treatment has become 
the most common practice. The notion of preventing various forms of candidiasis 
gained popularity when weekly therapy with fluconazole becomes successful by 
reducing the reoccurrence of vulvovaginal candidiasis in women.

The above discussion is related to concept of vaccination against fungal patho-
gens. But in past, this notion does not get proper attention due to the fewer occur-
rences of the fungal infections and limited distribution of geography for various 
fungi in comparison with bacterial and viral infections. The beginning of AIDS and 
extensive use of potential immunosuppressive therapies to overcome auto-immune 
disease, transplantation rejection, malignancies have gained interest in the develop-
ment of effective vaccines against potent fungal pathogens. The fungal diseases are 
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now considered as major reasons for mortality and morbidity. An ideal vaccine 
should induce a long-lasting adaptive immune response and prevents the fungal 
invasion or the multiplication of the pathogen and does not cause any harmful 
effects to the host. The efficacy of the vaccine depends on the type of pathogen 
responsible for infection and immune-competence of host. While considering the 
range of candidal infections in humans, which have innate and adaptive type of 
immunity then immune protection is one of the major concerns.

Induction of active immunity in immune-compromised patients is precluded as 
they are vulnerable to mucocutaneous and disseminated candidiasis. In such 
patients, passive immunity can be used as a beneficial form of immunotherapy 
because it offers immediate protection to the host body. On the other hand, active 
immunity is beneficial in those patients whose defence system is immune- competent 
in nature but also vulnerable to candidiasis. The major targets of candidiasis are 
women, therefore for vaccination they are the best target subjects. The cells involved 
in protection against candidal vaginitis are not known. But to prevent vulvovaginal 
candidiasis, immune-prophylactic vaccine can come into play as it facilitates the 
transfer and colonization of Candida species in infants. The individuals having dia-
betic condition, denture wearers, having pre-disposing iatrogenic factors or hospital 
workers should benefit from active immunity. Irrespective of the type of immunity 
(innate or adaptive) that protects against Candida, there is a need to develop an 
immune-protective agent. But the development of vaccine against any infectious 
disease is very challenging task and it requires prior considerations. So, for initial 
considerations following is the rationale.

The arguments that favour the development of vaccine against Candida spe-
cies are:

 (a) On considering the problems related to public health, this disease causes suffi-
cient morbidity and mortality.

 (b) The currently available prevention and cure treatments are not that much 
efficient.

 (c) On the basis of history of the disease, it can be stated that acquired immunity 
can only prevent or reduce the severity of the disease but cannot eradicate it 
from the host body.

 (d) Aetiology of candidal infection is limited to a less number of closely related 
species and most of them can be affected by an appropriate formulation of anti- 
fungal vaccine.

There are many limitations in understanding the mechanisms responsible for 
protection against haematogenously disseminated candidiasis, but latest and benefi-
cial information is surfacing. During clinical observations, neutropenia acts as a risk 
factor and to support these experimental studies on animal models of disseminated 
candidiasis were conducted. Deficiency of T cells or its dysfunction is not referred 
as risk factors. The animal models of disseminated disease prove that T cell depen-
dent cell mediated immunity triggers the host defence system against candidiasis. 
The studies conducted on mice helps in understanding the mechanism behind pro-
tection mechanism which is important for C. albicans defence in these agents, but 

22 Fungicide as Potential Vaccine: Current Research and Future Challenges



754

the conclusions may be over-stated and misleading. Till date, there is no correlation 
found between occurrence of disseminated candidiasis in HIV/AIDS in humans and 
severity of T cell deficiency in cell mediated immunity. Specific antibodies, humoral 
factors, phagocytic cells, cytokines and cell mediated immune response are included 
in adaptive and innate immunity. If any element of the host defence system prevents 
the multiplication of fungal agent, then it reduces the deep invasion of the pathogen 
inside the organ systems and also reduces the morbidity related to mucosal tissue 
disease.

To develop an effective vaccine against Candida species, one needs to under-
stand the dichotomy of C. albicans and the interaction of C. albicans with human 
beings. To explain the interaction between host and fungal agent there are two pos-
tulates. The first postulate is based on the idea that the pathogen is present as a latent 
pathogen inside the host system and is controlled by the immune system. If the 
environment inside the host body gets devastated, then occurrence of mucocutane-
ous and disseminated disease takes place. The idea behind this postulate arises from 
the transitory existence of colonization in healthy individuals by C. albicans and 
increased development of candidiasis in patients who are colonized before the 
immunosuppressive therapy. According to second postulate, the interaction of host 
and C. albicans is a mutualistic type of relationship. The host and pathogen derive 
reciprocal benefit from each other. If the state of host becomes debilitated, then the 
interaction favours to pathogen and facilitates its invasion.

In the development of fungal vaccine there are two different approaches. The first 
approach includes the complete removal of pathogen from the host body, i.e. immu-
noprophylaxis. The second approach involves induction and maintenance of 
immune response against controlled antigens that correlate with the diseased state, 
therefore permitting the maintenance of mutual interaction between the host and 
Candida.

By rejuvenating the immune system of host with liposomized immune- modulator, 
viz. Tuftsin tetra peptide along with intercalated formulation of Amphotericin B, 
disseminated candidiasis has been tackled in the mouse model. The cytosolic pro-
teins of C. albicans were found in escheriosome based vaccines and this vaccine 
was found to be effective against disseminated candidiasis in mouse model (Swaleha 
Zubair et al. 2017).

22.11  Aspergillus Species

The fungal disease caused by this species is known as aspergillosis. For individuals 
having weak immune system, this disease can be life-threatening because they are 
easy targets of systemic fungal infections. Conventional chemotherapy does not 
show promising results. For better treatment, one should go for immune-stimulating 
agents along with anti-fungal drugs (Swaleha Zubair et  al. 2017). The vaccines 
developed against Aspergillus can be categorized into four types. They are crude, 
sub-unit, pan fungal and therapeutic.

G. Verma et al.



755

22.11.1  Pan Fungal Vaccines

The pan fungal vaccines take benefit from the antigens controlled by the fungal 
pathogen to fight against other fungal species. These vaccines catch the attention of 
commercial market because if they are formulated successfully, then they can pro-
tect the individual against different types of mycoses. In an experimental study, 
conjugation of diphtheria toxoid with β-1,3-D-glucan is done. Then this glycopro-
tein conjugate is injected to mice. As a result, antibody response is produced to β-1 
3-D-glucan and it can protect the mice against Aspergillus. In another study, the 
mice were protected by immunizing them with heat killed Saccharomyces cerevi-
siae, from five different genera of fungi including species Aspergillus. The one pos-
sible mechanism behind the protection could be the stimulation of memory innate 
defences, which is also known as trained immunity. It was observed that β-1.3-D- 
glucans can induce the non-specific protection and epigenetic reprogramming 
against infections. In calnexin protein, T cell epitope was discovered, which is 
extremely conserved in the members of Ascomycota phylum. The researchers 
proved that calnexin is a surface protein and if it is injected in mice, then it results 
in the increase of antigen specific CD4+T cells. To identify the proteins effective 
against Aspergillus, proteomic approaches were used.

22.11.2  Crude Vaccines

The crude vaccines contain the whole living or killed organism, i.e. Ammophilus 
fumigatus or fraction of pathogen derived from culture filtrates. But there is light 
possibility that it leads to incidence of auto-immune responses and excessive amount 
of reactogenicity due to the presence of antigens. In an experimental study, mice is 
immunized with live A. fumigatus, heat killed A. fumigatus or crude culture filtrate 
via intranasal inhalations. Then the mice were immune-suppressed by using cyclo-
phosphamide and challenged with intravenous or intranasal administration of 
A. fumigatus conidia. In mice which were immunized with heat killed pathogen, 
increased survival rate was not there. On the other hand, mice that received live 
A. fumigatus or crude filtrate showed significant protection. CD4+ T cells, IFN-γ and 
IL-2 were necessary for protection of the mice which lack IL-4, and show most 
resistance towards A. fumigatus.

The mice with live and not heat killed conidia can induce the production of IFN- 
γ and humoral responses. The heat killed conidia produce CD4+ T cells, which fur-
ther produce IL-4 and IL-13. The mechanism behind this remains speculative, but 
can be related to certain live conidia germinating into hyphae. It is the morphtype 
found in invasive disease. Hyphae stimulate the responses by pulmonary dendritic 
cells and a particular set of antigens.
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22.11.3  Sub-Unit Vaccines and Monoclonal Antibodies

The Aspergillus sub-unit vaccines contain the purified form of one or more compo-
nents of the pathogen. They were used to test on pre-clinical models. In aspergillosis 
models, recombinant Aspergillus proteins were used to produce vaccine mediated 
protection. These proteins include Asp f3, Asp f16, Asp f9 and Pep1. Purified forma 
of glycans from the cell wall can be used as immunogens. After the intranasal vac-
cination with α- and β-1,3-D-glucans, immune protection was observed. But same 
does not happen with galactomannan vaccination. Generally, T cells recognize pep-
tides and not the carbohydrates. In a study it was observed that mannans can elicit 
protection against A. fumigatus conidia. If mannans are conjugated with bovine 
serum albumin, it shows much better response. Earlier, it was believed that antibod-
ies protect against mycoses by initiating opsonisation and complement deposition.

22.11.4  Therapeutic Vaccines

In majority cases, where patients receive allogeneic haematopoietic transplants, 
after the recovery of neutrophil, the invasion of aspergillosis occurs. This suggests 
the importance of role played by T cell defences. T cells get expanded with antigens 
in ex-vivo environment and they injected back to the patient. In a study on mouse 
model, after the invasion of pathogen and transfer of Aspergillus specific CD4+ T 
cells, the survival of mouse gets extended. This study lays the foundation to conduct 
study in humans, who are invading by Aspergillus following haplo-identical haema-
topoietic transplantation. T cells produce specific antibodies for antigens of 
Aspergillus.

The expansion of antibodies can be done by the incubation of heat killed conidia 
with blood mononuclear cells. After receiving immunotherapy, 9 out of 10 patients 
show positive results against the infection. For the expansion of T cell, a technique 
was developed, which was based on the activation-dependent expression of CD154 
and CD137. After, which recombinant A. fumigatus is incubated with peripheral 
blood mononuclear cells? The generated T cell lines produce strong IFN-γ and 
IL-17 responses against the fungal species including Aspergillus, Fusarium, 
Scedosporium, Candida and Mucorales. The expansion of CD8+ T cell clones and 
identification of antigens are responsible for the stimulation of human CD4+ T cells. 
The genetically modified human T cells were used to express the B-glucan recogni-
tion receptor Dectin-1. These bioengineered T cells can be used to kill A. fumigatus 
germlines.
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22.11.5  Systems Used for Delivery of Vaccine and Adjuvants

If the antigens are administered along with stimulatory adjuvants through delivery 
systems, it produces high immune response. Β-1, 3-D-glucan, a carbohydrate anti-
gen has very poor immunogenicity but its conjugation with protein carrier can 
enhance the response by antibodies. By using delivery systems and adjuvants, we 
can boost the natural immune response. In most of the commercial vaccines, alum 
is used as adjuvant, which elicit Th2 cell and antibody response. Other approach 
used dendritic cells transduced with adenovirus vector. If the mice are infected with 
dendritic cells pulsated heat killed A. fumigatus, then survival rate of the patient 
increases too many folds.

But too much labour is required in the manufacturing of dendritic vaccines and 
also its production is way much expensive for a large population. In other successful 
vaccine against Aspergillus, unmethylated CpG-rich oligonucleotides and TiterMax 
were used as adjuvants. The use of an appropriate adjuvant can induce a strong 
protective response for aspergillosis. The vaccines having adjuvants can be used in 
patients having allergies to elicit a balanced response (Stuart M.  Levitz 2017) 
(Table 22.2).

Table 22.2 Problems which can occur during the development of vaccine against Aspergillus species

Problems during the development 
of vaccine Possible solutions

Immunocompromised patients •  Infusion of donor lymphocytes
•  Improved forms of adjuvants
•  Target arms of defence system should be least affected
•  Vaccination prior to anticipated immune-suppression

Conduction of human trials after 
animal trials

•  In-vitro studies along with phase one human studies
•   Usage of multiple animal models before conducting 

human trials
Allergic responses •  By shifting immune response to protective
Humans and fungi are eukaryotes •   Avoid using homologous protein sequences to reduce the 

chance of incidence of auto-immunity
Need of large number of patients •  Perform satisfactorily clinical trials
Glycosylation of protein by 
aspergillus

•  To stimulate antibody protection, use native proteins

Commercialization •  Open bio-pharmaceutical companies
•  Try to attract interests through NGOs

Source: Stuart M. Levitz (2017)
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22.12  Cryptococcus Species

C. neoformans is also one of the important opportunistic pathogenic species of 
fungi which can reside on both plants and animals. The teleomorph of this species 
is known as Filobasidiella neoformans, which is a filamentous fungus and belongs 
to Tremellomycetes class. It is often found in the excretions of pigeon. Its genomic 
sequence was published in 2005. According to recent studies, these fungi by grow-
ing on the remains of melted reactor of Chernobyl Nuclear Power Plant utilize the 
energy of primary beta radiations for radio-trophic growth. They grow as unicellular 
yeast and then multiply by budding process. During mating, the hyphae begins to 
form and at the telomeric end of hyphae develops into basidio spores, just before 
spore formation. If the host body has less glucose concentration, 5% carbon diox-
ide, serum, less iron content, then the cells start producing a specific capsule of 
polysaccharide.

When C. neoformans grows as yeast, it contains a bulbous capsule mainly made 
up of polysaccharides. Indian ink stain is used to visualize the capsule under micro-
scope. The ink particles surround the yeast cell and does not penetrate inside the 
capsule and result in the formation of zone of clearance or halo near the cells. It 
helps in identifying the C. neoformans. On exposure by radiations like gamma- 
radiation, they show rapid growth. Such radiations enhance the electron transfer 
capacity of melanin pigment in the fungal species and hence results in increased 
metabolic activity.

The infection caused by C. neoformans in known as cryptococcosis. Such infec-
tions mostly result in lung infections. C. neoformans is the causative agent of fungal 
meningitis, which is a type of secondary infection in patients suffering from 
AIDS. Therefore, C. neoformans is considered as dangerous fungus. People having 
fully functioning immune systems are rarely infected by this fungus. It is a faculta-
tive intracellular pathogen and occasionally referred as opportunistic fungus.

When Cryptococcus does not affect the central nervous system, then it can be 
cured by in taking fluconazole. The person suffering from cryptococcal meningitis, 
then it should be treated with oral administration of flucytosine 100 mg/kg/day and 
intravenous administration of Amphotericin B 0.7–1.0 mg/kg/day for 2 weeks con-
secutively. Then the treatment should be followed by the intake of 200 mg of fluco-
nazole for 10 days and then 200 mg of the same drug daily until the CD4 count of 
patient reaches above 100 for 3 months.

The patients who cannot tolerate Amphotericin B can use intravenous Ambisome 
4 mg/kg/day instead. The oral administration of flucytosine is not that much effec-
tive and has many side effects. These do not cure the infection or kills the pathogen 
instead it only suppresses the fungal growth. Fungal remains viable and grows from 
cerebrospinal fluid of the patient. The data from Uganda suggests that 400 mg dos-
age of drug does not show better outcomes instead 1200 mg/day can be effective. 
The time duration of treatment and post treatment is not known.

C. neoformans leads to the occurrence of cryptococcosis, which is a type of pri-
mary pulmonary infection and can cause fatal type of meningitis. The detection of 
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capsular polysaccharide or isolation of yeast is done through serum or cerebrospinal 
fluid via latex agglutination test in order to diagnose the disease.

In culture filtrate, three species are defined as cryptococcal exo-antigens 
which are:

• High molecular weight glucuronoxylomannan.
• Mannoproteins.
• Galactoxylomannan.

In species like, Saccharomyces and Kluyveromyces, mannoproteins are the main 
structural and/antigenic elements of cell wall. The agglutination and immunological 
data supports the location of cell wall mononuclear phagocyte system on surface of 
the non-pathogenic yeasts. From the supernatant of culture containing pathogenic 
yeast C. neoformans, we can recover mononuclear phagocytes but only in small 
quantities. In cryptococcal infections, mononuclear phagocytes trigger the immune 
response as antibodies against them are found in the sera of patients affected by 
these infections. In a study on mice, it was observed that mononuclear phagocytes 
secreted by C. neoformans provoke a delayed and strong hypersensitivity response 
than capsular polysaccharide does. In cryptococcal cell, the cellular location and 
exact function of mononuclear phagocytes are not known. But on the basis of study 
mentioned above, it can be assumed that mononuclear phagocytes arise from the 
outer surface of cell wall.

To develop the prophylactic vaccines against C. neoformans, cytosolic proteins 
of the pathogen itself can be used. These proteins consist of T cell antigens and 
show immunogenic response and induction of antibodies inside the host system. 
The conversion of fibrinogen into fibrin takes place during blood coagulation, which 
is followed by the polymerization and formation of 3D network. Inside this net-
work, many blood cells and plasma constituents are captured. The above process is 
catalysed by thrombin protein and cleavage of fibrinogen into small polypeptides 
takes place. These polypeptides further undergo aggregation and form the clot.

For the past many years, fibrin is used in antibiotic delivery systems; likewise, it 
can be used for antigen delivery system also. Through in-vitro experiments, fibrin 
clots can be made in different forms like glues, beads, foams or it can be combined 
with other polymers to form more complex formulations. When the cytosolic pro-
teins vaccine entrapped in fibrin bead is immunized to mice, and then high antibody 
titre was observed in the sera of mice. This observation proves the effectiveness of 
fibrin as potential antigen delivery carriers.

The fibrin beads release the entrapped antigen slowly and therefore contribute in 
the activation of defence system of body. The antigen delivery mediated by 
Fib+PLGA-Cp results in upregulation of Type 1 cytokines which further facilitates 
the induction of CD8+ T lymphocyte response. Therefore, the higher levels of 
IFN-γ were obtained on immunization with Fib+PLGA-Cp (here Fib stands for 
fibrin, PLGA stands for poly-lactic-co-glycolic acid and Cp stands for cytosolic 
proteins) than the immunization with PLGA-Cp and Fib+Cp. The formation of both 
Th1 and Th2 cells occurs because of the use of fibrin based liposomized antigen. To 
optimize the activation of Th cells, the required conditions are T cell receptors 
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occupancy by presented major histocompatibility complex–antigens complex, par-
ticular co-stimulatory signals delivered by antigen presenting cells. The fibrin beads 
act as an ideal antigen delivery system because they are both biodegradable and 
biocompatible. The usage of bovine thrombin can cause many immunological com-
plications. This problem arises the need of using the commercial fibrin, thrombin 
and factor 3 (Swaleha Zubair et al. 2017).

22.12.1  Coccidioides

The disease caused by this fungal species is known as coccidioidomycosis. It is also 
known as valley fever. It is generally caused by Coccidioides immitis and 
Coccidioides posadasii. It resides in soil and forms arthroconidia through hyphal 
growth. If the soil gets disturbed, then it becomes air borne and thereby infects 
humans or animals by entering inside the respiratory tract. Inside the respiratory 
tract and at the site of infected tissue, the arthroconidia becomes endosporulating 
spherules. Coccidioidomycosis has two clinical forms. One form is mild one and 
causes influenza-like infection. It leads to occurrence of other severe disease, which 
is followed by the resolution of the infection completely from host system. Then the 
defence system establishes the immunity to avoid reinfection by the pathogen.

The second form is a rare type. In this form, first the infection occurs and then it 
followed by chronic progressive disease or acute, fatal dissemination to the menin-
ges, joints, bones, cutaneous tissues and subcutaneous tissues. This form is charac-
terized by the generation of burrowing abscesses progressing to granulomatous 
reaction. After the patient recovers from coccidioidomycosis, he attains a lifelong 
immunity. To develop protective host resistance, vaccines are required so that it can 
induce response through type 1 helper T cell against coccidioidomycosis. In patients 
suffering from this disease, only 40% show symptoms and rest 60% remain 
asymptomatic.

For immune response to Coccidioides, T cell mediated immunity is important 
factor. In innate immunity, polymorphonuclear leukocytes can eliminate the patho-
gen and show effective results in inhibiting the growth of arthroconidia than mature 
spherules. To enhance the ability of host to kill arthroconidia, we can perform the 
in-vitro pre-treatment of macrophages with tumour necrosis factor-α and 
interferon-γ. Th2 response is considered as non-protective, whereas Th1 response is 
protective in nature. During the course of infection, Coccidioides antigens can 
induce antibodies in response, which are less beneficial as high antibody titres cor-
relate with poor outcomes. Humoral immunity is also important in subsidizing to 
host resistance against fungal pathogen.

The subsets of particular antibody act like opsonins against endospores and 
arthroconidia. After the inhalation of arthroconidia, they reach to alveolus and inter-
act with pulmonary dendritic cells. The dendritic cells further process the antigens, 
which migrate to lymph nodes and present antigen. They also activate the lympho-
cytes and lymphocytes move back to the site of infection and release inflammatory 
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cytokines to initiate a granulomatous response. If the response is insufficient, then 
arthroconidia undergoes some morphological alterations to spherules and endo-
spores. These forms get the access to blood stream and result in dissemination. At 
the site of dissemination, antigen processing cells are recruited and repetition of 
pro-inflammatory response may happen to boost the response. Dendritic cells as 
antigen presenting cells process the antigen. Then it presents the epitopes of antigen 
to T cells.

Dendritic cells have pattern recognition receptors which can interact with patho-
gen associated molecular patterns, like β-glucan and mannoproteins and transduce 
signals for non-specific and early inflammatory responses. These pathogens associ-
ated molecular patterns are highly conserved and surface-exposed molecules. They 
include toll-like receptors, mannose receptors, Dectin-1 and complement receptor 
3. In anti-fungal responses, toll-like receptor 2 and toll-like receptor 4 are involved. 
The interaction between pattern recognition receptors and pathogen associated 
molecular patterns triggers the initiation of a cascade of intracellular signalling, 
which leads to the formation of cytokines like interleukin-12 and interleukin-23, 
activation of T cells and their further differentiation into antigenic specific CD4+ Th 
or CD8+ T cells and the expression of anti-fungal activity by the humoral or cell 
mediated immunity.

Till now many vaccines have been developed against Coccidioides. The very first 
vaccine was made by using the killed vaccines. In animal models, formalin-killed 
spherule provides a strong protection but in phase 3 trials it failed in the reduction 
of severity of the disease due to insufficient dosing of the vaccine and the occur-
rence of side effects like local irritating pain. There is a need to eliminate the irri-
tants and to preserve the immunogens by fractionation. The second vaccine uses the 
auxotrophic mutants or isolated pathogen with less virulence. Avirulent types are 
prepared by either deleting the gene mutants of a chitin synthase gene CHS5 or by 
generating double mutants by disrupting both CTS2 and CTS3. The avirulent types 
are unable to produce the endosporulate and produce good protection against pul-
monary infection. These increase the survival rate but does not results in the com-
plete elimination of the fungi from the infected tissue. The third preparation uses the 
live cell vaccines because of possible reversion to virulence of an attenuated mutant. 
The fourth preparation contains sub-cellular vaccines and proteins. Another prepa-
ration was prepared by using recombinant technology, which contains purified anti-
gens. They include urease, Pmp1, gel1, SOW, ELI1, antigen 2/proline rich antigen, 
aspartyl protease, heat shock 60, Coccidioides specific antigen.

The candidates for protein vaccine including PRA, multivalent vaccine compris-
ing of Pep1, Amn1 and P1b, chimeric protein containing CSA and PRA were pro-
posed. The dendritic cells were also used to develop a vaccine. The transformation 
of dendritic cells was done with plasmid encoding for AG2/PRA protein and intro-
duced inside the mice model before the occurrence of infection. It reduces the fun-
gal burden and causes the induction of IFN-γ in high levels and causes pathology of 
less severity in mice.

The sixth formulation is glycan-protein conjugate vaccine. The glucan is an 
immune-modulator and it binds with Dectin-1 receptor to induce the immunity to 
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parasites, viruses, bacteria and fungi. This vaccine can enhance the process of 
phagocytosis and killing of antimicrobials, activated complement, increased pro-
duction of IL-17, stimulated nitric oxide formation, primed spleen cells for produc-
tion of cytokine, amplified activity of natural killer cells, increase in number of 
co-stimulatory responses, activation of dendritic cells, maturation of stimulated 
dendritic cells, mobilization of stem cells at the periphery, increased matrix metallo- 
proteinases, induced haematopoiesis and anti-inflammation. Antigens are delivered 
by mannans to major histocompatibility complex. This can boost the maturation of 
dendritic cells, increase in surface expression of CD40 and increased generation of 
cytokines. The oral glucan can act as an immune-stimulant and induce resistance 
against the infection. The fungal species like Aspergillus and Candida share the 
glucan epitopes and with fungal antigens, glucans act like adjuvants.

Various studies reveal the importance of glycans in inducing a protective anti- 
fungal response and it can lead to stimulation of immune protection. Mannan is a 
pleiotropic immune-modulator which can bind to toll-like receptors and mannose 
receptors. It has species specific composition and structure. From the cell wall of 
Candida, mannose trisaccharide glycan-protein produces an antibody in response to 
both the elements and the required immune response against candidiasis. The effec-
tive way to develop a fungal specific vaccine is to produce conjugate vaccines which 
can combine the glycan to a specific immunogenic protein. Some proteins are cross- 
immunogenic in nature and if combined with appropriate glycan it can develop a 
pan fungal vaccine (Yoon and Clemons 2013).

The immunity induced against coccidioidomycosis by vaccine is a feasible 
method as asymptomatic infections with Coccidioides species are very rare. For a 
successful vaccine, T cell mediated immune protection is necessary by both Th1 
and Th17. But there is no proof that in human system antibody produces immune 
response because there is no relation between disseminated coccidioidomycosis and 
acquired immunity. But in mouse models, there is conflicting evidence that whether 
B cells are required in immunity induced by vaccine. An ideal vaccine would pre-
vent or reduce the expansion of infection. It should prevent he symptomatic infec-
tion and protect the patients which are at high risk by this disseminated disease 
(Kirkland and Fierer 2018).

22.13  Conclusion

Vaccines research and development against pathogenic fungi affecting human have 
gained impetus in recent times due to increased awareness of the medical threat due 
to invasive fungal infections and consistent failure of chemotherapy to reduce treat-
ment lethality and fatality. Recent developments in the area of proteomics and 
genomics have motivated the scientific fraternity to strategize new models for vac-
cine development. Understanding of immunological response against fungi affect-
ing human system, as well as selection of adjuvants which can stimulate innate 
immunity can help in formulating effective vaccine.
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At present times, fungicides, growth inhibiting antibodies, antibody formula-
tions have been proven as affective anti-fungal moieties. For example, echinocandin 
derived antimycotic acts as effective antibody formulation, by inhibiting enzymes 
like glucan synthase. The selection of right antibody isotype with same antigenicity 
against cell surface polysaccharides is very necessary. This is important criteria for 
passive vaccination therapy.

Elaborate knowledge of host’s immune system upon fungus invasion coupled 
with the use of modern scientific technology is the first step in the developing effec-
tive strategy for vaccination. Development of immunological products for the effec-
tive diagnosis and treatment of invasive fungal infections can be made possible by 
understanding the concept of immunotherapy. Monoclonal antibodies and immune 
adjuvants are the best example of immunotherapeutic. Establishment of pan fungal 
antigen library could be helpful in the development of universal fungal vaccines. 
Furthermore, application of proteomics, genomics and vaccinomics using the mod-
ern scientific tools and techniques can be very helpful in the development of highly 
specific DNA vaccines and other important immunotherapeutic products.
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23.1  Introduction

Industrial sector is one of the three sectors (agriculture and environment) on which 
human livelihood and country economy depend. This is also known as secondary 
sector. Industries are of certain types such as brewing, pharmaceutical, textile, auto-
mobile, steel, and many others that produce or manufacture various types of prod-
ucts like food products, medicines, and cosmetics, steel, automobile, and cloth. 
These products have become basic and major necessity of the humans. Since eigh-
teenth century industries have totally swap the life of humans being, but on the same 
hand industries also transpose the condition of the environment in a negative way. 
Industries, the major emitter of greenhouse gas (GHG) are completely ruin the con-
dition of the earth and arose the problems like global warming, pollution and loss of 
air, water and soil quality, and biodiversity due to the use of harmful chemicals. 
Now keeping in view of earth health also UN 2030 have assign technologies to be 
used in the industries for the sustainable development (Fritzsche et al. 2018).

In twentieth century, natural products or biomolecules are now been used empiri-
cally as before the setting of industries. Biomolecules are being used in industries 
like pharmaceutical, cosmetics, food and textile industries for the goods production. 
Natural products are either obtained from the plant sources or from other organisms 
like animals and microbes. Microbes like bacteria and fungi are known to be the one 
of the best sources of the natural products that can be industrially exploited. Fungal 
biomolecules are currently used in many industries at large scale for the product 
formation. According to review article, fungi can be exploit in 50 different ways in 
the industries (Hyde et al. 2019) as fungi have an ability to produce different sort of 
biomolecules like secondary metabolites, enzymes, organic acids, pigment, and 
fatty acid.

Fungal biomolecule, secondary metabolites are produced by the fungi for them-
selves to survive in the harsh conditions. The release of such biological molecules 
has wide array of applications in industries such as pharmaceuticals as many sec-
ondary metabolites exhibit property of inhibiting the growth of predators and patho-
gens (Devi et al. 2020). Another fungal biomolecule, enzymes are also one of the 
significant industrial raw material. Enzymes also known as catalyst are used to fast 
up the chemical as well as the biological reaction to the product formation. Fungi 
are known to produce various sorts of enzymes such as amylase, laccase, cellulose, 
protease, pectinase, and xylanase that majorly used in the food as well as pharma-
ceutical industries (Singh et  al. 2016; Tuli et  al. 2015; Yadav et  al. 2016). The 
appearance in the first thing is to observe and to make look good earlier different 
color of chemically synthesized dyes that were being used which are known as 
environmental hazard (Fig. 23.1).

Fungal biomolecule, pigments also replaced the synthetic dyes. These natural 
pigments produced by fungi are used as natural coloring agent in the industries now 
(Copetti 2019; Rana et al. 2019a, b). Further, another known type of biomolecule, 
i.e., organic acid is also having significant applications in industries. Organic acids 
like citric acid, lactic acid, itaconic acid, fumaric acid, and succinic acid are used as 
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pH adjuster, taste enhancer, and many other (Hyde et al. 2019; Yadav et al. 2019c). 
These all biomolecules have great biotechnological applications also in both agri-
culture and environments. The present chapter complies the different industrially 
important fungal biomolecules and their role. Moreover the biotechnological appli-
cations also have been detailed.

23.2  Types of Fungal Biomolecules

Fungi, an important part of the ecosystem are known to produce several types of 
biomolecules which have great industrial applications. Secondary metabolites, 
enzymes, pigments, organic acids, and fatty acid are some of the biomolecules types 
(Singh and Yadav 2020; Yadav 2019). This all types of biomolecules have numerous 
applications in industries like cosmetic, food, pharmaceutical, textile, and 
biorefineries.

23.2.1  Secondary Metabolites

Secondary metabolites are one of the types of biomolecule which are organic in 
nature. This compound plays a significant role in the industries, environment as well 
as in agriculture. In industries, these compounds are mostly used in the production 
drugs in pharmaceutical industries as some of the metabolites have antimicrobial, 
antiviral, and anticarcinogenic activity (Rastegari et  al. 2019a; Rastegari et  al. 
2019b; Yadav et  al. 2019a). On the other hand, secondary metabolites in agro- 
environment can be used to control the pest on the crops and increase crop yield 
without harming the environment system. Secondary metabolites are produced by 
fungi especially endophytic fungi. Fungi are the rich source of thousands of second-
ary metabolites and some are polyketides, terpenes, and nonribisomal peptides 
(Devi et al. 2020). Many studies have reported different strains of fungi that have 
produced several secondary metabolites types. In a study, an endophytic fungus 
named, Allantophomopsis lycopodina was reported for the producing a new 
α-pyrone metabolite, i.e., Allantopyrone A. This secondary metabolite was known 
to have cytotoxicity (Shiono et al. 2010).

Endophytic fungi isolated from Picea rubens (red spruce) were reported for the 
production of the various sort of metabolites, namely 15-Hydroxy-3-epiisopetasol, 
7-(4-But-1-enyl-2,5-dioxo-2,5-dihydro-furan-3-ylmethyl)-4,5- dicarboxy-non- 5-
enoic acid and 7-(4-But-1-enyl-2,5-dioxo-2,5-dihydro-furan-3-ylmethyl)-4,5- 
dicarboxy-non-5-enoic acid. These metabolites were reported for having 
antimicrobial activity against Choristoneura fumiferana (Sumarah et al. 2010). In 
another investigation, endophytic fungi, Massrison sp. isolated from terraneous 
plant was reported for releasing secondary metabolite Massarigenin D, 
Spiromassaritone, Paecilospirone, Griseofulvin, and Ketoconazole. These all fungal 
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metabolites were reported for having an antifungal activity against pathogens like 
Aspergillus fumigatus, Candida albicans, Cryptococcus neoformans, and 
Trichophyton rubrum. Along with antifungal activity, these compounds were also 
having cytotoxicity activity (Sun et al. 2011). Two bioactive metabolites, benzopy-
ranones and diaportheone A were obtained from endophytic fungi, Diaporthe sp. 
isolated from Pandanus amaryllifolius leaves. These compounds were recognized 
for the antimicrobial activity in the study against Mycobacterium tuberculosis 
(Bungihan et al. 2011).

In a study, secondary metabolites, namely 8-dihydroramulosin, dechlorogriseo-
fulvin, griseofulvin, and mellein were isolated from the endophytic fungus, 
Nigrospora sp. of medicinal plant, Moringa oleifera. These metabolites were shown 
to have antifungal activity against eight pathogenic fungal cultures, i.e., Botrytis 
cinerea, Colletotrichum orbiculare, Fusarium oxysporum f.sp. cucumerinum, 
F. oxysporum f.sp. melonis, Pestalotia diospyri, Pythium ultimum, Rhizoctonia 
solani, and Sclerotinia sclerotiorum (Zhao et al. 2012). In another report, two fungal 
endophytes from Panax ginseng roots identified as Penicillium melinii and P. janthi-
nellum were known to produce secondary metabolites, namely methyl 2,4- dihydro
xy- 3,5,6-trimethylbenzoate, 3,4,5-trimethyl-1,2-benzenediol, brefeldin A penicillic 
acid, ergosterol, ergosterol peroxide, and mannitol (Zheng et al. 2013). Secondary 
metabolite, oosporein known to have characteristic property of antioxidant, antimi-
crobial, and cytotoxic was isolated from endophytic fungus named Cochliobolus 
kusanoi from Nerium oleander L. (Alurappa et al. 2014).

Another secondary metabolite, 3-O-methylfunicone, which was found as effi-
cient cytotoxic against pea aphid Acyrthosiphon pisum was obtained from a straw-
berry endophytic fungi named Talaromyces pinophilus (Vinale et  al. 2017). In 
another investigation, a fungal endophyte Phialemonium curvatum from Passiflora 
edulis was reported for producing bioactive compounds including uracil, uridine, 
glycerol, 3-indole acetic acid (IAA), and 4-hydroxybenzoic acid. All these second-
ary metabolites were having antifungal activity against fungus Cladosporium clad-
osporioides (Rathnayake et al. 2018). Fungal endophyte of Rauwolfia macrophylla, 
namely Curvularia sp. was also reported for producing secondary metabolite, i.e., 
2′-deoxyribolactone, hexylitaconic acid, and ergosterol which are efficient antioxi-
dants and also exhibits antimicrobial activity (Kaaniche et al. 2019). Antimicrobial 
metabolites, Cladosporin, Isocladosporin, 5′-hydroxyasperentin, Di (2-ethylhexyl) 
phthalate, 1-acetyl-17-methoxyaspidospermidin-20-ol, and 3-phenylpropionic acid 
are efficient in inhibiting the growth of phytopathogens. Among all the metabolites 
3-phenylpropionic acid was most efficient and all these strains were obtained from 
a fungal endophyte Cladosporium cladosporioides isolated from plant Zygophyllum 
mandavillei (Yehia et al. 2020). Metabolites, epidithiodiketopiperazine and pretri-
chodermamide were also reported in a study to be produced by fungi known as 
Trichoderma harzianum and Epicoccum nigrum which are the fungal isolates of 
plant Zingiber officinale and Salix sp., respectively (Harwoko et al. 2021).
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23.2.2  Enzymes

Fungal enzymes have been widely appreciated worldwide for their extensive uses in 
a variety of sectors, including pharmaceutical, agricultural, chemical, food and 
petroleum industries. These enzymes are used in the field of pharmaceutical, and are 
used to treat health associated with the lack of human enzyme due to genetic prob-
lem (Abdel-Azeem et al. 2021; Singh et al. 2016). These processes mediated by 
enzymes are accelerating the food, pharmaceutical, textile, leather, paper, detergent, 
wastewaters treatment, and petroleum industries; these industries are gaining inter-
est due to some advantages like reduced process time, cost effective, nontoxicity, 
higher quality products, greater efficiency, less energy input intake and eco-friendly. 
Industrial enzymes carried high molecular weight of compounds. The most widely 
used enzymes of operational importance (a-amylase, cellulose, and xylanase) are 
derived from fungi of Aspergillus (Shekher et al. 2011). In order to produce purified 
and well characterized enzyme on a large scale, fermentation processes have been 
optimized through the use of specially selected Aspergillus strains. Different types 
of industrial fungal enzymes are available that are used in diverse industrial areas 
for different purposes.

23.2.2.1  Xylanases

The B-1,4-glycosidic bonds of xylem, the major plant cell wall polysaccharide com-
ponents of hemicelluloses, were randomly hydrolyzed by xylanases. Xylan has a 
complex structure in the backbone consisting of β-1,4-linked xylose residues to 
which short side chains are attached with O-acetyl, alpha-L-arabinofuranosyl, 
D-alpha-glucuronic, and phenolic acid residues (Coughlan and Hazlewood 1993). 
The xylem cell wall is the main component of hemicellulose, composed of both hard-
wood and monocot. Currently, xylan degrading enzymes have gained much essential 
in the industrial dealing with agriculture, food, pulp, paper, and textile. A number of 
microbes consisting primarily of fungi and bacteria are reported to produce xylanases 
which can randomly degrade β-1,4-xylan resulting in a series of oligosaccharides 
fragments that are linear and branched. Xylenes has specific applications in the 
upgrading of jute fiber (Knob et al. 2010). When grown on xylan as the substrate, 
fungi have been reported to be a good producer of xylanases. These have potential 
function in various industrial processes like improving animal feedstock digestibility 
and juice clarification, facilitating the release of lignin from pulp, and reducing the 
amount of chlorine required for paper and pulp bleaching (Saxena et al. 2015).
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23.2.2.2  Cellulases

Cellulose is one of the most copious renewable polymers composed of p-1, 4 linked 
glucose molecules. The hydrolysis of cellulose is the responsibility of endogluca-
nases and cellobiohydrolases, also called cellulases. Cellulases have a complex sys-
tem of enzymes involving endo-1, 4-D-D-glucanase, exo-1,4-β-glucanase, and 
exo-1,4-D-glucosidase. These enzymes together with hemicelluloses and pectinases 
are used to process lignocellulosic material (Nigam and Singh 1995). However, cel-
lulose and xylanases are used in several other fields including in the textile indus-
tries for fiber treatment processes. Cellulases are synthesized by various cellulolytic 
filamentous fungi such as Aspergillus, Chaetomium, Fusarium, Myrothecium, 
Penicillium, and Trichoderma species (Yadav et al. 2018). Cellulases and cellulo-
somes used for cellulose biodegradation produced via various microbes have 
attracted researchers’ interest in finding an eco-friendly tool in several agricultural 
and waste treatment processes and have been widely used to produce bio-based 
sustainable products and bioenergy to replace fossil fuels that are depleted. In this 
research, endophytes such as Annulohypoxylon stygium, Aspergillus niger, 
Alternaria sp., Trichoderma atroviride, and Talaromyces wortmannii produced the 
hemicellulases and other enzymes appropriate for lignocellulosic biomass degrada-
tion (Robl et al. 2015).

23.2.2.3  Laccases

Laccase is a type of diamine oxidizing copper-containing polyphenol oxidase, 
methoxy-substituted phenols, and a substantial range of other compounds. Laccases 
are polyphenol oxidases glycosylated. These enzymes have significant commercial 
application in the pulp and paper industries, biotransformation in animal biotech-
nology, and detoxification of phenolic pollutants. The production of laccase is a 
common feature of many basidiomycete fungi, especially those associated with and 
involved in wood decay or terminal decomposition phases. The genus Trametes 
appears to be one of the most effective producers of laccases. Endophytes are a rich 
and reliable source of bioactive compound with graits potential for medicine, agri-
culture, and industries. Enzymes like pectinases, xylanases, cellulases, lipases, pro-
teinases, and phenoloxidases, are produce by fungi. These enzymes are essential for 
penetrating cellwal of host and colonizing inside tissue of plant host (Schulz et al. 
2002). In this study, El-Zayat (2008) reported the laccase production from 
Chaetomium globosum isolated from Glinus lotoides. Another study (Chen et al. 
2011) reported the laccase production from fungi Pestalotiopsis sp. isolated from 
sea mud collected from East China Sea under submerged/solid-state fermentation 
using diverse lignocellulosic through products as substrates. The fungi Phomopsis 
liquidambari produces ligninolytic enzymes laccase and lignin peroxidase that 
grow in the presence of submerged fermentation on phenolic 4-hydroxybenzoic 
acid as the sole carbon and energy (Chen et al. 2013).
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23.2.2.4  Proteases

Proteases enzymes are also referred to as proteinases, proteases, and peptidases. 
These have ability to hydrolyze peptide bond in protein molecules. They are used in 
several industries and industrial processes like wine and dairy industries for the 
cheese production, beer preservation, baking industries, meat tenderization, and 
several other fields like textiles and leather industries and as a preservative to deter-
gents (Vishwanatha et al. 2010). These enzymes have been categorized into endo-
peptidases and exopeptidases and have been obtained from diverse group of the 
organism like animals, plants, bacteria, and fungi (Singh and Kumar 2019). At the 
industrial level, fungal proteases are utilized. Fungi are known to exude intracellular 
as well as extracellular proteases under solid-state and sub-merged fermentation 
process. In this study (Singh and Kumar 2019) reported Aspergillus flavus, 
Aspergillus fumigatus, Aspergillus niger, and Aspergillus oryzae are recognized to 
be the best sources of protease enzyme. Proteases are used for cheese ripening 
acceleration and milk proteins modification to reduce the allergenic properties of 
cow milk products for infants (Qureshi et al. 2015).

23.2.2.5  Amylases

Amylase is another important enzyme used in industries, accounting for about 25% 
of the worldwide market of enzyme. The a-amylase (a-1,4-glucan-4- 
glucanohydrolase) belongs to a family of endo-amylases which catalyze the initial 
hydrolysis of starch into shorter oligosaccharides via the separation of a-D-(1–4) 
glycosidic bonds. Amylase from fungal sources is widely used in industries because 
they are more stable than amylases from plants and animals. Aspergillus oryzae and 
Aspergillus niger produce a large amount of extracellular enzyme, and amylases are 
of chief industrial significance. An amylase has been the most common application 
in the industry for the starch liquefaction process, which converts starch into fruc-
tose and glucose syrup. Most amylase has been produced from soil fungi such as 
Aspergillus, Penicillium, and Rhizopus (Pandey et al. 2000). Caldwell et al. (2000) 
reported fungi Phialophora finlandia and Phialocephala fortinii isolated from 
alpine plant communities its ability to degraded the main polymeric forms of carbon 
nitrogen and phosphorus found in plants. Another study, (Marlida et al. 2000) fungi 
Gibberella pulicaris, Acremonium sp., Synnematous sp., and Nodulisporium sp. are 
known to produce starch degrading enzyme. These fungal amylases are used in the 
process of fermentation, detergent, fuel/alcohol production, processed food or feed 
pharmaceutical, textile, and paper industries (Sanchez and Cardona 2008).
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23.2.2.6  Pectinases

Pectinase is an enzyme that breaks down and converts into pectin which is found in 
the cell wall of the plant as polysaccharide. This enzyme has shown a robust increase 
in the market and has also held a leading position among industrial enzyme pro-
duced commercially. This enzyme plays an important role in decreasing viscosity 
and improving yields in the industrial sector. The enzyme helps to eliminate the 
cloudiness of the juice and stabilize it during citrus juice processing. In the wine 
process, pectinase is used to promote filtration, increase juice yield, and strengthen 
flavor and color. Additionally, pectinases used to hydrolyze pectin.

Pectinases used to hydrolyze pectin are also present in biorefineries agro- 
industrial waste. This agro-waste converted into simple sugars and bioethanol, or 
fermentable sugars can also be used (Garg et al. 2016; Karthik et al. 2014). In this 
study, Sunitha et  al. (2013) reported fungi Xylaria sp., Talaromyces emersonii, 
Pyllosticta sp., Phoma sp., Pestalotiopsis disseminata, Paecilomyces variotii, 
Nigrospora sphaerica, Fusicoccum sp., F. oxysporum, Fusarium chlamydosporum, 
Drechslera sp., Cylindrocephalum sp., Coniothyrium sp., Colletotrichum gloeospo-
rioides, Acremonium implicatum, Aspergillus fumigatus, and producers pectinases 
enzyme isolated from Alpinia calcarata, Bixa orellana, Calophyllum inophyllum, 
and Catharanthus roseus. Another study (Fouda et  al. 2015) reported pectinases 
producing fungi like Alternaria alternata, Penicillium chrysogenum isolated from 
medicinal plant of Asclepias sinaica. In addition, Uzma et al. (2016) reported pec-
tinases enzyme producing fungi Rhizopus sp., Phomopsis sp., Phoma sp., Penicillium 
sp., Mucor sp., Fusarium sp., Colletotrichum sp., Cladosporium sp., Aspergillus sp. 
(Kaul et al. 2013; Kirti and Reddy 2013).

23.2.2.7  Chitinases

Chitin, a linear homopolymer of β-1,4-linked N acetyl glucosamine, is a component 
of the exoskeleton of crustacean insects and shells and forms the basic structural 
component of the fungal wall. Chitinase is an enzyme that degrades this insoluble 
polymer, also known as chitinolytic enzymes. Fungal chitins play an important role 
in the ecosystem by degrading and carbon cycling and nitrogen material in chitin 
(Verma et al. 2015). Chitinase producing fungi also being studied for their potential 
in biocontrol of nematodes and pathogenic fungi (Gan et al. 2007; Klemsdal et al. 
2006). Plant also produces chitinase as a defence response to infection by pathogens 
(El Gueddari et al. 2002). Chitinase products have many desirable properties and 
are used to control microbes, tumors, wound healing, wastewater treatment, and 
drug delivery (Dai et  al. 2010). Chitinase has been reported from the fungi of 
Neotyphodium sp. Colletotrichum musae (Borges et  al. 2009). In this study El 
Gueddari et al. (2002) reported chitinase producing fungi Colletotrichum acutatum, 
Fusarium sp., Phomopsis sp., and Phyllosticta capitalensis isolated from different 
plant hosts. Another study, the chitinase produces fungal enzymes like Trichoderma 
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harzianum, Trichoderma flavofuscum, and Trichoderma viride (Lunge and 
Patil 2012).

23.2.3  Pigments

Pigments are the chemical structure which is used as a coloring agent in industries 
of cosmetics, food, and drugs. Earlier, pigments were chemically synthesized in the 
industries, however, there use had ban due to their allergenic and carcinogenic 
nature (Tuli et al. 2015). Since there, intense researches were triggered to found the 
alternative strategy for the pigment production and found microbes as a promising 
source of pigments. Among microbes, many fungal species were reported for pro-
ducing the pigments. Fungal pigments are the type of secondary metabolites which 
is now commercially used (Akilandeswari and Pradeep 2016). In a study, five dif-
ferent fungal isolates, namely Emericella nidulans, Fusarium verticillioides, Isaria 
farinosa, Monascus purpureus, and Penicillium purpurogenum were reported to 
produce pigments (Velmurugan et al. 2010).

Monascus purpureus was also reported in another study for producing pigment 
of yellow, orange, and red color (Kongruang 2011). In a study, five pigment produc-
ing fungi, namely Arthrographis cuboidea, Inonotus hispidus, Xylaria polymorpha, 
and Trametes versicolor used to induce color in American beech woods for decora-
tive purpose. Among all the strains, T. versicolor were found to efficient pink pro-
ducing pigments in the beech blocks (Robinson et al. 2012). In another investigation, 
Fusarium moniliforme from paddy field soil was found to be efficient producer of 
natural pigment (Pradeep et  al. 2013). In 2014, a study reported three different 
fungi, namely Scytalidium lignicola, S. ganodermophthorum, and Inonotus hispidus 
for producing yellow coloration pigments (Robinson et al. 2014).

Fungal species identified as Fusarium sp. were reported for producing bioactive 
pigments (Mani et al. 2015). Another report has published marine sponge fungi, i.e., 
Trichoderma pararessei for producing yellow pigment and also this strain has 
reported for inhibiting the growth of Salmonella typhi and Escherichia coli (Sibero 
et  al. 2016). Fungal species of genera from marine ecosystem, i.e., Penicillium, 
Talaromyces, and Aspergillus were reported for producing pigments (Fouillaud 
et al. 2017). Penicillium sp. isolated from Indian Himalayan region was reported for 
producing orange coloration pigments (Pandey et al. 2018). In another investigation 
Aspergillus chevalieri was reported for producing red pigments (Palacio-Barrera 
et al. 2019). Another species of Penicillium, i.e., P. mallochii was also reported for 
producing orange red pigments (Bouhri et al. 2020).
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23.2.4  Organic Acids

Organic acid is another biomolecule to be known to be produced by the fungi, which 
contains functional group such as having acidic properties such as alcohol, car-
boxyl, sulfonic, and thiol groups (Yin et al. 2015). This type of biomolecules has a 
vast array of applications in various fields like agriculture and industries like cos-
metics, pharmaceuticals, food and beverages. Fungi are known to produce several 
types of organic acids such as citric acid, gluconic acid, fumaric acid, itaconic acid, 
lactic acid, and succinic acid (Hyde et al. 2019).

23.2.4.1  Citric Acid

A tricarboxylic acid, citric acid (C6H8O7.H2O) is one of the common plant and ani-
mal metabolites which is present in citrus fruits like lemon, pineapple, oranges, and 
many more (Angumeenal and Venkappayya 2013). Citric acid is one of the impor-
tant and versatile acids, which is used in food and beverages, pharmaceutical and 
cosmetic industries. In food industries, citric acid is extensively used production of 
cheese and antimicrobial agents. Furthermore it is used as pH adjuster; acidulate in 
jam and jellies, flavoring agent and emulsifier in ice cream (Copetti 2019). In phar-
maceutical and cosmetics industries, citric acid is used as antioxidant additive, buff-
ering agents with metal ion chelating abilities (Lee and Arepally 2012; Soccol 
et al. 2006).

Citric acid production is now commercially produced by the fungal species 
Aspergillus niger, but various other species are also reported for its production. In a 
report published, a yeast named Yarrowia lipolytica was recognized for the produc-
tion of citric acid from rapeseed oil (da Silva et al. 2012; Kamzolova et al. 2011). In 
2013, Candida guilliermondii was reported as an effective species for the produc-
tion of citric acid (West 2013). Aspergillus carbonarius was also found be a citric 
acid producer (Weyda et al. 2014). Aspergillus species like A. awamori, A. fonse-
caeus, A. nidulans, A. phoenicis, A. saitoi, and A. wenti have also been reported for 
the producing the citric acid (Hyde et al. 2019).

23.2.4.2  Gluconic Acid

Gluconic acid is a type of mild acid which is non-corrosive, non-volatile, and non- 
toxic. It also has a vast array of applications in industrial like animals feed, food, 
leather, pharmaceutical textile (Singh et al. 1999). It is also widely used as a cement 
additive (Ahmed et al. 2015). Gluconic acid production is known to be produced by 
many fungal species belonging to genera like Aspergillus, Penicillium, Fusarium, 
Mucor, and Gliocladium, but all these species of Aspergillus named, A. niger is 
considered as one of the potent fungi species. A. niger is commercially used in the 
industries for the gluconic acid production (Sankpal et al. 2001). In a study, two 
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species of Penicillium, namely P. puberulum and P. frequentans were sorted out be 
an efficient gluconic acid producer (Ahmed et al. 2015). In another study, Klebsiella 
pneumonia was also reported for the production of gluconic acid (Wang et al. 2016).

23.2.4.3  Fumaric Acid

Fumaric acid (FA), a multifunctional chemicals intermediate contains two carbonyl 
groups and a double bond at α, β position in each molecule. This organic acid is 
known by other names like allomaleic, boletic, lichenic, and tumaric acid (Das et al. 
2016). FA has applications in nearly every field of industrial chemistry such as in 
food and beverages (to adjust pH, enhance flavor, and to control the growth of 
microbes); feed industry (as antibacterial agent); resin industry (for polymerization 
and esterification reactions) and newer applicable in medical sciences such as 
immunology, neurology, and dermatology (Das et al. 2016; Sharma et al. 2012). 
Fungal based fumaric acid is generally known to be produced by the species of 
genera named as Rhizopus by using different substrates. R. oryzae (Zhang et  al. 
2012), Rhizopus arrhizus (Gu et al. 2013), and R. nigricans use glucose as a sub-
strate for the production of FA, whereas R. Formosa uses cassava bagasse (Engel 
et al. 2008; Hyde et al. 2019).

23.2.4.4  Itaconic Acid

Itaconic acid is an unsaturated di-carbonic acid which is also known as 
2- methylidenebutanedioic acid. It is a precursor of chemicals, polymers, and fuels 
that have broad spectrum of applications in the industries which produces resins, 
acrylic plastics, acrylate latexes, anti-scaling agents and superabsorbents (Zhao 
et al. 2018). Itaconic acid is mainly produced by using classic production fungi, 
Aspergillus terreus via fermentation method (Cordes et al. 2015). There are also 
other fungal species, which have also been reported, such as Ustilago maydis, 
Aspergillus niger, and Saccharomyces cerevisiae (Becker et al. 2015).

23.2.4.5  Lactic Acid

Organic acid, 2-hydroxycarboxylic acid, i.e., lactic acid is one of the most important 
and extensively used acids around the globe in various industries due to their wide 
range of biotechnological applications (Ghaffar et al. 2014). It is mainly used in the 
production of yoghurt and cheese in food industries, skin care products in cosmetic 
industries, and oral hygiene products. Moreover, lactic acid also helps in manufac-
turing of polylactic acid which has applications in the food packaging utensils and 
textile industry. Lactic acid production is widely produced by the bacteria; however, 
fungi, Rhizopus oryzae have been also  reported to produce lactic acid (Martinez 
et al. 2013).
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23.2.4.6  Succinic Acid

Succinic acid is an another commercial organic acid which is also known as amber 
acid, butanedioic acid, and 1,2-ethanedicarboxylic acid. In nature succinic acid 
exists in the various forms of its ester, which act as building block for the synthesis 
of chemicals such as 1,4-butanediol, tetrahydrofuran, γ-butyrolactone, 
N-methylpyrrolidone, and bio-based polymers such as polybutylene succinate and 
polyester polyols (Choi et al. 2015). Traditionally, succinic acid in industries was 
used as pigments, food additives, detergents, toners, cement additive, cosmetics and 
pharmaceutical intermediates (Nghiem et al. 2017). Succinic acid earlier has small 
market size, but since 1990 the succinic acid demand has drastically increased. This 
organic acid is known to produce by fungi Rhizopus sp. as an intermediate of bio-
chemical pathways of carboxylic acid formation. Rhizopus sp. is commercial strain 
which was patented by DuPont and known to produce fumaric acid and L-malic 
acid along with succinic acid (Ling and Ng 1989). Succinic acid production was 
also reported by the fungi Yarrowia lipolytica (Li et al. 2018).

23.2.5  Fatty Acids

Since prebiblical times, fungi have been used to produce a variety of products 
including beer, bread, cheese, and wine. The twentieth century has been considered 
to be golden age of industrial microbiology, which yielded a countless products 
through fermentation processes such as antibiotics, amino acids, enzymes, poly-
mers, and vitamins. The advancements in molecular biology techniques paved ways 
to use molds and yeast as microbial cell factories for the production of homologous 
and heterologous proteins as well as many antibiotics, fatty acids, and pigments 
(Adrio and Demain 2003).

Fatty acids, esterified to glycerol, are the main constituents of oils and fats. The 
industrial utilization of oils and fats, either for food or oleochemical products, is 
based on chemical modification of both the carboxyl and unsaturated groups present 
in fatty acids. Essential fatty acids (EFAs) are important for optimal human health 
but simultaneously are not synthesized by the human body and hence must be 
obtained from the dietary sources. In humans polyunsaturated fatty acids (PUFAs) 
cannot be synthesized in sufficient quantities due to which they are often referred to 
as EFAs. There is a little vagueness in deciding which fatty acids should be actually 
considered as EFAs, since some of them can be synthesized in vivo if their precur-
sors are provided. Nevertheless, some experts consider fatty acids which are directly 
linked to the eicosanoid pathways as EFAs (Dyal and Narine 2005). The deficiency 
of EFA can negatively influence the health of humans and researchers are greatly 
focussing on finding external sources of these fatty acids so that they can be pro-
duced cheaply on an industrial scale. On the other hand, the immense environmental 
pressures demand cleaner processes, and there is a market for new products. Current 
developments are greatly focusing on green chemistry, using cleaner processes, less 

23 Bioprospecting for Biomolecules from Industrially Important Fungi: Current…



780

energy, and renewable resources (Scrimgeour et al. 2005). Recently, there has been 
a striking increase use of various molds as potential producers of EFAs on an indus-
trial scale. Some molds have unique fatty acid compositions with PUFAs in rela-
tively high amounts (Dyal and Narine 2005). There is huge diversity of fungi which 
can accumulate more than 20% of their biomass as lipids (Passoth 2017). Filamentous 
fungi, like Mortierella alpina, producers of longer polyunsaturated fatty acids 
(Ochsenreither et al. 2016).

PUFAs are vitamin like compounds which possess structural functions in cell 
membranes and also serve as precursors for the biosynthesis of hormones. The most 
known are arachidonic acid and docosahexaenoic acid, which are of commercial 
interest and produced through fungal synthesis. The study of Sakuradani et  al. 
(2009) suggested that manipulating genes of Mortierella alpina strains facilitate 
improvement of PUFA productivity and elucidation of the functions of enzymes 
involved in PUFA biosynthesis. The microbial production of PUFAs has been 
improved through molecular engineering techniques, particularly Candida lipolyt-
ica and Saccharomyces cerevisiae (Copetti 2019) (Stahmann 2011).

Arachidonic acid (ARA) is a 20-carbon chain fatty acid with four methylene- 
interrupted cis double bonds, the first with respect to the methyl end (omega, ω or 
n) is located between carbon 6 and 7. ARA thus belongs to the omega-6 (n-6) PUFA 
(Tallima and El Ridi 2018). Arachidonic acid is obtained from animal organs, eggs, 
fish, meat, poultry, and seafood (Abedi and Sahari 2014) and is incorporated in 
phospholipids in the cells’ cytosol, adjacent to the endoplasmic reticulum mem-
brane that is studded with the proteins necessary for phospholipid synthesis and 
their allocation to the diverse biological membranes. A variety of physiological 
functions of ARA includes the protection of gastric mucosa, treatment of skin pso-
riasis, reduction of fatty liver, killing of tumor cells, and improvement of lipid 
metabolism of cirrhotic patients (Higashiyama et al. 2002). On the industrial scale, 
M. alpina is considered as the major source for preparation of ARA (Nisha et al. 
2011; Wu et  al. 2017; You et  al. 2011). In the study of (Bajpai et  al. 1991b) 
Mortierella alpina and Mortierella elongata were compared with regard to content 
of arachidonic acid. M. alpina was observed to produce 2.1 g of ARA per liter in 
media consisting of 10% glucose while the highest percentage of ARA in lipid 
(43.3%) was observed at a glucose concentration of 2%. The study also revealed up 
to 66% increase in ARA in lipids during storage. The production of ARA has been 
also reported from Mortierella alliacea, Mortierella elongata, Mortierella schmuck-
eri, and Pythium irregulare (Aki et al. 2001; Berkeley 1996; Chaudhuri et al. 1998; 
Cheng et al. 1999).

Docosahexaenoic acid (DHA) is another important PUFA. DHA is important for 
development of brain tissues of babies. Its content of serum phospholipid, human 
breast milk, and platelet total lipid as well as phosphatidylcholine is especially sen-
sitive to dietary influence (Bajpai et al. 1991a). The sperm, testis, retina, and cere-
bral cortex are especially rich in DHA. DHA has a role in nervous, reproductive, 
and visual systems which have been well cited. Bajpai et al. (1991a) reported pro-
duction of DHA from Thraustochytrium aureum.
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The fatty acid, eicosapentaenoic acid (EPA) found in the flesh of cold-water fish, 
viz. cod liver, halibut, herring, mackerel, salmon, tuna, and whale blubber is taken 
by mouth for some heart-related conditions including clogged heart arteries, to pre-
vent or treat heart attacks, and to reduce levels of triglycerides in people with very 
high levels. It is also used for attention deficit-hyperactivity disorder, Alzheimer’s 
disease, depression, personality disorder, and schizophrenia. EPA is further also 
used to help maintain body weight in people with cancer, and to reduce the side 
effects of chemotherapy. Women use EPA to reduce symptoms of menopause, high 
blood pressure during high-risk pregnancies, and to reduce the risk of an infant hav-
ing delayed growth while still in the uterus. Cheng et al. (1999) investigated the 
potential production of the EPA and ARA with fermentation process using 
Mortierella elongata and Pythium irregulare.

23.3  Biotechnological Applications of Fungal Biomolecules

Fungal biomolecules are known to have huge amount of biotechnological applica-
tions in both industrial and agricultural sectors. In agriculture, biomolecules could 
be used for the enhancement of crops yield by either inhibiting the growth of other 
pest and pathogens or stimulating the plant growth by fungal growth hormones. On 
the other hand, different types of biomolecules in industries are used as color addi-
tive, pH adjuster, taste enhancer, and many other purposes.

23.3.1  Agriculture Sector

Agriculture has seen a change in recent times. Nowadays more emphasis is being 
placed on new technologies, with production, mechanization, increased chemical 
use, and government policies favoring the needs of a growing population, which is 
expected to reach 9.7 billion by 2050 (DESA U 2015). Intensive farming methods, 
although they have met many goals and achieved positive effects in reducing risks 
in farming, are volatile and expensive. Precipitation of the top layer of our soil, 
depletion and contamination of ground water and biological and abiotic stresses in 
agriculture are some of the drawbacks to consider. These agrochemical inputs are 
not economically viable and are not environmentally friendly (Kaur et al. 2021). 
Until now, these practices have made agricultural yields unpredictable. Modern 
agricultural practices include the introduction of chemical fertilizers and agriculture 
to control pests and weeds. The world is facing severe threats due to reduced water 
supply and increasing soil salinity for crop production (Egamberdieva et al. 2008; 
Egamberdieva and Lugtenberg 2014).

Currently, 90% of microbial pesticides are available in the market and comprise 
approximately $ 3 billion the total market of crop protection (Marrone 2014). Fungi 
are one of the microbial agents that play an important role in agriculture as this 

23 Bioprospecting for Biomolecules from Industrially Important Fungi: Current…



782

organism can be used as a biofertilizer as well as a biopesticides (Kour et al. 2020; 
Kumar et al. 2021; Yadav et al. 2019d). Various fungi have been reported as biofer-
tilizer and biopesticides that inhibit the growth of pest and other agricultural 
microbes like Beauveria Bassiana (John et al. 2010), Cladosporium cladosporioi-
des (Paul and Park 2013), Paecilomyces lilacinus (Jensen et al. 2020), Metarhizium 
anisopliae (Howard et al. 2010), Nomuraea rileyi (Perinotto et al. 2012), Trichoderma 
asperellum (El Komy et  al. 2015), Trichoderma harzianum (Sala et  al. 2020), 
Trichoderma lignorum (Mostafa et al. 2012), Trichoderma virens (Christopher et al. 
2010), Trichoderma viride (John et al. 2010), and Verticillium lecanii (Aqueel and 
Leather 2013). Thus, in the future, screening and selection of efficient bio-agents 
with dual activities of biocontrol and plant growth promotion will be very beneficial 
for achieving stability in agriculture.

23.3.2  Industrial Sector

Agricultural productivity to meet the growing demands of human populations is a 
major concern of all countries. Utilization of green compounds to achieve sustain-
ability is the current need. To accomplish this objective, exploring and focussing on 
fungal microbiome and their products open new doors for the researchers. More 
than 100 different diseases are known to affect crop plants. These crop plant dis-
eases present the biggest hurdles limiting the productivity of food (Savary et  al. 
2012). It has been well established that a range of plant diseases at different planting 
stages and plant pests are responsible for half of the total agricultural production 
loss in the world (Yadav et al. 2020c).

Fungal species secrete an array of secondary metabolites which display various 
biological features and are of industrial and economic importance (Yadav et  al. 
2019b) such as antibiotics possessing inhibitory and antimicrobial activities and 
pigments which are colored compounds involving antioxidant features (Chiang 
et  al. 2009; Yadav et  al. 2020b). There are commercially available Trichoderma 
products as biopesticides which alter the soil properties and enhance plant growth 
(Sharma et al. 2019; Yadav et al. 2020a). Volatiles from fungi especially endophytic 
fungi are a promising source of new bioactive compounds for exploitation in agri-
cultural sector due to their antifungal and biocontrol activities. A very potent genus 
Muscodor plays a major role in this respect and is commercially exploited world-
wide for their broad spectrum antipathogenic activity due to which it has opened up 
new areas of agricultural research on microbial volatiles. Mycofumigation with 
Muscodor albus and M. roseus has effectively enhanced the Beta vulgaris L. stand 
establishment simultaneously reducing the severity of disease when these two 
mycofumigating agents were applied in autoclaved sterilized soil prior infested with 
Aphanomyces cochlioides, Pythium ultimum, and Rhizoctonia solani (Santra and 
Banerjee 2020; Stinson et al. 2003). Further there are many possibilities for apply-
ing fatty acids with antimicrobial activities in agricultural sector when the 
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application of conventional antibiotics is undesirable or sometimes forbidden (P 
Desbois 2012).

Biosurfactants are other low molecular weight surface-active compounds exten-
sively produced by fungi and yeast and have potential commercial applications (Sen 
2010). There are diverse sectors of agriculture which require biosurfactants. A 
potent lipopeptide biosurfactant, surfactin has been reviewed as a versatile bioactive 
molecule capable of inhibiting fibrin clot formation and is also applied for enhanced 
oil recovery. Additionally it has been also known to possess antifungal, antiviral, 
and insecticidal properties. Surfactin can also be used as bioremediation agent for 
soil and water treatment (Mulligan 2005). In agriculture, biosurfactants can be 
widely exploited for biodegradation of pollutants to improve the quality of agricul-
ture soil as well as for indirect plant growth promotion as these possess antimicro-
bial activity and also improve the plant microbe interaction beneficial for plant. In 
pesticide industry, harsh surfactant presently utilized can be replaced by these bio-
surfactants as these have been known to be utilized as carbon source by soil inhabit-
ing microbes (Sachdev and Cameotra 2013). The growing demand for eco-friendly 
and sustainable agricultural practices is driving towards the application of beneficial 
biological products. Fungi play a marvellous role and serve as significant biological 
tool in sustainable agriculture with the process of mycocontrol—mycoherbicides, 
mycoinsecticides, and mycoremediation.

23.4  Conclusion and Future Prospects

Fungi an important organism are known to apply in various fields of industries, 
environment as well as agriculture for the production of goods, environmental sus-
tainability by removing the harmful pollutants and for the production of plant and 
enhancement of plant product yield. All fungi used in the various fields are recog-
nized to produce special compounds known as biomolecules. These biomolecules 
use in the various sectors are considered as a sustainable natural product. Organic 
acid, pigments, fatty acid, secondary metabolites, and enzymes are the various 
known biomolecules that have been known. This biomolecules are currently used in 
several different industries like food, textile, and pharmaceutical for coloring agent, 
taste enhancer, pH adjuster, and cement additives. This biomolecules are recovered 
from the fungi with a relative ease. Currently, fungal biomolecules have widely used 
but still many of the functions are under the blackbox, which should be explored and 
in future it can be used for various industrial purposes.
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Coniophora puteana, 209
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Coprinus cinereus laccase (CcL), 213
Coprophilous fungi, 34

classification, 34
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Cordycipitaceae, 662
Coriolopsis rigida, 224
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Coryascus thermophilus, 234
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Coumarins, 180, 604
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Cryptococcus sp., 748
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C. dimennae, 576
C. neoformans, 553, 738
fibrin, 759
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infection, 758
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Cyanobacteria, 565
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Cyclodextrin, 413
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Cycloepoxytriol B, 191
Cyclosporin, 633
Cytotoxic compounds, 21
Cytotoxic metabolites, 388
Cytotoxic pigments, 305
Cytotoxic secondary metabolites, 389
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De-branching enzymes, 412
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Docosahexaenoic acid (DHA), 495, 780
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Doxorubicin, 630
DPPH radical-scavenging activity, 722, 
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Dunaliella salina, 588
Dyside fragilis, 380

E
ECONASE XT, 529
Ectomycorrhizal (ECM) fungi, 209
Eicosapentaenoic acid (EPA), 495, 781
Emodin, 105
Encapsulation, 554–556
Endo-1-4-β-xylanases, 521
Endo-1,4-xylanases, 517
Endo-amylases, 412
Endoglucanases (EG), 269, 270, 773
Endo-hydrolases, 411
Endophyte colonization, 348
Endophytes, 348, 773
Endophytic fungi, 316–318, 770

antidiabetic agents, 137
antimicrobial compounds, 18
antioxidants, 18
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chaetomium, 104
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diverse microorganisms, 103
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endophytes applications
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antimicrobial compounds, 
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antioxidants, 134, 135
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Entomopathogenic fungi, 315
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fungal enzyme, 421, 772
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Eucalyptus globulus, 89
Eugenia jambolana, 104
Eurypsychrophile, 378
Exo-amylases, 412
Exoglucanases, 269–271
Exopolysaccharide, 390
Exothermic metabolism, 349
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Extremophiles, 409, 413
Extremophilic archaea, 413
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Fat-soluble vitamins

bioactive components, 577
biomass, 577
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processes, 577
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fungal strains, 578
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microorganisms, 652
molecular identification, 653–655
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Fungal antimicrobial molecules
alkaloids, 179, 180
antibacterial, 189–191
antifungal, 191, 192
antimycobacterial, 192, 193
antiviral, 194
ashypericin, 188
bioactive compounds, 178, 188
biodiversity, 178
coumarins, 180
diversity, 178
emodin, 188
endophytic fungi, 178
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herbicidal properties, 178
isopestacin, 188
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microbial bioactive metabolites, 186, 187
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phenols, 183
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secondary metabolites, 770, 771

Fungal biopharmaceuticals
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compounds)
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antimicrobials (see Antimicrobials)
antiviral agents (see Antiviral agents)
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lipid-lowering agents (see Lipid- 
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Coprophilous fungi)
desert fungi, 29, 30
ecosystem functions, 3
endophytes, 3
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Endophytic fungi)
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primary metabolites, 3
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lignocellulose degradation, 45
soft-rot fungi, 45
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Fungal infection pathophysiology, 739–741
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Ganoderma lucidum, 95–97
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application, 207, 233, 237, 238
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ascomycetes, 208
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biodiversity
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basidiomycetes, 209
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function, 209
fungal-forming ectomycorrhizae, 209
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medicinal plant species, 210
molecular oxygen, 208
oxidizing phenolic compounds, 208
physiological, 209
saprotrophic and mycorrhizal 

fungi, 209
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computational applications, 235
computational modeling tools, 237
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physiological mechanisms, 236
protein structure, 236
semi-rational approach, 236
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bioremediation, 207
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chemical mediators, 230–232
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enzymes, 206, 207
food industry, 244
immobilization techniques, 237
implication, 240, 241
industrial customer requirements, 238
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ligninolytic basidiomycetes, 206
low-temperature habitats, 235
marine fungi, 234
mechanism, 219
microorganisms, 237
molecular oxygen, 221, 237
mononuclear copper center reduction, 
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influence of carbon, 224, 225

metal ions, 226, 227
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temperature, 226
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oxidation, 219
paper industry, 244
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phenoxy radicals, 206
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biomolecules, 211
catalytic activity and stability, 211
Cu–N bond, 213
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H-bond formation, 213
holoenzyme, 211
hydrogen bond, 214
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protein, 211
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thermophilic and psychrophilic fungi, 234
transformation reactions, 240
white-rot fungi, 207
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acetyl cholinesterase, 481
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amino acid, 478, 479
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bacterial lipase, 463, 464
biocatalytic reactions, 467
bioinformatics approach, 463, 491
Candida rugosa lipase, 489
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Index



802

Fungal lipases (cont.)
enzyme structure, 478, 479
ester hydrolysis, 476
fat and oil, 468–469
fatty acids, 500
fermentation, 465, 466
filamentous fungi, 464, 465
food industry, 498, 499
free fatty acids, 500
gene coding analysis, 489
glycerides, 500
homology modeling process, 463
hydrogen bonds, 479, 489
hydrolysis, 467
hydrophobicity, 479
industrial processes, 462
isoenzymes, 488
leishmanicidal, 498
lipase catalytic mechanism, 475, 476
lipase enzyme, 464
lipase-producing microbiota, 465
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medicinal applications
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immune-protective mechanism, 743
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anti-retroviral therapy, 738
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clinical intervention, 738
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invasive fungal infections, 738
medical complications, 738
microbiome impact, 739–741
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patient’s treatment, 738
post-natal steroid therapy, 738
treatment methods, 738
vaccination

evolution, 739
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Funlia trogii, 684
Fusaperazin F, 638
Fusaripeptide A, 645
Fusarium, 572
Fusarium avenaceum, 653
Fusarium moniliforme, 545
Fusarium oxysporum, 103, 106
Fusarium sporotrichioides, 552, 653
Fusarium tricinctum, 653
Fusarium verticillioides, 653
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γ-Amylase
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de-branching enzymes, 412
endo-amylases, 412
exo-amylases, 412
glucan 1,4a-glucosidase, 412
starch-hydrolyzing enzymes, 412
transferases, 412

Ganoderma, 696, 697
Ganoderma lucidum, 95–97, 684
Ganoderma lucidum polysaccharide 

(GLPS), 696
Ganoderma sinense polysaccharide 

(GSP), 697
Garcinia, 119
Gelatinization, 425
Gene manipulation, 409
Genome mining, 409
Geotricum candidum, 490
Geranylgeranyl pyrophosphate (GGPP), 667
Germinated brown rice (GLBR), 96
Gibberella, 572
Ginkgo biloba, 103, 104, 184
Glinus lotoides, 773
Gloeophyllum trabeum, 209
Glucan 1,4-a-glucosidase, 412
Glucoamylase, 417
Gluconic acid, 777
Glucose-6-phosphate dehydrogenase 

(G6PDH), 84
Glucuronoxylans, 516
Glutaminy l-3,4-dihydroxybenzene 

(GDHB), 667

Glutathione (GSH), 84, 98
Glutathione peroxidase (GPx), 82–84
Glutathione reductase (GR), 83, 84
Glycosides, 181
Glycosidic bonds, 521
Glycosylated whey proteins, 555
Glycosylation, 417
Glyoxal oxidases (GLOX), 268
Green economy, 464
Greenhouse gas (GHG), 768
Grifola frondosa, 699, 700
Griseofulvin, 643, 771

H
Helvella crispa, 93
Hemicellulases, 46, 267
Hemicellulose, 265
Hepatitis C virus (HCV), 496
Hippospongia communis, 326
Huitlacoche, 694, 695
Human gastric lipase (HGL), 492
Humicola, 464
Humicola lanuginosa, 490
Huperzia serrata, 183
Hydrogel beads, 555
Hydrolysis, 467
Hydrolyzable tannins (HT), 155
Hydroxyanthraquinone pigments, 661
3-Hydroxy-3-methylglutaryl coenzyme A 

reductase (HMGR), 663
5-Hydroxy-8-methoxy-4- -

phenylisoquinolin-1(2H)-one 
(A), 645

Hygrocybe alwisii
antioxidant potential, 608, 611
diversity, 599
DPPH radical scavenging activity, 612
edible wild mushroom, 602, 611
EDS spectra, 610
FTIR spectra, 609
mushroom, 598, 601
nutritional value, 598
plant and animal-derived products, 598
processing, 601
qualitative assessment

alkaloids, 603
bioactive components, 602
cardiac glycosides, 603
coumarins, 604
flavonoids, 603
phenols, 602
phlobatannins, 604

Index



804

Hygrocybe alwisii (cont.)
saponins, 603
tannins, 602
terpenoids, 603

quantitative assessment
functional groups, 605
minerals, 605
total phenolics, 604
vitamin C, 604

soils, 598
total antioxidant activity, 611
total phenolics, 608
vitamin C, 608

Hyperdermium bertonii, 662
Hypericin, 105
Hypericum perforatum, 104, 186

I
Immune system, 684
Immunosuppressive agents, 633
Industrial applications, amylases

detergent and soap industry, 426–427
food industry, 424–426
fuel bio-ethanol, 427
hydrolytic enzymes, 424
industrial processes, 424
paper industry, 428
textile industry, 428

Industrial applications, cellulose
agricultural crop industry, 280
animal feed industry, 279, 280
bioethanol industry, 276
carotenoid extraction, 280, 281
cellulolytic activities, 277
detergent industry, 279
food processing industry, 276, 278
hydrolases, 275
lignocellulolytic enzymes, 275
pulp and paper industry, 278
textile and laundry industry, 278
waste fill management, 281
wastewater, 281
wine and brewery industry, 275, 276

Industrial biotechnology, 429
Industrial enzymes, 409, 410, 418, 423, 428
Industrial microbiology, 779
Industrial sector, 768, 782, 783
Insecticidal activity, 329, 330
Interferons (IFN), 746
Interleukin-1 (IL-1), 684
Internal transcribed spacer (ITS), 658
Inter-simple sequence repeat (ISSR), 658

Invasive fungal infections (IFI), 738
Irpex lacteus, 685
Isoaspulvinone E (C17H12O5), 642
Isoprene units, 300
Itaconic acid, 778

K
Kluyveromyces, 759

L
Laccase cultivation

enzyme, 221
inoculum preparation, 222
qualitative assays, 222
quantitative determinations, 222
SmF, 223
SSF, 223, 224

Laccases, 47, 355, 356, 365, 687, 773
Lactic acid, 778
Lactobacilli, 741
Lactobacillus, 450

L. plantarum, 446, 450
L. sanfranciscensis, 445
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rRNA), 658
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Lectin, 685, 687
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Lentinus, 690
Lentinus tigrinus, 215
Lignin, 265
Lignin peroxidase, 47, 268
Lignin-degrading enzyme (LDE), 210
Lignin-modifying enzyme (LME), 241, 267
Lignocelluloses, 265
Lignocellulosic biomass, 519
Lignocellulosic components, 519
Linear alkyl benzene sulfonate (LAS), 471
Lipase CalB
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sofosbuvir synthesis, 496
vitamin C esters, 494

Lipase catalytic mechanism, 475, 476
Lipase Engineering Database (LED)

classification, 470
GGGX class, 471
GX class, 470
motif and oxyanion hole, 470
pH stability

acid lipase, 472
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alkaline lipase, 471, 472
temperature stability

Antarctic bacteria, 473
climate change, 473
cold-active enzymes, 473
organisms, 473
psychrophilic lipases, 474, 475
thermophilic lipases, 474
thermostable enzymes, 473

Y class, 471
Lipases, 357, 358
Lipid content, 681
Lipid-lowering agents
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cyclosporin, 633
fingolimod, 635
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immunosuppressive agents, 633
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tacrolimus, 635

Lipid metabolism, 572
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Lovastatin, 633
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Lytic polysaccharide monooxygenase 
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M
Macrofungi, 732
Macrophages, 745
Magnesium (Mg), 84
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Manganese peroxidase, 48
Mangrove fungi

antimicrobial compounds, 21
cytotoxic compounds, 21
enzymes, 23
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diversity of, 37
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in pharmaceutical industry, 37, 38
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Melanin, 553, 667, 668
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Mesophilic enzymes, 413
Metabolic syndrome, 681
Metabolite, 27, 618
Metagenome mining, 409
Metagenome screening, 409
Metagenomics, 282
Metal ions, 416
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Methyl butyrate (MB), 494
Methylerythritol phosphate pathway, 579
Methyl ester, 494
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Micro fungi
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Microbial amylases, 410
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Microbial biotechnology, 575
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Minimum inhibitory concentration (MIC), 

193, 551
Mitomycin C, 631
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Monascaceae, 653
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M. purpureus, 776
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Mucor circinelloides, 101, 102
Mucor pusillus, 438
Mucoromycotina, 189
Musa acuminata, 120
Mushrooms
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bioactive compounds, 683

immunomodulating 
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drug discovery, 680
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